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The 289-amino-acid product encoded by the adenovirus E1A 13S mRNA has several pleiotropic activities,
including transcriptional activation, transcriptional repression, and when acting in concert with certain
oncogene products, cell transformation. In all cell types in which E1A has been introduced (except bacteria),
E1A protein is extensively posttranslationally modified to yield several isoelectric and molecular weight
variants. The most striking variant is one that has a retarded mobility, by about M, = 2,000, in sodium dodecyl
sulfate gels. We have investigated the nature of this modification and have assessed its importance for E1A
activity. Phosphorylation is responsible for the altered mobility of E1A, since acid phosphatase treatment
eliminates the higher apparent molecular weight products. By using several E1A deletion mutants, we show
that at least two seryl residues, residing between residues 86 and 120 and 224 and 289, are the sites of
phosphorylation and that each phosphorylation can independently induce the mobility shift. However, E1A
mutants lacking these seryl residues transcriptionally activate the adenovirus E3 and E2A promoters and
transform baby rat kidney cells to near wild-type levels.

The proteins encoded by the early region 1A (E1A) of the
human adenoviruses play a central role in the ability of the
virus to replicate efficiently and to transform certain primary
cells. The major role of the E1A proteins in viral replication
is to transcriptionally activate the viral early genes (2, 3, 12;
for a review, see reference 20), ensuring efficient synthesis of
the early products that are necessary for DNA replication.
This activity does not seem to be important for transforma-
tion, however, since mutants have been isolated that can
transcriptionally activate but not transform. Conversely,
other mutants have been shown to transform but not activate
transcription (8, 15, 25). A second regulatory activity of the
E1A proteins is transcriptional repression, specifically those
genes controlled by certain cis-acting enhancer elements; the
E1A proteins appear to interfere with enhancer-mediated
transcriptional activation (5, 11, 34). This activity may play
an important role in transformation, since many mutants that
have lost the ability to transform primary cells have also lost
the ability to repress enhancers (15, 25). The mechanisms by
which these proteins regulate gene expression is still ob-
scure, although the available evidence suggests that these
proteins may modulate the activity of cellular transcriptional
factors (for a review, see reference 20). No enzymatic
activity associated with the proteins has so far been de-
scribed.

At early times of infection, two mRNAs are synthesized
from the E1A region, 12S and 13S in size, that arise from a
common precursor by differential RNA splicing (4, 7, 14,
22). These messages encode two related proteins of 243 and
289 amino acids, respectively, that are identical, except for
an additional 46 amino acids encoded by the 13S message.
The primary translation products of the 12S and 13S mRNAs
migrate with apparent molecular masses of approximately 42
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and 45 kilodaltons (kDa), respectively, which are signifi-
cantly different from the molecular masses (26 and 32 kDa)
deduced from the known primary sequences. These aberrant
migrations in sodium dodecyl sulfate (SDS)-polyacrylamide
gels are probably due to the unusually high content of proline
and acidic residues. A number of studies have shown that, in
vivo, the translation of each message gives rise to a heter-
ogeneous set of products (10, 24, 36). In high-resolution
two-dimensional gels, the products of the 12S and 13S
messages have been resolved into approximately 60 poly-
peptide species (10). Pulse-chase experiments have shown
that this heterogeneity is due to posttranslational modifica-
tions that result in species that are more acidic, and in some
cases, slower migrating than the primary translation product
(31). In one-dimensional SDS gels, the pattern of E1A
mobility is greatly simplified, with two forms of product from
each message being resolved. The two forms differ in appar-
ent molecular mass by approximately 2 kDa, the faster-
migrating species having the same mobility as the primary
translation product. What is the nature of the posttransla-
tional modifications that give rise to this heterogeneity? The
only known modification of E1A is multiple serine phosphor-
ylation (16, 17, 30, 32, 36), suggesting that the heterogeneity
could be caused by differential phosphorylation.

We have been investigating the nature and functional
significance of the E1A posttranslational modifications in
greater detail. In particular, we have concentrated on the
modifications that give rise to the increase in apparent
molecular weight that is readily detected in one-dimensional
gels. It appears that phosphorylation is the sole type of
modification present, since the heterogeneity of the E1A
variants can be removed by treatment with potato acid
phosphatase. These results suggest that the prominent mi-
gratory shift must be due to one or more specific phosphory-
lations that somehow induce a conformational change in the
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protein. As a result of this change, mobility in SDS gels is
retarded. We show in this report that phosphorylation in one
of two different regions of the protein can independently
result in this conformational change. The biological activities
of many proteins are modulated by phosphorylation. How-
ever, this does not appear to be the case with the phosphory-
lations that give rise to the migratory shift of E1A, since
neither of the regions involved is critical for E1A to tran-
scriptionally activate the viral early promoter or transform
baby rat kidney cells.

