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Cell Cycle Regulation of Histone H1 Kinase Activity
Associated with the Adenoviral Protein E1A

ANTONIO GIORDANO, JoO HUN LEE, JUDITH A. SCHEPPLER,
CHRISTINE HERRMANN,* ED HARLOW,T ULRICH DEUSCHLE,
Davib BEacH, B. ROBERT FraNzZA, JR.E

Several cellular proteins form stable complexes with the proteins encoded by the
adenovirus early region 1A (E1A) gene in extracts derived from adenovirus infected or
transformed cells. Two of the cellular proteins that bind to E1A have been identified;
one, a 105-kilodalton protein (pRb), is the product of the retinoblastoma gene, and the
other, a 60-kilodalton protein, is a human cyclin A. Two other proteins that bind EIA
have now been shown to be related to p34°<2. This E1A complex displayed histone
H1-specific kinase activity; the kinase activity was modulated during the cell division
cycle, and association of pRb with E1A apparently was not required for this activity.

HE cDC2 GENE ENCODES A 34-xD
protein kinase (p34°®?) (). In the
fission yeast, Schizosaccharomyces
pombe, cdc2 is required in the G, stage of the
cell cycle before DNA replication has begun
and in G, at the beginning of mitosis (2). A
¢dc2 homolog encodes a component of the
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maturation-promoting factor (MPF) of Xe-
nopus eggs (3). The mammalian cdc2 product
is a protein kinase and is required for mitosis
(4) and for the transition from G, to S phase
(DNA replication) (5). The p34°4< protein
activates the replication function of the
SV40 T antigen (6). At least two complexes
of mammalian p34°® have been identified,
the p62 (cyclin B)-p34°®“> complex and the
p60 (cyclin A)-p34°®? complex. The
amount of p62-p34°® complex correlates
with a cell cycle-dependent histone H1 ki-
nase activity that is most active in meta-
phase. The p60-p34°* complex acts as a
histone HI kinase in interphase and meta-
phase (7, 8). Human p34°‘? can form a
complex with a 13-kD protein that probably
is the product of a homolog of the fission
yeast suc1™ gene, a gene that rescues some
but not all temperature-sensitive mutant al-

leles of cdc2 in fission yeast (9), and is
essential for cell cycle progression (10). The
p13°*! protein is a subunit of the p34°<
protein kinase in mammalian cells and in the
budding yeast, Saccharomyces cerevisiae (11).

The E1A proteins are the first viral gene
products synthesized after cells are infected
with adenovirus. The E1A polypeptides
function in both cellular transformation and
regulation of gene expression (12, 13). For
example, co-transfection of the E1A gene
with another adenovirus early region gene
product, E1B, or with an activated Ha-ras
oncogene results in morphogenic transfor-
mation of either primary cells or proliferat-
ing tissue culture cells (13). Other activities
of E1A include the induction of Gq-arrested
mammalian cells to progress to DNA syn-
thesis (14), the ability to induce tumor
necrosis factor (TNF) sensitivity (15), and
the prevention of transforming growth fac-
tor (TGF) B-mediated inhibition of cell
growth (16).

Three regions, designated domains 1, 2,
and 3, are highly conserved among E1A
proteins from different adenovirus serotypes
(17). Two sets of nuclear phosphoproteins
arise from differential splicing of the E1A
transcripts. The resulting proteins consist of
289 or 243 amino acids and are both post-
translationally modified. The larger protein
contains an internal sequence of 46 amino
acids that has been identified as conserved
domain 3 and appears to be sufficient for
E1A-mediated transactivation of transcrip-
tion (18).

The E1A conserved domain 2 and the
NH,-terminal region, including conserved
domain 1 both contribute to transforming
activity (17, 18, 19). Sites within these do-
mains of ElA are required for complex
formation with several specific cellular pro-
teins (20). Two of these proteins have been
identified; one of 105 kD (pRb) is the
product of the retinoblastoma gene (21);
and one of 60 kD (p60) is associated with
only certain isoforms of p34°®? and is en-
coded by a cyclin A gene (8, 22). We now
show that two cellular proteins in the E1A
immune complex are either products of the
human cdc2 gene or a related gene, and that
ElA immune complexes containing these
proteins have a histone H1 kinase activity.

