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The function of the adenovirus E1Aa protein (the product of the 13S ElA
mRNA) during a productive viral infection is to activate transcription of the six
early viral transcription units. To study the mechanism of action of this protein, a
peptide which was 13 amino acids long and had a sequence unique to the protein
product of the adenovirus 13S ElA mRNA (pElAa) was coupled to keyhole
limpet hemocyanin and used to raise an antibody in rabbits. The resulting
antiserum was specific to this protein and did not react with the protein product of
the 12S ElA mRNA, which shares considerable sequence with the E1Aa protein.
This antiserum was used to probe for the E1Aa protein in situ by indirect
immunofluorescence and in extracts of infected HeLa cells. We found that the
protein was associated with large cellular structures both in the nucleus and in the
cytoplasm. The nuclear form of the protein was analyzed further and was found to
purify with the nuclear matrix.

Studies on the mechanisms controlling eu-
caryotic gene expression are most often limited
by the inability to identify and study the factors
mediating regulation. The use of appropriate
viral systems affords the opportunity to over-
come these limitations. The expression of ade-
novirus genes during the early phase of a viral
infection is strictly regulated at multiple levels of
RNA biogenesis (33, 37, 50). Much of the regula-
tion of early viral gene expression occurs at the
level of transcription and is mediated through
the action of specific viral gene products (32, 34,
35). Perhaps the most dramatic example of con-
trol of adenovirus gene expression is the depen-
dence of early viral transcription on the action of
the ElA gene product (3, 18, 32). Although the
precise mechanism by which the ElA protein
activates early viral transcription remains to be
determined, the following lines of experimenta-
tion indicate an indirect action for the ElA
protein. (i) The early adenovirus genes can be
activated in the absence of ElA function
through the inhibition of cellular protein synthe-
sis (32). This finding has led to the suggestion
that there may be a negative controlling element
in the cells that are the target of the ElA protein.
There is also evidence that protein synthesis
inhibition may have a posttranscriptional effect
and may indicate that the ElA gene has more
than one function (19). (ii) Early viral genes can
be transcribed in HeLa cells in the absence of
ElA function by using a high multiplicity of
input virus for infection (32, 40, 41). However,

this ElA-independent expression is host range
dependent since certain human cell lines do not
allow early viral gene expression in the absence
of ElA function even at high multiplicities of
infection (M. Imperiale, H.-T. Kao, L. Feld-
man, J. Nevins, and S. Strickland, manuscript in
preparation). (iii) Early adenovirus genes can be
activated in the absence of ElA function
through the action of a heterologous activator of
transcription, the herpesvirus immediate early
gene product (10). In fact, herpes-mediated acti-
vation of early adenovirus genes is more effi-
cient than ElA-mediated activation, arguing
against a direct mechanism of activation. Taken
together, all of these findings strongly suggest
that the activation of the early adenovirus genes
is mediated through an alteration of host cells. In
view of this, our approach has been to determine
the fate of the ElAa protein, in terms of its
interaction with host cell components, during a
productive infection.
The ElA transcription unit encodes three

mRNAs which have overlapping sequence con-
tents and encode proteins that share amino acid
sequences (4, 7, 20, 36, 44). However, only the
protein product of the largest RNA species (a
13S mRNA) is responsible for positive transcrip-
tional control (29, 38). We took advantage of the
fact that this protein contains sequences that are
not present in the other ElA proteins to produce
a specific antibody. This was accomplished by
raising an antiserum in rabbits to a synthetic
peptide having a sequence from the unique re-
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gion. We used this antibody as a probe for the
ElA protein to determine the fate of this protein
during a productive infection. Our results indi-
cate that the ElA protein is probably associated
with the cellular structure commonly called the
nuclear matrix.

MATERIALS AND METHODS

Cells and virus. HeLa cells were maintained in
suspension culture in Joklik modified minimal essen-
tial medium containing 5% fetal calf serum. The
growth and preparation of wild-type adenovirus type 5
(AdS) and mutants H5tsl25 and hr-1 have been de-
scribed previously (31, 47).