MATERIALS AND METHODS

Plasmid constructions. The plasmid Spl3s contains the
E1A 13S coding sequence in the Sp6 promoter-containing
vector Sp65pA (a gift from A. Jacobson). The Sacll-Hpal
fragment from JN20 (9), containing the entire 13S coding
sequence, the 5'-noncoding sequence, and some 5’-nontran-
scribed sequence, was cloned into the Smal site of Sp65pA.
During this construction, the Sacll site was recreated. The
plasmids SpX, SpXX, and SpNX were all derived from
Sp13s. For the construction of SpX, the Sp13s plasmid was
cleaved with Xbal, which cut once within the E1A coding
sequence and once in the polylinker sequence 3’ to the E1A
insert. The ends generated by this digestion were filled in
with DNA polymerase, and the treated DNA was subse-
quently religated. This resulted in deletion of the E1A
sequence downstream of nucleotide 1340 and an insertion at
the point of the deletion of an in-frame TAG termination
codon. Similarly, SpXX was constructed by cleaving Sp13s
DNA with Xmal and Xbal, filling in the ends and religating;
SpNX was constructed by cleaving with Nael and Xbal
before filling-in the ends and religating. The SpRX plasmid
was constructed from an intermediate plasmid SpXL3,
which contains the Sacll-Hpal fragment from the linker-
scanning mutant pSVXL3 (28) (gift from E. Ziff) inserted
into Sp65A. The plasmid SpXL3 was then cleaved with
EcoRI and Xhol to remove all the E1A sequences upstream
of nucleotide position 750, the ends were filled in, and the
resulting DNA was religated. For the construction of
Spl10SNX, the E1A containing the PstI-EcoRI fragment of
pSVXLIOS (28) (gift from E. Ziff) was first moved to pUC8
and cut at Nael at position 815 of the E1A sequence, and a
Bglll linker was added (10-mer). This intermediate was then
cut with Xhol and Bglll, filled in, and religated. The SsII-
Hpal fragment of the resulting plasmid was then inserted
into Sp65pA to give SplOSNX. The plasmid SpNC was
constructed by removing base pairs between the Nael (nu-
cleotide 813) and filled-in Clal sites of pJN20 (9). The
Sstll-Hpal fragment of this intermediate was cloned into
Sp65pA. An intermediate plasmid containing the deletion
present in SpCS was first constructed by cutting pPM957
(25) with Clal and Sall, filling in the ends, and religating. The
Sstll-Xmal fragment from this intermediate was then cloned
into the SstIl-Xmal sites of Spl3s, where it replaced the
wild-type sequence. The plasmids Sp5/3X and SpNCX were
constructed by digesting Sp5/3 and SpNC DNAs with Xbal,
filling in, and religating.

The plasmids pCE, GCE-R, and GNC have been de-
scribed previously (25). GNC-R was constructed from GNC,
by digesting with Xbal, filling in with a Klenow fragment,
and religating.

In vitro transcription and translation. In vitro transcription
reactions were carried out essentially as described by Mel-
ton et al. (18). Briefly, DNA templates (1 mg/ml), linearized
at the Hindlll site, were transcribed in a solution consisting
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of 40 mM Tris (pH 7.5), 6 mM MgCl,, 2 mM spermidine, 10
mM NaCl, 500 pM of UTP, ATP, and CTP, 50 uM GTP, 500
wM GpppG, 10 mM dithiothreitol, and RNAsin (0.5 U/ul). A
typical reaction volume was 50 pl, 1 U of SP6 RNA
polymerase was added per microgram of DNA template, and
incubation proceeded at 37°C for 1 h. Following synthesis,
the DNA template was digested with RNase-free DNase (50
pg/ml). After 15 min at 37°C, the RNA was extracted with
phenol-chloroform and precipitated by the addition of potas-
sium acetate to 0.5 M and 2 volumes of ethanol.

Translation of the RNA was in a micrococcal nuclease-
treated rabbit reticulocyte lysate (Promega Biotec). Typi-
cally, approximately 1 ug of in vitro-synthesized RNA was
added to 35 pl of nuclease-treated lysate, together with a
mixture containing each of the amino acids at 50 uM (except
methionine) and [**S]methionine at 10 pwCi/ml. Incubation
was at 30°C for various lengths of time. Samples were
removed from the translation reaction, mixed with SDS
sample buffer and analyzed by SDS-polyacrylamide gel
electrophoresis (PAGE) on 10% polyacrylamide gels.

