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ABSTRACT  Early region 3 of the adenovirus type 2 genome
encodes three proteins with molecular weights of 16,000, 14,500,
and 14,000 (E3/16, E3/14.5, and E3/14). The E3/16 protein is
the precursor to the E3/19 glycoprotein and is around 1500
daltons larger than the unglycosylated E3{ 199 protein. The
E3/14.5 an:fE3/ 14 proteins are structurally related to each other
but different from E3/16. Three mRNA species were identified
for E3/16; all have common 5’ ends with the same spliced region
but with different 3' ends. E3/14 was translated from a 13S
mRNA with the same 5’ structure as the E3/16 mRNA but fol-
lowed by a second spliced region with a different 3’ end. A
partial amino acid sequence was determined for E3/16 after
radioactive labeling in vitro and this sequence can be aligned
with a known DNA sequence. It contains a hydrophobic signal
sequence, two presumptive glycosylation sites, and a hydro-
phobic region close to the COOH terminus.

The adenovirus (Ad) genome contains five major transcription
units (E1A, E1B, E2, E3, and E4) which are expressed early
after infection (for review, see ref. 1). A complex spectrum of
spliced mRNAs are transcribed from these regions (2-4).
Twelve viral-encoded early polypeptides have been identified
by cell-free translation of purified early viral mnRNA (5-7). A
19,000-dalton glycoprotein (E3/19) encoded by early region
3 (8) has been purified to homogeneity; it contains ~25% car-
bohydrates by weight (8, 9). The glycoprotein is associated with
the cell membrane where it is complexed with the cell trans-
plantation antigen (8, 10).

The structures of the E3 mRNAs were recently deduced by
RNA/DNA heteroduplex analysis (3, 4). Several mRNAs with
common 5 ends were found early after infection. These
mRNAs differ in splicing patterns and several of them do not
have coterminal 3" ends.

In this paper, mRNAs encoded in early region 3 were puri-
fied and the proteins encoded by the different mRNAs were
identified in a cell-free protein-synthesizing system. The pri-
mary structure of the E3/19 glycoprotein was also determined
by aligning the protein NH-terminal sequence with the known
DNA sequence (11).

MATERIALS AND METHODS

Procedures for extraction of early viral mRNA, cell-free syn-
thesis in mRNA-dependent reticulocyte lysate, preparation of
rough microsomes from dog pancreas, tryptic peptide analysis,
immunoprecipitations, and NaDodSO4/polyacrylamide gel
electrophoresis have been described (8, 12). Restriction enzyme
fragments of Ad 2 DNA were prepared (13) and their purity
was determined by agarose gel electrophoresis before use. Ad
RNA was purified by hybridization to Ad 2 DNA bound to
nitrocellulose filters (14).
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Heteroduplex Analysis. Purified Ad mRNA was mixed with
0.25 ug of Ad 2 DNA and the mixture was precipitated with
ethanol. The sample was dissolved in 0.1 M Hepes, pH 7.6/0.4
M NaCl/0.01 M EDTA, and purified formamide was added
to a final concentration of 80%. The final volume was 50 ul and
the samples were heated to 65°C for 5 min followed by im-
mediate cooling on ice. Hybridizations were performed at 53°C
for 12-15 hr. Samples were spread from hyperphases of 40%
formamide across hypophases containing 10% formamide, or
from 45% to 15%. The RNA-DNA hybrids were measured and
each value was normalized relative to $X174 DNA (5386 bases)
or PM2 DNA (9950 base pairs) included as size markers.

Amino Acid Sequence Analysis. Purified Ad mRNAs were
translated in vitro in the presence of 200 uCi (1 Ci = 3.7 X 1010
becquerels) of 3H-labeled amino acids. The translation products
were purified by NaDodSO4/polyacrylamide gel electropho-
resis with [35S]methionine-labeled proteins as markers. The
proteins were eluted from the gel (12), mixed with 1 mg of
bovine serum albumin, and precipitated with trichloroacetic
acid. Sequence analysis was performed in a Beckman 890C
sequencer together with 1 mg of apomyoglobin. Degradations
were performed for 20-25 cycles with a 0.1 M Quadrol program
in the presence of Polybrene (15). Repetitive yields of both the
labeled protein and the carrier ranged between 92% and
95%.

