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ABSTRACT. The versatile phosphoprotein pp32 is involved in important physiological processes, including
cell proliferation, apoptosis, mMRNA transport, and transcription. We have previously reported that pp32,
through histone masking, inhibits histone acetylation and transcriptional activation by histone acetyl-
transferases. However, how pp32 itself is regulated remained largely unknown. Although pp32 is a
phosphoprotein, neither the phosphorylation sites nor the cellular kinase has been identified. In this report,
utilizing an in vitro kinase assay and a biochemical purification scheme, we identify casein kinase Il as
a cellular pp32-kinase. Our deletion and site-specific mutagenesis studies identify serines 158 and 204 as
the sites of phosphorylation. Generation and utilization of antibodies with higher affinity for phospho-
pp32 demonstrate that pp32 is indeed phosphorylated in vivo at these two sites. Mutagenesis studies on
pp32 suggest a role for serines 158 and 204 in its function. The identification of the pp32 kinase and the
sites of pp32 phosphorylation as well as the generation of antibodies with higher affinity for phospho-
pp32 should now provide key information and tools for future studies on pp32 regulation.

The multi-functional nuclear phosphoprotein of 32 kDa one of the ligand proteins for the mRNA binding protein
(pp32) is 249 amino acids long and a member of a highly HuR, which stabilizes mRNAs containing AU-rich elements.
acidic family of nuclear proteins that also includes PHAPII, The binding of pp32 to HuR is critical for nuclear-
LANP, and APRIL ((—5). The C-terminal one-third of pp32  cytoplasmic shuttling of HUR1(Q, 11). More recently, pp32
is rich in acidic amino acids harboring approximately 70% was biochemically purified as a pro-apoptotic factor that
glutamic acid and aspartic acid residues. pp32 was originally promotes the activation of caspase-9 upon apoptosome
identified as a protein selectively expressed in normal self- formation during mitochondria mediated apoptosis, thus
renewing cells but was later found to be expressed in providing a molecular mechanism for the function of pp32
neoplastic tissues). pp32 functions as a tumor suppressor as a tumor suppressat3).

in cell culture models, where its overexpression inhibits the ¢ laboratory previously identified pp32 as one subunit
transformation induced by a wide variety of oncogenic pairs, of a cellular protein complex called INHATinhibitor of
including ras+ myc, ras+ jun, ras+ E1A, and ras+ acetytransferases) that binds to histones and inhibits the
mutated p532). Isoforms of pp32 encoded by separate but hjstone acetyltransferase (HAT) activity of several transcrip-
closely related genes are highly expressed in neoplastic celljonal co-activators, including p300/CBP and PCAF in vitro,
lines .and_prostate cancer cells and are believed to beg process we referred to as “histone masking”. INHAT and
tumorigenic 6—8). each of its subunits can also inhibit HAT-dependent tran-
Following the original discovery, pp32 has also been scriptional activation in vivo, including transcriptional activa-
identified in a Variety of biOlOgical and functional assays. tion mediated by the |iganded retinoic acid recepm 0_4)
For example, pp32 was purified as an associating protein The HAT-inhibitory/histone binding function was mapped
with the HLA-DR-a. chain, possibly functioning in the gt the C-terminal part of the pp32 protein. Finally, recent
intracellular signaling pathway of HLA class Il molecules studies from our laboratory show that pp32 associates with
(1). pp32 was discovered to have protein phosphatase 2Anjstone deacetylase activity, preferentially binds to hy-
(pPp2A) inhibitory activity @). pp32 was also identified as  poacetylated over hyperacetylated histones, and plays a
signaling role in integrating histone hypoacetylation to gene
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degradation (R. H. and D. C., unpublished data). pp32 was S3 were grown in DMEM medium supplemented with 100
originally identified and subsequently cloned as a nuclear U/mL penicillin/streptomycin and 10% fetal bovine serum.
phosphoprotein that is phosphorylated at serines in vivo andCells were transfected using Fugene 6 (Roche) or Lipo-
can serve as an in vitro substrate for casein kinase Il (€KII) fectamine 2000 (Invitrogen) transfection agent, according to
(17). However, it remained to be determined whether CKIl the manufacturers’ instructions.

is indeed a cellular pp32 kinase. Additionally, the sites and In Vitro Kinase AssayChromatographic fractions or
role of pp32-phosphorylation in its activity remained un- purified kinase and substrate proteins were incubated in
known. Protein phosphorylation, as a reversible covalent kinase assay buffer (50 mM Tris-HCI, pH 7.5, 10 mM
modification, has been shown to play regulatory roles in MgSQy) in the presence ofyF*?P]-ATP (NEN Easytides,
numerous cellular pathways. Phosphorylation of transcrip- 3000 Ci/mmol, 1Q:Ci/uL) at 30°C for 10 min. The reaction
tional coregulators has been shown to regulate their activities.was stopped by the addition of SB8AGE loading buffer.