The cdc2-associated polypeptide, p60, is
the same p60 protein that interacts with the
adenovirus E1A ‘protein (8). Four specific
isoforms of p34°“ were present in immune
complexes (8), isolated with a monoclonal
antibody to p60 (C160). Two of these
isoforms were recognized by an antiserum
to the COOH-terminal portion of human
p34°< (G6). All four isoforms were recog-
nized by an antibody to S. pombe p34°4<
(G8) (23) and by pl3-Sepharose. Proteins
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Fig. 1. Two-dimensional gel analysis of E1A-p34 and p60 (cyclin B

A)-p34 complexes. (A) HeLa cells were infected with various adeno-
viruses and extracts of those cells were immunoprecipitated with the
indicated antibodies as follows: Wild-type adenovirus 5 (WT AdS),

Hela Cells
WT Ad5 virus 293 cells
a «<EIA(M58) b <EIA(M73)

M73 antibody (a); dl 922/947 recombinant adenovirus, M73 (b); NCdl

recombinant adenovirus, M73 (¢); WT Ad5, C160 (d). Spots corre- i
sponding to E1A, p34, and p60 (cyclin A) are indicated. Autoradiog-

: 2 Ly
p34 p34

raphy was for 8 days at —70°C with a screen. (B) Two-dimensional gel

analysis of E1A-p34 complexes using another antibody to E1A and a
different cell line. The complexes were isolated by immunoprecipitating

¢ «T-antigen d «=T-antigen

ElA from HeLa cells infected with Ad5 with the monoclonal antibody
to E1A (M58) (a), E1A from the 293 cell line with M73 (b), proteins
from HeLa cells infected with WT Ad5 with Pab 416 (c), and proteins
from 293 cells with Pab 416 (d). Auroradiography was for 6 days at

—70°C with a screen.

immunoprecipitated with antibody to E1A
(anti-E1A) from cells expressing E1A were
separated by two-dimensional gel electro-
phoresis; two spots were detected that ap-
peared to be the same as the two isoforms of
p34°4< associated with p60 that were not
recognized by the G6 antibody but that
were bound by the G8 antibody and pl13-
Sepharose. To further investigate the rela-
tion of these proteins to p34°?%, we infected
HeLa cells with three different recombinant
adenoviruses (24), and then labeled the cells
with [*?PJorthophosphate. Lysates from in-
fected cells were immunoprecipitated with
the monoclonal antibody to E1A (M73) or
with C160. The M73 immune complexes
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from cells infected with wild-type adenovi-
rus (Fig. 1A) contained two *2P-labeled
proteins that comigrated with the p34°4<
isoforms present in the C160 immune com-
plex (Fig. 1A). [Only two of the four iso-
forms associated with p60 (cyclin A) were
detected by labeling with 3P for the interval
used in these experiments.] HeLa cells in-
fected with the deletion mutant NCdl, a
deletion of residues between domains 1 and
2, revealed the same two p34 isoforms in the
M73 immune complex (Fig. 1A). This de-
letion does not affect the transforming prop-
erties of E1A (18). In contrast, infection of
HelLa cells with the deletion mutant df 922/
947, a domain 2 deletion, resulted in a

decrease in the amount of p34 associated
with E1A (Fig. 1A). A longer exposure of
the autoradiograph revealed that the
amount of *?P detected in each of the p34
spots in the dI 922/947 pattern was approx-
imately 20% of that in the wild-type pattern
(Fig. 1A). The association of p60 (cyclin A)
with the dl 922/974 E1A products is simi-
larly reduced (19). The dl 922/947 mutant
does not form a complex with pRb (20) and
lacks transforming activity (19, 21).