Potato acid phosphatase treatment of proteins. Samples
from an in vitro translation reaction were diluted in 5x PEM
(0.5 M PIPES [piperazine-N, N'-bis (2-ethanesulfonic acid]
[pH 6.6], 5 mM EGTA [ethylene glycol-bis (B-aminoethyl
ether)-N,N,N,’'N'-tetraacetic acid], S mM MgSO,). Potato
acid phosphatase (Sigma Ltd.) was added at various concen-
trations, and incubation proceeded at 37°C for 15 min. The
samples were then processed for analysis by SDS-PAGE.

Inhibition of phosphatase. Reticulocyte-synthesized [>°S]-
methionine-labeled E1A (both modified and unmodified) was
incubated with 5 U of potato acid phosphatase plus 50 mM
sodium phosphate. Following a 1-h incubation at 30°C, the
products were boiled in SDS sample buffer and analyzed by
SDS-PAGE and autoradiography.

Rephosphorylation. [>*S]methionine-labeled reticulocyte-
synthesized E1A was dephosphorylated with potato acid
phosphatase. E1A was then immunoselected with biotinyla-
ted anti-E1A and Streptavidin and eluted with 0.2 M glycine
(pH 2.5). The eluted material (about 5% of the counts per
minute originally bound by the beads) was then added to 50
wl of fresh reticulocyte lysate supplemented with all amino
acids. This mixture was incubated for 1 h at 30°C, and an
aliquot was removed for analysis by SDS-PAGE and fluo-
rography.

Two-dimensional gel analysis of E1A. HeLa cells (3 X 10°
cells per 100-mm-diameter dish) were infected with adeno-
virus type S at a multiplicity of infection of 40 and cultured
for 16 h in Dulbecco modified Eagle medium (DMEM;
GIBCO) supplemented with 10% fetal bovine serum. The
cells were then washed with methionine-free DME with 10%
fetal bovine serum. The cells were cultured for an additional
1.5 h in 5 ml of 50-uCi [**SImethionine (specific activity,
>1,000 Ci/mmol; Amersham Corp.) in methionine-free DME
with 10% fetal bovine serum, centrifuged, lysed in RIPA (50
mM Tris hydrochloride [pH 7.5], 150 mM NaCl, 1% deoxy-
cholate, 1% Triton X-100, 0.1% SDS) and the E1A protein
was immunoprecipitated with rabbit anti-E1A immunoglob-
ulin G and protein A-Sepharose essentially as described
previously (6). The Sepharose beads were suspended in lysis
buffer (9.5 M urea, 2% Nonidet P-40, 2% ampholines [pH 3
through 10], and 5% B-mercaptoethanol), and E1A was
resolved by isoelectric focusing in the first dimension and
SDS-PAGE (10% polyacrylamide) in the second dimension
(21). The E1A spots were visualized by fluorography. Wild-
type E1A proteins synthesized in a rabbit reticulocyte lysate
were resolved in an identical manner.



1950 RICHTER ET AL.

A ACID LT
SDS

p

P

120

J. ViroL.

BASE B

et

RETIC HELA

FIG. 1. (A) Modification of the E1A 13S product in a rabbit reticulocyte lysate. In vitro-synthesized 13S RNA was translated in a rabbit
reticulocyte lysate for either 15 or 120 min. The radiolabeled proteins were analyzed by SDS-PAGE and autoradiography. The arrows denote
the 45- and 47-kDa forms of the E1A protein. (B) Two-dimensional gel analysis of E1A proteins. [**Slmethionine-labeled E1A was
immunoprecipitated from adenovirus type 5-infected HeLa cells (HELA) and from a reticulocyte lysate (RETIC) primed with Sp6-derived 13S
E1A mRNA and resolved by two-dimensional gel electrophoresis. The first isoelectric dimension and the second SDS dimension are denoted.

The arrows denote the 45- and 47-kDa forms of E1A.

Oocyte microinjection. Defolliculated stage 6 Xenopus
laevis oocytes were injected with 30 ng of Spé6-derived
mRNA and incubated for 2.5 h in Barth medium at 19°C. The
oocytes were subsequently injected with [**S]methionine
(0.3 pmol, 1,100 Ci/mol; Amersham) and incubated for 1 h.
Some oocytes were injected a second time with radioinert
methionine (3,000 pmol) and incubated for an additional 3 h.
All oocytes were homogenized in Barth medium plus 0.1%
Triton X-100, the yolk was removed by centrifugation, and
the supernatant was adjusted to 1x RIPA buffer. The
samples were boiled briefly and microfuged, and E1A anti-
serum generated in rabbits was added to the supernatant.
Following 1 to 2 h of incubation, protein A-Sepharose was
added, the mixture was incubated for 1 to 2 h, the beads
were washed with RIPA buffer, and then E1A was eluted
from the beads in SDS gel loading buffer.

