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Adenovirus type 35 (Ad35) is a group B adenovirus that has been isolated primarily from patients with
acquired immunodeficiency syndrome and other immunodeficiency disorders. We have studied the interaction
of this unique adenovirus with the immune system by analyzing Ad35 early viral proteins in infected HeLa cells.
We have identified a 29,000-M, Ad35 early glycoprotein, E29, which associates with class I antigens of the
major histocompatibility complex (MHC) in the endoplasmic reticulum. Ad35 E29 is analogous to the group C
Ad2 early glycoprotein E3-19K (E19), which has been shown to interfere with the expression of class I antigens
on the cell surface (H. Burgert and S. Kvist, Cell 41:987-997, 1985). In contrast to the Ad2 glycoprotein, Ad35
E29 was synthesized in much smaller amounts, was more extensively glycosylated, and did not cross-react with
polyclonal antibody against the Ad2 protein. As a control, a class I antigen-binding glycoprotein from another
group B adenovirus, Ad7, was also characterized and was found to have properties similar to those of Ad35
E29. Therefore, the differences in the glycosylation and quantity of class I antigen-binding glycoproteins
between Ad35 and Ad2 are group related. Inhibition of the expression of MHC class I antigens, which are
needed for cytotoxic-T-lymphocyte recognition of virus-infected cells, appears to play a vital role in the
adenovirus life cycle in vivo. Our data indicate that this function has been conserved despite significant

differences in the MHC class I antigen-binding glycoprotein and in the pathogenicity between serotypes.

Adenoviruses are lytic DNA viruses which cause a variety
of acute diseases, including respiratory, gastrointestinal,
urinary, and ophthalmologic infections (12). There are 41
known human serotypes, which have been subdivided into
seven groups (A to G) based on hemagglutination patterns,
oncogenicity in rodents, and DNA homology (27). In addi-
tion to acute pathology, adenoviruses are persistently shed
in feces for years postinfection in normal individuals (7).
Adenoviruses can also exist in a latent state and cause
disseminated disease in immunocompromised patients due
to reactivation (22, 28). The mechanism(s) by which
adenoviruses establish persistent and latent infections is
unknown.

We have been studying adenovirus type 35 (Ad35) and the
closely related Ad34, which are group B adenoviruses that
have been isolated primarily from immunocompromised
hosts (11, 24). We have reported previously that over 10% of
patients with acquired immunodeficiency syndrome (AIDS)
or AIDS-related complex examined at our institution had
urine cultures positive for Ad3S, though it was not isolated
from other body sites (13). Most of the patients in our survey
remained free of symptoms characteristically attributed to
adenovirus infections despite persistent Ad35 viruria and did
not produce specific antibody to Ad35 (6). It is unclear
whether the frequent isolation of Ad35 in AIDS patients is
due to reactivation or represents primary infection. Presum-
ably, Ad35 can remain latent in the kidney, as reflected by
the transmission of Ad35 infection via renal transplantation,
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but this is an unusual event. Ad3S infection appears to be
uncommon in the general population because this serotype
was rarely isolated during our survey of normal individuals
with febrile illnesses and because Ad35-specific antibody
was present at a very low titer in pooled immunoglobulin.

We have proposed that Ad35 may be unique from other
adenoviruses in its interaction with the immune system.
Unfortunately, there is no well-established animal model
using human adenovirus strains that can be used to study
this hypothesis. However, intriguing in vitro studies have
implicated several adenovirus early proteins as modulators
of the immune response, specifically via interference with
the expression of major histocompatibility complex (MHC)
class I antigens. In cells transformed by Ad12 (group A), a
serotype which is highly oncogenic in rodents, the adeno-
virus early region E1A has been shown to specifically inhibit
the posttranscriptional processing of class I mRNA (26). In
contrast, in the group C Ad2-infected cells and in cells
transfected with the Ad2 early region 3 (E3), the E3-19K
glycoprotein binds to class I antigens in the endoplasmic
reticulum (1, 3). This protein-protein interaction inhibits the
normal processing and transport of the MHC antigens,
thereby reducing expression on the cell surface. Since class
I antigens are necessary for cytotoxic-T-lymphocyte recog-
nition of virus-infected cells, a reduction in the level of cell
surface MHC antigens may modulate acute pathogenicity
(4). In addition, this function may be important in the
establishment of viral persistence and latency.