The same two p34 isoforms that were
associated with M73 and Cl160 immune
complexes were immunoprecipitated with a
second monoclonal antibody to EIlA
(M58), indicating that they coprecipitate
with E1A and were not recognized directly
by the monoclonal antibodies (Fig. 1B).
The same isoforms were precipitated from
the human carcinoma cell line 293 with the
M?73 antibody (Fig. 1B). These cells consti-
tutively express E1A (25). Similar immuno-
precipitations from HeLa cells infected with
recombinant E1A adenoviruses encoding
the 289- or 243-amino acid forms revealed
the same two p34 spots. A control mono-
clonal antibody, Pab 416, which recognizes
SV40 T-antigen, was used to immunopre-
cipitate proteins from either adenovirus-in-
fected HeLa cells or the 293 cells (Fig. 1B).
No isoforms of p34 were detected in the
resultant immune complexes. Therefore, the
coprecipitation of these p34 molecules is
dependent on their interaction with E1A or
with cellular proteins bound to E1A.

To further establish the relation of the
p34 isoforms associated with E1A to prod-
ucts of the human cdc2 gene, adenovirus-
infected HeLa cells were labeled with [32P]-
orthophosphate and extracts were prepared.
These extracts were immunoprecipitated
with the G6 antibody (7) or were exposed to
pl3-Sepharose beads. The two spots that
are associated with pl3-Sepharose comi-
grated on two-dimensional gels with the
p34°9<2 spots in the M73 immune complex
(Fig. 2A). However, the G6 antibody did
not immunoprecipitate these forms of p34.
The two isoforms associated with E1A are
present in uninfected HeLa cells and can be
recovered by p13-Sepharose from extracts of
these cells (23). The structure of the two p34
isoforms associated with p13-Sepharose and
M73 immune complexes was compared to
that of p34°®? immunoprecipitated with
G6. The peptides resulting from digestion
of each isoform with N-chlorosuccinamide
(NCS) were identical (26) (Fig. 2B).

The histone HI1 kinase activity of the
p60-p349<? complex is increased when iso-
lated from HeLa cells at the interphase or
G,-M phase of the cell cycle (8). We there-
fore assayed the histone H1 kinase activity
in the M73 immune complexes from unin-
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fected, wild-type adenovirus-infected, and d!
922/947—-infected HeLa cells. Little or no
phosphorylation of H1 occurred when the
substrate was incubated with the immune
complex from uninfected cells (Fig. 3).

Phosphorylation of H1 did result from in-
cubation with the M73 immune complex
from cells infected with wild-type virus; less
phosphorylation was detected when the im-
mune complex from dl 922/947-infected
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=
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p13-80ll|lll’ﬂl‘l #1
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Fig. 2. Characterization of different isoforms of p34. (A) Two-dimensional gel analysis of the different
p34 isoforms. The c2p34 isoforms precipitated form HeLa cells (infected with WT Ad5) with an
antiserum to p34°*? (G6) (a); p34 precipitated from HeLa cells (infected with WT Ad5) with p13-
Sepharose beads (b); mixture of proteins from precipitates shown in (a) and (e), (c); mixture of
proteins from precipitates shown in (b) and (e), (d); HeLa cells infected with WT Ad5 and
immunoprecipitated with M73 (e), immunoprecipitation with G6 of HeLa cells infected with WT
Ad5, performed in the presence of 100 nmol of the antigenic carboxyl-terminal cdc2 peptide (f).
Autoradiography was for 6 days at —70°C with screen. (B) NCS digest of p34 spots from
two-dimensional gels. Spot 1 from pl3-Sepharose (see Fig. 2A, panel b), lane 1; spot 2 from
p13-Sepharose, lane 2; anti-p34°< spot 1 (see Fig. 2A, panel a), lane 3; p34 spot 2 in anti-E1A
precipitate (Fig. 2A, panel ¢), lane 4. Autoradiography was for 11 days at —70°C with screen. In all
cases the spots represent phosphoproteins.
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as described (24) and con-
tained M73 immunopre-
cipitates from uninfected
cells (lanes 1 and 2), from
cells infected with WT Ad5
(lanes 3 and 4), or from
HeLa cells infected with
mutant dl 922/947 (lanes 5
and 6). (B) Duplicate reac-
tions were normalized with
respect to the protein con-
centrations of the extracts
from HeLa cells that were
uninfected, or infected with 1
WT Ad5, dl 922/947, or
pm928. Single reactions, re-
peated at least two times, for