For example, phosphorylation of histone deacetylase (HDAC) Proteins were then resolved on SBISAGE and radiolabeled

1 promotes its corepressor complex formation and enzymaticproteins visualized with phosphorimager.

activity (18, 19). The C-terminal binding protein 1 (CtBP), Purification of the pp32 Kinase from HelLa Cell Nuclear
a ubiquitous corepressor implicated in development and Extract. All purification procedures were performed at@,
oncogenesis, is negatively regulated by the p21-activatedunless specified otherwise. Chromatographic steps on HiTrap
kinase 1 (Pak1)20). In yeast, the Hog1 kinase phosphoryl- SP (Pharmacia), HiTrap Q (Pharmacia), and Concanavalin
ates Skol transcriptional repressor and converts Skol to aA (ConA) Sepharose column (Pharmacia) were carried out
transcriptional activator2l). Recently, Ubeda and Habener on an automatic fast protein liquid chromatography (FPLC)
showed that CKIl phosphorylates the transcription factor station (Pharmacia). Purification steps on Phenyl Sepharose
CHOP and inhibits its transcriptional activation functi@2)( (Pharmacia) and GST-pp32 affinity column were carried out
On the basis of the above discussions, it is conceivable thaton a hand-packed column in a gravity-driven manner. All
phosphorylation/de-phosphorylation of pp32 could also play columns were equilibrated and washed in buffer DEAE100
an important regulatory role in diverse functions of pp32. (20 mM Tris-HCI, pH7.4, 0.1 mM EDTA, 2% glycerol with
However, such studies could not be initiated, as no cellular 100 mM KCI), unless otherwise specified. Elution buffers
kinase responsible for pp32 serine phosphorylation or the have the same contents except the concentration of KCI: 500
precise sites of phosphorylation on pp32 has been identified.mM in DEAE500 and 1M in DEAE1000.

By utilizing a kinase assay based approach, we set out to HelLa cell nuclear extract was prepared as described in
biochemically identify the cellular kinase responsible for ref 13. A 280-mg sample of the extract was applied onto a
pp32 phosphorylation, map the site(s) of phosphorylation, HiTrap SP column followed by a ConA Sepharose chroma-
and probe the in vivo phosphorylation status of pp32. tography. The flow-through fraction was collected and loaded

In this report, utilizing a kinase assay-driven biochemical directly onto a HiTrap Q column. The bound material was
purification, we identified casein kinase Il (CKIl) from HeLa eluted with a 25-50% gradient of DEAE1000. The fractions
cell nuclear extract as a cellular pp32 kinase. Using deletion eluted were assayed for kinase activity using GST-pp32 or
and mutagenesis studies, we have identified serines 158 andNHAT complex as substrate where indicated. Peak active
204 as the sites of phosphorylation by CKIl. We have further fractions were pooled and concentrated using Centricon
generated antibodies against phosphorylated forms of pp32(Millipore) with an appropriate buffer change and then loaded
and showed that pp32 is indeed phosphorylated at these sitesnto a Phenyl Sepharose column equilibrated with DE-
in vivo. In addition, mutagenesis studies suggest a role for AE500. After they were washed, the bound materials were
serines 158 and/or 204 in pp32-function. eluted with DEAE without KCI. Fractions with kinase

activity were incubated with GST-pp32 immobilized onto
EXPERIMENTAL PROCEDURES glutathione-sepharose beads. The beads-bound material was

Materials and ConstructsHeparin-benzalkonium was separated on SDSPAGE, and the gel was stained with silver
from Sigma (H7280). DRB (5,6-Dichloro-#-D-ribofura- reagents (BioRad). Bands specific to the active fractions were
nosylbenzimidazole) and staurosporine were from CalBio- cut out and subjected to protein identification by MALDI-
chem. Pure CKIl enzyme was from Promega or New TOF Mass Spectrometry (Proteomic Mass-Spectrometry
England BioLabs. Histone tail peptides and streptavidin- Laboratory at University of Massachusetts Medical School).
sepharose beads were from Upstate Biotechnology. In-gel Kinase Assayn-gel kinase assays were carried out

Site-directed mutagenesis of pp32 was carried out utilizing according to a protocol from the laboratory of Andrew
the Quickchange Site Directed Mutagenesis Kit according Murray at Harvard University (http://www.bio.com/proto-
to the manufacturer’s instruction (Stratagene). Radiolabeled colstools/prnprot.jntml?e911) with the following modifica-
proteins were made using in vitro transcription and translation tions: The experimental gel contained 0.5 mg/mL pp32
method (TNT, Promega) in the presence’d-methionine peptide (corresponding to its amino acid #867). The
(10 mCi/mL, > 1000 Ci/mmol, Amersham Biosciences).  control gel contained 0.5 mg/mL BSA.

Cell Culture and TransfectiorBulk HeLa S3 cells were Phosphatase Treatmeftroteins were incubated with Calf
obtained from the National Cell Culture Center, MN. HeLa Intestine Phosphatase (CIP, New England BioLabs) in
manufacturer-supplied buffer at 3T for 1 h. The reaction