Transcriptional activation and transformation assays. Tran-
scriptional activation of the E2ACAT gene (19) and the
E3CAT gene (KCAT23; 35) and transformation of primary
baby rat kidney cells in cooperation with the activated ras
gene was measured essentially as described by Schneider et
al. (25). HeLa cells were transfected with 5 pg of the
chloramphenicol transferase (CAT) gene-containing plasmid
plus or minus 10 pg of the E1A-containing plasmid. The cells
were harvested 48 h after transfection and assayed by the
method of Sleigh (27). In this assay, chloramphenicol trans-
ferase enzyme activity is measured by the transfer of “C-
labeled acetyl groups from labeled acetyl coenzyme A to
unlabeled chloramphenicol. For the transformation assay,
primary baby rat kidney cells (20 to 40% confluent, 60-mm-
diameter dish) were transfected with 3 pg of E1A plasmid, 3
ng of EJ6.6 plasmid (26), which contains the H-ras oncogene
from the EJ/T24 human bladder carcinoma cell line, and 4 pg
of pSV2neo (29). On the next day, the cells were passed onto
100-mm-diameter dishes and G418 (200 wg/ml) was added.
Colonies were fixed, stained, and counted 3 to 4 weeks later.

RESULTS

Phosphatase treatment of modified E1A protein. To inves-
tigate the possibility that the majority or even all the different

E1A species result from differential phosphorylation of the
primary translation product, we have analyzed the effect of
treating modified E1A protein with phosphatase enzymes.

Since the rabbit reticulocyte lysate translates EIA mRNA
and modifies the protein product, we have used it as a
convenient source of modified protein. The E1A 13S coding
sequence was inserted behind the bacteriophage Sp6 pro-
moter (18) in the vector SP65pA (a gift from A. Jacobson).
This vector contains not only the Sp6 promoter, followed by
a multiple cloning site region, but also a stretch of 46 T
residues that are immediately followed by a HindIII restric-
tion endonuclease cleavage site. The E1A coding sequence
was inserted into the multiple cloning region in the orienta-
tion that would give the coding strand following transcription
from the Sp6 promoter. Before transcription, the vector was
cleaved with HindlIII, resulting in a poly(A) tail at the 3’ end
of the transcript. The transcription was also carried out in
the presence of the cap analog GpppG to ensure that the final
message could be efficiently translated in a rabbit reticulo-
cyte lysate and injected Xenopus oocytes. Translation of the
message for 10 to 15 min gave predominantly a single species
of E1A protein that migrated with an apparent size of 45 kDa
(Fig. 1A). However, continuation of the translation for 1 to
2 h resulted in a second species, which migrated at 47 kDa.
The two species had migrations on two-dimensional gels
similar to the predominant species seen in infected HeLa
cells (Fig. 1B). It appears therefore that the reticulocyte
lysate is capable of efficiently modifying the newly synthe-
sized protein. Modification need not necessarily be linked to
translation, however, since the incubation of bacterially
synthesized E1A protein (which is unmodified; 45 kDa) in a
reticulocyte lysate also results in a new species that migrates
at 47 kDa (23).

We initially treated the El1A-containing lysates with a
variety of agents that could cleave modifications from the
primary protein product. Following alkaline phosphatase
treatment, it was clear that some conversion of the 47-kDa
species (modified form) to the 45-kDa species (primary
translation product) did take place, although it never ex-
ceeded more than 50%. However, treatment of the lysates
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FIG. 2. (A) Potato acid phosphatase treatment of reticulocyte-synthesized E1A 13S mRNA-encoded protein. 13S RNA was translated in
a rabbit retinculocyte lysate for 120 min. Aliquots of the lysate were subsequently incubated with 0, 1, 2, or 5 U of potato acid phosphatase
at 37°C for 15 min. The phosphatased samples were then analyzed by SDS-PAGE. (B) Inhibition of dephosphorylation by sodium phosphate.
Reticulocyte-synthesized and phosphorylated E1A was incubated with 2 or 5 U of potato acid phosphatase or 5 U of potato acid phosphatase
plus 50 mM sodium phosphate (Na Phos.). The mixtures were then incubated at 30°C for 1 h, and the products were analyzed as in panel A.
(C) Rephosphorylation of E1A. Reticulocyte-synthesized and phosphorylated E1A (lane C) was immunoprecipitated, eluted, and treated with
potato acid phosphatase (lane P). A 50-pl quantity of this treated material was then added to a fresh reticulocyte lysate. This mixture was then
incubated at 30°C for 1 h before the reaction was terminated by the addition of SDS sample buffer (rephosphorylation [ReP]). The products
were analyzed as in panel A. The arrows denote the 45- and 47-kDa forms of the E1A protein.