the 293 cell cultures were
similarly normalized. His-
tone H1 kinase activity is
expressed as 2P incorporat-

ed (10° cpm). Duplicate analysis agreed to within +5% of the mean. Previous measurements (8) of H1
kinase activity in complexes of E1A were performed without Mn?* in the preparation of extracts and
showed lower levels of the kinase activity.
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cells was incubated with histone H1. This
result is consistent with the lower amount of
p34°9<? isoforms in the complex with the d!
922/947 protein (Fig. 1A) and does not
reflect a difference in the amount of E1A
itself in the immune complex. M73 immune
complexes from cells infected with wild-type
virus contain cellular proteins of 100 to 150
kD that are phosphorylated in the in vitro
kinase assay. These proteins do not associate
with the dl 922/947 form of E1A (21) and
were therefore not phosphoylated in reac-
tions containing dl 922/947 immune com-
plexes. The H1 kinase activity in M73 im-
mune complexes from HeLa cells infected
with wild-type virus or NCdl was greater
than that in complexes from cells infected
with dl 922/947 (Fig. 3B). The H1 kinase
activity in M73 immune complexes from the
Ncdl infected cells was greater than that in
complexes from cells infected with wild-type
virus. Again, the kinase activity was propor-
tional to the amount of the specific p34
isoforms in such complexes (Fig. 1A). Com-
plexes immunoprecipitated with Pab 416
from HeLa cells infected with wild-type
virus had one fifth of the H1 kinase of the
M73 immune complexes (23). The H1 ki-
nase activity in Pab 416 immune complex
from the 293 cells is less than one seventh of
that in M73 complex (Fig. 3B) as expected
because isoforms of p34 were not detected
in such immune complexes (Fig. 1B). The
domain 2 mutant pm928, in which cysteine
was substituted for glycine (18), did associ-
ate with p34 isoforms in infected HeLa cells
(Fig. 4). The immune complex containing
the pm928 form of E1A had greater histone
H1 kinase activity than the wild-type E1A
complex (Fig. 3B). In addition to p34, the

IEF

SDS

928

174 T_}—Empmezs

aal24

Fig. 4. The pm928 E1A mutant protein binds
p34, p60 (cyclin A), but not pRb. Proteins im-
munoprecipitated with antibody to E1A (M73)
from cells infected with pm928 recombinant ad-
enovirus analyzed on two-dimensional gels. Spots
corresponding to E1A and p34 are indicated.
Autoradiography was for 5 days at —70°C with
screen.
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pm928 associated with p60 (cyclin A); how-
ever association with pRb was not detected
(19, 20, 23).

The histone H1 kinase activity precipitat-
ed with the antibodies to p60 displays a
distinctive pattern of cell cycle regulation in
mammalian cells. The p34°‘“%-p60 (cyclin
A) complex has properties distinct from
those of the p34°2-p62 (cyclin B) complex
in HelLa cells (7, 8). We therefore studied
the E1A-immune complex histone HI1 ki-
nase activity in populations of the 293 cells
enriched at different stages of the cell divi-
sion cycle by centrifugal elutriation. Por-
tions of cell lysates containing equivalent
amounts of protein were immunoprecipi-
tated with either Pab 416 or M73 (Fig. 5).
An enrichment of cells was achieved (Fig.
5A). At the transition from a population
containing predominantly cells in G; to one
containing more S phase cells (between frac-
tions 3 and 4), the histone HI kinase activ-
ity in the E1A immune complex was in-
creased.