1 Abbreviations: DRB, 5,6-Dichloro-B-D-ribofuranosylbenzimi- ~ was stopped by the addition of SB®AGE loading buffer.
dazole; CKIl, casein kinase IfIF IMﬁt.La;ﬁotﬁétgﬂﬁérzc-?siir?sgeﬁgggr Immunoprecipitation and Immunoblottingell extract was
ggsso_lg)g%nElf)glééét{gr;—ly'gg:)ellgmidg gél eleétrophoresis;t}I/NHAT, inhibi- pre-cleared vo\”th control IgG and prOtem.A/G agarosg beads
tors of acetyltransferases; HDAC, histone deacetylase; ConA, Con-for 1 h at 4°C. The supernatant was incubated with the
canavalin A. indicated antibody fo4 h orovernight at £C. Then protein
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A/G agarose beads were added and incubation continued foRESULTS

another hour. The beads-bound protein complex was exten- o ) ) )

sively washed and resolved by SBBAGE. Immunoblotting Identification of the Kinase and Phosphorylation Sites
was performed using chemiluminescence detection reagen®f PP32. pp32 had been previously shown to be phospho-
(PerkinElmer Western Lightning Western Blot Chemilumi- rylated at serine residues in vivo, although the precise sites
nescence Reagerﬂ'us) according to the manufacturer’s of phOSphOl‘ylatlon, the cellular k|nase, and the function of

protocol. phosphorylation were not knowdT). Therefore, it became
Antibodies acquired commercially were anti-Ciit’ necessary to purify the pp32-kinase and identify the site(s)
(BD Biosciences) and--pp32 (Santa Cruz). of phosphorylation. Since pp32 is primarily nuclea4)( we

Generation and Characterization of Antiphospho-pp32 Prepared nuclear extracts from Hela cells and fractionated
Antibodies. The immunogenic peptides were chemically the extract (the complete purification scheme is shown in
synthesized with phospho-serine corresponding to Ser158 orFigure 1A) for a kinase activity specific for pp32, utilizing
Ser204 of pp32 (Protein Facility, Baylor Medical Center): @n in vitro kinase assay shown in Figure 1B. In this assay,
Peptide 158P (amino acid 15165/C-DDKEAPDS(phos- ~ We incubated alternate fractions eluted from a chromato-
pho)DAEGYVE) and peptide 204P (amino acid $9711/ graphic column (in Figure 1B, pooled active Q-sepharose
C-EGEEEDVS(phospho)GEEEEDE). The cysteine residue fraction was used) with purified INHAT complex in the
was added at the N-termini of the peptides for conjugation Presence ofif-*P]-ATP. Radiolabeled protein(s) were then
purposes. Peptides were conjugated to immunogenic carrierdentified by SDS-polyacrylamide gel electrophoresis (SDS-
protein keyhole limpet hemocyanin (KLH) (Pierce, Imject PAGE) followed by phosphorimager analysis (Figure 1B).
Maleimide Activated Immunogen Conjugation Kit with PP32, but not the other two INHAT subunits, TAfro or
mcKLH and BSA). The conjugated peptides were used to TAF—If (also known as the SET proteinpd), was
immunize rabbits separately, and rabbit serum was harvested®hosphorylated when the purified INHAT complex was used
in a commercial facility (Covance). For antibody purification, @S & substrate (lane 1). The specificity of the pp32-kinase
peptide 158P and 204P were reduced and conjugatedVas further demonstrated by the lack of phosphorylation of
separately to agarose matrix according to the manufacturer'sother nonspecific substrates including histone H1 that was
instruction (Pierce, Reduce-Imm Reducing Kit and SulfoLink Phosphorylated by PKA (lane 2). To confirm the identity of
kit). The immobilized peptides were then packed into the phosphorylated band as pp32, we utilized bacterially
columns for affinity purification. Serum raised against the €xpressed and purified recombinant GST fusion proteins as
corresponding peptide was loaded onto the affinity column Substrates. The kinase phosphorylated recombinant GST-
equilibrated in PBS. Each column was washed extensively PP32 (lane 6) but not GST (lane 4) or other recombinant
with PBS before elution with 0.1 M Glycine (pH 2.5). 1 M INHAT subunits such as GST-TAfE(lane 5). These results
Tris-HCI, pH8.0 was immediately added to eluted fractions together indicate that pp32 present in the purified INHAT
to neutralize the pH. Antibodies were then concentrated andcomplex as well as the recombinant pp32 can be specifically
tested in immunoblotting. phosphorylated by a putative kinase that we refer to as the

HAT AssayHAT assays were performed essentially as PP32-kinase. Utilizing this unbiased assay and the purifica-
described previouslyl@). Briefly, 1 pmol of recombinant ~ tion scheme shown in Figure 1A (see also Figure 2), we
p300 was incubated for 30 min at room temperature with Purified the pp32-kinase and used the purified kinase to
375-500 ng of histone H4 in the presence of increasing identify the sites of phosphorylation.
amounts of GST-pp32 in buffer containing 50 mM Tris-HCI, In our previous work, we have generated N- and C-
pH 7.5, 10% glycerol, 0.1 mM EDTA, 0.1 mM PMSF, 200 terminal deletion mutants of pp324). We thus utilized pp32
mM KCI, 10 mM sodium butyrate, 0.6 mM DTT, and 0.15 deletion mutants to broadly map the phosphorylation sites.
uL of ¥C-acetyl CoA (5Q:Ci/ml, 1000 pmoliL, Amersham A recombinant pp32 deletion mutant (GST-pp322)
Biosciences). Prior to addition to HAT assay reaction, GST- spanning the first 150 amino acids was not phosphorylated
pp32 was incubated with 2Q@M ATP and kinase fraction by the pp32-kinase activity in vitro, although recombinant
where indicated and spiked with radiolabeled ATP to ensure wild-type human pp32 was robustly phosphorylated under
phosphorylation of pp32. Reaction products were subjectedthe same experimental conditions (Figure 1C, compare lanes