with increasing amounts of potato acid phosphatase for 15
min resulted in more than 95% of the 47-kDa forms being
converted to 45 kDa (Fig. 2A). The conversion of the 47-kDa
species to the 45-kDa species could be blocked by adding an
excess of sodium phosphate (Fig. 2B). In addition, the
dephosphorylated protein (P) could be subsequently remod-
ified (ReP) by incubating with rabbit reticulocyte lysate (Fig.
2C). These results demonstrate that the slower-migrating
forms of the E1A protein are predominantly due to protein
phosphorylation.

Sp6 vectors containing E1A mutant sequences. The results
of the phosphatase experiments suggest that phosphoryla-
tion of one or more sites on the E1A protein can result in a
conformational change, as manifested by a slower migration
in SDS gels. Such a conformational change may be crucial to
the biological activity of E1A. To test this possibility, we
attempted to identify the regions of E1A containing the
residue(s) whose phosphorylation resulted in slower migra-
tion. Previous studies involving the microinjection of bacte-
rially synthesized wild-type or mutant E1A proteins into
Xenopus oocytes suggested that the critical region was
located in exon 1, between amino acids 23 and 120 (23). To
locate the region more precisely, we introduced several
small in-frame deletions or truncations into the E1A se-
quences present in the Sp6 vector. Following in vitro tran-
scription and translation, the effects of the mutations on E1A
modification were assessed.

The different mutants analyzed in this study are shown in
Fig. 3. SpX, SpXX, and SpNX all contain deletions at the 3’
end of the coding region and give rise to truncated polypep-
tides of 223, 150, and 85 amino acids, respectively. Con-
versely, SpRX has 190 base pairs of the 5’-coding region
deleted, thus removing the normal ATG. The next 5' ATG
begins at amino acid 71, which is in-frame with the normal
ATG. Thus, the predicted polypeptide from this construc-
tion would lack the amino-terminal 70 amino acids but

ATG 12SD 13SD/A TAA
l 1 | |
| 1 | ]
TAG
SDX [ E
TﬁG 223
SpXX [ :
TAG 152
SpNX
ATG\ 86
SpRX I\I ]
71
Sp105NX l:l : ]
38 86
Sp5/3 L : : ]
) 38 65
SpNC — ] : - : ]
s 86 120
pCS [ : IY —
120 133 TA|G
Sp5/3X — 1| { ]
38 65 TAG
SpNCX L : lr
86 120 223

FIG. 3. Description of the mutant E1A genes used in this study.
The open box at the top of the figure represents the 13S cDNA
sequence that encodes the E1A 289-amino-acid product. The rela-
tive positions of the 12S donor (D) and 13S donor/acceptor (D/A)
splice junctions are indicated, together with the three regions of the
coding sequence highly conserved between the human adenovirus
type 5, 7, and 12 serotypes (shaded boxes). Below are ipdfcqted the
nature of the alterations in each of the mutants studied. The bar
denotes the predicted products, and deleted residues are denoted by
gaps. All the mutant E1A sequences are present in the vector
Sp65pA (see Materials and Methods).
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otherwise would be identical to the wild-type 289-amino-acid
protein. :

Sp105NX, Sp5/3, SpNC, and SpCS all contain in-frame
deletions of various sizes. Sp105NX contains a deletion that
removes residues 38 through 86 and encompasses the in-
frame deletion contained in Sp5/3, which lacks residues 38
through 65. SpNC and SpCS contain the nonoverlapping
deletions of residues 86 through 120 and 121 through 133,
respectively. This series of truncations and deletions, there-
fore, allow all the residues of the 13S coding region to be
assessed with respect to their role in E1A modification. Two
additional mutants were also constructed that combined the
deletions in Sp5/3 and SpX (SpS5/3X) and SpNC and SpX
(SpNCX). The polypeptides synthesized from these tran-
scripts lack the carboxy-terminal 66 amino acids, as well as
intérnal regions.

Translation and medification of the mutant polypeptides.
Capped and polyadenylated RNAs containing each of the
mutant sequences were synthesized in vitro with Sp6 poly-
merase. The RNAs were subsequently translated in a rabbit
reticulocyte lysate, and the protein products were resolved
by SDS-PAGE and autoradiography. In most cases, the
majority of the primary translation products were synthe-
sized during the initial 15 min of incubation. E1A protein was
modified during the subsequent 15- to 120-min period. The
degree of modification, as judged by the relative levels of the
faster and slower migration species, varied from lysate to
lysate but generally was 30 to 50% within the 120-min period.
Additional modification could be obtained by incubating the
lysate for longer periods of time or addition of fresh lysate.