Infection of ceils and preparation of mRNA. The
procedures used for infection of cells and preparation
of cytoplasmic RNA have been described previously
(31). For isolation of large quantities of early viral
RNA, cycloheximide was added at 1 h postinfection at
a concentration of 25 p.g/ml, and the RNA was extract-
ed at 12 h postinfection.

ElA-specific peptide. The DNA sequence in Ad5
from nucleotide 1,031 to nucleotide 1,072, which is
specific for the 13S mRNA, encodes the following
amino acid sequence: His-Tyr-His-Arg-Arg-Asn-Thr-
Gly-Asp-Pro-Asp-Ile-Met-Cys (46). This peptide was
synthesized commercially (Peninsula Labs, Inc.) and
was coupled to keyhole limpet hemocyanin (KLH) via
esterification of the C-terminal cysteine residue as
described by Liu et al. (26). Briefly, the ester was
dissolved in dimethyl formamide and mixed with KLH
(10 mg/ml) for 30 min. The activated KLH was purified
on a Sephadex G-25 column and then reacted with the
ElA peptide for 4 h. Coupling was monitored sepa-
rately by using "25I-labeled peptide. The resulting
peptide-KLH conjugate possessed a molar ratio of
peptide to KLH of approximately 6:1.

Immunization. The KLH-coupled peptide (200 ,ug)
was mixed with an equal volume of Freund complete
adjuvant and injected into rabbits subcutaneously at
multiple sites. After 3 weeks, each rabbit was boosted,
and subsequently the rabbits were boosted every 2 to 3
weeks with the protein conjugate (100 ,ug) in Freund
incomplete adjuvant. Serum was collected 10 days
after each booster injection beginning after the second
injection. Activity was assayed by measuring immuno-
precipitation of "25I-labeled peptide.

Selection of ElA mRNA and in vitro translation.
Cytoplasmic polyadenylic acid-containing RNA was
selected by hybridization to nitrocellulose filters bear-
ing an ElA plasmid (0 to 4.5 map units), using previ-
ously described procedures (28, 49). The selected
ElA-specific mRNA was translated in rabbit reticulo-
cyte extracts (Bethesda Research Laboratories).

Immunoprecipitation. Immunoprecipitation of 35S-
labeled proteins synthesized in vitro was carried out as
described by Anderson and Blobel (Methods Enzy-
mol., in press). Briefly, the translation mixture (25 RI1)
was made 1% in sodium dodecyl sulfate (SDS), heated
to 100°C for 4 min, and then diluted 10-fold. The E1Aa
peptide antiserum was added (10 ,ul), and the prepara-
tion was incubated at 4°C for 12 h. Antigen-antibody
complexes were selected with protein A-Sepharose,
washed, and eluted by boiling in sample buffer. Pro-
teins were then separated in a 10% acrylamide-SDS
gel and visualized by fluorography.

Preparation of protein extracts and immunoblot anal-
ysis. Protein extracts were prepared as described pre-
viously (10). Proteins from these extracts or direct
samples of glycerol gradient fractions or nuclear ma-
trix fractions were boiled in SDS sample buffer (0.125
M Tris [pH 6.8], 5% [vol/vol] 2-mercaptoethanol, 3%
[wt/vol] SDS) (22) and separated in 10% acrylamide-
SDS gels. The proteins were transferred electropho-
retically to nitrocellulose filters and probed with anti-
body as described previously (10). The ElA-specific
antiserum or antiserum to the 72-kilodalton (kd) DNA-
binding protein was used at a dilution of 1:1,000 in
RIPA buffer (0.05 M Tris [pH 7.4], 0.15 M NaCl, 1%
[vol/vol] Triton X-100, 1% [wt/vol] sodium deoxycho-
late, 0.1% [wt/vol] SDS).