It is not clear whether the p34 isoforms
associated with E1A are products of the cdc2
gene. They may represent products of a gene
highly related to the human cdc2 gene such
as the Egl cDNA from Xenopus laevis (27).
Perhaps the unique isoforms contain differ-
ent phosphorylated amino acids or some
other modification that affects their migra-
tion in the two-dimensional gels and blocks
their recognition by the G6 antibody.

The p34°>-p60 (cyclin A) complex im-
munoprecipitated with C160 from HelLa
cells had maximal histone H1 kinase activity
when isolated from interphase cells (7, 8, 23).
The pattern of cell-division cycle modulation
of the H1 kinase activity associated with E1A
suggests one mechanism of ElA-induced
transformation may be its association with
cell cycle regulatory proteins prior to induc-
tion of DNA synthesis. The dl 922/947 dele-
tion mutant (deletion in domain 2) is defec-
tive for oncogenic and mitogenic activity and
binds less strongly to p34 and p60 (cyclin A).

The pm928 mutant that apparently does
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not bind pRb (17) maintains full histone H1
kinase activity and binds the isoforms of p34
and p60 (cyclin A). Therefore, it is possible

that the association of the pm928 product -

with these proteins contributes to the induc-
tion of viral and cellular DNA synthesis by
this mutant E1A protein (28). The pm928
EI1A complex might phosphorylate pRb
during G, and thereby contribute to induc-
tion of DNA synthesis by inhibiting sup-
pression of DNA synthesis by pRb. This
would represent one of perhaps many mech-
anisms that permit the mutant protein to be
as mitogenic as wild-type E1A. The physical
association of E1A with pRb would repre-
sent an additional component of transforma-
tion phenotype with other effects on cellular
growth control.

The extensive, rapid post-translation
modifications of E1A (29) may be due at
least partly to the presence of p34 in the
E1A complex. The resolution of the same
two specific forms of p34 in both the E1A
and p60 (cyclin A) immune complex raises
the possibility that they have specific func-
tions, one of which could be to modify E1A
itself. Because p34°?? is required for induc-
tion of DNA synthesis (5) as well as G,-M
transition (4) in mammalian cells it is impor-
tant to determine if these two isoforms of
either p34°2 of a highly related gene prod-
uct contribute to E1A’s mitogenic effects on
nonproliferating cells.

Note added in proof: We have demonstrat-
ed that M73 immune complexes from HeLa
cells infected with wild-type virus or pm928
phosphorylate pRb in vivo to a greater
extent than do EIA immune complexes,
from cells infected with dl 922/947 (37).
This is consistent with the observation that
phosphorylation of pRb is increased in ad-
enovirus-infected baby rat kidney cells (38).
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HelLa cells and 293 cells were grown at 37°C on 100-
mm plates in Dulbecco’s modified Eagle’s medium
(DMEM) with 100 pl/ml of penicillin and 100 /ml
streptomycin, supplemented with fetal bovine serum
(10%). The E1A mutants have been described (20,
21) with the exception of NCdl provided by E. Moran
(18). HeLa cells were infected with 100 plaque-
forming units per cell of each adenoviral stock. Infec-
tion progressed for 1 hour in DMEM without serum,
and the medium was removed and replaced with
DMEM containing fetal bovine serum (10%). At 13
hours after infection HeLa cells were labeled with
[32P]orthophosphate (2 mCi/ml) (Amersham) in
DMEM without phosphate for 4 hours at 37°C. After
the labeling period, the cells were rinsed in phosphate-
buffered saline (PBS) and lysed (8). Cells were lysed in
1 ml of a buffer containing 50 mM tris-HCI (pH 7.4),
0.25 M NaCl, 0.1% Triton X-100, 5 mM EDTA, 50
mM NaF, 0.1 mM sodium orthovanadate, 1 mM
phcnylmcrhylsulfonyl fluoride, N-tosyl- L-phcnylala—
nine chloromethyl ketone (50 mg/mi), and leupeptin
(10 mg/ml). Protein concentration in each extract was
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Requirement of Microfilaments in Sorting of

Actin Messenger RNA.