to SDS-PAGE, and analyzed by phosphorimager. 2 and 3). These results indicated that the pp32-kinase might
HDAC Assay®H-labeled acetylated histones were prepared target the carboxyl-terminal of pp32. A scanning of kinase
from Hela cells essentially as describ&8), The recom- substrate motifs reveals potential phosphorylation sites within

binant GST fusion proteins where indicated were incubated this region for kinases, including Casein kinase Il, ATM,
with HelLa cell nuclear extracts and collected by glutathione- DNA PK, FGFR kinase, insulin receptor kinase, Nck, etc.,
sepharose beads. Retained protein complex was extensivelyith CKIl predicted as the most probable kinase. Since pp32
washed and assayed for the retention of HDAC activity by was previously reported to be phosphorylated at serine
incubating the pelleted beads with 10 000 cpmitbabeled residues, we focused on the serine residues of pp32. A close
acetylated HeLa cell histones in a total volume of 200 examination of the pp32 sequence revealed that while 9
of HDAC assay buffer (20 mM Tris-HCI, pH 8.0, 150 mM  serine residues map in the first 150 amino acids of pp32,
NaCl, 10% glycerol) at 37C for 2 h. The beads were the carboxyl-terminal amino acids from 150 to 249 contain
collected and separated from the aqueous reaction mixturesonly two serine residues at positions 158 and 204 of human
Reactions were stopped with 50 of stop solution (1 M pp32 @). To determine whether serines 158 and 204 are
HCI, 0.16 M acetic acid) and extracted with 60D of ethyl indeed targets of the pp32-kinase, we employed a quick-
acetate. ReleaséH-acetic acid was measured by scintillation change mutagenesis procedure to generate both alanine (Ala,
counting of the organic phasé4). A) and aspartic acid (Asp, D) substitution at either 158
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A. [HeLa NE B.
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Ficure 1: ldentification of a cellular pp32-kinase and phosphorylation sites of pp32. (A) Purification scheme for pp32-kinase from HelLa
cell nuclear extract is shown. ConA, Concanavalin A. (B) A partially purified kinase specifically phosphorylates pp32. In vitro kinase
assays were performed using active Q fractions in the presenge’@FATP and INHAT (lane 1), histone H1 (lane 2), no substrate (lane

3), GST (lane 4), GST-TAFIf (lane 5), and GST-pp32 (lane 6) as substrates. The reaction mixtures were then resolved on SDS-PAGE
and visualized by phosphorimager. The upper panel shows the phosphorimage and the lower panel shows the Coomassie staining of the
substrate proteins used in the assays. The kinase activity specifically phosphorylates pp32. (C) Mapping of the phosphorylation site(s).
Kinase assays similar to (B) were carried out using the following substrates: GST (lane 1), GST-pp32 (lane 2), GATH[anRe 3),
GST-pp32-S158A (lane 4), GST-pp32-S158D (lane 5), GST-pp32-S204A (lane 6), GST-pp32-S204D (lane 7), GST-pp32-S158/204A (lane
8) and GST-pp32-S158/204D (lane 9). The upper panel shows the phosphorimage and the lower panel shows the Coomassie staining of the
substrate proteins used in the assays.

(S158A, S158D) or 204 (S204A, S204D) or both sites (S158/ nuclear extracts and identified serine residues 158 and 204
204A, S158/204D). The recombinant constructs were se-at its C-terminus as sites of phosphorylation.
quenced to verify the sites of mutation and also to determine  Further Purification of the pp32 Kinase. We further
the absence of other undesired mutations within pp32 cDNA. purified the pp32-kinase following the kinase activity utiliz-
To determine site specificity of phosphorylation, pp32 ing the purification scheme shown in Figure 1A (Table 1).
mutants were expressed as GST-fusions, purified, andMeanwhile, to gain more information about this kinase,
analyzed for their ability to serve as substrates of the putative especially its catalytic subunit, we performed in-gel kinase
pp32-kinase. Single mutation of either Ser158 or Ser204 to assays with the pooled Q fractions. This assay had been
alanine did not prevent phosphorylation, indicating that the effectively utilized in identifying the catalytic subunits of
kinase can phosphorylate either site (Figure 1C, lanes 4 andprotein kinases such as the histone kinase S26). (n our
6). To further investigate whether phosphorylation of one in-gel kinase assay, we utilized a pp32 peptide corresponding
site is dependent on the phosphorylation of the other site, to its amino acid 156167 as the substrate embedded in the
we generated and analyzed the aspartic acid mutants, sincgel. As a negative control, a gel with BSA embedded as
aspartic acid may mimic phosphorylated form of serine. The substrate was also subjected to the same procedure, to
observation that there is no qualitative significant difference monitor any nonspecific phosphorylation or autophospho-
between the phosphorylation of Ala and Asp mutants rylation. Bands specifically present in the active Q fraction
suggests that there is no hierarchical preference and that thesen the pp32 peptide gel should correspond to the potential
sites on pp32 may be independently phosphorylated by thepp32-kinase catalytic subunit. As shown in Figure 2A, a
kinase (Figure 1C, lanes4/). As expected, double Ala or doublet with a size around 40 kDa was strongly detected in
Asp mutants were not phosphorylated by the kinase (Figurethe active (lane 1) but not in inactive fraction (lane 2) or in
1C, lanes 8 and 9). Coomassie staining of gels showed thatBSA-gel. The enzymatic activity of these fractions are shown
equal amounts of the GST fusions of pp32 point mutants in Figure 2A, right side. This assay also indicates that the
were utilized in the assay. Loss of phosphorylation in the potential pp32-kinase~40 kDa) can phosphorylate pp32
double mutants is also consistent with the previous observa-peptide without forming a complex with other proteins. The
tion that pp32 is phosphorylated at serine residues, althoughprotein profile of the active fractions at different stages of
it is possible that mutation of serines 158 and 204 altered purification is shown in Figure 2B. After GST-pp32 affinity
the protein conformation, which led to loss of phosphory- purification step, one protein specifically bound to GST-pp32
lation of other sites. Together, these results indicate that wewith a size of about 40 kDa (Figure 2B, lane 7, marked with
have partially purified a pp32-specific kinase from HeLa cell “*”). The in gel kinase assay (Figure 2A) and the retention
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A. In Gel Kinase assay pp32-kinase activity
1 2 1 2 T2
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175 kDa

