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Bromodomain factor 1 (Bdfl) associates with Saccharomyces cerevisiae TFIID and corresponds to the
C-terminal half of higher eukaryotic TAF1. It also associates with the SWR-C complex, which is important for
Htz1 deposition. Bdf1 binds preferentially to acetylated histone H4. Bdf1 is phosphorylated, but the mechanism
and significance of this modification have been unclear. Two distinct regions within Bdf1 are phosphorylated;
one is just C terminal to the bromodomains and the other is near the C terminus. Mutational analysis shows
that phosphorylation is necessary for Bdf1 function in vivo. Endogenous protein kinase CK2 purifies with Bdf1l
and phosphorylates both domains. A similar mechanism may be responsible for phosphorylation of the
C-terminal region of mammalian TAF1. These findings suggest that CK2 phosphorylation of Bdfl may regulate
RNA polymerase II transcription and/or chromatin structure.

Phosphorylation plays an important role in the regulation of
transcription by RNA polymerase II (Pol II). The RNA Pol II
carboxy-terminal domain (CTD) is phosphorylated by different
protein kinases that modulate its interactions with various
mRNA processing factors (15). Moreover, the activities of
TATA binding protein (TBP) and the TFIIH kinase subunit
Kin28 are also regulated by phosphorylation (12). More exam-
ples undoubtedly remain to be discovered.

The general transcription factor TFIID consists of the TBP
and 13 to 14 TBP-associated factors (TAFs) (26). TAFs are
involved in promoter recognition and response to some acti-
vators. The largest TAF protein (TAF1, formerly known as
TAF,;250) has been assigned a variety of activities. Human
TAF1 (hTAF1) has been reported to possess two kinase do-
mains that lead to autophosphorylation (5). The protein may
also have ubiquitin-activating, conjugating, and acetylase activ-
ities that modify histones and basal transcription factors (12,
30). Two bromodomains in the C-terminal half of " TAF1 bind
to acetylated histones (18, 22). TAF1 proteins from higher
eukaryotes align with hTAF1 throughout the entire sequence,
but Saccharomyces cerevisiae Tafl corresponds to only the N-
terminal half of hTAF1.

Yeast bromodomain factor 1 (Bdfl) was identified as a Taf7
(Taf67)-interacting protein, and this interaction mediates its
binding to TFIID. Thus, it appears that Bdfl corresponds to
the C-terminal half of higher eukaryotic TAF1 (20). More
recently, Bdf1 has also been found associated with the SWR-C
complex, which is important for exchange of Htz1 in place of
H2A (14, 16, 24). Bdfl preferentially binds hyperacetylated
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histone H4 and is associated with chromatin (18, 22). Bdfl is
not essential for viability as long as cells contain the closely
related Bdf2 protein, but cells cannot survive without at least
one of the two bromodomain factors (21). After immunopre-
cipitation from yeast cells, Bdfl can be phosphorylated by an
unknown associated factor. Recombinant Bdfl purified from
bacteria also gets phosphorylated, but this activity is strongly
stimulated by incubation with yeast extract (21). Although both
Bdfl and the C-terminal region of higher eukaryotic TAF1 are
phosphorylated, the mechanism and significance of this modifi-
cation are still unclear. It has been suggested that these proteins
might autophosphorylate, but they have no obvious sequence
similarity to known kinases. Here, we present results that further
our understanding of the role of phosphorylation in Bdf1 func-
tion. We find that Bdf1 does not autophosphorylate but instead is
phosphorylated by protein kinase CK2. There are two distinct
regions of phosphorylation, and both are required for Bdfl func-
tion in yeast. Furthermore, the C-terminal kinase domain (CTK)
of hTAF1 is also an efficient substrate for CK2.

CK2 has many important functions in all eukaryotes, includ-
ing regulation of cellular metabolism and proliferation. Basal
transcription factors for both RNA Pol I (29) and Pol III (8, 10,
11) are substrates for CK2. Furthermore, CK2 copurifies with
several chromatin-related complexes, including FACT (Spt16/
Pob3) and Chd1 (17). CK2 also regulates the activity of Fepl,
the RNA Pol IT CTD phosphatase (6, 25). Thus, CK2 may play
a widespread role in regulating eukaryotic gene expression and
chromatin structure. Bdfl, and by extension TFIID and
SWR-C, is also a substrate of this essential kinase.