Preparation of the nuclear matrix. The procedure
used for nuclear matrix isolation generally was that
described by Fisher et al. (11). AdS-infected HeLa
cells were washed twice in phosphate-buffered saline
(PBS) and then suspended in isohipH buffer (0.01 M
Tris [pH 8.4], 0.15 M NaCl, 0.0015 M MgC92) contain-
ing 0.5% Nonidet P-40 and kept on ice for 5 min. The
nuclei were pelleted by centrifugation at 2,000 rpm for
3 min and washed in 1% Triton X-100 in STM buffer
(0.05 M Tris [pH 7.4], 0.25 M sucrose, 0.005 M
MgCl2). The nuclei were suspended in STM buffer and
incubated with DNase 1 (25 p.g/ml) at 37°C for 15 min.
The nuclei were centrifuged at 2,000 rpm for 5 min and
washed in LM buffer (0.01 M Tris [pH 7.4], 0.2 mM
MgCl2). The nuclear pellet was then suspended in
STM buffer, made 2 M in NaCl, and kept on ice for 10
min. The samples were then centrifuged at 10,000 rpm
for 15 min, washed in LM buffer, and sedimented
again as described above. The resulting pellet was
termed the nuclear matrix and was suspended in SDS
sample buffer for immunoblot analysis.

Glycerol gradient sedimentation. Nuclei prepared as
described above were suspended in RIPA buffer on ice
and sonicated for 10 s. Nuclear and cytoplasmic
extracts were then mixed 1:1 in RIPA buffer, and the
resulting preparation was loaded onto 10 to 30%
glycerol gradients in RIPA buffer and centrifuged for 8
h at 47,000 rpm in an SW56 rotor. Fractions were
collected, and equal portions from each fraction were
mixed with SDS sample buffer and used for an immu-
noblot analysis.

Indirect immunofluoresence. HeLa cells were grown
on glass cover slips and then infected with Ad5 (2,000
particles per cell). The cells were incubated for 12 h in
the presence of cytosine arabinoside (25 p.g/ml) to
maintain early conditions. The cover slips were
washed in PBS and then fixed in acetone at room
temperature for 10 min. After drying, the cover slips
were incubated for 45 min at 37°C with 50 ,ul of
antiserum diluted 1:30 in PBS. After washing in PBS,
50 p1 of a 1:100 dilution of fluorescein isothiocyanate-
conjugated goat anti-rabbit immunoglobulin G was
added, and the preparation was incubated for an
additional 45 min. The cover slips were then washed in
PBS, dried, and mounted. Fluorescence was observed
with a Leitz Ortholux fluorescent microscope at a
magnification of x630 with oil immersion.

RESULTS
ElA transcription unit and products. The ade-

novirus EtA region encodes three overlapping
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mRNAs that share 5' and 3' sequences (4, 7, 20,
44) (Fig. 1A). (The small 9S mRNA is produced
only at late times in infections and thus was not
important in our studies.) Splicing to form the
two largest mRNAs maintains a single reading
frame such that the two proteins share an amino
acid sequence (36). The proteins encoded by the
12S and 13S mRNAs have predicted molecular
weights of 26,000 and 32,000, respectively,
based upon the nucleic acid sequence (36, 46).
However, when ElA proteins synthesized in
vitro are analyzed by SDS gel electrophoresis,
four proteins having apparent molecular weights
of 40,000 to 60,000 are often observed (9, 12-14,
16, 27, 42). The reason for the discrepancy
between the observed molecular weights and the
predicted values is not clear, but it may be due
to the acidic nature of the proteins, which results
in anomalous migration in acrylamide gels, and
to post-translational cleavage in the common C-
terminal region of each of the primary transla-
tion products. Under our conditions of electro-
phoresis, the major products of the 13S and 12S
ElA mRNAs migrated as 46- and 42-kd polypep-
tides, respectively. In this paper, we refer to the
13S product as pElAa and to the 12S product as
pElAb.
Mutants in the ElA region have provided the

basis for hypothesizing the involvement of this
gene in transcriptional regulation (3, 15, 18). One
such mutant, hr-1, has been shown to have a
single-base deletion at nucleotide 1,055 (38). As
described above, this mutant affects only the
13S ElA mRNA; thus, the 12S RNA product is
not responsible for transcriptional activation.
Furthermore, a mutation that eliminates produc-
tion of the 12S mRNA without affecting the 13S
mRNA has no effect on the transcriptional regu-
lation phenotype (29). Thus, it is the ElAa
protein that is responsible for the activation of
early viral transcription during a productive in-
fection.

