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Early region 3 (E3) of human adenoviruses (Ads) codes for proteins that appear to control viral interactions
with the host. For example, the most abundant E3 protein, E3/19K, inhibits the transport of newly synthesized
class I major histocompatibility molecules to the cell surface, thereby interfering with antigen presentation. So
far, the E3 regions of Ad subgroups A, B, C, and F have been characterized. We have cloned the E3A region
of Ad type 19a (Ad19a), which belongs to the largest subgroup, D, and causes epidemic keratoconjunctivitis in
humans. The sequence reveals five open reading frames (ORFs) with the potential to encode the Ad19
equivalent of pVIII, as well as proteins 12.2K, 16.2K, and 18.6K. The last ORF predicts a novel 49K protein
which has no counterpart in other subgroups. Both the sequence and the overall organization of the E3 region
from Ad19a shows a closer relationship to group B than to group C Ads. The 18.6K ORF represents the Ad19
homolog of the Ad2 E3/19K protein. By using 293 cells stably transfected with the Ad19a E3A region, we showed
by immunoprecipitation, pulse-chase experiments, and fluorescence-activated cell sorter analysis that the Ad19
E3/19K protein binds to and prevents the transport of major histocompatibility complex molecules to the cell
surface. The similar but distinct functional activity of the Ad19 E3/19K protein, combined with the new
sequence which differs from those of subgroup B and C proteins, allows a more precise definition of amino
acids essential for HLA binding.

The 47 different serotypes of human adenoviruses (Ads)
cause a variety of diseases and are classified in six different
subgroups, A to F. Subgroup F typically causes acute gastro-
enteritis in infants and young children, while the most preva-
lent subtypes of subgroups B and C cause mild to severe upper
and lower respiratory tract diseases (24, 43). Some members of
the largest subgroup, D (Ad type 8 [Ad8], Ad19, and Ad37),
which contains more than half of all known subtypes, are as-
sociated with a severe eye disease called epidemic keratocon-
junctivitis (24, 45).
Following the acute disease phase, a proportion of people

develop persistent infections which may last months or even
years (17, 24, 43). This phenomenon may be related to early
transcription unit 3 (E3) of Ads. Although this region is dis-
pensable for virus replication in tissue culture cells, it is present
in all human Ad subtypes (9, 11, 16, 22, 32, 33, 40, 42). This
suggests an important role during pathogenesis in vivo. In
support of this idea, E3 proteins 14.7K and/or 10.4K and 14.5K
protect infected cells from lysis by tumor necrosis factor alpha
(TNF-a; reviewed in reference 48), while the E3/19K protein
inhibits the cytolytic attack by cytotoxic T cells (1, 8, 10, 37).
The organization of the E3 region is distinct for each sub-

group. Common to all E3 regions analyzed so far (subgroups A
to C and F) are open reading frames (ORFs) for E3 proteins
10.4K, 14.5K, and 14.7K (9, 11, 40, 42), while an E3/19K-like
protein was identified in subgroups B and C but not in sub-
groups A and F. Conversely, unique ORFs exist for each sub-
group. Subgroup B has two unique 20.1K and 20.5K ORFs
downstream of the E3/19K gene, as well as the capacity to
encode a 16-kDa protein (16, 40), while subgroup C uniquely
encodes 6.7- and 11.6-kDa proteins (9, 22; see Fig. 2). Thus,

the composition of genes within the E3 region differs among
subgroups; this may relate to the different disease patterns of
the viruses.
The E3/19K protein interacts specifically with class I major

histocompatibility (MHC) antigens in the rough endoplasmic
reticulum (ER) and interferes with transport of newly synthe-
sized MHC molecules to the cell surface (2, 6; reviewed in
reference 5). Consequently, T-cell recognition of E3/19K1 tar-
get cells is markedly reduced (1, 8, 10, 37). The E3/19K-like
proteins are type I transmembrane glycoproteins with a 12- to
15-amino-acid-long cytoplasmic tail and a luminal portion
comprising ;106 (64) amino acids which is N glycosylated at
variable positions (23, 39). Functionally, the E3/19K-like pro-
teins are composed of two modules (5): an MHC antigen-
binding module within the luminal portion (14, 19, 23, 34, 39)
is combined with a structurally separated ER retrieval signal at
the C terminus of the cytoplasmic tail (KKXX or KXKXX; 18,
25, 26).
Surprisingly, the overall amino acid sequence homology of

E3/19K-like proteins is poor (identity of only ;25%; 23, 39).
Nevertheless, the ability to inhibit the transport of MHC an-
tigens is conserved (33). Therefore, the question of which
amino acids of the protein are essential for HLA binding
arises. Complex formation with HLA appears to require a
certain tertiary structure (14, 23, 39) which depends in the Ad2
protein upon two intramolecular disulfide bonds formed be-
tween conserved cysteines (39). Other conserved amino acids
are found dispersed throughout the luminal domain and are
enriched in a stretch in front of the transmembrane segment.
The present study was performed to investigate the organi-

zation of the E3 region of subgroup D Ads and to determine
the structure of the protein analogous to E3/19K. Cloning and
sequencing of the E3A region of Ad19a revealed an E3/19K
protein distinct from those of subgroups B and C. This allowed
better identification of conserved residues critical for binding
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of MHC molecules. In addition, a unique ORF was identified
that predicts a large and highly glycosylated transmembrane
protein which may be unique for Ads causing epidemic kera-
toconjunctivitis.