MATERIALS AND METHODS
Plasmids. Glutathione S-transferase (GST) fusion plasmids were constructed
by insertion of PCR-amplified fragments into appropriate sites of pGEX-1 or
pGEX-2T. Point and deletion mutations of BDFI were generated using PCR-
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TABLE 1. Yeast strains used in this study

Strain Genotype Source
YDHo6 mata ura3-52 leu2Al trpl Al his3A200 ckalAl::HIS3 cka2Al::TRPI ade2-101 lys2-801 [pRS315-CKA2] C. Glover III (9)
YDHS8 mata ura3-52 leu2Al trpl Al his3A200 ckalAl::HIS3 cka2Al::TRP1 ade2-101 lys2-801 [pRS315-cka2-8] C. Glover III (9)
YF796 mata ura3A0 leu2A0 his3A1 met15A0 BDFI1-TAP tag::HIS3 This study
YSB451 mata ura3-52 leu2Al trpl Al his3A200 ckalAl::HIS3 cka2Al::TRPI ade2-101 lys2-801 [pRS316-CKA1] This study
YSB465 mata ura3-52 leu2Al trpl Al his3A200 ckalAl::HIS3 cka2Al::-TRPI ade2-101 lys2-801 [pRS315-ckal (G57D)] This study
YSB529 mata ura3-52 leu2-3,112 trpl A::hisG his3A200 bdf2A::HIS3 bdfl1A::LEU2 [pRS316-BDF1] This study
YSB634 mata ura3-52 leu2Al trpl A63 his3A200 taf67A::leu2::HIS3/Kan" [pJA73-TAF67a] 20
YSB726 mata ura3-52 leu2 trp1A63 his3A200 lys2A202 13
YSB892 mato ura3-52 leu2Al trpl A63 bdf1A::KANMX4 CKA2-(HA);::TRP1(KL) [pRS315-TFA1pr-FLAG-HA-BDF1]  This study
YSB930 mata ura3-52 leu2Al trpl A63 his3A200 lys2A202 TAP tag-BDF1 This study
YSBY941 mata ura3-52 leu2Al trpl A63 his3A200 lys2A202 TAP tag-BDF1 CKA2-(HA);::TRP1(KL) This study
W303-1A  mata ura3-1 leu2-3,112 trpIA his3-11 ade2-1 canl-100 Lab stock
YEN100 mata ura3-1 leu2-3,112 trpI A his3-11 ade2-1 canl-100 BDF1-TAP::TRP1 This study

mediated site-directed mutagenesis. Mutations were verified by appropriate re-
striction enzyme digest and sequencing. Yeast expression plasmids were con-
structed by insertion of either PCR-amplified fragments or restriction fragments
from the GST fusion plasmids into the appropriate sites of a pRS314 derivative
containing the TFAI promoter upstream of a Flag and hemagglutinin (HA) tag
epitope fusion cassette. Details of constructs are available upon request.

Yeast strains and methods. Yeast strains used in this study are listed in Table
1. A new CK2 temperature-sensitive mutant was isolated using plasmid shuffling;
pRS315-CKAL1 was subjected to hydroxylamine mutagenesis and shuffled into
YSB451 using medium containing 5-fluoroorotic acid (5-FOA). Transformants
were replica plated on yeast extract-peptone-dextrose (YPD) medium at per-
missive (30°C) and restrictive (37°C) temperatures. Plasmid linkage of the tem-
perature sensitivity was confirmed by isolating the plasmid and repeating the
shuffle. Mutations were identified by sequencing.

For in vivo analysis of BDFI deletion derivative phenotypes, a bdfIA bdf2A
strain carrying the BDFI gene on a URA3 plasmid (YSB529) was transformed
with pRS314 (an empty TRPI vector) or pRS314 derivative plasmids expressing
the BDFI mutants. Transformants were selected, and serial dilutions were spot-
ted onto plates containing 5-FOA to select against the wild-type BDF1 plasmid.
The plates were incubated for 3 to 5 days at 30 or 37°C as indicated.