Translation of SpX, SpXX, and SpRX all gave rise to
polypeptides that were subsequently modified to give a
slower-migrating species, indicating that modification out-
side of the amino-terminal 70 residues and carboxy-terminal
139 residues contributed to this migratory shift (Fig. 4A). In
contrast, however, no modification of the SpNX primary
product was apparent. Clearly, the SpNX product was less
stable in the lysates than the other mutant polypeptides, but
nevertheless, even on long exposures of the gel, no slower-
migrating species were detected. These results suggest that
an area critical for the migratory shift was located between
residues 71 and 150. Since the 243-amino-acid product of the
12S mRNA is also modified to give slower-migrating species,
it is evident that the residues unique to the 13S message,
residues 139 to 185, are not necessary, therefore further
defining a critical area to between residues 71 and 139.

We expected the series of internal in-frame deletion mu-
tants to define the important region more precisely. The
deletion in Sp5/3 removes amino acids 38 to 65, and, not
surprisingly, in light of the result with SpRX, the protein
ercoded by this mutant was modified (Fig. 4B). It was
surprising, however; to find that mutants Spl05NX, SpNC,
and SpCS likewise gave rise to two species of protein (Fig.
4B), a result in apparent contradiction to those shown in Fig.
4A with the truncation products. The two species formed
from the translation of SpNC-generated RNA were not
easily resolved and in most gels ran very close to each other.
On occasion (Fig. 4C), clear separation of the two species
was obtained. The single-deletion or truncation mutants
therefore did not define one particular region critical for the
migration shift.

Slower-migrating, modified E1A species arising from mod-
ifications in at least two regions. One possible explanation for
the apparently conflicting results described above is that
modification in more than one region results in conforma-
tional changes, giving rise to the electrophoretic migration
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FIG. 4. SDS-PAGE mobility of proteins translated from the
mutant E1A RNAs. (A) Sp6-derived mRNA was synthesized in
vitro from each of the truncated forms of the E1A gene (Fig. 3) and
translated in a rabbit reticulocyte lysate for 15 or 120 min. The
translation products were resolved by SDS-PAGE and autoradio-
graphed. (B) RNA was synthesized from the mutant E1A genes
containing in-frame deletions and subsequently translated, and the
products were analyzed as above. (C) Analysis by SDS-PAGE of the
translation products of the SpNC-generated RNA, in which clear
separation of the slower- and faster-migrating species was obtained.
The arrows denote the modified and unmodifiéd forms of the E1A
protein.

shift. Deletion of any individual region would therefore not
be sufficient to prevent the shift. If this were the case, one
would have to argue from the results shown in Fig. 4, that
the N-terminal 86 amino acids did not contain any of these
crucial regions, since the product of SpNX was not modified.
Furthermore, at least one important region must reside
between residues 86 and 152, since the product of SpXX was
modified. A likely region would be that between residues 86
and 120, which is deleted in the mutant SpNC, because
although a slower-migrating species of the product of this
mutant could be detected, the degree of mobility shift
appeared to be greatly diminished. A series of double
mutants combining certain in-frame deletions and carboxy-
terminal truncations were constructed (Fig. 3) and analyzed
in the same fashion.

A combination of the deletion present in SpNC with the 3’
truncation present in SpX (giving rise to the construct
SpNC-X) resulted in a product that was efficiently synthe-
sized but not modified (Fig. 5). Even upon long exposures,
no species that migrated slower than the primary translation
product were detected. A faint band that migrated faster was
evident, but this was present in equal amounts in the 15- and
120-min sample and probably results from a small level of
internal translation initiation. These results indicate that
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FIG. 5. Analysis of proteins that derive from mutant RNAs
containing multiple alterations. RNA was prepared from Sp5/3X and
SpNCX and subsequently translated and analyzed as described in
the legend to Fig. 1 and as shown in Fig. 3. The arrows denote the
major E1A species.

modification within either the 86-t0-120 region or the car-
boxy-terminal 66-amino-acid region can give the shift in
electrophoretic migration, and the deletion of both regions is
necessary to prevent the migration shift from occurring.
Combining the Sp5/3X deletion with the same carboxy-
terminal truncation, did not prevent the electrophoretic shift
(Fig. 5).