As an initial attempt to study the biology of Ad35, we have
analyzed Ad35 early proteins in infected HeLa cells. We
have identified a 29,000-M, Ad35 early viral glycoprotein
which is analogous to Ad2 E19 and can be immunoprecipi-



3666 FLOMENBERG ET AL.

tated with MHC class I antigens. We characterize here Ad35
E29 and compare it with the Ad2 glycoprotein.

MATERIALS AND METHODS

Cells and viruses. HeLa cells were grown in suspension
cultures in Joklik modified Eagle suspension medium (SM)
supplemented with 7% calf serum. Ad35 Holden, the Ad35
prototype, was kindly provided by Michael Oxman, Univer-
sity of California at La Jolla. Ad35 Holden was used for all
Ad35 infections unless otherwise indicated. Due to the poor
replication of Ad35 Holden in HeLa cells, however, the
closely related Ad34 Rod was used later in our studies. Ad34
Rod, a urine isolate obtained in 1979 from a bone marrow
transplant patient, was typed as Ad34 by hemagglutination
inhibition and was provided by J. Gold and D. Armstrong,
Memorial Sloan-Kettering Hospital, New York, N.Y. Ge-
nomic analysis with the restriction endonucleases Smal,
Hpal, and BamHI revealed that Ad34 Rod shared 23 of 24
restriction sites with Ad35 Holden (data not shown). Ad7
Gomen was obtained from the American Type Culture
Collecture, Rockville, Md. Each adenovirus serotype was
purified from infected HeLa cells by isopycnic banding twice
on CsCl gradients, and the number of particles was mea-
sured by determining the optical density at 260 nm as
previously described for Ad2 (18).

Radiolabeling of early viral proteins. Titration of each
adenovirus stock was performed to optimize the early phase
of infection in HeLa cells. All infections were designed to
produce an amount of the early viral DNA-binding protein
(DBP) comparable to that in cells infected with Ad2 at 4 X
10 particles per cell (approximately 200 PFU per cell). Ad35
Rod infections were performed with 4 x 10° particles per
cell, whereas for both Ad35 Holden and Ad7 it was neces-
sary to use 4 x 10* particles per cell. Virus was adsorbed
onto HeLa cells at a concentration of 5 X 10° cells per ml for
30 min at 37°C in SM without serum. At time zero, cells were
diluted to 10° cells per ml in SM with 7% calf serum. At 2 h
postinfection cycloheximide (25 pg/ml) was added and re-
moved at 5 h by washing the cells in phosphate-buffered
saline. Cells were then suspended in SM containing 7% calf
serum, 1/20 the normal concentration of methionine, cyto-
sine arabinoside (4 wg/ml), and 20 Ci of L-[**S]methionine
per ml (600 Ci/mmol). At 9 h postinfection, cells were
washed once in cold phosphate-buffered saline, suspended at
107 cells per ml in 0.02 M Tris hydrochloride (pH 8)
containing 0.001 M NaNj3, and sonicated twice for 20 s on
ice. By using the same protocol, cells were also labeled
either with 40 Ci of L-[4,5-*H]leucine per ml (120 Ci/mmol) in
SM containing 1/20 the normal concentration of leucine or
with 40 Ci of a 3H-labeled amino acid mixture per ml
(containing 15 amino acids at 10 to 80 Ci/mmol) in SM with
1/20 the normal levels of each amino acid in the mixture. For
radioactive carbohydrates, cells were labeled for 1 h with 50
Ci of p-[2-*H]mannose (20 Ci/mmol) or p-[6-*H]glucosamine
hydrochloride (40 Ci/mmol) per ml in SM with 1/10 the
normal level of glucose. Cells were then suspended in
regular SM with excess unlabeled mannose (0.005 M) and
incubated for another 3 h before being harvested. All radio-
active compounds were purchased from Amersham Corp.,
Arlington Heights, Il1.