83 kDa

52 kDa
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Coomassie staining Silver staining

Ficure 2: Identification of the catalytic subunit of the pp32-kinase. (A) An in-gel kinase assay demonstratesth# kBa protein is

the putative catalytic subunit of the pp32-kinase. Active (lane 1) or inactive (lane 2) Q fractions were resolved on SDS-PAGE embedded
with BSA (left panel) or pp32 peptide (amino acid 15067) (right panel). Proteins were denatured and renatured on the gel and then
subjected to an in-gel kinase assay in the presencg-8P[-ATP. Bands only present in the autoradiograph of the active fraction (lane 1)

on the pp32 peptide gel represent the position of the putative catalytic subunit of the pp32-kinase. The kinase activities of the two Q
fractions are shown on the right side. (B) Protein profile after each purification step. The Coomassie or silver staining of the protein
samples for HelLa cell nuclear extract (lane 1), the pass-through from ConA-SP Sepharose column (lane 2), pooled active fractions from
Q Sepharose column (lanes 3 and 4) and Phenyl Sepharose column (lane 5), GST-pp32 only (lane 6), and GST-pp32 with bound proteins
(lane 7) are shown. Bands marked witk™indicate possible degradation products of GST-pp32. Band marked with “*" represents the
protein that specifically bound to GST-pp32 during this affinity purification step. This protein (*) was identifietl agunit of casein

kinase Il by MALDI-TOF mass spectrometry.

of a~40 kDa protein in the final GST-pp32 affinity column three CKII subunitay, o andf in the active Q fractions,
(Figure 2B) are consistent with each other and together consistent with their pp32-kinase activity (data not shown).
indicate that we have purified the putative catalytic subunit o anda’ subunits are the catalytic subunits of CKII, with a
of the pp32-kinase. The protein band e#40 kDa was size of around 40 kDa, consistent with the 40 kDa doublet
therefore excised from a preparative silver-stained gel andwe detected in our in-gel kinase assay (Figure 2A). Third,
subjected to MALDI-TOF mass spectrometric sequencing. we utilized commercially available pure CKIl enzyme in the
This band was identified as the subunit of casein kinase  pp32-phosphorylation assay. In this assay, like the pp32-
Il (CKII). kinase preparation (Figure 3A, upper panel), CKIl specifi-
Casein Kinase Il is a Cellular pp32-Kinase.On the basis cally phosphorylated GST-pp32 (Figure 3A, lower panel, lane
of the identification of CKIb' by MALDI-TOF mass 2) or pp32 of the INHAT complex (lane 4) but failed to
spectrometry, further analyses were carried out to determinephosphorylate pp32 S158/204D mutant (lane 3).
whether CKII is the pp32-kinase. First, the amino acid CKIl is a ubiquitously expressed Ser/Thr protein kinase.
sequence surrounding Ser1SPOAE) and Ser204$GEE) Different from most other Ser/Thr kinases, CKIl is not
matched the consensus substrate sequence of CKIl: S/Tsensitive to the general kinase inhibitor staurosporine, and
XXE. Second, using anti-CKIll antibodies, we detected all it can use GTP as well as ATP as phosphate donor. To further
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Ficure 3: CKIl is the pp32-kinase. (A) Substrate and site specificity of the pp32-kinase and pure CKIl. Kinase assays were performed
with partially purified pp32-kinase Q fraction (upper panel) or commercially available CKIl (1.2 units) (lower panel) with GST (lane 1),
GST-pp32 (lane 2), GST-pp32-S158/204D (lane 3), or purified INHAT complex (lane 4) as substrates in the presefiée]afTP.

Proteins were then resolved on SDS-PAGE and visualized by phosphorimager. (B) Inhibitors of CKII also inhibit the pp32-kinase. Kinase
assays as in (A) were performed with recombinant GST-pp32 as substrate in the absence (lane 1) or presence of different kinase inhibitors:
50 uM DRB (lane 2), 1ug/mL heparin (lane 3), 100M GTP (lane 4), and 0.5 ng/mL staurosporine (lane 5). pp32-kinase is sensitive to
inhibitors of CKII. C. Immunodepletion of CKIb/o' reduces pp32-kinase activity. The active Q fraction (lanes 1 and 2) or HelLa cell
nuclear extract (lanes 3 and 4) was immunodepletecb(8ycles) with anti-CKlla/o' antibody (lane 2 and lane 4). The supernatant was
subjected to in vitro kinase assay using GST-pp32 as a substrate and visualized by phosphorimager (upper panel). The supernatant used in
the assays was also subjected to immunoblotting using anti-@kid1 antibody (lower panel). CKIll is the predominant cellular pp32-

kinase.