Slower-migrating protein species arising from modification
of the same regions in microinjected Xenopus oocytes. We
have previously shown that E1A modification can also take
place in microinjected Xenopus oocytes (23). Furthermore,
oocyte injection studies with mutant proteins synthesized in
Escherichia coli and subsequently purified suggested that
exon 1 sequences encoding amino acids 23 to 120 were
sufficient to give rise to modified, slower-migrating species
(23). We investigated whether phosphorylation within the
same regions of the E1A protein was responsible for the shift
seen in microinjected oocytes. In vitro-synthesized RNA
was microinjected into the oocytes together with [>>S]meth-
ionine, and extracts were prepared 1 and 4 h after [*°S]
methionine injection. The E1A proteins were immunopre-
cipitated and analyzed by SDS-PAGE and autoradio-
graphed. Following microinjection of the 13S RNA, the
primary translation product (45 kDa) was synthesized within
the first hour (Fig. 6). During this time, however, very little
modification to the slower-migrating form was observed.
However, the modification did take place during the follow-
ing 3 h, such that at 4 h postinjection, 50% or more of the
protein was in the slower-migrating form. Microinjection of
both SpNC and SpX RNA resulted in translation products
that were subsequently modified. As was the case with the
rabbit reticulocyte-mediated modification, the modified form
of the SpNC product migrated only slightly slower than the
unmodified form (Fig. 6). Microinjection of SpNCX RNA
gave rise to a product that was not modified to give a slower
form. These results are therefore in complete agreement
with those obtained with the reticulocyte lysate.

Phosphorylations that result in the slower-migrating E1A
species dispensable for E1A transcriptional activation and
transformation. The removal of both the 86-t0-120 region and
the carboxy-terminal 66-aminp-acid region eliminates the
phosphorylations that give rise to slower-migrating forms of
the E1A protein. We have investigated whether these re-
gions are necessary for the ability of E1A proteins to
transcriptionally activate early gene expression and trans-
form primary cells.
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FIG. 6. Analysis of E1A products in mRNA-injected oocytes.
Oocytes were injected with wild-type E1A 13S mRNA (Sp13) or
various mutants, followed by a radioactive methionine pulse and a
radioinert methionine chase for 1 to 4 h. The E1A proteins were
immunoprecipitated and analyzed by SDS-PAGE and autoradiogra-
phy.

Transfection of plasmids containing the E3CAT chimeric
gene (35) or the E2ACAT chimeric gene (19) into HeLa cells,
either alone or together with E1A-containing plasmids, has
frequently been used as a convenient assay for examining
the transcriptional activation potential of E1A mutants. We
previously showed that individually, the 86-to-120 region
and the carboxy-terminal 66-amino-acid region are unneces-
sary for transcriptional activation (25). The E1A construct
GNCR (which is identical to SpNCX, except that the E1A
promoter is retained rather than the Sp6 promoter), which
lacks both these regions, was also capable of stimulating
E2CAT and E3CAT expression (Fig. 7).

The transforming potential of GNCR was tested by mea-
suring its ability to cooperate with the activated ras gene to
morphologically transform primary baby rat kidney cells.
The results of the cooperation assay (Table 1) demonstrate
that GNCR can cooperate with wild-type efficiency. There-
fore, the simultaneous removal of both the 86-t0-120 and the
carboxy-terminal regions has no effect on either transcrip-
tional activation or the transformation properties of E1A.

DISCUSSION

Although the two E1A mRNAs that are present early after
viral infection each give rise to a single primary translation
product, extensive posttranslational madifications produce
E1A variants that are usually more acidic and often greater
in apparent molecular weight than their parent molecules.
On two-dimensional gels, the charge variants observed in the
first isoelectric dimension tend to reside in two molecular
weight clusters that are detected in the second SDS dimen-
sion (10, 36). When the E1A variants are examined by a
single SDS dimension, the pattern of proteins is greatly
simplified. The E1A proteins fall into two groups, those that
comigrate with the primary product and those that migrate
about 2 kDa slower. The decreased SDS gel mobility of these
latter species in SDS gels probably represents some confor-
mational change induced by a posttranslational modification,
the result of which is less SDS binding than the primary
products. E1A proteins are known to be extensively phos-
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FIG. 7. Relative expression of E3CAT and E2ACAT in HeLa
cells transfected with or without E1A alleles. Extracts were pre-
pared from HeLa cells 48 h after transfection with the following:
E2ACAT (bar 1), E2ACAT plus pCE (wild-type E1A gene) (bar 2),
E2ACAT plus GNC-R (bar 3), E3CAT (bar 4), E3CAT plus pCE
(bar 5), and E3CAT plus GNCR (bar 6). A portion of the extract was
assayed for chloramphenicol transferase activity by the method of
Sleigh (27). The transfer of *C from [**CJacetyl coenzyme A to
unlabeled chloramphenicol is shown. This experiment was per-
formed three times with similar results.

phorylated on serine residues (30, 32, 36), and differential
phosphorylation could explain the heterogeneity observed.
We show here that phosphorylation is responsible for the
mobility shift, since it can be reversed by treatment with
potato acid phosphatase. It has also been shown that a
mobility shift of the fos protein (1) and nucleoplasmin (8) in
SDS gels is due to phosphorylation.