SDS-PAGE. The procedure for sodium dodecyl sulfate-
polyacrylamide electrophoresis (SDS-PAGE) was as previ-
ously described (17). Whole-cell sonicates were solubilized
in gel sample buffer and analyzed in 10 or 13% polyacryl-
amide slab gels. Gels were stained with Coomassie brilliant
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blue (0.2% in 50% methanol) and subjected to fluorography
with Amplify (Amersham) or En*Hance (New England Nu-
clear Corp., Boston, Mass.).

Antisera. Antibody to Ad2 E3-19K was produced in a
rabbit injected with the Ad2 glycoprotein purified as de-
scribed by Persson et al. (21), with the following modifica-
tions. Membrane proteins were isolated from 3 liters of
Ad2-infected HeLa cells at 18 h postinfection in the presence
of cytosine arabinoside (4 pg/ml), and the glycoprotein
fraction was purified by lentil lectin chromatography. Pro-
teins were precipitated with 10% trichloroacetic acid,
washed with cold acetone, and dissolved in gel sample
buffer. The sample was run on a 10% polyacrylamide gel
which was soaked in cold 1 N KCI to locate the protein
bands corresponding to Ad2 E3-19K before excision. The gel
band was crushed in a small amount of phosphate-buffered
saline and emulsified with an equal volume of Freund
complete adjuvant. The material was injected intracutane-
ously into a rabbit, followed by a booster 2 weeks later.
W6/32, a monoclonal antibody against a shared determinant
of human class I histocompatibility antigens (human lympho-
cyte antigen [HLA]) was purchased from Accurate Chemical
and Scientific Corp., Westbury, N.Y. (2).

Immunoprecipitation. Each [*H]mannose-labeled whole-
cell sonicate was solubilized in 400 pl of a solution contain-
ing 2% Triton X-100, 0.15 M NaCl, 0.001 M sodium EDTA,
and 0.05 M Tris hydrochloride (pH 8) plus ovalbumin (1
mg/ml) by shaking for 4 h at 4°C. Insoluble debris was
removed by centrifugation (12,000 X g for 15 min). Antise-
rum (5 pl) was added, and the mixture was incubated
overnight, followed by the addition of Staph A (100 pl of a
10% suspension of IgGsorb; The Enzyme Center, Malden,
Mass.) and incubation for 1 h. The pellet was washed three
times in 1% Triton X-100-1 M NaCl-0.05 M Tris hydrochlo-
ride (pH 8), suspended in sample buffer, boiled, and then
analyzed by SDS-PAGE.

Carbohydrate analysis. Carbohydrate was purified from
the [*H]mannose-labeled Ad35 29K glycoprotein, which was
eluted from a polyacrylamide gel band in 0.1% SDS-0.02 M
Tris hydrochloride-0.15 M glycine (pH 8). The protein was
digested by pronase (1 mg/ml) in the presence of 0.003 M
CaCl, at 50°C under toluene for 48 h. The sample was boiled
for 5 min, the debris was removed by centrifugation (12,000
x g for 5 min), and [**C]mannose-labeled Sindbis virus
carbohydrate markers (a gift of W. Chaney, Albert Einstein
College of Medicine) were added. The carbohydrate mixture
was dried in vacuo, suspended in 100 pl of 0.05 M sodium
citrate (pH 5.5) containing 0.001 M phenylmethylsulfonyl
fluoride, and then adjusted to pH 5.5 with 1 N HCI. The
carbohydrates were then incubated with 0.4 mU of endo-B-
acetylglucosaminidase H (endo H; a gift of M. Porchinski,
Albert Einstein College of Medicine) per ml overnight at
37°C and dried in vacuo. The sample was again suspended in
running buffer, i.e., 0.1 M acetic acid containing 1% (vol/vol)
butanol, and chromatographed on a Bio-Gel P4 column (1.9
by 150 cm; Bio-Rad Laboratories, Richmond, Calif.) at a
flow rate of 10 ml/h. Fractions (1 ml) were collected, and the
3H and C radioactivity values were determined by liquid
scintillation spectrometry.