MATERIALS AND METHODS

Cloning of the E3 region of Ad19. Ad19a (46), a kind gift of G. Wadell
(University of Umea, Umea, Sweden), was grown in HeLa cells and CsCl puri-
fied by standard procedures (36). The virus contained in the CsCl band was
diluted with TE buffer (10 mM Tris [pH 7.6], 1 mM EDTA) and pelleted by
ultracentrifugation at 90,000 3 g for 1 h; the virus pellet was resuspended in 500
ml of proteinase K buffer (100 mM Tris [pH 7.6], 150 mMNaCl, 12.5 mM EDTA,
1% sodium dodecyl sulfate [SDS]) and digested with 0.5 mg of proteinase K per
ml for 1 h at 378C; the viral DNA was extracted once with an equal volume of
phenol-chloroform and ethanol precipitated. All molecular biology techniques
were performed as described by Sambrook et al. (38). The 59 part of the Ad19 E3
region was PCR amplified by using the k2 primer (CTGAGTGTACCAG
GAAAATCCC) and the C5SP primer (GAAAAGGGGTTGAAGTAAAC).
The PCR product from the Ad19 E3 region was labeled by random priming with
the Prime-a-Gene kit (Promega, Heidelberg, Germany) and used as a probe to
identify, by Southern blotting analysis, restriction fragments containing the Ad19
E3 region. This allowed the subcloning of a 2.4-kb-long SstII-XbaI fragment (see
Fig. 2) into pBluescript KSII1 (Stratagene, Heidelberg, Germany). Preliminary
sequence data showed that the 39 portion of the E3 region was missing. After
further restriction analysis, a 1.6-kb-long EcoRV fragment overlapping the SstII-
XbaI fragment and containing the remaining part of the E3A unit was subcloned.
Since the two subclones had the same orientation within pBluescript KS, the
XbaI site shared by the two subclones was used in combination with the vector
HindIII site to assemble the missing part (XbaI-HindIII) from the EcoRV sub-
clone into the SstII-XbaI subclone (see Fig. 2). Both strands of the resulting
3.4-kb SstII-EcoRV fragment were sequenced after generation of serial deletions
obtained with the Erase-a-Base kit (Promega); the segments not well covered
with deletion clones were sequenced with oligonucleotides complementary to the
already determined sequence. ORFs were sought with software from DNAstar,
London, United Kingdom. Each polypeptide potentially encoded by an Ad19 E3
region greater than 8 kDa was compared with previously described E3 protein
sequences. Alignments were done with the DNAstar software package by using
the Clustal method with the PAM250 residue weight table. Subsequently, some
alignments were refined manually.
Monoclonal antibodies (MAbs) and antisera. The following MAbs were used

in this study: W6/32, anti-HLA-A, -B, and -C (4); BB7.2, anti-HLA-A2 and
-Aw69 (35); MA2.1, anti-HLA-A2 and -B17 (31); ME.1, anti-HLA-B7, -B27, and
-Bw22 (13); 4E, anti-HLA-B and -C (49). The polyclonal antiserum which rec-
ognizes the C terminus of the Ad2 E3/19K protein has been described previously
(39). Rabbit serum specific for the Ad19 E3/19K protein was raised against the
synthetic peptide CKRKPRYGNEEKEKLL, corresponding to the C terminus of
Ad19 E3/19K. The N-terminal cysteine was added for directed coupling to
keyhole limpet hemocyanin. Coupling and immunization were done essentially
as previously described (39).
Transfection of cells and flow cytometry. The Ad19 E3A region contained

within the 3.4-kb SstII-EcoRV fragment was transfected into 293 cells together
with the pSV2-neor plasmid conferring G418 resistance (41). The Ad19 and
pSV2-neor plasmids were linearized withHindIII and PvuI, respectively. 293 cells
were transfected by electroporation as previously described (39). G418-resistant
clones were initially screened for downregulation of cell surface expression of
HLA molecules by flow cytometry with antibody W6/32. Fluorescence-activated
cell sorter (FACS) analysis was carried out essentially as previously described
(39).
Cell labeling, immunoprecipitation, endoglycosidase H (endo H) treatment,

and SDS-PAGE. Labeling of cells with [35S]methionine, tunicamycin treatment,
immunoprecipitation, and SDS-polyacrylamide gel electrophoresis have already
been described in detail (6, 7). Immunoprecipitation with digitonin was per-
formed as with Nonidet P-40 (NP-40), except that the lysis buffer contained 1%
digitonin (Sigma, Deisenhofen, Germany), 10 mM Tris (pH 7.4), and 150 mM
NaCl. The same buffer containing 0.1% digitonin was used to wash the precip-
itated material four times. Endo H treatment was carried out as previously
described (39). Infection of cells for immunoprecipitation was performed with a
multiplicity of infection of about 30. The end of the 1-h adsorption period was
considered the start of infection (time zero).
Nucleotide sequence accession number. The nucleotide sequence data re-

ported in here will appear in the EMBL, GenBank, and DDBJ nucleotide
sequence databases under accession number X95259.

RESULTS

Isolation of the Ad19 E3A transcription unit. To investigate
the organization of the E3 region of subgroup D Ads and to

determine the structure of the E3/19K analogous protein, we
chose Ad19, a serotype that causes epidemic keratoconjuncti-
vitis. As the Ad19 prototype has not been isolated in Europe
and the United States, we used for our study the genome type
Ad19a, which has contributed substantially since 1973 to Ad-
associated eye disease (27, 46). Because of the low degree of
homology within the E3 region of Ads from different sub-
groups, cross hybridization did not seem feasible for identifi-
cation of the Ad19 E3 region. Therefore, a PCR approach was
used to generate an Ad19-specific E3 probe. Two primers, k2
and C5SP, were employed to amplify a 373-bp segment from
the 59 part of the E3 region (see Fig. 2). k2 is identical to the
high-affinity NF-kB-binding site present in the E3 promoters of
all of the Ads analyzed so far (12, 47), while C5SP is comple-
mentary to a short, conserved sequence in the 59 untranslated
region of the E3 mRNA (nucleotides1193 to1213 of the Ad2
mRNA). The amplified Ad19 PCR fragment was used as a
probe to identify and subclone an SstII-XbaI restriction frag-
ment. This fragment was recombined with an overlapping
EcoRV fragment to obtain a 3.4-kb SstII-EcoRV fragment
containing a large part of the Ad19 E3 transcription unit (see
Fig. 2; for details, see Materials and Methods).
General features of the sequence and ORFs. The DNA