Table 1: Purification of the pp32 Kinase: 280 mg of HeLa Cell A agarose beads. After multiple rounds of immunodepletion,

Nuclear Extract Were Used as the Starting Material for the the supernatant was subjected to in vitro pp32-phosphory-
Purification lation assays as well as immunoblotting with anti-Gikt'
protein total activity ~ specific antibody. For the Q fracti(_)n, after .sgccessful removal of
i amount recovzared a?tg,'ty _fft?ld _ CKlla/a!, over 90% of the kinase activity was depleted from
= CraCt'ogs - (rznzg) (“”'E ) (units/mg) purification the fraction (Figure 3C, compare lane 1 with lane 2). For
1. SP-ConA Sepharose 4 NP D. N. D. N. D. ; '
2. O-Sepharose 5 4191° 80%x1® N D. HeLa cell nuclear extract, partial removal of CKIb' was
3. Phenyl Sepharose 0.5 2410 48x 10° 6.0 also accompanied by a significantly reduced kinase activity
4.GST-pp32 affinity <0.5ug 1.7x 107 3.4x10° 43x 10 (Figure 3C, compare lane 3 with lane 4). Taken together,

aFractions were assayed with-§2P]-ATP in the absence or presence  our data strongly indicate that CKIl represents the predomi-
of saturating amount of GST-pp32. The reaction mixture was then nant, if not all, pp32-kinase activity in the HeLa cell nuclear
separated on SDS-PAGE, and the phosphorylation of GST-pp32 wasaxtract.

monitored and quantitated with phosphorimager analysis with a known . sy :
amount of pure CKII as the control. The unit of pp32 kinase activity pp32 is Phosphorylated in Vivo After demonstrating that

was defined as the amount of the kinase needed to transfer 1 picomoleCKIl is the major kinase phosphorylating pp32 on Ser158
of phosphate per minute at 3@, using GST-pp32 as the substrate. and Ser204 in vitro, it was critical to examine whether pp32

bN. D., activity not determined during the early stages of purification. g phosphorylated in vivo. For this purpose, we generated

phospho-specific antibodies in rabbits using phospho-serine
demonstrate that the phosphorylation of pp32 is due to the 158 or 204 peptide of pp32. We further affinity-purified these
activity of CKIl, we performed the pp32-phosphorylation antibodies using immobilized peptides and characterized two
assays in the presence of CKIl inhibitors, heparin or DRB antibodies that recognize phosphorylated pp32: ab585,
(5,6-dichloro-1-p-ribofuranosylbenzimidazole). As a con-  specific for pp32 phospho-serine 158; and ab583, specific
trol, we also included staurosporine that inhibits PKA- for pp32 phospho-serine 204. For the characterization of
mediated phosphorylation. As shown in Figure 3B, both pure these antibodies, GST-pp32 was incubated with an active Q
CKIll and the pp32 kinase were sensitive to DRB (lane 2) fraction in the absence or presence of unlabeled ATP. The
and heparin (lane 3) but not to staurosporine (lane 5). Whenproteins were subjected to immunoblotting using ab585 or
the kinase assays were performed in the presence of excesab583. ab585 showed about 2-fold higher affinity toward
amount of unlabeled GTP, the incorporatiorf®f from ATP phosphorylated GST-pp32 compared to honphosphorylated
into the substrate was reduced for CKIl as well as for the GST-pp32 (Figure 4A, compare lane 1 with lane 2). Similar
pp32 kinase (lane 4). Therefore, the pp32 kinase behavedexperiments with ab583 demonstrated that ab583 is an anti-
similarly to the pure CKII in inhibitor assays. These data pp32 antibody with more than 10-fold higher affinity toward
further indicate that the phosphorylation of pp32 is indeed the phosphorylated form of GST-pp32 (Figure 4B, compare
due to the activity of CKII. lane 1 with lane 2). As a control, a commercially available

The identity of the cellular pp32 kinase as CKIl was pp32 antibody (Santa Cruz Biotechnology)pp32 recog-

further confirmed by immunodepletion studies with the Q nized pp32 independent of phosphorylation status (Figure
fraction containing peak pp32 kinase activity or total HeLa 4C, compare lane 1 with lane 2). These results together
cell nuclear extract. In this experiment, anti-Céd' indicate that these antibodies can be used to study pp32
antibody was added to the sample and collected with proteinphosphorylation in vivo.
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FicurRe 4: Generation and use of pp32 antibodies demonstrate that . : ;
: S . Ficure 5: Altered function of pp32 mutants. (A) Analysis of CKII-
pp32 is phosphorylated in vivo. (A) ab585 recognizes phosphoryl- mediated phosphorylation on the HAT inhibitory activity of pp32

ated pp32 with higher affinity. GST-pp32 was incubated with the . . X k .
pp32-kinase in the presence (lane 1) or absence (lane 2) ofunlabeletgq vitro. Recombinant p300 was incubated with histone H4 and