RESULTS

Identification of Ad35 early proteins. Ad35 early proteins
from infected HeLa cells radiolabeled with [**S]methionine
were analyzed. Uninfected cells, as well as cells infected
with Ad2 (group C) and Ad7 (another group B adenovirus),
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were also included in the study as controls. As described
above, cells were infected with each purified virus at a high
multiplicity of infection in order to produce a synchronized
early infection. Cycloheximide (25 pg/ml) was added at 2 h
postinfection to enhance the relative abundance of early
viral RNA (6). At § h, the cycloheximide was removed, and
the cells were labeled with [**S]methionine for 4 h in the
presence of cytosine arabinoside (4 ng/ml) to prevent both
viral DNA synthesis and the subsequent synthesis of late
viral proteins. Whole-cell extracts were analyzed by SDS-
PAGE (Fig. 1). In the Ad2-infected cell lysate, polypeptides
representing the early-region E2-72K (DBP). E3-19K,
E1B-15K, E3-14K, and E4-11K were clearly visualized, as
indicated in the figure, above the cellular protein background
in the uninfected control (20). In contrast, the viral poly-
peptide patterns seen in the Ad35- and Ad7-infected cell
lysates differed from those of lysates infected with Ad2 but
were identical to each other. The Ad35 and Ad7 60K
polypeptides presumably represented DBPs, and the three
smaller viral polypeptides in the 10.000- to 15,000-M, range
also appeared to be similar to the smaller early Ad2 proteins.
However, no protein analogous to Ad2 E19 was specifically
identified.

Ad35 produces a 29,000-M, early glycoprotein. Glycopro-
teins from Ad35-infected cells and from controls were spe-
cifically labeled with [*H]mannose during early infection, as
described above. Cells were labeled for 1 h in SM containing
1/10 the normal level of glucose, followed by a 3-h cold chase
with excess unlabeled mannose: this was done in order to
avoid possible aberrant glycosylation due to prolonged car-
bohydrate starvation. Labeled glycoproteins were analyzed
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FIG. 1. [**S]methionine-labeled early adenovirus proteins in
HeLa cells infected with Ad2, Ad7, or Ad35. HeLa cells were
labeled for 4 h with [**S]methionine during early-adenovirus infec-
tion, along with an uninfected control. as described in the text.
Equal amounts of radioactivity (2 x 10° cpm) from each lysate (2 x
10 to 4 x 10* cells) were analyzed on a 10% polyacrylamide gel.
Ad?2 virion proteins were used as markers. indicated as Il (hexon)
and the two core proteins V and VII. whose mobilities relative to
standard M, markers are shown in Fig. 3.
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FIG. 2. [*H]mannose-labeled early-adenovirus glycoproteins in
HelLa cells infected either with Ad2, Ad7, or Ad35. in comparison to
an uninfected control. Cells were pulse-labeled with [*H]mannose
for 1 h, followed by a 3-h chase with unlabeled mannose, during
early-adenovirus infection (as described in Materials and Methods).
Whole-cell lysates (3 X 10% cpm; 1 x 10" to 2 x 10° cells each) were
analyzed by SDS-PAGE on a 10% gel. Molecular weight standards
utilized were phosphorylase b (92,500). bovine serum albumin
(66.200). ovvalbumin (45.000), carbonic anhydrase (31.000), soy-
bean trypsin inhibitor (21.500), and lysozyme (14,400) (all from
Bio-Rad).

on a 10% polyacrylamide gel (Fig. 2). In Ad2-infected cells.
a single major 25,000-M, band was visualized, which corre-
sponded to the E19 glycoprotein. It should be noted that Ad2
E19. which has a predicted M, of 19,000 based on its DNA
sequence, migrated with a mobility of 25,000 M, in SDS-
PAGE due to the presence of two carbohydrate residues per
molecule, as previously reported (16). In Ad35- and Ad7-
infected cells, analogous major glycoprotein bands were
visualized near the 31,000-molecular-weight marker. The
molecular weights of both the Ad7 and Ad35 glycoproteins
were determined to be 29.000 based on their mobilities in
13% polyacrylamide gels (see Fig. 5).