sequence revealed a TATA box at positions 308 to 313 and

FIG. 1. Nucleotide sequence of the SstII-EcoRV fragment containing the
E3A unit from Ad19. The L4 pVIII, 12.2K, 16.2K, 18.6K, and 49K protein
sequences are in one-letter code below the nucleotide sequence. The TATA box,
potential polyadenylation sites, and ORF designations are underlined. Two AT-
TAAA motifs, E3Aa and E3Ab, were found close to the 39 end of the isolated
fragment.
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three putative signals for polyadenylation (Fig. 1). The first,
located at bp 936 to 941, a location equivalent to that of the L4
poly(A) site in Ad2, displays the consensus sequence
AATAAA. The other two consist of an ATTAAA hexanucle-
otide, which is characteristic for the poly(A) signal of the E3A
unit (9, 40). They are located within a 50-bp stretch at the 39
end of the cloned DNA. These features, together with the
presence of ORFs characteristic for the E3 region (see below),
suggest that the cloned DNA encompasses the entire E3A
region. Translation of the L strand of the DNA sequence in all
three reading frames revealed five ORFs with the capacity to
encode proteins larger than 8 kDa. The predicted molecular
masses of the proteins were 22.5, 12.2, 16.2, 18.6, and 49 kDa
(Fig. 2). On the basis of previous analysis of other Ads, the
22.5K ORF represents a portion of the Ad19 pVIII protein.
The complete ORF predicts a protein of 24.8 kDa (data not
shown) whose structure is remarkably well conserved among
Ads. The Ad19 pVIII protein has the highest homology to the
Ad35 equivalent (79.7%) and is least similar to the Ad12 pro-
tein (73.6% homology). A somewhat lower level of conserva-
tion was found for the 12.2K ORF, ranging from 54.7% simi-
larity to the Ad2 homolog to 67% homology to the Ad3 12.1K
protein (data not shown). Like those of Ads in subgroup B
(e.g., Ad3), the E3A region of Ad19 also contains an ORF for
an ;16-kDa protein (Fig. 1 and 2). Its homology to the group
B proteins, however, is very limited (23.3 to 26.8%; data not
shown).
The 18.6K ORF encodes a structurally distinct Ad19 ho-

molog of the E3/19K protein. The 16.2K ORF is followed by an
ORF encoding a protein of 166 amino acids (Fig. 1 and 2). The
presence of two hydrophobic sequences, one at the N terminus,
presumably corresponding to the signal sequence, and a sec-
ond one close to the C terminus, suggests a transmembrane
protein of 18.6 kDa (Fig. 3). Its predicted molecular weight, its
hydrophilicity profile, the sequence similarity to known E3/19K
proteins, and the location between the 16.2K ORF and the
ORF(s) for a unique protein(s) suggest that the 18.6K ORF
encodes the Ad19 equivalent of the E3/19K protein. It is not
immediately obvious where the mature protein starts. Accord-
ing to the 23, 21 rule for predicting signal sequence cleavage
sites (44), cleavage is likely to occur after Gly-23 or Ser-20 (Fig.
3, upper part). The situation is further complicated by the
presence of a second ATG codon (corresponding to the second
Met) in the proposed signal peptide (as in the Ad2 protein)
which may also be used for initiation of translation. In this
case, the signal sequence cleavage site would be shifted further

C terminally (e.g., to Ser-4 or Cys-5 in the proposed mature
protein). According to the Kozak rules for translation initia-
tion (30), the second ATG may be favored (A and G at23 and
26, respectively). However, examination of other start sites for
known E3 products of Ad2 shows that the rules do not strictly
apply to Ad E3 protein synthesis. Frequently, only one of the
three consensus nucleotides in 23, 26, and 14 is present. For
the alignment (Fig. 3), we assumed that Gly-24 is the start of
the mature protein, since the size of the mature deglycosylated
protein is nearly identical to that of Ad2 E3/19K (see Fig. 6B).
The proposed mature Ad19 protein reveals almost equal levels
of homology to E3/19K proteins of subgroups C (36.6% for
Ad2 and 37.3% for Ad5) and B (35.2% for Ad11 and 32.7% for
Ad3). Sixteen amino acid positions exclusively match those
found in the corresponding proteins of subgroup C (Fig. 3,
upper two sequences), while 16 other amino acids are identical
only to those of subgroup B (Fig. 3, lower two sequences). The
amino acid identities for either subgroup are not clustered but
alternate. Some amino acids of Ad19 E3/19K are shared with
only one member of a particular subgroup, whereas others are
found in all of the E3/19K proteins examined. We predict that
these conserved residues are crucial for the function of the
E3/19K protein, in particular, for its ability to bind MHC class
I molecules.
The ER retention signal, consisting of a C-terminal dilysine

motif, has the same KXKXX configuration as in E3/19K pro-
teins of subgroup B (16, 32, 40). However, there are some
unique features that distinguish the Ad19 protein from all
other E3/19K proteins. For instance, the last two amino acids
are leucines rather than the methionine and proline found in
all others. Furthermore, six amino acids previously thought to
be conserved within the conserved region (amino acids 77 to 98
in the Ad2 sequence) located adjacent to the membrane do-
main are replaced, although predominantly by homologous
amino acids (Fig. 3). Furthermore, the amino acid sequence
predicts five sites for N-linked glycosylation, one and three
more than are present in E3/19K proteins of Ads from sub-
groups B and C, respectively.
The E3A unit of Ad19a contains a large ORF predicted to