The C-terminal and N-terminal tandem affinity purification (TAP)-tagged
Bdf1 strains were constructed using PCR integration as described previously (7,
27). For the N-terminal tag, TAP Bdfl (A) (5'-GTAAACAAGCTAAAAGGC
GGTCGAATCTCAACGGCTCTGATAAACGTACGTAGAACAAAAGCTG
GAGCTCAT-3") and TAP Bdfl (B) (5'-TTATTACCATTGACATCCACATC
GTTCTGTACGGGTGTGATATCGGTCATCTTATCGTCATCATCAAGT
G-3') were used to amplify a tagging cassette from pBS1761 (7, 26) flanked by
the Bdfl sequence. The PCR product was transformed into YSB726, and colo-
nies were selected on selective plates lacking tryptophan but containing 2%
galactose and 0.05% glucose. This intermediate strain expressed TAP-tagged
Bdfl from an integrated GAL1 promoter. This promoter and the selectable
marker were removed by transforming cells with pBS1776 (7, 26) expressing Cre
recombinase. The final strain (YSB930) expressed the tagged Bdf1 from its own
promoter. The C-terminal tag was also produced by PCR and integration into the
W303 background as described elsewhere (7).

The HA-tagged CKA2 yeast strain (YSB941) was created by PCR amplifying
an HA tagging cassette using primers CKA2-5"HA (5'-GCAAAGGAGGCTAT
GGATCATAAGTTTTTCAAAACGAAGTTTGAATACCCATATGACGTT
CCAGAC-3") and CKA2-3'HA (5'-GGAAATCAGTGGTGGAAAAAGAATT
GCCTTGCTAAGAGTATTGTTGTCTACGACTCACTATAGGGCG-3") and
pKL-TRP-HA3 (13) as a template. The PCR product was transformed into
YSB930, and transformants were selected on tryptophan-lacking medium. In-
corporation of TAP and HA tags was confirmed by immunoblotting with the
appropriate antibodies.

Protein preparation. All GST-Bdfl and GST-hTAF1 proteins were expressed
in Escherichia coli DH5« cells. Cells were grown to an optical density at 600 nm
of 0.3 at 30°C, induced with 0.1 mM isopropyl-B-p-thiogalactopyranoside, and
further grown at room temperature overnight. Cells were suspended in lysis
buffer (50 mM Tris-HCI [pH 7.9], 1 mM EDTA, 0.5 M NaCl, 0.5% Nonidet P-40,
5% sucrose, 1 mM phenylmethylsulfonyl fluoride), lysed by sonication, and
subsequently centrifuged at 14,000 X g at 4°C for 20 min to remove cell debris.
The clarified supernatants were stored at —80°C until they were used for phos-
phorylation assays.

For TAP-tagged protein purification, 4 liters of cells was grown in YPD at

30°C to an optical density at 600 nm of 1.5. Preparation of yeast whole-cell
extracts and purification of TAP-tagged Bdfl were performed essentially as
described previously (17, 27) with minor modifications. The BDF1-associated
proteins were electrophoresed at 10 mA in a sodium dodecyl sulfate (SDS)-10%
polyacrylamide gel and silver stained. Protein bands with no corresponding band
in a control from an untagged strain were excised from the gel, reduced, alky-
lated, and subjected to in-gel tryptic digestion. The resulting peptides were then
purified and identified by matrix-assisted laser desorption ionization-time-of-
flight mass spectrometry with a PerSeptive DE STR instrument. Measured mono-
isotopic mass values were used to search a National Center for Biotechnology
Information S. cerevisiae database with the Profound program.