The relative amounts of the Ad2 and Ad35 glycoproteins
were determined. Even after prolonged exposure of the
[**S]methionine-labeled lysates shown in Fig. 1, the Ad3S
29K protein (E29) was not visualized above the cellular
protein background. The experiment was thus repeated
using amino acid labels other than [**S]methionine in order
to rule out the possibility that the methionine content in the
Ad3S glycoprotein was unusually low. It was possible to
detect Ad35 E29 in Ad35-infected-cell lysates when labeled
with a combination of [*H]leucine and [**S]methionine. The
29K band present in the Ad35 lysate was more intense than
that present in either the uninfected or the Ad2-infected
lysates (Fig. 3). This band presumably represents the Ad35
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FIG. 3. Analysis of early viral proteins in Ad2- or Ad3S-infected
HeLa cells labeled with a combination of [**S]methionine and
[*H]leucine. Equal amounts of radioactivity (2.5 X 10° cpm) from
each lysate (1 x 10* to 2 x 10* cells) were run on a 13%
polyacrylamide gel. The Ad35 E29 band. which is superimposed on
the cellular 29K protein, is indicated. Molecular weight markers are
as described in previous figures.

E29 protein superimposed on a cellular protein. Visualiza-
tion of Ad35 E29 was not enhanced when cells were subse-
quently labeled with a mixture of 15 *H-labeled amino acids
or when cycloheximide was omitted (data not shown).
Therefore, E29 was synthesized in much smaller amounts
relative to Ad2 E19 during comparable infections. Densitom-
etry was used to quantitate the relative amounts of the Ad2
and Ad3S5 glycoproteins presented in Fig. 3 by using the viral
DBPs as reference bands for normalization of the two
infections. The Ad35 E29 protein was synthesized in
amounts which were approximately 20% of the amounts of
Ad2 E19 (data not shown).

Characterization of the Ad35 E29 carbohydrate. The Ad35
29K glycoprotein labeled intensely with [’H]Jmannose (Fig.
2). Since radioactive amino acid labels indicated that the
Ad35 and Ad7 glycoproteins were synthesized in much
smaller amounts than Ad2 E19, as described above, these
data suggested that the number of mannose residues per
molecule of Ad35 glycoprotein was greater than that of the
Ad2 glycoprotein. Therefore, analysis of the carbohydrate
residues on the Ad35 glycoprotein was performed to distin-
guish between an aberrant mannose glycosylation pattern
and an increased number of oligosaccharides per molecule.

Purified Ad35 E29 carbohydrate was treated with endo H
and analyzed by gel filtration on a Bio-Gel P4 column (Fig.
4). The [*H]mannose-labeled Ad35 carbohydrate was puri-
fied by elution from the 29K polyacrylamide gel band and
removal of the protein component by prolonged digestion
with pronase, as described in Materials and Methods. Puri-
fied, endo H-treated, [*C]lmannose-labeled Sindbis virus
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carbohydrates were used as oligosaccharide markers and
have been characterized in detail (8, 25). Endo H specifically
cleaves asparagine-linked (N-linked) high-mannose oligosac-
charides such as Mans.g GlcNAc, (Man, mannose; GlcNAc,
N-acetylglucosamine) between the first and second GlcNAc.
In contrast. N-linked complex oligosaccharides, in which the
distal mannose residues have been replaced by other sugars
such as galactose and sialic acid, are resistant to endo H. As
shown in Fig. 4, the [*H]mannose-labeled Ad35 carbohy-
drate eluted much later than the complex Sindbis glycopep-
tides (Sg. Sy, S,, and S;), which appeared near the void
volume. This indicated that the Ad35 carbohydrate was
completely sensitive to endo H. Moreover, a single major
peak of [*H]mannose activity was present at the position
corresponding to the MangGIcNAc (Mg) oligosaccharide
marker. This high-mannose carbohydrate structure is a
characteristic oligosaccharide found in glycoproteins located
in the endoplasmic reticulum, whose carbohydrates are not
further processed in the Golgi apparatus. Mg is also the
major carbohydrate moiety found in the Ad2 endoplasmic
reticulum protein, E19 (16).