Production of an ElA.-specific antibody. Since
the aim of our study was to investigate the
possible interaction of the adenovirus ElAa pro-
tein with cellular components, we required a
means to assay for the protein specifically.
Clearly, an antibody would have been the rea-
gent of choice, but no antibody with the required
specificity was available. In particular, we re-
quired an antibody with specificity for the ElA
protein produced from the 13S mRNA (the ElAa
protein). Because the same reading frame is
utilized for each mRNA, the proteins produced
from the ElA region share an amino acid se-
quence; thus, the difference between the 289-
amino acid protein (pElA2) and the 243-amino
acid protein (pElAb) is the presence of an addi-
tional 46 amino acids in the middle of pElAa.
Therefore, since the protein product of the 13S
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FIG. 1. Schematic representation of the ElA tran-
scription unit and gene products. (A) Genomic posi-
tions of the 13S and 12S mRNAs and the major protein
products. We refer to the 289-amino acid product of
the 13S mRNA as pElA. and the 243-amino acid
product of the 12S RNA as pElAb. (B) Sequence of
the pElAa unique-sequence peptide used for immuni-
zation. This sequence represents amino acid residues
158 to 171 of the 289-amino acid ElAa protein. kb,
Kilobase.

mRNA (pE1Aa) is responsible for early viral
gene activation and because this protein con-
tains the unique internal amino acid sequence,
we chose a 13-amino acid sequence within this
unique region to make an antibody. This se-
quence (Fig. 1B) was chosen based on its hydro-
philicity and thus the probability that it is an
antigenic site (17, 24). A synthetic peptide was
synthesized, coupled to KLH through the termi-
nal cysteine residue (26, 45), and used to raise an
antibody in rabbits according to the immuniza-
tion schedule described above.

All of our attempts to detect the ElAa protein
in extracts of infected cells by immunoprecipita-
tion were unsuccessful. This appeared to be due
to low production of the protein in infected cells
and, as shown below, the nature of the protein in
infected cells. Thus, to detect the ElAa protein
in cellular extracts, we had to rely on biochemi-
cal fractionation followed by assay for the pres-
ence of the protein in various fractions by a
solid-state immunoblot technique. In the initial
experiments we utilized immunoblots and pro-
teins from AdS H5tsl25-infected 293 cells main-
tained at 41°C. The 293 cells contain and express
the ElA region constitutively (1). Furthermore,
such conditions of infection, where there is a
nonfunctional 72-kd DNA-binding protein, re-
sult in an increased half-life of the early viral
mRNAs (2) and therefore allow greater accumu-
lation of ElA protein per cell. Antiserum was
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FIG. 2. Assay of the E1Aa peptide antiserum for
reactivity with the ElAa protein from Ad5-infected
cells. (a) Proteins prepared from Ad5 H5tsl25-infected
293 cells at different times postinfection were separat-
ed in a 10% acrylamide-SDS gel and transferred to
nitrocellulose. The protein blot was then incubated
with the peptide antiserum, and this was followed by
incubation with 1251I-labeled protein A, as described in
the text. In addition, a portion of the 20-h sample was
separated into nuclei (Nuc) and cytoplasm (Cyto)
before the extracts were prepared. The numbers at the
top indicate times postinfection (in hours). (b) A
protein extract from H5tsl25-infected 293 cells (24 h
postinfection) was used to prepare a protein blot.
Individual strips of the blot were then incubated either
with the E1Aa peptide serum alone (lane A), with the
peptide serum plus 10 ng of the peptide per ml (lane B),