RESULTS

Cell-Free Synthesis with Purified mRNAs. Restriction
enzyme fragments from the E3 region of the viral genome were
prepared and used for selection of viral mRNAs (Fig. 1). The
selected mRNAs were translated in vitro and the [35S]methio-
nine-labeled products were analyzed by NaDodSO,4/poly-
acrylamide gel electrophoresis. The EcoRI D and HindIIl H
fragments selected mRNAs for two early viral polypeptides
with sizes of 16,000 and 14,000 daltons (E3/16 and E3/14) (Fig,
2). The HindIII L fragment selected the mRNA for the E3/16
protein; the mRNA for the E3/14 protein was predominantly
selected by the EcoRI E fragment. This fragment also selected
the mRNA for a 14,500-dalton protein (E3/14.5) as well as small
amounts of the E3/16 protein. The E3/16 protein is #1500
daltons larger than the unglycosylated E3/19 protein syn-
thesized in the presence of tunicamycin (Fig. 2, lane b). Re-
striction enzyme fragments derived from early regions 2 and
4 (EcoRI B + C, Fig. 2) selected mRNAs encoding a different
spectrum of early proteins (E2/75, E4/26, E4/18.5, E4/17.5,
E4/12.5, and E4/11). The cell-free system was also supple-
mented with rough microsomes before the start of incubation
and the translation products were immunoprecipitated with
an anti-E3/19 antiserum. mRNA selected by hybridization to

Abbreviation: Ad, adenovirus.
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FIG. 1. Diagram of Ad2 early region 3. (A) Early region 3 tran-
scripts (3, 4). Calculated sedimentation coefficients are shown to the
right, and the major RNA species are indicated by check marks. (B)
Restriction enzyme fragment map of early region 3.

the EcoRI D and HindIII L fragments directed the synthesis
of the mature glycoprotein under these conditions (Fig. 2, lanes
c—e).

Tryptic Peptide Analysis. The mature E3/19 glycoprotein
contained five [35S]methionine-labeled tryptic peptides (Fig.
3). The E3/16 protein contained the same tryptic peptides and
one additional peptide (peptide 6). This peptide was more
heavily labeled with [33S]methionine, suggesting that it con-
tained more than one methionine residue. The E3/14.5 and the
E3/14 polypeptides contained [35S]methionine-labeled tryptic
peptides that were similar to each other but different from any
of the peptides found in the E3/16 protein.

Fractionation of mRNA from Region 3. mRNA selected by
hybridization was further purified by sucrose gradient cen-
trifugation. Labeled RNA selected on the EcoRI D fragment
sedimented in two peaks (Fig. 44 ). The major peak had a sed-
imentation coefficient of ~17 S; the minor peak sedimented
at ~#13 S. The 17S RNA directed the in vitro synthesis of the
E3/16 protein; RNA from the 13S peak synthesized the E3/14
protein. The E3/16 protein was also synthesized to a lesser ex-
tent from a mRNA sedimenting slightly faster than the 18S ri-
bosomal RNA marker.

Labeled RNA selected by hybridization to the EcoRI E
fragment also sedimented in two peaks (Fig. 4B), corresponding
to 13 S for the major and 19-20 S for the minor peak. The E3/14
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F1G. 3. Tryptic peptide analysis. The E3/19 glycoprotein was
immunopreciptiated after labeling with [35S]methionine in vivo.
E3/16, E3/14.5, and E3/14 were synthesized in vitro in the presence
of [3*S]methionine. The proteins were purified by NaDodSO4/poly-
acrylamide gel electrophoresis before tryptic digestion. Chromatog-
raphy in the second dimension was from bottom to top.

protein was translated from the 13S peak, and E3/16 protein
synthesis was directed by the 19-20S peak. The 19-20S peak
also contained mRNA encoding the DNA-binding E2/75
protein. This mRNA may initiate transcription at a low fre-
quency at the right-hand end of the EcoRI E fragment (3). It
is therefore possible that a minor species of the E2/75 mRNA
was selected on the EcoRI E fragment.

Heteroduplex Analysis of RNA*DNA. Purified early region
3 mRNAs were hybridized to Ad 2 DNA or restriction frag-
ments thereof and the resulting heteroduplexes were visualized
in the electron microscope. Ad 2 mRNA selected on the HindIII
L fragment had its 5’ end located at coordinate 76.7(+0.2) with
an intron of ~430 nucleotides from 77.8(+0.2) to 79.0(£0.2)
(Fig. 5A). About two-thirds of the molecules had a 3’ terminus
located at position 82.8(%0.2); the remaining third had a 3’ end