Since the Ad35 29K carbohydrate moiety is the same as
that of Ad2, we concluded that the Ad35 glycoprotein must
contain a greater number of oligosaccharides per molecule to
account for the intensity of the [*H]mannose band. The
exact number of carbohydrate residues on the Ad35
glycoprotein was determined. By titration of endo H on
[*H]glucosamine-labeled Ad34 Rod-infected lysates, a series
of partially deglycosylated products was obtained (Fig. 5).
[*H]glucosamine was used to label the viral protein to ensure
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FIG. 4. Gel filtration analysis of purified [*H]mannose-labeled
Ad35 E29 carbohydrate on a Bio-Gel P4 column. The carbohydrate
was purified from an Ad35 E29 gel band such as that shown in Fig.
2 and digested with pronase as described in the text. The [*H]man-
nose-labeled Ad3S carbohydrate was treated with endo H before
chromatography. ['*C]mannose-labeled Sindbis virus carbohydrate
markers are indicated by arrows. Si, S;. S». and S; represent
complex. endo H-resistant glycopeptides. High-mannose, endo H-
sensitive oligosaccharides are labeled Mg, Mg, M7, Mg, and Ms:
G1Mg represents an My intermediate with one glucose residue. Vy,
Void volume.
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visualization of the end product completely deglycosylated
of mannose, because endo H treatment leaves a single
GlcNAc molecule attached to Asn per moiety. The resulting
four-component ‘‘ladder’’ indicated that there were four
carbohydrate moieties per molecule, which represents twice
the number present in the Ad2 glycoprotein. This difference
is consistent with the size disparity of 4,000 M, between the
Ad2 and Ad3S glycoproteins. Upon complete endo H diges-
tion, the Ad35 protein had a mobility of approximately
19,000 M,. Notably, this deglycosylated Ad35 protein was
similar in mobility to the unglycosylated Ad2 E19 (Fig. S,
last lane) from Ad2-infected cells which were treated with
tunicamycin to inhibit glycosylation.

- Immunoprecipitation of Ad35 E29. For further comparison
of the Ad2 and Ad35 glycoproteins, the antigenicity was
evaluated by immunoprecipitation of the [’H]mannose-
labeled cell lysates. A polyclonal antiserum against purified,
denatured Ad2 E19 was produced in a rabbit, as described in
Materials and Methods. Cell lysates were solubilized in 1%
SDS to dissociate the viral proteins, and the denatured
lysates were diluted to 0.1% SDS before immunoprecipita-
tion. This antiserum specifically precipitated the E19
glycoprotein from the Ad2-infected cell lysate (Fig. 6). In
contrast, neither the Ad35 nor the Ad7 glycoprotein was
precipitated by this Ad2 antiserum. Thus, the Ad35 and Ad7
glycoproteins do not appear to share antigenic determinants
with the Ad2 glycoprotein.