. - . - “C-labeled acetyl-CoA in the presence of increasing amounts of
ATP. After kinase reaction, proteins were subjected to SDS-PAGE 3 3 :
and immunoblotting using abh585. (B) ab583 has significantly higher GST-pp32 alone (lanes 4 and 5) or GST-pp32 that was previously

affinity toward phosphorylated pp32. Kinase and immunoblot assays g‘cﬂbfted V\gth tge kin?tse (lanes 6 and 7), ATP (Ianesl SSnd 9. or
as in (A) were performed, except that ab583 was used in oth (lanes 2 and 3). After reaction, proteins were resolved on SDS-

immunobiotting. (C) Commercial-pp32 antibody recognizes pp32 PAGE and acetylation of histones was visualized by phosphorim-

. . X 2 : ager. Phosphorylation of GST-pp32 was confirmed (data not
independent of its phosphorylation status. Kinase and immunoblot sﬁown) CKﬂ-meydiated phosphorg/pl)ation has minimal or(no effect
assays as in (A) were performed, except that a commercially ;

€ . . on the “histone masking” activity of pp32. (B) Analysis of histone
available pp32 antibodypp32) was used. (D) pp32 is phospho- o, cerviase activity retention by pp32 mutants. GST (lane 1), GST-

rylated in vivo at Ser158. HeLa cell nuclear extract (lanes 1 and 2) 32 (lane 2). GST-pp3AC2 (lane 3). GST-pp32-S158/204A (lane

or Its |mmlf|no-pre_(|:|[;)||tates ‘é‘"zth c?_rt;trgl I%G (Iangs 3 darg; 4) or E?ané GST?i)pSZ-Sp:{:)58/204(D (Ian()e’ 5) weFr)g incubated with( Hela

commercially avaiiabléa-ppsz antibody {lanes > an WaS el nuclear extracts and collected by glutathione-sepharose beads.
subjected to CIP treatment (lanes 2, 4, and 6) and then to The beads-bound HDAC activity was measured as described in

immunoblotting using ab585. (E) pp32 is phosphorylated in vivo ¢, - N . -
; perimental Procedures. HDAC activities were normalized against
at Ser204. HelLa cell extract was subjected to CIP treatment (lane "2 0/ nie of the protein used with the activity pulled down by

2) and then to immunoblotting using ab583. (Fpp32 antibody : : : .
recognizes Hela pp32 independent of its phosphorylation status.ﬂgfcslcﬁ)izﬁsm setat 1. Mutants of pp32 retain relatively higher

HelLa cell nuclear extract was subjected to CIP treatment (lane 2)

and then to immunoblotting usirg-pp32 antibody. Use of ab583, . . . )
ab585, andi-pp32 antibodies establishes that pp32 is phosphoryl- Vivo on Ser 158 and 204 as determined by immunoblotting,
ated in vivo at Ser158 and Ser204. we further examined the potential role of phosphorylation

and serines 158 and 204 on the functions of pp32. We have

To test whether pp32 is in vivo phosphorylated, nuclear previously shown that pp32, like other subunits of INHAT,
extract from HeLa cells grown under normal conditions (10% associates with histones and prevents them from serving as
FBS and 5% Cg@) was treated with CIP (Calf Intestine substrates for histone acetyltransferases p300/CBP and
Phosphatase) followed by immunoblotting with these three PCAF, a process we termed “histone maskin3)( The
antibodies. CIP treatment greatly reduced the level of pp32 histone binding and HAT inhibitory activity of pp32 resides
recognized by ab585 (Figure 4D, compare lane 1 with lane jn the C-terminus of the proteinlg). Because specific
2), suggesting that pp32 is phosphorylated at Ser158 in vivo. phosphorylation of pp32 also occurs on the serine residues
CIP treatment was also performed on the immunoprecipitatesat the C-terminus, we examined whether phosphorylation
of control I9G (lanes 3 and 4) ar-pp32 antibody (lanes 5 may play a regulatory role in pp32’s ability to bind histones
and 6) from HelLa cell nuclear extract followed by immu- and function as a HAT inhibitor. For this purpose, HAT
nOblOtting USing ab585. The results also indicate that pp32 assays were performed ut|||z|ng GST-ppSZ that was phos_
is phosphorylated at Ser158 in vivo (Figure 4D, compare phorylated in vitro by CKIl in the presence of ATP. The
lane 5 with lane 6). Similar experiments were also performed incorporation of phosphate group into GST-pp32 was
using ab583, indicating that pp32 is also phosphorylated atconfirmed in a parallel experiment (data not shown). Both
Ser204 in vivo (Figure 4E, compare lane 1 with lane 2). As ynphosphorylated and in vitro phosphorylated GST-pp32
a control, the total amount of pp32 (detected d¥pp32)  inhibited acetylation of histone H4 by p300 in a similar dose
did not change upon CIP treatment (Figure 4F, compare lanegependent manner (Figure 5A, compare lanes 2 and 3 to lanes
1 with lane 2). These results demonstrate that pp32 is4 gnd 5). CKIl and ATP alone had no effect (lanes%.
phosphorylated in vivo at Ser158 and Ser204. These results show that the HAT inhibitory activity of pp32

Altered Function of pp32-Mutants. After identifying the is not altered by its CKIl-mediated phosphorylation in
pp32-kinase and verifying that pp32 is phosphorylated in vitro.
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We have recently shown that pp32 can associate with
histone deacetylase (HDAC) activity and repress transcription
when targeted to promoters in living cellssj. We therefore
examined whether the HDAC activity is differentially
recruited by wild-type pp32 and itAC2, S158/204A, and

Hong et al.

that events leading to constitutive phosphorylation of pp32
may have minor or minimal effect on its function. For

example, we observed that in vitro phosphorylation of
recombinant pp32 by CKIl had no effects on its histone
binding and histone acetyltransferase inhibitory activity.