allowed to react with the protein blot, and then
specific antigen-antibody complexes were de-
tected with 125I-labeled protein A. As shown in
Fig. 2a, a protein having an apparent molecular
weight of 46,000 and minor amounts of a 44-kd
protein were detected by using the peptide anti-
serum. The protein was evident at 11 h postin-
fection and increased in abundance thereafter.
An analysis of extracts of nuclei and cytoplasm
revealed that the protein was present in both
fractions, with slightly more in the nuclei than in
the cytoplasm. That this reactivity to the 46-kd
protein was due to specificity induced by the
peptide was shown by another experiment (Fig.
2b). An extract from cells infected for 24 h was
blotted onto nitrocellulose and probed with the
antiserum in the absence (Fig. 2b, lane A) or in
the presence (lanes B and C) of increasing
concentrations of the peptide. In this sample,
there were significant amounts of the pElAa-
related protein, which migrated in our gels at 44
kd. As Fig. 2b shows, the addition of 100 ng of
the peptide per ml to the antibody reaction
mixture completely blocked the formation of
specific complexes.
To demonstrate that the peptide-specific anti-

serum in fact detected only the adenovirus ElAa
protein, the antibody was also tested for its
ability to immunoprecipitate ElA proteins syn-
thesized in vitro. Translation products of ElA
mRNAs labeled with [35S]methionine were im-
munoprecipitated with peptide antiserum or
with the preimmune serum. The precipitated
proteins and the total translation products were
then analyzed in an SDS-acrylamide gel and
visualized by fluorography (Fig. 3). An analysis
of the ElA-directed translation products re-
vealed two major proteins having molecular
weights of 46,000 and 42,000, as well as minor
proteins having molecular weights of 44,000 and
40,000. As discussed above, the proteins having
molecular weights of 46,000 and 44,000 (labeled
pElAa and pElAa', respectively) were products
of the ElA 13S mRNA, and the proteins having
molecular weights of 42,000 and 40,000 were
products of the 12S mRNA. The peptide anti-
body precipitated only the largest doublet of the
four ElA proteins (Fig. 3, lane 2), and there was
no reaction when the normal rabbit serum was
used.

In addition, protein extracts were prepared
from wild-type Ad5-infected cells and hr-i-in-
fected cells; proteins were separated by acryla-
mide-SDS gel electrophoresis and transferred
to nitrocellulose. Samples were then probed

with 100 ng of the peptide per ml (lane C), or with
normal rabbit serum (lane D). All preparations were
then probed with 125I-labeled protein A. The major
band migrated as a 46-kd polypeptide.

Mil 0
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with either the ElA peptide antiserum or
antiserum to the E2 gene product, the 72-kd
DNA-binding protein. As shown in Fig. 4A, the
ElA-specific serum detected proteins only from
the wild-type Ad5 infection, not from the hr-1
infection. The results obtained when the antiser-
um to the 72-kd protein (the viral E2 gene
product) was used clearly show that early gene
expression could be detected in the high-multi-
plicity hr-1 infection (Fig. 4B); thus, there must
also have been expression of the 12S EtA RNA
in these cells, as has been shown previously (3,
37). Therefore, the ElA peptide serum detects
only the 13S products which were absent from
the hr-1 infection. The results of this experiment
and the results presented in Fig. 2 and 3 demon-
strate the high degree of specificity of this anti-
body.
Immunofluorescent localization of the ElA,

protein. As a means of probing for the intracellu-
lar distribution of the ElAa protein, we utilized
the peptide antiserum and indirect immunofluo-
rescence to assay for the protein in fixed infect-

A B C
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FIG. 3. Specificity of the E1Aa peptide antiserum
in immunoprecipitation ofElA proteins synthesized in
vitro. ElA proteins were synthesized in a rabbit
reticulocyte lysate programmed with ElA-specific
mRNA that was selected by hybridization (lane A).
The primary products of the 13S and 12S ElA mRNAs
are labeled pElAa and pElAb, respectively; the relat-
ed proteins are labeled a' and b', respectively. The
translation products were then precipitated with either
the ElAa peptide serum (lane B) or normal rabbit
serum (lane C).