As a measure of functional activity, the Ad35 29K
glycoprotein was then analyzed for the ability to bind to
MHC class I antigens by immunoprecipitation with a mono-
clonal antibody (W6/32) against HLA class I heavy-chain
molecules. The 45K band (Fig. 7) which represents HLA
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FIG. 5. Stepwise deglycosylation of Ad35 E29. Ad34 Rod-
infected HeLa cells were labeled with [*H]glucosamine, and aliquots
were treated with serial dilutions of endo H for 1 h at 37°C (as
described in Materials and Methods). The products were analyzed
on a 13% polyacrylamide gel, along with a mock-treated control.
The band marked by the square represents the fully glycosylated
29K protein. The circles indicate the partially deglycosylated prod-
ucts that appear with increasing amounts of endo H. For compari-
son, unglycosylated Ad2 E19 () is shown in a lysate from Ad2-
infected HeLa cells labeled with [*S]methionine after a 4-pg/ml
treatment with tunicamycin (TUN), an inhibitor of glycosylation.
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FIG. 6. Immunoprecipitation of [*H]mannose-labeled Ad2-,
Ad7-, and Ad35-infected HeLa cell lysates with a polyclonal rabbit
antibody against purified Ad2 E19 (I) and preimmune control sera
(P). Portions (2 X 10° cpm) of each lysate were solubilized in 40
1% SDS-0.001 M EDTA-0.01 M Tris hydrochloride (pH 8) for 15
min. The denatured lysates were diluted to 0.1% SDS with a 2%
Triton X-100 solution, and the debris was centrifuged (as described
in the text). The antibody, prepared against purified Ad2 E19 as
described in Materials and Methods, was incubated with the lysates
overnight, and immune complexes were precipitated with Staph A.
Ad2 virion proteins are shown in the lane on the left with three viral
proteins designated as in Fig. 1.

class I heavy chains was precipitated by this antibody from
the uninfected-cell-lysate control. In the Ad2 cell lysate, a
25,000-M, band corresponding to Ad2 E19 was coprecipi-
tated with heavy chain. In addition, immunoprecipitation of
the Ad2 lysate with antibody to Ad2 E19 coprecipitated
HLA class I heavy chains. As shown previously, this upper
band may also represent E19 dimers which are present in
vivo (21). In the Ad35 cell lysate, the antibody against HLA
class I antigens coprecipitated the 29K viral glycoprotein
band with heavy chain. It should be noted that the class I
heavy chain in the immunoprecipitates from both the Ad2-
and the Ad3S-infected cell lysates migrated slightly faster
than the heavy chain from uninfected cells. This can be
attributed to the inhibition of terminal glycosylation of the
heavy chain as a result of its association with either viral
glycoprotein, as described previously with Ad2-infected
cells (3). We conclude that Ad35 E29 was associated with
class I antigens, a finding analogous to that with the Ad2
glycoprotein. Similarly, the Ad7 glycoprotein was also
coprecipitated with antibody to HLA class I heavy chain
(data not shown).

DISCUSSION

We have identified a 29,000-M, Ad35 early glycoprotein,
E29, which was associated with MHC class I antigens in
infected HeLa cells. Ad35 E29 contained N-linked high-
mannose oligosaccharides, a feature characteristic of a
glycoprotein located in the endoplasmic reticulum. Our data
indicate that the group B Ad35 E29 is analogous to the
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FIG. 7. Immunoprecipitation of [*H]mannose-labeled unin-
fected, Ad2, or Ad35 lysates with either a monoclonal antibody
against HLA class I heavy chain or antibody against purified Ad2
E19. Lanes marked ‘0"’ represent aliquots of the cell lysates before
immunoprecipitation. A portion (10° cpm) of each [*H]mannose-
labeled lysate was solubilized in 2% Triton X-100 and incubated with
antibody overnight, and immune complexes were precipitated with
Staph A (as described in Materials and Methods). Lanes marked
HLA represent immunoprecipitates with the monoclonal antibody
against HLA class I antigens, W6/27. Lanes marked E19 represent
immunoprecipitates with the polyclonal antibody against the Ad2
E19. The 45K class I heavy chain is indicated by the squares. The
Ad2 E19 and Ad35 E29 glycoproteins, which were coprecipitated
with antibody to class I antigens, are indicated by the triangle and
circle, respectively.

previously characterized group C Ad2 glycoprotein, E19,
which also associates with MHC class I antigens in the
endoplasmic reticulum. The interaction of Ad2 E19 with
class I antigens inhibited the transport of the latter to the cell
surface. Similarly, studies in our laboratory indicate that
there is a reduced amount of class I antigens on the surface
of Ad3S-infected cells as determined by fluorescence-acti-
vated cell sorting (data not shown).