To investigate whether such a conformational change was
critical for the biological function of the E1A proteins, we
first determined which regions of the protein contained the
modified residues that caused the electrophoretic mobility
shift. Our results indicate that the shift was eliminated when
residues 86 to 120 were removed together with the carboxy-
terminal 66 amino acids. The removal of any one of these
regions, however, was not sufficient to eliminate the shift. It

TABLE 1. Focus formation on primary baby rat kidney cells

. a Deleted E1A Average no. of
Plasmid residues foci/gplateb
pBR322 + EJ6.6 0
pCE° + EJ6.6 29
GCE-R + EJ6.6 223-289 40
GNC + EJ6.6 86-120 32
GNCR + EJ6.6 86-120, 223-289 34

“ The plasmids pCE, GCE-R, and GNC are described in reference 23.

4 Numbers refer to the average number of foci per plate from three different
experiments. Assays are as described in Materials and Methods.

< Contains the wild-type E1A gene.

J. VIROL.

would appear, therefore, that one or more phosphorylations
in either of these regions could generate a slower-migrating
form of the protein. Both these regions contain multiple
serine residues that are potential sites for modification. In
this study, we have not determined the exact phosphoserine
residues that produce the shift. Moreover, although a dele-
tion could mask a distant phosphorylation site due to alter-
ation of conformation, it is important to emphasize that both
regions are entirely dispensable for the main biological
functions associated with E1A. The biological activities of
mutants have been characterized. Removal of residues 86 to
120 had very little effect on the transcriptional regulatory
activities of the protein; the mutant protein could transcrip-
tionally activate the adenovirus E3 promoter and repress the
polyoma enhancer with wild-type efficiencies (25). Further-
more, a reconstructed virus containing the mutant gene grew
as well as wild-type virus in infected HeLa cells. The mutant
could also establish primary baby rat kidney cells and
cooperate with the activated ras oncogene to morphologi-
cally transform these cells with an efficiency similar to that
observed with the wild-type gene (25). Clearly, all three
activities of E1A are unaffected by removal of these resi-
dues. The same is true for a construct that removes the
carboxy-terminal 66 amino acids (25). In this report, we
show that a mutant that has both regions deleted together is
still capable of transcriptional activation and transformation.
The efficiency of transcriptional activation is slightly lower
than that seen with the wild-type gene, but this may reflect a
slight decrease in the stability of the mutant protein (Fig. S
and 6), rather than a direct involvement of the deleted
regions in the transcriptional activation function. Therefore,
the phosphorylations that give rise to the SDS mobility shift
play little or no role in these biological activities of E1A.
Neither region is highly conserved among different adeno-
virus serotypes, the homology being on the order of 5 to
10%. This contrasts with three separate regions of the
protein (CR1-3) that are 50 to 60% conserved (13, 33). The
lack of conservation in these regions is consistent with their
apparent lack of importance for these major E1A functions.
Serine residues within the 86-t0-120 region and the car-
boxy-terminal region have been found to be phosphorylated
in vivo (M. L. Trembley, C. J. McGlade, G. E. Gerber, and
P. E. Branton, submitted for publication). The serine at
position 89 is phosphorylated, and possibly it is this phos-
phoserine that induces a mobility shift. At least three resi-
dues within the carboxy-terminal 66 amino acids have like-
wise been found to be phosphorylated in vivo. There is at
least one serine residue outside of these two regions that is
also known to be phosphorylated. Tsukamoto et al. (32)
located a major site of phosphorylation to serine 219. How-
ever, a mutation that prevented phosphorylation at this site
had no effect on the ability of the protein to transcriptionally
activate the viral early genes or transform rat embryo
fibroblast cells. To date, therefore, there is no evidence to
demonstrate that any of the multiple phosphorylations found
associated with the E1A proteins are required for activity.
In light of these data, it is not clear why E1A is so heavily
phosphorylated. It may be a consequence of the apparent
lack of ordered structure of the E1A protein. The protein is
rich in proline residues and is predicted to be devoid of
extensive ordered secondary structure, a prediction consist-
ent with the observed heat stability of E1A (J. D. Richter and
N. C. Jones, unpublished results) and tolerance to relatively
large in-frame amino acid deletions (25). This lack of sec-
ondary structure may result in many of the serine residues
being exposed and available for nonspecific modification.
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