In vitro Bdfl phosphorylation assay. Bdfl phosphorylation assays were per-
formed utilizing a minor modification of a method described previously (21).
Cleared E. coli lysates containing roughly equal amounts (about 100 ng) of
recombinant GST-Bdfl were incubated with glutathione-agarose beads (Sigma)
at 4°C for 1 h on a rotator. Beads were washed three times with 0.IHGPEDN (50
mM HEPES [pH 7.9], 10% glycerol, 100 mM potassium acetate, I mM EDTA,
1 mM dithiothreitol, 0.01% NP-40, 1 mM phenylmethylsulfonyl fluoride). Beads
carrying GST-Bdf1 were incubated with 500 wg of yeast whole-cell extract at 4°C
overnight on a rotator. The beads were extensively washed three times with
0.IHGPEDN, and then reactions were carried out in phosphorylation buffer (20
mM HEPES-KOH at pH 7.5, 100 mM potassium acetate, 7.5 mM magnesium
acetate, 2 mM dithiothreitol, 2% glycerol) and 0.1 pCi of [y-**PJATP or
[y-**P]GTP as indicated. Reaction mixtures were incubated at room temperature
for 30 min. Bound proteins were eluted by adding SDS sample buffer and boiling.
Released proteins were resolved by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE). After staining with Coomassie brilliant blue R250, gels were dried
and subjected to autoradiography.

Phospho-amino acid analysis. Two GST-Bdf1 fusion proteins (Bdfl amino
acids [aa] 453 to 686 and aa 1 to 29 and 421 to 452) were separately phosphor-
ylated using [y->*P]ATP after yeast extract incubation and repurification as
described above. Labeled GST-Bdf1 derivatives were resolved by SDS-PAGE,
located in the wet gel by autoradiography, excised, eluted, oxidized with perfor-
mic acid, and hydrolyzed with 6 N HCI at 100°C for 4 h (1). The samples were
then lyophilized in water and resuspended in 2 pl of phospho-amino acid mark-
ers containing a mixture of phosphoserine, phosphotyrosine, and phosphothreo-
nine. Samples and each marker were spotted on a cellulose thin-layer chroma-
tography plate (J. T. Baker), dried, and then resolved by electrophoresis. After
staining markers with ninhydrin, labeled phospho-amino acids were detected by
autoradiography.

Protein binding assay. For TFIID or CK2 binding assays, a series of GST-Bdf1
derivatives were immobilized on glutathione-agarose beads and then incubated
overnight at 4°C on a rotator with 500 pg of yeast whole-cell extract from either
YSB634 (HA-tagged Taf7) or YSB941 (HA-tagged Cka2). The beads were exten-
sively washed with 0.IHGPEDN, and bound proteins were resolved by SDS-PAGE.
Bound proteins were detected by immunoblotting using HA antibody (12CAS).

RESULTS

Bdf1 contains two phosphorylated regions, but phosphory-
lation is not required for TFIID binding. Our laboratory pre-
viously found that the C-terminal region of Bdfl interacts with
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FIG. 1. Nonoverlapping regions of Bdfl are required for phosphorylation and TFIID binding. (A) Recombinant GST-Bdf1 proteins carrying
the indicated amino acids (numbers within parentheses) were expressed in bacteria and purified (top panel). Some proteolysis of the C-terminal
regions of Bdfl was observed, but intact fusion proteins are marked with asterisks. The proteins were immobilized on glutathione-agarose beads
and incubated with yeast whole-cell extracts from a strain containing an HA epitope-tagged Taf7. After washing, the beads were tested for
phosphorylation of the GST-Bdf1 proteins (middle panel). Binding to TFIID was assayed by immunoblotting for the HA tag on Taf7 (bottom
panel). Similar TFIID binding results were obtained when the blots were probed for Tafl and Taf5 (data not shown). (B) Deletion analysis results
from panel A are summarized schematically. The bromodomains are shaded gray, while the acidic C-terminal region is shown in black.

Taf7 and also is phosphorylated (21). Therefore, phosphory-
lation has the potential to regulate the interaction of Bdf1 with
TFIID. To explore this possibility, in vitro interactions were
tested by incubating a series of GST-Bdfl deletion mutants
with yeast whole-cell extracts containing HA-tagged Taf7 (Fig.
1). Proteins were precipitated with glutathione-agarose and
tested for Bdf1 phosphorylation and the presence of associated
Taf7. The Taf7 interaction domain of Bdfl mapped between
residues 500 and 626, in exact agreement with our group’s

earlier mapping of the interaction by yeast two-hybrid assay
(21). Although one Bdfl deletion mutant (residues 34 to 441
and 453 to 626) was not phosphorylated, it bound Taf7 simi-
larly to wild-type Bdfl. Conversely, several mutants could be
phosphorylated but did not bind to Taf7. Similar results were
obtained by probing for Tafl or Taf5 (data not shown). There-
fore, phosphorylation and TFIID binding involve different
parts of Bdfl.