encode a unique 49-kDa protein. An unusually large ORF with
the capacity to encode a 49-kDa protein was found down-
stream of the 18.6K ORF (Fig. 2). Such a large ORF was not
observed within E3 regions of Ads from other subgroups.
Thus, this may be a unique feature of subgroup D Ads. Close
inspection of the sequence revealed a stretch of ;80 amino
acids which is repeated three times (Fig. 4A), comprising
amino acids 24 to 102 (R1), 119 to 197 (R2), and 268 to 342
(R3). The highest homology (Fig. 4C) occurs between R1 and
R2 (46.8%), while R3 is somewhat more diverged (36.0%
similarity between R1 and R3 and 29.3% similarity between R2
and R3). Interestingly, sequence comparison revealed some
homology of the R1 and R3 repeats to the 20.1- and 20.5-kDa
proteins (Fig. 2) from subgroup B Ads, respectively (34.2 and
29.3% for the respective Ad3 proteins; Fig. 4C). Another re-
gion of homology (CR2) was found within the C-terminal parts
of the predicted proteins, presumably encoding transmem-
brane segments. The 49K-CR2 region is 34.4 and 28.1% iden-
tical to corresponding regions in the 20.1- and 20.5-kDa pro-
teins (Fig. 4D). Overall, the 49K ORF predicts a protein of 428
amino acids which has all of the characteristics of a type I
transmembrane protein. It contains two longer hydrophobic
regions, one at the N terminus, possibly representing the signal
sequence, and a second one that may correspond to the trans-
membrane segment (Fig. 4B). The presence of 14 potential
N-glycosylation sites in the sequence suggests that protein 49K
will be highly glycosylated.

FIG. 2. Organization of Ad2 (subgroup C), Ad3 (subgroup B), and Ad19
(subgroup D) E3 regions. The different ORFs greater than 8 kDa encoded
(except for ORF 6.7K of Ad2) are represented by boxes with the predicted
molecular weights (103) on top. The graph is drawn to scale (lengths indicated in
base pairs). Transfected Ad19 DNA is shown at the bottom of the graph, and the
relevant restriction sites and the PCR probe are indicated. h, non-E3 ORFs; ■,
E3 ORFs common to at least three subgroups; d subgroup C-specific E3 ORFs;
u, subgroup B-specific E3 ORFs; o, Ad19-specific E3 ORFs.
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The 18.6K ORF codes for an HLA-binding protein with an
approximate molecular mass of 34 kDa. Our further work
concentrated on the putative E3/19K homolog of Ad19 en-
coded by the 18.6K ORF. To test whether this ORF is ex-
pressed, we generated antibodies against a C-terminal peptide.
In addition, the cloned SstII-EcoRV fragment was transfected
into 293 cells (20), assuming that the Ad5 E1A product syn-
thesized in these cells also promotes expression of Ad19 E3
genes. We predicted that the expression of a functional Ad19
HLA-binding protein would result in a reduced level of HLA
on the cell surface. Therefore, G418r clones were initially
screened for this phenotype by flow cytometry. Subsequently,
individual clones were analyzed by immunoprecipitation with
the rabbit antiserum raised against a peptide of the Ad19
18.6K ORF. Figure 5A shows a typical result obtained with cell
clone C5. In these cells, the Ad19 serum specifically recognized
a protein migrating as a broad band with a molecular mass of
32 to 36 kDa (Fig. 5A, lane 4). This protein was precipitated
neither from lysates of untransfected 293 cells (Fig. 5A, lanes

3) nor by preimmune serum (Fig. 5A, lanes 1 and 2). The 32-
to 36-kDa protein band disappeared when the peptide used for
immunization was added to the lysates, thus confirming the
specificity of the antiserum (Fig. 5A, lanes 5 and 6).
We next examined whether this protein can be detected

during infection with Ad19. HeLa cells were labeled for 1 h at
different times postinfection, and radiolabeled proteins were
precipitated with the antiserum specific for the E3/19K protein
of Ad19. The protein was detected first at around 6 h postin-
fection. Its expression increased, reaching a peak at about 14 h
postinfection (Fig. 5B), and remained at a high level over the
24-h observation period. Several protein bands were distin-
guished which differed by approximately 3,500 Da. The regular
pattern suggests that they represent different glycosylated ver-
sions of the Ad19 E3/19K protein, the 34-kDa form, presum-
ably representing the fully glycosylated protein with five oligo-
saccharides (marked 5), being the most prominent one
(.65%). Quantification of the individual bands showed that
the relative intensities did not change during the infection

FIG. 3. Alignment of E3/19K amino acid sequences from Ad2 (22) and Ad5 (9) (subgroup C), Ad19 (subgroup D), and Ad3 (40) and Ad11 (32) (subgroup B).
Proposed or proven signal sequences are shown at the top, and the black shading corresponds to amino acids which match the Ad19 sequence. For clarity, the Ad7
and Ad35 E3/19K sequences were omitted since after corrections of the Ad35 sequence, it was identical to that of Ad11 (23a) and Ad7 displays only three exchanges
to Ad3 which do not influence the alignment. The ER luminal domain (ER-domain), conserved region, transmembrane domain, and cytoplasmic region are indicated
above the sequences (15, 23, 39).
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cycle. Furthermore, all forms were also visualized in trans-
fected cells (Fig. 6A, lane 7). Taken together, our data show
that the Ad19 E3 region expresses a novel HLA-binding pro-
tein which can be conveniently analyzed in transfected 293
cells.
The affinity of Ad19 E3/19K for HLA molecules in vitro is

weaker than that of Ad2 E3/19K. We next examined whether

the Ad19 protein coprecipitates with HLA molecules in 293
cells transfected with the E3A region of Ad19a. Conventional
immunoprecipitation of HLA molecules from NP-40 lysates
with a MAb directed to HLA-A, -B, and -C alleles (W6/32) did
not reveal any coprecipitating protein, whereas the same anti-
body readily coprecipitated the Ad2 E3/19K protein (Fig. 6A,
compare lanes 2 and 3). However, complex formation between