S158/204D mutants. For this purpose, approximately equalHowever, it appears that CKIll target sites (serines 158 and
amounts of recombinant GST fusion of pp32 and its mutants 204) may have a modulatory role in the pp32-function. Our

S158/204A and S158/204D were incubated separately withdata from HDAC activity association assays suggest that
HelLa cell nuclear extract and collected with glutathione- serines 158 and 204 or their phosphorylation may modulate
sepharose beads. The beads-bound proteins were thepp32-associated HDAC activity and its transcriptional re-

subjected to HDAC assays. Data are presented as fold HDACpression function. Further study is needed to validate this
activity normalized against protein amount with the value possibility.

for GST set as 1 (Figure 5B). Compared to GST alone, GST-
pp32 pulled down 1520-fold more HDAC activity from
HelLa cell nuclear extract (compare lane 1 and lane 2).
Deletion of the C-terminus of pp32 in thAC2 mutant
resulted in a loss of the associated HDAC activity (lane 3).
Additionally, both GST-pp32-S158/204A and GST-pp32-
S158/204D consistently pulled down-280% percent more
HDAC activity than GST-pp32 wild type (compare lanes 4

CKIll has been shown to be involved in processes of cell
survival and neoplasi2{, 32). For example, CKIl functions
as an anti-apoptotic protein by phosphorylating the pro-
apoptotic protein Bid, thus rendering it resistant to cleavage
by caspase 8 in cell death pathways induced by Fas ligand
(33). In UV-triggered cell death pathway, CKIl phosphoryl-
ates kB in a UV-inducible manner. The inhibition of this
phosphorylation prevents the degradation @B land in-

or 5 to lane 2), suggesting a role for serines 158 and/or 204 creases cell deatB4). pp32 has recently been shown to have
in the HDAC-association function of pp32. pro-apoptotic function upon UV induction of apoptosi).
Because both proteins are involved in cell growth and death
DISCUSSION and pp32 is phosphorylated by CKII, phosphorylation of
CKIl (casein kinase 1) is a ubiquitously expressed and pp32 by CKIl could play a role in apoptosis-related
constitutively active Ser/Thr protein kinase. More than 300 pathways.
substrates have been identified for this kinase in vitro, pp32 is primarily localized in the nucleus, although minor
although much less is known about its physiological function cytoplasmic localization was also report&il10). A putative
with many of the substrateT). The presence of numerous nuclear targeting sequence was found at the C-terminus of
CKII substrates in the cells as well as the involvement of the protein buried in the polyacidic region, close to the
CKIl in many general processes such as transcription andphosphorylation sites of pp33)( Therefore, another possible
translation 28, 29) also poses challenges to in vivo studies function for pp32 phosphorylation may be to regulate its
on CKIl and its individual substrate. In this work, we show subcellular localization, as exemplified by CtBP, whose
that pp32, a subunit of the INHAT complex, is phosphoryl- cellular distribution is regulated through phosphorylation by
ated in vitro by a biochemically purified pp32 kinase that Pak1 @O0).
contained CKII as its catalytic subunit. Our results identify  In summary, pp32 is an important multitasking protein
Ser158 and Ser204 as the likely sites of phosphorylation. involved in critical physiological pathways. Our discovery
Based on our work, we propose that CKIl could be the that pp32 is indeed phosphorylated in vivo at Ser158 and
predominant cellular kinase that phosphorylates pp32 on Ser204 and CKill is likely the cellular pp32 kinase, coupled
serines 158 and 204. First, utilization of a kinase assay-drivenwith the generation of antibodies with higher affinity for
biochemical fractionation led to the purification and subse- phospho-pp32, should provide key information and tools
quent characterization of CKIl as the pp32 kinase. Second, necessary for future studies on the role of phosphorylation
the sequences surrounding Ser158 and Ser204 match pefin pp32 function. Since pp32 is constitutively phosphorylated
fectly to the CKII consensus target site. Accordingly, on serines 158 and 204 by CKIl in living cells, cellular
mutation of these sites to Ala or Asp decreased (single phosphatase activities may play a role in regulating various
mutation) or abolished (double mutation) phosphorylation, functions of pp32. Our study provides the framework for
indicating that they indeed served as the CKII target sites. jdentification of pp32 phosphatase(s) and the in vivo roles

It's interesting to note that these two sites are independently of phosphorylation/dephosphorylation in regulating the pp32-
phosphorylated by CKII. This is in contrast to situations function.

where phosphorylation of one site precedes and influences
the phosphorylation of the other sit80( 31). Third, the ACKNOWLEDGMENT
generation and use of phospho-specific antibodies suggest
that pp32 is phosphorylated in vivo at these two sites.
Together with the immunodepletion studies, our results
suggest that CKIl likely represents the predominant if not
the only, pp32 kinase activity in HelLa cell nuclear extract.
Our phospho-specific antibodies should serve as useful toolsgFERENCES
to identify the existence of other pp32-kinases, should they
exist.
CKIl is a constitutively active protein kinase, which

probably contributes significantly to constitutive phospho-
rylation of endogenous pp32. Consequently, it is possible
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