Deletion mapping of Bdfl identified two distinct phosphor-
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FIG. 2. Bdfl is phosphorylated on serines. (A) The protein
sequences of the Bdfl phosphorylation regions are shown below a
schematic diagram of Bdfl. BD1 and BD2 designate the two bromo-
domains. (B) Phospho-amino acid analysis of phosphorylated Bdfl.
GST-Bdf1 derivatives containing the CPR (amino acids 454 to 686;
lane 1) or the IPR (amino acids 1 to 29 and 421 to 452; lane 2) were
analyzed as described in the text. The left panel is an autoradiogram
showing the labeled amino acids, while the right side shows ninhydrin
staining of the phosphorylated amino acid markers.

Ninhydrin Staining

ylated regions. One is just C terminal to the bromodomains
between residues 442 and 452 (designated the internal phos-
phorylated region [IPR]). The other is an acidic region at the
C-terminal end of Bdfl between residues 626 and 686 (C-
terminal phosphorylated region [CPR]) (Fig. 2A). These re-
gions of Bdfl are within a corresponding region of hTafl
proposed to have autokinase activity (5). To determine which

bdf1abdf2a
Control plate
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amino acids were phosphorylated within each region, phospho-
amino acid analysis of the appropriate GST-Bdf1 deletion mu-
tants was carried out. Within both regions, only phosphoserine
was detected (Fig. 2B). Analysis of phosphorylated Drosophila
melanogaster and hTAF1 also detected only phosphoserine (5).

Bdf1 phosphorylation is necessary for in vivo function. The
importance of Bdfl phosphorylation in vivo was tested by an-
alyzing the IPR and CPR deletion mutants for the ability to
complement a chromosomal BDF deletion. Deletion mutants
lacking either one of the two phosphorylated regions could
suppress the temperature sensitivity of a bdfIA strain (data not
shown), indicating that they retain some functions of Bdfl.
However, neither deletion could support viability in a bdfIA
bdf2A strain (Fig. 3). This pattern of complementation is sim-
ilar to several Bdfl bromodomain mutants, which can suppress
the bdfI1A temperature sensitivity but cannot support viability
on their own (22). These results suggest that Bdf2 can substi-
tute for the phosphorylation-dependent function of Bdfl. We
note that Bdf2 is also phosphorylated (O. Matangkasombut
and S. Buratowski, unpublished data; also, see below).

To explore these results further, site-directed mutants re-
placing each of the three serines within the IPR (aa 441 to 452)
with alanines were tested for phosphorylation and complemen-
tation. All the single and double point mutants had reduced
phosphorylation levels, and the triple point mutant was not
phosphorylated at all (Fig. 4A). These mutants exhibited slow
growth and temperature-sensitive phenotypes that correlated
with their abilities to be phosphorylated (Fig. 4B). The triple
point mutant had the same phenotype as a complete deletion
of the IPR. We conclude that the three serine residues within
the IPR are phosphorylated and contribute to Bdfl function.

We were unable to perform a similar point mutant analysis
of the CPR because there are too many serine resides in this
region (Fig. 2A). Instead, smaller deletions were generated
and the resulting proteins were investigated for phosphoryla-
tion and complementation. Although a C-terminal deletion to
amino acid 679 was able to be phosphorylated and fully sup-
ported viability of a bdflIA bdf2A strain, further deletion to
amino acid 660 inhibited both functions (Fig. 5). Therefore,

BDF1 Vector
Bdf1 Bdf1
AIPR ACPR

bdf1abdf2a
5-FOA plate

FIG. 3. Bdfl phosphorylated regions are required for function in vivo. A bdfIA bdf2A strain carrying the BDFI gene on a URA3 plasmid
(YSB529) was transformed with an empty TRPI vector or TRPI-marked plasmids expressing full-length Bdf1, the AIPR mutant (lacking amino
acids 441 to 452), or a ACPR deletion mutant (lacking amino acids 627 to 686). Growth of the transformants is shown before (control plate) and
after 5-FOA selection for loss of the wild-type BDFI plasmid. Efficient expression of the deletion mutants was demonstrated by immunoblotting