FIG. 4. Ad19 protein 49K is related to Ad3 proteins 20.1K and 20.5K. (A) Two conserved region (CR1 and CR2) are present in both Ad3 proteins 20.1K and 20.5K.
CR1 corresponds to a segment in Ad19 protein 49K repeated three times (R1, R2, and R3), and CR2, also conserved in protein 49K, is a hydrophobic region which
represents the putative transmembrane domain. (B) Hydrophilicity plot of E3/49K from Ad19. The potential sites for N-linked glycosylation are indicated by the
racket-like symbols. (C) Multiple alignment of repeats R1, R2, and R3 from Ad19 protein 49K and CR1 from Ad3 proteins 20.1K and 20.5K (40). Black shading
corresponds to amino acid residues identical to the consensus. (D) Multiple alignment of the CR2 repeats of proteins 49K, 20.1K, and 20.5K.
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HLA and Ad19 E3/19K was visualized when the detergent
digitonin was used instead of NP-40. In this case, coprecipi-
tated proteins comigrated with the protein species detected by
the Ad19 E3/19K-specific antiserum in the Ad19E3-C5 trans-
fectant (Fig. 6A, compare lanes 6 and 7). Obviously, the inter-
action is preserved only in a very mild detergent. Interestingly,
the pattern of protein species migrating faster than the pre-
dominant Ad19 E3/19K product confirms our interpretation
with respect to the glycosylation in that the three smallest
species comigrate with Ad2 E3/19K forms presumably repre-
senting proteins with two, one, and no carbohydrates (Fig. 6A,
lanes 7 and 8).
Complex formation does not require carbohydrates, since

the E3/19K protein of Ad19, like the Ad2 homolog, was also
coprecipitated when cells were treated with tunicamycin, which
interferes with the transfer of N-linked carbohydrates (Fig. 6B,
lane 3). Interestingly, the apparent molecular mass of the non-
glycosylated Ad19 protein (16.8 kDa) is almost identical to that
of the Ad2 protein (17.2 kDa). The calculated molecular
weight of mature Ad2 E3/19K is 16,660. After subtraction of a
signal peptide of 23 or 20 amino acids, the estimated molecular
weight of the mature Ad19 protein is 16,213 or 16,482, respec-
tively. As mentioned above, there is also the possibility of a
shorter protein (15,856 Da) if the second ATG codon is used
for translation initiation. Indeed, three protein species were
visible in the Ad19 E3/19K-expressing cell line treated with
tunicamycin (Fig. 6B, lane 4, E3/19K and *). Their apparent
molecular masses of 16.8, 16.3, and 15.6 kDa are compatible
with those estimated. Thus, leaky scanning and different signal
sequence cleavage sites may create different proteins, with the

most slowly migrating form being by far the most strongly
expressed.
The Ad19 E3/19K protein interferes with transport of HLA

antigens to the cell surface. To investigate whether Ad19 E3/
19K also inhibits transport of HLA molecules, two types of
experiments were performed. First, pulse-chase experiments
were carried out. The Ad19 E3/19K expressing 293 cell line C5
and, for comparison, untransfected cells and Ad2 E3/19K-
expressing transfected cells were pulse-labeled and lysed or
further incubated with an excess of unlabeled methionine for
various times (Fig. 7). To increase E3 expression (12, 29), cells
were treated with TNF-a overnight. For simplicity, only one
HLA allele, the HLA-A2 molecule, was monitored. Upon im-
munoprecipitation with the HLA-A2-specific antibody, the
precipitated material was analyzed by SDS-polyacrylamide gel
electrophoresis. While in 293 cells the apparent molecular
mass of HLA-A2 molecules increased as a result of carbohy-
drate modifications in the Golgi (Fig. 7, lanes 1 to 3), this shift
was not observed in both Ad2 and Ad19 E3/19K-expressing
cell lines (Fig. 7, lanes 4 to 9). These carbohydrate modifica-
tions in the Golgi were assessed more directly by treating the
precipitated glycoproteins with endo H (Fig. 7, lanes 10 to 18).
Oligosaccharides in the high-mannose form are sensitive to
this enzyme, while modified oligosaccharide moieties contain-
ing, e.g., galactose and sialic acids attached in the medium/
trans Golgi acquire endo H resistance. After a 150-min chase,
HLA-A2 molecules in 293 cells were almost exclusively resis-
tant (Fig. 7, lane 12, HLA-A2r), reflecting transit through the
medium/trans Golgi compartments. In contrast, in both E31