Further comparison of the Ad35 and Ad2 glycoproteins
revealed several differences. Ad35 E29 was more heavily
glycosylated and contained four N-linked, high-mannose
oligosaccharides—twice as many as for Ad2 E19. Ad35 E29
did not cross-react with a polyclonal antibody against Ad2
E19, although both proteins presumably contain a domain
that can interact with a homologous region of MHC class I
molecules. The Ad35 glycoprotein was produced in much
smaller amounts (approximately 20%) than the correspond-
ing Ad2 glycoprotein. For comparison, the MHC class 1
antigen-binding glycoprotein from another group B ade-
novirus, Ad7, was characterized. This Ad7 glycoprotein,
which appears to be identical to one previously identified as
the product of the Ad7 E3 region (14), was similar in size and
quantity to Ad35 E29. The Ad7 data suggest that the
differences between the Ad35 and Ad2 glycoproteins are
characteristic of the differences between group B and C
adenoviruses.

Our study showing the preservation of class I antigen-
binding glycoproteins in group B adenoviruses adds further
evidence to the importance of these proteins in the
adenovirus life cycle in vivo. Recently, Paabo et al. (19)
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demonstrated that antibody to MHC class I antigens co-
immunoprecipitated the adenovirus early glycoproteins in
cells infected with other group B serotypes, as well as with
groups D and E. Cell surface expression of class I antigens
was inhibited in cells infected with all of these serotypes and
appears to be a general property of adenoviruses. This
function is shared by adenoviruses that demonstrate a vari-
ety of disease patterns such as Ad7, a virulent serotype
associated with severe lower-respiratory-tract disease;
Ad35. a serotype isolated primarily from immunocom-
promised hosts; and Ad2, a serotype which is commonly
associated with upper-respiratory-tract infections in chil-
dren. Another mechanism for the reduction of MHC expres-
sion is uniquely associated with group A adenoviruses,
which are highly oncogenic in rodents. In cells transformed
by the group A Ad12, specific inhibition of the posttranscrip-
tional processing of class I mRNA has been demonstrated.
Reduction in the levels of MHC class I antigens, which are
necessary for cytotoxic-T-lymphocyte recognition of virus-
infected cells, has been postulated to be a mechanism by
which adenoviruses evade immune surveillance. However,
the role of the MHC-binding glycoprotein in the pathogene-
sis of acute or presistent adenovirus infections in humans
remains unclear.

The E3 transcription unit, which encodes the Ad2 E19
glycoprotein, is a unique region which is not essential for
viral replication in tissue culture (15). Besides the coding
region for the E19 protein, the Ad2 E3 region contains eight
other open reading frames (ORFs) which could code for
proteins, some of which contain typical transmembrane
regions (9, 10). Although the E3 transcription units from the
closely related group C viruses (Ad2 and AdS) are highly
homologous, the group B Ad3 E3 region has more limited
DNA homology but a similar organization of its ORFs (23).
An Ad3 ORF was identified which shared 54% DNA homol-
ogy and 36% amino acid homology with Ad2 E19 and
contained four putative N-linked glycosylation sites (Asn-X-
Ser/Thr). We are currently sequencing the Ad35 E3 region to
assist us in confirming the origin of the 29K glycoprotein
characterized in this report. This data will further our
understanding of the other E3 proteins which may also play
a role in virus-host interaction. For example, preliminary
analysis of the Ad35 E3 DNA sequence indicates that one of
the other E3 ORFs is not conserved.

In conclusion Ad35, like other adenoviruses, can interact
with the immune system by the binding of its early viral
glycoprotein to the MHC class I antigens. It is possible,
however, that the unusual epidemiology of Ad35 is related to
other E3 proteins. At this time, the 12% prevalence of the
uncommon Ad35 in AIDS patients remains unexplained.
Studies in our laboratory have shown that Ad35 and the
human immunodeficiency virus can coinfect the human
T4-lymphocyte line H9 (D. Hassin and M. S. Horwitz,
unpublished observations). Perhaps coinfection of lympho-
cytes with Ad35 and human immunodeficiency virus takes
place in vivo. Additional information about the biology of
Ad35 is needed in order to understand its unique association
with patients with AIDS and other immune disorders.
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