A B
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FIG. 4. Specificity of the ElAa antiserum in the
detection of ElA proteins from wild-type Ad5 (WT)
and hr-1 (hrl) infections. HeLa cells were infected
with either wild-type Ad5 or hr-1 at a multiplicity of
104 particles per cell. Protein extracts were prepared
from each preparation at 13 h postinfection, and
duplicate immunoblots were prepared. One blot was
probed with the ElAa antiserum (A), and an identical
blot was probed with antiserum to the 72-kd DNA-
binding protein (B).

ed cells. HeLa cells grown on cover slips were
infected with Ad5 and at 12 h postinfection were
incubated with the peptide antiserum, followed
by a fluorescent second antibody. The Ad5-
infected cells showed nuclear staining and some
diffuse cytoplasmic staining (Fig. 5), and there-
fore we concluded that the ElAa protein is
present predominantly in the nucleus. Further-
more, an examination of cells infected with
mutant hr-1 and uninfected cells that had been
incubated with the antibody as described above
revealed no staining (data not shown), as expect-
ed from the results shown in Fig. 4.
Sedimentation analysis of cytoplasmic and nu-

clear ElA. proteins. Since it appeared that the
peptide-induced antiserum possessed the speci-
ficity required for detection of the ElAa protein,
the antibody was used as a probe for studying
the size and location of the specific E1A protein.
In these experiments, we examined the ElA
protein after 12 h of wild-type Ad5 infection in
the continuous presence of cytosine arabinoside
(to maintain the early phase of infection). Cyto-
plasmic and nuclear extracts were prepared and
analyzed by glycerol gradient sedimentation. By
doing this we hoped to measure the size of the
native EtA protein and to determine whether, in
fact, any of the protein was complexed with
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FIG. 5. Indirect immunofluorescence detection of the E1Aa protein. HeLa cells on cover slips that were
infected with AdS for 12 h were fixed in acetone and incubated with the ElAa peptide serum. They were then
stained with fluorescein isothiocyanate-conjugated goat anti-rabbit serum and examined with a Leitz microscope
at a magnification of x630.

cellular proteins. For example, in a similar fash-
ion it has been shown that when simian virus 40
T antigen is analyzed in crude cell extracts, it
sediments as a discrete entity at 8S and also as a

complex with a 53-kd cellular protein at 12S (6,
21, 23, 25, 43). It has also been shown that
pp6jsrc exists in a free form and as a complex with
two cellular proteins (5). Figure 6A shows that
the majority of the cytoplasmic ElAa protein
and almost all of the nuclear E1Aa protein were

recovered in the pellet under these conditions of
centrifugation. As a control for nonspecific ag-
gregation, the same samples were assayed with
antiserum specific to the 72-kd DNA-binding
protein (Fig. 6B). We found that the great major-
ity of both the cytoplasmic 72-kd protein and the
nuclear 72-kd protein was soluble and sediment-
ed near the top of the gradient. Thus, it appears
that the majority of the ElAa protein, either in
the cytoplasm or in the nucleus, is associated in
a rather large complex and is insoluble.

Intranuclear localization of the ElAa protein.
Because the immunofluorescence data clearly
indicated a nuclear localization for the E1Aa
protein and given the function of transcriptional
activation for the protein, we further investi-
gated the location of the protein within the
nucleus. It seemed that the results shown in Fig.
6 could most likely be explained by binding of
the E1Aa protein to a nuclear matrix-like struc-
ture, particularly since DNase treatment of nu-

clear extracts before loading onto the glycerol
gradient did not alter sedimentation (data not
shown). It has been shown previously that ade-