cells HLA-A2 molecules remained largely sensitive (Fig. 7,

FIG. 5. Ad19 protein E3/19K is expressed during infection and in cells transfected with the E3A region of Ad19. (A) Immunoprecipitation of Ad19 E3/19K with
a serum directed against its cytoplasmic tail. The first two lanes are control reactions with preimmune serum (pre). The serum precipitated a major band of about 34
kDa only from 293 cells transfected with the Ad19 E3A region (lane 4), which was not visualized upon addition of 3 or 15 mg of the peptide used to raise the antibody
(lanes 5 and 6). The numbers on the left are molecular masses in kilodaltons. (B) Time course of expression of Ad19 E3/19K after infection. Ad19 E3/19K was
precipitated at different times after infection, as indicated at the top. The start of infection was defined as the end of the 1-h period of adsorption with the virus (see
Materials and Methods). The indicated time corresponds to the start of metabolic labeling of the cells. The different protein species seemed to migrate as doublets,
which are marked with brackets and numbered 0 to 5, indicating the putative number of oligosaccharides within each Ad19 E3/19K species. The corresponding
calculated molecular masses are the following: 16.6 to 17.5 kDa for band 0, 20.3 to 20.7 kDa for band 1, 23.6 to 24.2 kDa for band 2, 27.2 to 27.9 kDa for band 3, 30.8
to 31.5 kDa for band 4 and 34.1 to 35 kDa for band 5. The protein species marked 51 is proposed to contain the untrimmed core high-mannose oligosaccharide chains,
including the three glucoses initially transferred. Please note that the band intensities at 18 h postinfection do not appropriately reflect the actual abundance of the
products because of a lower efficiency of metabolic labeling (70%). The numbers on the left are molecular masses in kilodaltons.
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lanes 15 and 18, HLA-A2*). This demonstrates that, similar to
the Ad2 E3/19K protein, Ad19 E3/19K is capable of retaining
the HLA-A2 molecule in the ER.
Without TNF-a treatment, the amounts of endo H-resistant

HLA-A2 molecules were 1.7% in cells expressing the Ad2
E3/19K protein and 8.9% in Ad19 E3/19K1 cells (Fig. 8A).
HLA-B/C antigens seem to be less susceptible to the E3/19K
effect, because 7.5 and 25.8% became endo H resistant in
Ad2E3-45 and Ad19E3-C5 cells, respectively (Fig. 8A). Thus,
Ad19 E3/19K does not as effectively downregulate HLA mol-
ecules in 293 cells as does the Ad2 counterpart.
To substantiate this conclusion and to examine the effect of

Ad19 E3/19K on other HLA alleles, FACS analysis was per-
formed with MAbs directed to different HLA alleles. To re-
duce the effect of clonal variation, the cell surface expression of
two E3-negative cell lines was compared with that of the same
number of cell lines expressing the Ad19 E3/19K molecules
and three expressing the Ad2 equivalent. In Ad19 E3/19K1

cells, expression of HLA-A, -B, and -C was reduced by 69%
(Fig. 8B, HLA-ABC, hatched bar), compared with 85.9% in
cells expressing the E3/19K protein of Ad2 (Fig. 8B, HLA-
ABC, solid bar). We do not think that this was due to lower
expression of the Ad19 protein, since quantification of E3/19K
proteins in Fig. 6A and B indicated a similar expression level.
Consistent with the pulse-chase data, the allele most strongly
affected was HLA-A2, with residual expression levels of 20% in
cells containing the Ad19 protein and 6.1% in Ad2 E3/19K-
expressing cells (Fig. 8B, calculated mean of BB7.2 and MA2.1
results). For HLA-B7 (ME.1), the expression levels were 42.6
and 16.1%, respectively, while expression of HLA-B/C alleles
was the least affected. Thus, the relative susceptibility to E3/
19K-mediated transport inhibition by Ad2 and Ad19 is highest
for HLA-A2, followed by B7 and B/C antigens. Relating the
differential suppression of the HLA-A2 allele by Ad19 and
Ad2 E3/19K proteins to the different overall reduction as de-
tected by W6/32, it becomes apparent that the affinity of the
Ad19 protein for HLA-A2 is about 66% lower than that of the
Ad2 E3/19K protein. Thus, E3/19K proteins from different
virus subgroups seem to exhibit different affinities for individ-
ual HLA alleles.

DISCUSSION

In this study, we have characterized the E3 region of an Ad
subtype associated with epidemic keratoconjunctivitis. Ad19a,
the subtype used here, belongs to subgroup D, which comprises
the largest subgroup of Ads. The previous characterization of
E3 regions of other Ads indicated that this nonessential tran-
scription unit contains both genes common to all Ads and
unique genes typical for each subgroup. For instance, Ads of
subgroup A lack an E3/19K equivalent but do contain ho-
mologs for proteins 12.4K, 10.4K, 14.5K, and 14.7K of Ads in
subgroup C (42). Subgroup B Ads have two novel ORFs en-
coding 20.1K and 20.5K proteins which are apparently related
to each other. The unique 20.5K ORF was recently shown to
be expressed in Ad3- and Ad7-infected cells (21). Thus, it was
interesting to know whether this combination of common and
unique genes is also preserved in Ads of subgroup D.
The organization of the E3A region of Ad19a resembles that

of subgroup B in that it contains a 16K ORF between the
12.2K and 18.6K ORFs, which are homologs of the respective
E3/12K and E3/19K ORFs of subgroups B and C (Fig. 2).
Moreover, the 18.6K ORF is followed by a unique 49K ORF
which is unrelated to the 11.6K protein of subgroup C but
shares some similarity with proteins 20.1K and 20.5K of sub-
group B (Fig. 4A, C, and D). With the exception of the E3/19K