CyYNTHIA L. SUNDELL* AND ROBERT H. SINGERT

Specific messenger RNAs (mRNAs) can be sequestered within distinct cellular
locations, but little is known about how this is accomplished. The participation of the
three major cellular filaments in the localization of actin mRNA was studied in chicken
embryo fibroblasts. Movement of actin mRNA to the cell periphery and maintenance
of that regionalization required intact microfilaments (composed of actin) but not

microtubules or intermediate filaments.
actin-binding proteins may participate in

FUNDAMENTAL QUESTION IN CELL
biology concerns how molecules are
targeted to their sites of function. A
number of works have described the se-
quence-specific sorting of mRNA to distinct
cellular regions (1). Often these mRNAs are
sequestered in cellular locations where their
corresponding proteins function (2), imply-
ing that localized synthesis may be a means
to regionalize some proteins. Our studies
address the mechanism of actin mRNA sort-
ing to the actin-rich ruffling edges of motile
chicken embryo fibroblasts (CEFs).
Information for the localization of B-actin
mRNA is encoded in the nucleic acid se-
quence of the mRNA and not the amino
acid sequence of the nascent actin polypep-
tide (3). In Drosophila, a sequence in the 3’
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The results presented here suggest that

mRNA sorting.

untranslated region of bicoid mRNA is neces-
sary for its localization in the embryo (4).
Therefore, a mechanism exists in cells to
transduce nucleic acid information into spa-
tial information. It is likely that this mecha-
nism involves cellular filament systems. Cyto-
plasmic motor proteins have been described
that implicate both microtubules and actin
filaments in intracellular transport (5). Fur-
thermore, evidence exists that a direct cyto-
skeletal interaction with mRNA (6) appears
to be necessary for translation (7). In Dicty-
ostelium discoideum, the translation elongation
factor EF-la was shown to be an actin-
binding protein (8).

We have focused on the functions of the
three cellular filament systems in the move-
ment of actin mRNA to the cell periphery of
CEFs, as well as the subsequent maintenance
of that localization. Movement and mainte-
nance of localization were distinguished ex-
perimentally with the use of spreading cells.
In cells in suspension, actin mRNA is uni-
formly distributed; however, when these cells
are transferred to tissue culture plates and

allowed to spread, actin mRNA relocalizes to
the cell periphery in minutes (3). Mainte-
nance of this localization was studied in cells
that had completed spreading and had pe-
ripherally localized their actin mRNA.

In order to correlate the spatial relation
between actin message and cellular fila-
ments, we visualized both simultaneously. A
method was developed for detection of
mRNA and specific proteins that preserved
the intracellular location of the mRNA as
well as the antigenicity of the protein (9).
The three major filament systems—microtu-
bules (MTs), intermediate filaments (IFs),

Cc

Fig. 1. Distribution of actin mRNA in relation to
each of the three major cellular filament systems in
CEFs. The simultaneous visualization of mRNA
and protein was achieved by in situ hybridization
with a digoxigenin-labeled actin cDNA probe in
conjunction with mouse antibodies to tubulin,
vimentin, and actin; detection was achieved with
a rhodamine-conjugated antibody to digoxigenin
(red) and fluorescein-conjugated secondary goat
antibodies to mouse protein (green). (A) Actin
mRNA, red; MTs, green; (B) actin mRNA, red;
IFs, green; and (C) actin mRNA, red; MFs,
green. All images were single exposures photo-
graphed with a Zeiss X63 infinity-corrected ob-
jective with standard epifluorescence optics. A
dual-wavelength filter set was used that allowed
simultaneous visualization of rhodamine and flu-
orescein without optical shift.
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