Mitotic Phosphorylation of the Oct-1 Homeodomain
and Regulation of Oct-1 DNA Binding Activity
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Oct-1 is a transcription factor involved in the cell cycle regulation of histone H2B gene
transcription and in the transcription of other cellular housekeeping genes. Oct-1 is
hyperphosphorylated as cells enter mitosis, and mitosis-specific phoshorylation is
reversed as cells exit mitosis. A mitosis-specific phosphorylation site in the home-
odomain of Oct-1 was phosphorylated in vitro by protein kinase A. Phosphorylation
of this site correlated with inhibition of Oct-1 DNA binding activity in vivo and in
vitro. The inhibition of Oct-1 DNA binding during mitosis suggests a mechanism by
which the general inhibition of transcription during mitosis might occur.

CTAMER SEQUENCE ELEMENTS

have been studied in a variety of

gene promoters (1) and are in-
volved in transcriptional regulation of both
commonly expressed genes, such as those
encoding histone H2B and small nuclear
RNA, as well as genes expressed in specific
tissues, such as immunoglobulins. Several
proteins that interact with the octamer se-
quence have been purified and cloned (7).
These proteins are part of a larger family of
proteins that contain POU homeodomains
as their DNA binding elements (2, 3). Oct-
1, a member of this family, has a widespread
pattern of expression, consistent with a role
in transcription of essential housekeeping
genes (1, 4).

An octamer-binding site in the histone
H2B gene promoter is required for the cell
cycle-regulated transcription of this gene in
vivo (5) and in vitro (6). Oct-1 appears to be
the only octamer-binding activity in HeLa
cells, which implicates Oct-1 in the cell cycle
regulation of histone H2B expression. The
mechanism by which it exerts this effect is
unknown. Hyperphosphorylation of Oct-1
occurs as cells complete DNA synthesis and
enter mitosis and is rapidly reversed as cells
exit mitosis and enter the G, growth phase
of the cell cycle (7, 8). Mitotic phosphoryl-
ation of Oct-1 correlates with a general
inhibition of transcription that occurs dur-
ing mitosis (9-11). Transcriptional inhibi-
tion occurs early in mitotic prophase and is
reversed in telophase after the nuclear enve-
lope reforms and the cells enter G,. The
causes of this general transcriptional inhibi-
tion during mitosis are unknown. However,
the temporal correlation between mitotic
transcriptional inhibition and regulated
phosphorylation of Oct-1 led us to investi-
gate the functional consequences of the mi-
totic phosphorylation of Oct-1.

The abundance of Oct-1 protein does not
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fluctuate during the HeLa cell cycle (7). To
assess whether there is a significant differ-
ence in specific activity of Oct-1 DNA bind-
ing in interphase and mitotic cell extracts,
we compared the amount of Oct-1 protein
present in synchronized whole-cell extracts
(WCE) and the Oct-1 DNA binding activity
of these extracts (Fig. 1). In addition to G,
S (DNA synthesis), and G, cells, we pre-
pared mitotic cells (mitotic index >80%) by
culturing elutriated S-phase cells in nocoda-
zole (Noco) (Fig. 1A). Immunoblots re-
vealed that mitotic extracts had two- to
fourfold more Oct-1 per microgram of pro-
tein than did interphase extracts (Fig. 1B),
perhaps reflecting differendal extraction of
Oct-1 as a consequence of changes in chro-
matin structure associated with mitosis. We
loaded twice as much protein from mitotic
cell extract in lane 5 (Fig. 1B), as compared
to lane 4, to emphasize the difference be-
tween mitotic and interphase extracts. Oc-
tamer-specific DNA binding activity in each
extract was measured by electrophoretic mo-
bility-shift analysis with an oligonucleotide

Fig. 1. Specific actvity of Oct-1 A
DNA binding in cell cycle extracts.

that contained the octamer-binding motif
from the human histone H2B promoter
(Fig. 1C). Less Oct-1 DNA binding activity
was present in the mitotic extract than in any
of the interphase extracts, although more
Oct-1 protein was present. Quantitation by
densitometric scanning of autoradiograms
revealed a 15- to 20-fold difference in the
specific activity of Oct-1 DNA binding be-
tween interphase and mitotic extracts. No
consistent difference in Oct-1 DNA binding
activity between G,, S, and G, extracts was
detected in these experiments, in agreement
with other studies (12).