FIG. 6. (A) Coprecipitation of Ad19 E3/19K with HLA molecules when
digitonin is used to lyse the cells. Cell lines designated Ad2E3-45 and
Ad19E3-C5 are both derivatives of 293 cells (20). Ad2E3-45 is identical to the
previously described 293E3-45 cell line, which was established by transfection of
293 cells with the EcoRV fragment encompassing the Ad2 E3 region (29). HLA
antigens were precipitated from 293, Ad2E3-45, and Ad19E3-C5 cells with either
NP-40 or digitonin, as indicated above the autoradiograph (see Materials and
Methods). The proteins coprecipitated with HLA comigrated with the respective
E3/19K proteins from Ad19 (compare lanes 6 and 7) and Ad2 (compare lanes 2,
5, and 8). All cells were treated with TNF-a (320 U/ml) 15 h before metabolic
labeling to increase the expression of E3 proteins (12, 29). The numbers on the
left are molecular masses in kilodaltons. (B) Binding of Ad19 E3/19K to HLA
independent of its glycosylation. Cells were treated with tunicamycin (7 mg/ml) 3
h before and during metabolic labeling to prevent N-glycosylation. HLA mole-
cules were precipitated with MAb W6/32 (lanes 2 and 3) and with antisera
specific for Ad2 E3/19K (lane 1) and Ad19 E3/19K (lane 4). Cells were lysed with
digitonin, allowing coprecipitation of Ad19 E3/19K with HLA. The Ad19 E3/19K
serum precipitated a major protein migrating at a position similar to that of
unglycosylated Ad2 E3/19K, as well as two less abundant, smaller products
marked on the right with asterisks. The apparent molecular masses of the E3/19K
proteins are 17.2 kDa for Ad2, 16.8 kDa for the predominant Ad19 product, and
16.3 and 15.6 kDa for the minor species. The numbers on the left are molecular
masses in kilodaltons. b2m, b2-microglobulin.
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proteins, the sequence similarity between individual E3 prod-
ucts is more pronounced for subgroup B than for subgroup C.
This is consistent with a recent report by Bailey and Mautner
(3), who suggested that Ads of subgroup D originated from a
lineage intermediate between subgroups C and B/E. Whether
it is justified to place subgroup D viruses in one monophyletic
cluster with subgroup C awaits further sequencing of Ad prod-
ucts from subgroup D.
On the basis of the existence of unique genes in the E3

regions of different subgroups, it was proposed that these prod-
ucts may correlate with clinical manifestations (3, 21). The
presence of the unique 49K ORF in Ad19a (subgroup D)
corroborates the concept of unique proteins in each subgroup.
However, subgroup D forms the largest subgroup of Ads and
causes a broad spectrum of diseases. Thus, in the absence of
sequence data on other members of subgroup D, we also con-
sider the possibility that the putative 49K protein is unique to
viruses causing epidemic keratoconjunctivitis, such as Ad8,
Ad19, and Ad37. With the Ad19 sequence in hand, this can be
easily tested. If there is a strong correlation between the pres-
ence of protein 49K and the ability to cause keratoconjuncti-
vitis, the 49K protein may be involved in that particular patho-
genesis of the eye. By using antibodies specific for the 49K
protein, we demonstrated that the 49K ORF is indeed ex-
pressed as a high-molecular-mass ;90-kDa protein, consistent
with our prediction that the protein is highly glycosylated (data
not shown).
We are particularly interested in the structure and function

of the E3/19K protein. The drastic variability in the primary
amino acid sequences of E3/19K proteins of subgroups B and
C contrasts with their common function, namely, to bind to and
inhibit the transport of MHC class I molecules (5, 33, 39).

Thus, it seems that only a few conserved amino acids (together
with variable spacer amino acids) are required for binding to
MHC class I molecules. One major aim was, therefore, by
determining the structure of the E3/19K equivalent of sub-
group D, to obtain a more complete picture of which amino
acids are crucial for HLA binding. Before this analysis, se-
quence alignment of the group B and C proteins revealed 43
conserved residues. By including the Ad19 sequence, we re-
duced the number of invariant residues from 43 to 25. Fre-
quently, a particular amino acid thought to be conserved is
replaced with a homologous amino acid in Ad19. For example,
the C-terminal residues (Met and Pro) previously thought to
be conserved are replaced by two leucines. Most strikingly, six
amino acids of the so-called conserved region (amino acids 77
to 98 in Ad2, adjacent to the membrane segment; 15) are
replaced and two such exchanges exhibit a quite different char-
acter (Val instead of Glu in position 81 and His in Ad19 for
Tyr-93). Apparently, many positions require only a certain
hydrophobicity or hydrophilicity but not the identical amino
acid. The remaining 25 conserved amino acids (Fig. 3) are
almost exclusively (24 of 25) located in the luminal domain
(amino acids 1 to 100; 24% identity) previously shown to con-
tain the HLA-binding module (5, 7, 19, 23, 34, 39). The re-
duced number of conserved residues allows us to make better
predictions of the importance of individual amino acids for
HLA binding and to use scanning mutagenesis to test them.
The degree of similarity of Ad19 E3/19K to the homologous

proteins of either subgroup B or C is essentially equal. Sixteen
residues of Ad19 are identical to those found in all members of
subgroup B only, while 16 other positions are shared exclu-
sively with those of subgroup C. Residues identical to those of
group C are not clustered in one particular region but alternate

FIG. 7. Transport of HLA-A2 antigens in cells expressing E3/19K molecules from either Ad2 (Ad2E3-45) or Ad19 (Ad19E3-C5). Cells were pulse-labeled for 25
min with 200 mCi of [35S]methionine per ml, chased for 0, 45, and 150 min in an excess of cold methionine, and lysed. HLA-A2 antigens were immunoprecipitated with
MAb BB7.2. The precipitated material was split, and one half was treated with endo H (lanes 10 to 18) while the other was mock treated (lanes 1 to 9). Positions of
HLA-A2 (heavy chain) and E3/19K are marked on the right, and the numbers on the left are molecular masses in kilodaltons. Asterisks denote endo H-cleaved
products; a superscript R indicates endo H resistance. All cells were treated with TNF-a 14 h before immunoprecipitation to increase the expression of E3 proteins
(12, 29). 293 cells were lysed with NP-40, whereas E3-positive 293 cells were lysed with digitonin-containing buffer to preserve HLA-E3/19K complexes. The amounts
of endo H-resistant forms after a 150-min chase are: 96.2, 3.9, and 4.5% for 293, Ad2E3-45, and Ad19E3-C5 cells, respectively. The data (percent) are mean results
of two experiments.
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with those found in subgroup B. This patchwork homology
suggests that the Ad19 E3/19K protein diverged before the
separation of subgroups B and C (data not shown).
The Ad19 E3/19K protein is expressed in 293 cells trans-