novirus DNA is associated with the nuclear
matrix (48), and specific transcription units for
induced ovalbumin genes and other mammalian
genes have been detected on the matrix (8, 30,
39). Therefore, we performed a fractionation
procedure to obtain a nuclear matrix fraction
free of both DNA and soluble proteins. Briefly,
nuclei were prepared from cells lysed in 0.5%
Nonidet P-40, and then the nuclei were washed
in 1% Triton X-100. The detergent-washed nu-
clei were treated with DNase I to remove more
than 99% of the cellular DNA, washed in low-
salt buffer, treated with 2 M NaCl, and washed,
and the pelleted nuclear matrix was suspended
in SDS sample buffer. Equal portions from all
fractions were boiled in sample buffer and load-
ed onto three SDS-acrylamide gels. One gel was
stained for protein (Fig. 7a), one gel was blotted
and probed with anti-E1Aa serum (Fig. 7b), and
the third gel was blotted and probed with anti-72-
kd DNA-binding protein serum (Fig. 7c). Figure
7a shows that the fractionation procedure was
effective since the protein components of the
various fractions are largely distinct. In addi-
tion, it is clear that the matrix proteins were
quite different from either the cytoplasmic solu-
ble proteins or the nuclear soluble proteins.
When each subfraction was analyzed for the
E1Aa protein, the great majority was found in
the matrix and not in the DNase or 2 M NaCl
supernatant. These results agree with the sedi-
mentation data in Fig. 5 and explain why the
E1Aa protein is found mostly in the pellet.
Furthermore, the results for the 72-kd DNA-
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FIG. 6. Glycerol gradient sedimentation analysis of the ElAa protein. Nuclear and cytoplasmic extracts were
prepared from Ad5-infected HeLa cells and centrifuged in glycerol gradients as described in the text. Fractions
were collected, and samples of each fraction, as well as the pelleted material, were analyzed by SDS-acrylamide
gel electrophoresis. Protein blots were probed with the ElAa peptide antiserum (A) and with antiserum against
the 72-kd DNA-binding protein (B).

binding protein (Fig. 7c) clearly show that the
fractionation procedure was effective since less
than 5% of the nuclear DNA-binding protein was
found in the matrix, whereas virtually 100%o of
the ElAa protein fractionated with the nuclear
matrix. At the present time, however, we cannot
exclude the possibility that the ElAa protein
simply copurifies with the nuclear matrix rather
than being an integral component of the matrix.
Of course, this is also the case for any of the
identified matrix proteins and stems largely from
the very nature of the matrix and its isolation;
the matrix represents the nuclear residium that
is resistant to detergent, DNase, and salt extrac-
tion. Whether the various protein components
that are obtained are actually associated in cells
has not been proven yet.

DISCUSSION
The expression of the adenovirus genome,

particularly during the early phase of infection,

represents one of the best-characterized systems
of eucaryotic gene regulation. One of the factors
responsible for this regulation is the largest
protein product of the ElA gene, a protein that
is required for the transcription of the other viral
genes (3, 18, 32) and possibly for post-transcrip-
tional activation (19). Clearly, this system repre-
sents a unique opportunity for the study of posi-
tive control of transcription as not only are the
genes that are subject to control available, but also
the protein responsible for the control has been
identified. The major obstacles to understanding
the mechanism by which this protein activates
viral gene expression have been the lack of an
assay or probe for the protein and the unavail-
ability of the protein in a pure state. To over-
come these problems, we produced an antiser-
um against a synthetic peptide derived from ElA
sequences. The antibody that was obtained had
the desired specificity; it detected only the ElA
protein that was the product of the 13S mRNA.
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FIG. 7. Nuclear localization of the ElAa protein. Ad5-infected cells maintained for 12 h in the presence of
cytosine arabinoside were harvested and fractionated as described in the text to yield the nuclear matrix. The
proteins from equal portions of each subfraction were analyzed in three identical 10% acrylamide-SDS gels. One
gel was stained with Coomassie blue (A); one gel was blotted to nitrocellulose, and the blot was then probed with
the ElAa antiserum (B); and the third gel was blotted to nitrocellulose, and the blot was probed with antiserum to
the viral 72-kd DNA-binding protein (C). Lane A, Total cytoplasm; lane B, Triton X-100 wash of the nuclei; lane
C, total nucleus; lane D, DNase-solubilized nuclear proteins; lane E, wash of DNase-digested nuclei; lane F, 2 M
NaCl-solubilized nuclear proteins; lane G, wash of 2 M NaCl-treated nuclei; lane H, nuclear matrix.