FI1G. 2. Ad 2-encoded early region 3
proteins. Early viral RNA was hybridized
to restriction enzyme fragments of Ad 2
DNA and the purified RNA was trans-
lated in vitro. The translation products
were analyzed by NaDodSO4/polyacryl-
amide gel electrophoresis followed by
fluorography. Lanes a and b, mature
E3/19 glycoprotein and E3/19¢ protein
synthesized in the presence of tunicamy-
cin after immunoprecipitation from cells
labeled in vivo. The cell-free system was
supplemented with rough microsomes
and the translation products were im-
munoprecipitated with the anti-E3/19
antiserum (lanes c and d) or a preimmune
serum (lane e). The cell-free system was
programmed with mRNA selected by
hybridization to EcoRI D (lanes c and e)
or HindIII L (lane d). Here and in subse-
quent figures, ad2 denotes a [3*S]methi-
onine-labeled Ad 2 marker.
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FIG. 4. Size fractionation of early region 3 mRNAs. Early viral mRNA labeled with [3H]uridine and purified by hybridization to restriction
enzyme fragments EcoRI D (A) and EcoRI E (B) was sedimented on a 15-30% sucrose gradient. RNA from each fraction was precipitated with
ethanol and translated in vitro. The [33S]methionine-labeled products were analyzed by NaDodSO,/polyacrylamide gel electrophoresis followed
by fluorography. Lane a, no mRNA added. Cytoplasmic RNA prepared from mock-infected cells was used as size markers.

to the right of the EcoRI D fragment. The E3/14 mRNA was
obtained from the sucrose gradient shown in Fig. 4B (fractions
17-19). This mRNA had a 5’ end at coordinate 76.4(£0.2) fol-
lowed by an intron at coordinates 77.3(+0.2) to 78.5(+0.2) (Fig.
5B). The molecules also had a second intron between coordi-
nates 79.0(+0.3) and 84.3(£0.3). The 3’ end of the mRNA was
located at coordinate 85.3(+0.3). The 19-20S mRNA (fractions
11-13 in Fig, 4B) was also analyzed by RNA-DNA heteroduplex
formation. This mRNA was a mixture of the 3b and 3c species
shown in Fig, 1A with a 5’ end at coordinate 76.7(+0.2), an
intron between 77.8(£0.2) and 79.0(£0.2), and 3’ ends at
coordinate 84.6(+0.2) (3b) or 85.8(£0.3) (3c) (Fig. 5C).

Alignment of the E3/16 Protein with the DNA Sequence.
Protein NH;-terminal sequence analysis was performed on the
in vitro-synthesized E3/16 protein in order to align the protein
in the DNA sequence of the EcoRI D fragment (11). The E3/16
protein was synthesized in vitro in the presence of different
radiolabeled amino acids, one at each time, and the NH,-ter-
minal sequence was determined by liquid-phase sequencer
analysis. The protein contained methionine at positions 1 and
4, leucine at positions 6, 8, 9, and 11, isoleucine at position 5,
and lysine at positions 19, 20, and 24 (Fig. 6).

Positions analyzed could be completely aligned with the
DNA sequence and show that the protein initiates at coordinate
80.3. From here the DNA sequence contains an open reading
frame for 159 amino acids (11). The sequence contains a hy-
drophobic presumptive signal sequence of maximally 18 amino
acids including the initiating methionine residue (Fig. 7).

DISCUSSION

The present results show that the 3a mRNA shown in Fig. 1A
(3, 4) encodes a 16,000-dalton polypeptide (E3/16). The E3/16
protein is also translated to a minor extent from the 3b and 3¢
mRNAs having the same 5’ end as the 3a species but with al-
ternative 3’ ends. The 3b and 3c mRNAs are less frequent and
represent together about one-third of the E3/16 mRNAs (8, 4).
The presence of alternative 3’ ends in mRNA molecules en-
coding the same protein is unique to region 3 but a possibly
analogous situation is found in transcripts of the early region
of polyoma virus where a minor class of the three differentially
spliced mRNAs have an alternative site of 3’-polyadenylylation
located just after the termination codon for the middle-size
tumor antigen (16). The coding function of these mRNAs in
productively infected cells is not known, but certain trans-
formed lines whose integrated genomes lack the principal
polyadenylylation sequence express predominantly the alter-
natively polyadenylylated mRNA class and synthesize both
small and middle-size tumor antigens (16).

The E3/14 protein was translated from the 3h mRNA shown
in Fig. 1A. This mRNA has the same 5’ structure as the E3/16
mRNAs but contains a second intron and a 3’ end different from
that of the E3/16 mRNAs. Early region 3 mRNAs are tran-
scribed from a promoter at coordinate 76.5(17) which is very
close to the 5’ ends of all region 3 mRNAs. Because the E3/16
mRNAs only contain one intron sequence they might serve as
precursors to the E3/14 mRNA. In accordance with this, the
E3/19 glycoprotein is synthesized ~2 hr earlier after infection
than is the E3/14 protein (9, 12).



6352  Biochemistry: Persson et al.

The E3/14 protein is structurally related to the E3/14.5
protein. The latter protein is a minor polypeptide synthesized
in vitro and it may either be encoded by the minor RNA species
e, f, and g, read in the same frame as the 3h mRNA, or con-
stitute a posttranslationally modified form of the E3/14 pro-
tein.