fected with a genomic fragment, as well as during infection
with Ad19 (Fig. 5A and B). Coprecipitation of Ad19 E3/19K
with HLA was not observed in NP-40 buffers, while the Ad2
E3/19K protein was readily detected. However, the HLA-E3/
19K complex could be recovered when cells were lysed in
digitonin. This indicates a lower affinity of Ad19 E3/19K for
HLA, at least in vitro. However, lack of coprecipitation was
also observed for Ad2 E3/19K when HLA-B/C-specific anti-
bodies were used, although the transport inhibition was similar
to that observed for HLA-A2 (data not shown). Thus, the
coprecipitation assay is useful but is not a reliable indicator of
complex formation in vivo. Therefore, in the absence of E3/
19K coprecipitation, additional assays such as pulse-chase and
FACS analyses are necessary to assess the function of E3/19K.
Flow cytometry showed that residual expression of HLA-A2
and HLA-B/C molecules in Ad19 E3/19K-expressing cells was
3.3- and 2.5-fold higher, respectively, than in cells expressing
the Ad2 protein (Fig. 8B). This parallels the higher proportion
of HLA molecules becoming endo H resistant in cells express-
ing the Ad19 protein than in cells expressing the Ad2 E3/19K
protein (Fig. 8A; 5.2-fold for HLA-A2 and 3.4-fold for HLA-
B/C). Together, these data suggest that the Ad19 protein ex-
hibits a lower affinity for HLA molecules in 293 cells than does
the Ad2 protein.
However, the presence of TNF-a improved the inhibitory

activity of the Ad19 E3/19K protein on HLA-A2 transport,
almost reaching that of the Ad2 E3/19K protein (Fig. 7). This
was confirmed by flow cytometry in the presence of TNF-a
(data not shown). We previously showed that TNF-a enhances
the action of Ad2 E3/19K (12, 29) by activating the E3 pro-
moter (11a). Thus, we conclude that TNF-a also stimulates the
E3 promoter of Ad19, allowing higher expression of Ad19
E3/19K and thus more complete inhibition of HLA transport.
The slight differences between the FACS and pulse-chase data
might be due to (i) the different cells examined (only one cell
line from each group was analyzed in the pulse-chase experi-
ments, compared with two or three in the FACS analysis) and
(ii) the different techniques employed. While the FACS tech-
nique analyzes a steady-state situation that depends on the
transport rate, the turnover on the cell surface, and/or cell
cycle control of HLA and E3/19K expression, pulse-chase ex-
periments analyze the kinetics of transport only.
We have not completely ruled out the possibility that the

relatively higher level of HLA expression on the cell surface of
Ad19 E3/19K1 cells is due to lower expression of the Ad19
protein than the Ad2 protein, because different antibodies
were used to detect the E3/19K proteins. However, irrespective
of the cause of the lower efficiency of Ad19 in this system, HLA
molecules exhibit a differential sensitivity for the viral proteins:
HLA-A2 is affected most, followed by B7 and HLA-B/C mol-
ecules. Similar findings were made for the Ad2 and Ad5 pro-
teins (5). In a previous study, we found that HLA-A3 is more
susceptible to the Ad2 E3/19K protein than is the HLA-B35
allele (28). Together with our new data, this may indicate that
HLA-A alleles, in general, are more strongly affected than
HLA-B alleles.
Apart from different affinities of HLA alleles for one par-

ticular E3/19K molecule, E3/19K proteins produced by viruses
from different subgroups may exhibit differential binding to
HLA alleles. As first evidence, we found, by comparing the
down-regulation of individual alleles with that obtained for all
HLA alleles (as detected by MAb W6/32), that the relative

FIG. 8. (A) Transport of HLA-A2 and HLA-B/C antigens in Ad2E3-45 and
Ad19E3-C5 cells. A pulse-chase experiment was carried out exactly as described
in the legend to Fig. 7, except that TNF-a treatment was omitted. The amount
of endo H-resistant HLA species was determined after a 150-min chase with a
PhosphorImager (Fujix Bas 1000; Fuji Photo Film Co., Ltd., Tokyo, Japan). The
values given are relative to those obtained with 293 cells, which were set to 100%.
nd, not done. (B) Cell surface expression of different HLA alleles in 293 cells
negative and positive for the E3 region from either Ad2 or Ad19. The bars
represent percentage of expression compared with E32 cells. The mean fluores-
cence value for each antibody with 293 cells and a G418r E32 transfectant was
set to 100%. The cell surface expression, relative to that of the E32 cells, of two
clones expressing the Ad19 E3/19K protein and three cell lines containing the
Ad2 E3/19K protein is indicated. The latter cell lines, 293E22.7, 293E3-45, and
293.12, have been described previously (6, 29). For FACS analysis, the MAbs
used were W6/32, (HLA-ABC), BB7.2, MA2.1 (both HLA-A2), ME.1 (HLA-
B7), and 4E (HLA-BC). The HLA-A2 value represents the mean between BB7.2
and MA2.1 staining. Each bar is the average value of at least two different clones
and two independent experiments.
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sensitivity of the HLA-A2 molecule for the transport-inhibi-
tory effect of E3/19K is stronger for Ad2 than for Ad19. Fur-
ther studies including more HLA alleles and E3/19K proteins
of subgroup B Ads are necessary to investigate this more com-
prehensively.
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