To test whether the increase in phosphor-
ylation of Oct-1 as cells enter mitosis (7)
might be responsible for the changes in
DNA binding activity, we sought to identify
the kinases responsible for phosphorylating
Oct-1 in vivo. An inspection of the Oct-1
amino acid sequence for specific protein
kinase recognition sequences in the PROS-
ITE (13) database revealed two sites in the
Oct-1 molecule that conformed to the aden-
osine 3',5'-monophosphate (cAMP)—de-
pendent protein kinase (PKA) consensus
recognition sequence ZZXT/SI (Z, basic
amino acids; S, Ser; T, Thr; I, apolar amino
acids; and X, any amino acid). These sites,
Thr3®* and Ser®®5, are located in the ho-
meobox domain just NH,-terminal to the
putative helix 1 of the POU homeodomain
(Fig. 2A). The location of these potential
Oct-1 phosphorylation site or sites suggest-
ed that phosphorylation might influence
DNA binding activity.

To test whether a PKA-like enzyme is
responsible for any of the phosphorylation
events that occur in vivo, we labeled Oct-1
by PKA with y-*>?P-adenosine triphosphate

(A) WCE were prepared from
Hela cells fractionated into G,, S,
and G, populations by centrifugal
elutriation and from cells blocked |
in mitosis by Noco as described 0

Cell number

(22). Representative graphs from 0
FACS analysis show the relative
DNA content of G, S, G,, and
Noco HeLa cell populations. (B)
Immunoblot analysis of cell cycle
extracts from G, (lane 1), S (lane
2), G, (lane 3), and Noco-blocked
cells (lanes 4 and 5). In lane 5, 80 ol
ug of protein was loaded; in all
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Human histone H2B oligonucleotide (24) was used as probe.
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Fig. 2. Thermolytic phosphopeptides from Oct-1 32P-labeled in
vitro with PKA and in vivo during mitosis. Oct-1 was gel-purified,
processed (7), and digested with thermolysin (Sigma) (100 wg/ml).
Phosphopeptides were fractionated by electrophoresis (pH 3.5;
cathode on the right; origin, lower left corner) in the first dimension
and by chromatography in the second dimension (7, 25) to produce
two-dimensional peptide maps. (A) The POU homeodomain of
Oct-1. PKA consensus recognition sequence (13) (outlined type)
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. «PS

and phosphorylation site (arrow) at Ser*** [numbered according to «PT
(4)] are indicated (26). (B) Phosphopeptide analysis. In vitro: gad

purified HeLa Oct-1 (~20 ng) (8) was phosphorylated by incuba-
tion with 12 units of bovine heart PKA catalytic subunit (Sigma)
and [y-*?P]ATP (0.3 pM, 6000 Ci/mmol) in BC60 buffer for 20
min at 30°C. In vivo: Oct-1 was immunoprecipitated from WCE of
mitotic HeLa cells (blocked by Noco) that had been metabolically
labeled with 32P as described (7). Uppermost spot is present in both
interphase and mitotic Oct-1; all other spots are mitosis-specific.
Mix: equal amounts of radioactive phosphopeptides (~3000 cpm)
from in vitro— and in vivo—labeled Oct-1 were mixed and fraction-
ated in parallel with in vivo and in vitro samples. Arrows indicate phosphopeptide common to all three
maps. (C) PAA of in vitro-labeled Oct-1. A portion of the in vitro-phosphorylated Oct-1 sample was
hydrolyzed with HCI (6 N) (25), and the phosphoamino acids were applied to thin-layer cellulose plates
and fractionated by electrophoresis (pH 1.9) as described (7). Unlabeled phosphoamino acid markers
[phosphoserine, PS (20 pg); phosphothreonine, PT (20 pg); and phosphotyrosine, PY (20 ug)] were
added to the sample and visualized with ninhydrin. P;, inorganic phosphate liberated by hydrolysis; and
O, loading origin. Partially hydrolyzed peptides appear just above the origin.