In this case an antiserum of high specificity was
engineered to eliminate reactivity with proteins
having shared sequences. This is an especially
important factor when one wishes to localize the
protein inside the cell by indirect means, such as
fluorescence.
Our initial hope was to use the antibody in

immunoprecipitation experiments to coprecipi-
tate the ElA protein with associated cellular
components. However, this approach was not
successful, probably for two reasons. First, the
ElA protein appears to be synthesized in very
low amounts during a productive infection. In
our experience, the immunoblot technique is
considerably more sensitive than immunopre-
cipitation of in vivo labeled protein, and the use
of this technique has allowed us to detect the
protein. Second, our results have led us to
conclude that the E1Aa protein is not a soluble
component of infected cells but rather is part of
a rather large and insoluble structure both in
the nucleus and in the cytoplasm. In our studies
we have ignored the cytoplasmic form of the
protein and have concentrated our efforts on the
nuclear species. This is simply due to the known

information concerning the function of the pro-
tein in transcriptional activation. Whether the
protein in the cytoplasm is a precursor in transit
to the nucleus, or whether the presence of the
protein in the cytoplasm indicates that the pro-
tein may possess other functions, is not clear.
Certainly, the observation that a considerable
fraction of the steady-state ElA protein is cyto-
plasmic warrants further study. The nuclear
form does in fact appear to be insoluble due to
its association with what is commonly called the
nuclear matrix. The definition of the matrix and
associated components essentially rests on the
property of a protein being resistant to solubili-
zation by detergent, DNase, and high salt con-
centrations. That the procedure which we used
was effective in achieving such a fractionation
was indicated by the facts that a distinct viral
nuclear protein, the 72-kd DNA-binding protein,
was absent from the matrix fraction and that the
patterns of stainable proteins were distinct in the
various fractions. Because virtually 100% of the
nuclear E1Aa protein was recovered in the ma-

trix, it seems reasonable to conclude that the
E1Aa protein is not merely a contaminant of the

a
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matrix preparation; however, due to the nature
of the nuclear matrix preparation it is difficult at
this stage to be sure of this. Final proof that any
of the so-called nuclear matrix proteins are
actually associated within cells will require di-
rect demonstration (i.e., cross-linking).
What do these results tell us about the mecha-

nism of action of the ElA protein? Several
studies have indicated that transcriptionally ac-
tive genes are associated with the nuclear ma-
trix. Ovalbumin sequences are enriched in ma-
trix-associated DNA in chick oviduct tissue but
not in liver tissue (39), and simian virus 40 DNA
sequences appear to be matrix associated in
virus-transformed cells (30). In this report we
describe the first instance of the presence of a
positive-acting transcriptionally regulatory pro-
tein in the nuclear matrix. In fact, there is
evidence for matrix association of adenovirus
DNA, but whether this is related to active
transcription has not been resolved (48). The
most straightforward proposal is the suggestion
that the ElAa protein facilitates the attachment
of viral DNA molecules to the matrix, where
they are more efficiently transcribed. Alterna-
tively, viral DNA molecules might be associated
with the nuclear matrix irrespective of the action
of the ElAa protein but, once associated, they
may become available for the activation func-
tion. Clearly, a determination of the relationship
of viral transcription to the association of DNA
with the nuclear matrix is needed.
One final point regarding the implication of

these and other results deserves discussion. It is
well established that the control of gene expres-
sion at the transcriptional level in procaryotic
cells involves the interaction of soluble regula-
tory proteins with appropriate DNA sequences.
The fact that the regulatory events can be repro-
duced in vitro in soluble systems certainly sub-
stantiates this notion. However, the same simple
situation may not apply in eucaryotic cells. If, in
fact, active transcription takes place in associa-
tion with higher-order protein structures in nu-
clei, for which there is some evidence (see
above), and if transcriptional regulatory proteins
are not soluble proteins but rather part of struc-
tural elements of the nucleus, as seems to be the
case for the adenovirus E1Aa protein, then it
may well be that soluble transcription systems
for eucaryotic gene regulation will never show
correct regulation. Instead, what may be impor-
tant for the reproduction of regulation as it
occurs in cells may be the structure of the
nucleus.
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