The E3/16 protein is structurally related to the E3/19 gly-
coprotein. Addition of rough microsomes to the translation
mixture programmed with purified E3/16 mRNAs allowed the
synthesis of the mature glycoprotein (Fig. 2). These results show
that the E3/16 protein is the precursor to the glycoprotein. The
amino acid sequence of the E3/16 protein shows a 17-amino-
acid-long hydrophobic sequence at its NHj terminus (ref. 11;
Fig. 7). The following results suggest that this region constitutes
a signal sequence.

i. The E3/16 protein is #1500 daltons larger than the tuni-
camycin product (E3/19p).

#i. In accordance with the predicted amino acid sequence for
the E3/16 protein, showing methionine at positions 1 and 4, the
tryptic peptides of this protein contain one [35S]methionine-
labeled peptide (peptide 6 in Fig. 3) not found in the E3/19
glycoprotein.
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#ii. Addition of rough microsomes before the start of cell-free
synthesis followed by protease treatment showed that the E3/19
protein was inserted into the vesicles (not shown).

iv. Sequence analysis of the E3/19 glycoprotein labeled in
vivo with [3H]lysine indicated a possible cleavage after position
17 in the E3/16 protein (not shown).

The signal sequence is contiguous with the sequence present
in the mature protein and it is not encoded in a separate exon
as observed for some other proteins [mouse immunoglobulin
light chain (18) or conalbumin (19)]. There are two potential
sites for carbohydrate attachment in the protein based on the
presence of the sequence -Asn-Val-Thr- which is typical for
glycosylation. The COOH terminus of the protein contains a
23-amino-acid-long region of uncharged predominantly hy-
drophobic amino acids, followed by a hydrophilic region of 15
amino acids. This resembles the structure for the HLA antigens
and glycophorin (20, 21), two proteins that span the cell
membrane and have a hydrophilic COOH terminus on the
cytoplasmic side of the membrane. The predicted structure for
the E3/19 protein confirms that this glycoprotein is associated
with the membranes in a similar fashion as demonstrated earlier
(8). Both glycosylation sites are then located on the exterior side
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FIG. 6. Sequence analysis of the E3/16 protein. Radioactive E3/16
protein was prepared and the radioactivity in each cycle of sequence
degradation was determined. The amino acids used for labeling are
indicated.
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of the membrane. The E3/19 glycoprotein is complexed with
the major transplantation antigen of the host cell both during
lytic infection in human cells as well as in one Ad 2-transformed
rat cell line (10, 22). This complex appears to be recognized by
cytotoxic T cells causing lysis of Ad-infected and -transformed
cells after incubation with sensitized T lymphocytes from
syngeneic hosts (10, 22). In the transformed cell almost all of
the viral glycoprotein is associated with the heavy chain of the
transplantation antigen whereas the E3/19 glycoprotein ap-
pears to be in a molar excess during lytic infection. The similar
orientation of the two glycoproteins in the membranes suggests
that complex formation occurs within the membrane. Defined
peptides can now be prepared from the viral glycoprotein in
order to identify the region that interacts with the heavy chain
of the transplantation antigens.
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[ Arg TerlyAla @ Ala Ala Val Cys Ser Ala Ala@
Val Glu PheClu Pro Ala Cys Asn Val Thr Phe Lys Ser Glu Ala Asn Glu Cys Thr Thr
Leu TIle Lys Cys Thr Thr Glu His Glu Lys Leu Ile Ile Arg His Lys Asp Lys Ile Gly Lys
FiG. 7. Predicted amino acid
Tyr Ala Val Tyr Ala Ile Trp Gln Pro Gly Asp Thr Asn Asp Tyr Asn Val Thr Val Phe Gln sequence for the E3/16 protein as
deduced by alignment with the
DNA sequence (11). Residues
Glu Asn Arg Lys Gly Thr Phe Met Tyr L Phe P Phe T Glu Met C . o : .
g Ly y y ys e Pro Phe Tyr u ys Asp Ile Thr Met Tyr identified by sequence analysis are
indicated by circles. A presumptive
Ser Lys Gln Tyr Met Lys Leu Trp Pro Pro Gln Lys Cys Leu Glu Asn Thr Gly Thr Phe Cys glgr}al seqqence in the protein is
indicated in brackets. The two
tripeptides -Asn-Val-Thr- are
Thr Ala Leu Leu Ser Ile Thr Ala Leu Ala Leu Val Cys Thr Leu Leu Tyr Leu Lys Tyr Lys Ser underlined as well as a predomi-
nant hydrophobic noncharged re-
gion close to the COOH terminus
Arg Ser Phe Ile Arg Asp Glu Lys Lys Met Pro of the protein.