(ATP) in vitro and subjected it to two-
dimensional phosphopeptide analysis. The
resulting phosphopeptide map was com-
pared with the phosphopeptide map of mi-
totic Oct-1 phosphorylated in vivo (Fig.
2B). In vitro phosphorylation of Oct-1 by

tide (Fig. 2B). This phosphopeptide comi-
grated with a mitosis-specific peptide pre-
sent in thermolytic digests of Oct-1
immunoprecipitated  from  mitotically
blocked cells (Fig. 2B). The minor phospho-
peptide present after in vitro PKA phos-

PKA generated a single major phosphopep-  phorylation (Fig. 2B) did not comigrate
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Fig. 3. Effect of PKA phosphorylation on Oct-1 DNA binding and identification of the site of PKA
phosphorylation in vitro. (A) Electrophoretic mobility-shift analysis (24) of Oct-1 (~25 ng) purified
from HeLa nuclear extract (8) and incubated as described (27). Lane 1, probe alone; lane 2, kinase
reaction with PKA alone; lane 3, PKA and ATP; lane 4, heat-inactivated PKA (boiled 5 min) and ATP;
lane 5, ATP alone; and lane 6, buffer alone. (B) Gel-shift analysis (24) of WT and PM Oct-1
homeodomain fusion proteins (14), as indicated, phosphorylated by incubation with PKA and ATP.
Equal amounts of bacterial extract containing the induced fusion proteins were incubated as in (A),
except that the kinase reaction buffer was BC60 and 10 units of bovine heart PKA catalytic subunit
(Promega) were used per well. Lane 1, probe; lane 2, buffer; lane 3, PKA and ATP; lane 4, PKA; lane
5, ATP; lane 6, buffer; lane 7, PKA and ATP; lane 8, PKA; and lane 9, ATP. (C) Phosphopeptide
analysis of WT and PM Oct-1 homeodomain fusion proteins phosphorylated by PKA. Bacterially
expressed fusion proteins were a.ﬂimtx purified (21) and incubated with 10 units of bovine heart PKA
catalytic subunit (Promega) and [y-**P]JATP (0.3 p.M, 6000 Ci/mmol) in BC60 buffer for 20 min at
30°C. Thermolytic phosphopeptide maps were prepared exactly as in Fig. 2B. Equal amounts of
radioactive phosphopeptides (3000 cpm) were loaded on WT and PM chromatograms. Autoradio-
graphs of chromatograms were overexposed in order to visualize the background spots (arrows), which
were needed to align the maps.
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with any phosphopeptides labeled in vivo
and may represent a partial thermolysin di-
gestion product (Fig. 3C). Phosphoamino
acid analysis (PAA) of Oct-1 phosphorylat-
ed in vitro by PKA showed that only phos-
phoserine is present (Fig. 2C), suggesting
that Ser®® is the likely site of PKA phos-
phorylation in Oct-1.

The effect of phosphorylation by PKA on
Oct-1 DNA binding activity was analyzed
by electrophoretic mobility-shift analysis.
Incubation of purified HeLa Oct-1 with
PKA and ATP led to an almost complete
inhibition of DNA binding (Fig. 3A). Con-
trol incubations of Oct-1 with PKA in the
absence of ATP, with heat-inactivated PKA,
with ATP alone, or with buffer alone had no
effect on DNA binding activity. Thus, in
vitro phosphorylation of Oct-1 by PKA
mimics the inhibition of Oct-1 DNA bind-
ing observed in extracts from mitotic cells.

To positively identify the site or sites in
Oct-1 that are phosphorylated by PKA, we
subcloned the cDNA sequence encoding the
POU homeodomain of Oct-1 into the
PGEX bacterial expression vector (14). This
wild-type (WT) fusion protein bound an
octamer-containing oligonucleotide (Fig.
3B), and, like native Oct-1, incubation of
WT fusion protein with PKA and ATP led
to complete inhibition of DNA binding
(Fig. 3B). We constructed a second fusion
protein that contained a point mutation
(PM) that changed the predicted PKA phos-
phorylation site Ser®®® to Ala®®® (14). The
PM fusion protein also bound to octamer-
containing DNA, but it was no longer in-
hibited by incubation with PKA and ATP
(Fig. 3B). Two-dimensional peptide map-
ping of affinity-purified, PKA-phosphorylat-
ed WT fusion protein (Fig. 3C) showed that
the site of PKA phosphorylation was the
same as that observed in native Oct-1 and
confirmed that phosphorylation occurred in
the homeodomain. Incubation of the PM
fusion protein with PKA and [y-3*?P]ATP
under the same reaction conditions as those
used for the WT fusion protein resulted in
severely reduced incorporation of 32P. Over-
exposure of autoradiograms of two-dimen-
sional phosphopeptide maps of WT and PM
fusion proteins allowed visualization of
background spots (Fig. 3C, arrows) and
demonstrated that neither the major nor the
minor Oct-1 phosphopeptides are present in
the PM peptide map. This demonstrates that
Ser385 s the in vitro site of PKA phosphor-
ylation on Oct-1 and that the minor phos-
phopeptide is likely to result from partial
thermolysin cleavage of the phosphopeptide
represented by the major spot.

Both histone and nonhistone nuclear pro-
teins are phosphorylated during mitosis
(15). One possible explanation for the mi-
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totic inhibition of transcription is that it
reflects a need to remove these and other
proteins from the chromosomes before con-
densation. If, as has been hypothesized (16),
phosphorylation plays a role in this process,
then phosphorylation of Oct-1 by PKA or a

PKA-like mitotic kinase might represent a

specific example of this phenomenon. Alter-
natively, specific modification of transcrip-
tion machinery at mitosis might be impor-
tant for the regulation of specific
transcrlpuonal events during the subscqucnt
cell cycles.

Mitosis-specific phosphorylation of Oct-1
by a PKA-like enzyme suggests that PKA
activity is regulated in a cell cycle-dependent
fashion. Inhibition of PKA activity is neces-
sary for nuclear envelope breakdown
(NEBD) to occur (17), supporting the idea
that PKA is active early in mitosis. This
correlates with the onset of transcription
inhibition, which begins early in prophase
before nucleolar dissolution or NEBD (10).
Thus, by the time NEBD has occurred,
PKA may have already served a role in
inhibiting transcription. In this context,
Oct-1 ‘may provide an experimental sub-
strate for analyzing the mechanisms govern-
ing the mitotic regulation of PKA activity.

A site analogous to the Ser®®® of O¢t-1 in
another POU homeodomain’ protein Pit-1
has been shown to be phosphorylated by
PKA in vitro and in response to cAMP in
vivo (18). Like Oct-1, in vitro phosphoryla-
tion of this analogous site in Pit-1 inhibits
DNA binding. Conservation of this site
within the POU homeodomain family sug-
gests that phosphorylauon could modulate
the DNA binding activity of all these pro-
teins. Together with our results, these ob-
servations suggest a mechanism, other than
through the well-characterized cAMP re-
sponse element-binding protein CREB
(19), for mediating the transcriptional re-
sponse to cAMP. The important role of
cAMP in the regulation of cell growth and
differentiation (20) suggests that regulation
of the POU homeodomain family of pro-
teins may be fundamental to many transcrip-
tional responses observed during these pro-
cesses.
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Oct-1 was incubated with and without 12 units of
bovine heart PKA catalytic subunit (Sigma) and 30
uM ATP in kinase buffer (15 pl) [25 mM MOPS
(pH 7.2), 60 mM B-glycerophosphate, 5 mM
EGTA, 15 mM MgCl,, 5 mM dithiothreitol, and
100 pM benzamidine] for 20 min at 30°C. Each
reaction mixture was assayed (2 pl) for DNA bind-
ing activity in an electrophoretic mobility-shift assay
with H2B octamer-containing probe (24).
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