(data not shown and Fig. 4 and 5).
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FIG. 4. Analysis of Bdfl IPR point mutants. (A) Recombinant
GST-Bdf1 derivatives were immobilized on glutathione-agarose beads,
exposed to yeast extract, and assayed for phosphorylation. The indi-
cated point mutations in IPR serines were analyzed. Note that all
derivatives tested here lacked the CPR (aa 626 to 686). The top panel
shows an autoradiograph of phosphorylated proteins, while the bottom
panel shows a Coomassie-stained gel of the same proteins. The bac-
terially produced GST-Bdfl suffers from some proteolysis, but the
full-length protein is marked with an asterisk. (B) The indicated Bdf1
IPR mutants were tested for complementation in a bdfIA bdf2A strain
(YSB529) by plasmid shuffling as described in the legend for Fig. 3.
Increasing dilutions (top to bottom) of cells were spotted on the
indicated plates. The third panel shows cells before selection on
5-FOA medium for loss of a wild-type BDFI plasmid. The bottom
panel is an immunoblot showing expression of the mutants (which are
HA tagged) in cells before 5-FOA selection. The top two panels show
cells selected for removal of the wild-type BDF1 plasmid, at both 30
and 37°C. Note that, in contrast to those in panel A, these derivatives
all contain the full-length CPR.
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FIG. 5. Finer mapping of the Bdfl CPR. (A) Recombinant GST-
Bdf1 derivatives were immobilized on glutathione-agarose beads, ex-
posed to yeast extract, and assayed for phosphorylation. The indicated
deletion mutations of the CPR were analyzed. Note that all derivatives
tested here lacked the IPR (aa 441 to 452). Full-length proteins are
marked with an asterisk. (B) The indicated Bdfl CPR deletion mutants
were tested for complementation in a bdfIA bdf2A strain (YSB529) by
plasmid shuffling as described in the legend for Fig. 4B. The bottom
panel shows anti-HA blotting for the mutants in cells before 5-FOA
selection. Note that these mutants all contain the IPR.

residues 660 to 679 contain the major sites of phosphorylation
in Bdfl, and this region is essential for full Bdfl function in
Vivo.

Protein kinase CK2 phosphorylates Bdfl. To identify the
kinase and any other proteins that associate with Bdfl, the
TAP tag was fused to the C terminus of Bdfl and the protein
was purified. Analysis of four associated proteins (44.6-, 39.4-,
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FIG. 6. Bdfl binds to protein kinase CK2. (A) Proteins were puri-
fied using a C-terminal TAP-tagged Bdfl (Bdfl-TAP). An untagged
strain (Bdf1) was used as a control. Copurifying bands were identified
by mass spectroscopy. CK2 subunits are designated. The major band
around 70 kDa is the heat shock 70 protein Ssbl, while the band
around 55 kDa is Imd3. Both of these proteins are frequent contam-
inants in TAPs (7). (B) Bdfl association with CK2 requires the phos-
phorylated regions. GST, GST-Bdfl1, and the GST-Bdfl mutant lack-
ing the IPR and CPR were incubated with whole-cell extracts from
strains containing HA-tagged Taf7 (YSB892) or no tag (YSB634).
After binding and washing, proteins bound to the glutathione-agarose
beads were analyzed by SDS-PAGE and immunoblotting for the HA
tag. Input extract from YSB892 is shown in the first lane.

32.2-, and 29.8-kDa bands) by mass spectroscopy identified
them as CK2 subunits (Fig. 6A). Because of concerns that the
C-terminal tag might affect Bdf1 function (2), a similar analysis
was performed with an N-terminally TAP-tagged Bdf1 strain.
Mass spectroscopy of this preparation identified Hta2 (histone
H2A), Bdf2, Ckb1 (a CK2 subunit), and Spt16 and Pob3 (com-
ponents of the FACT complex) associated at substoichiometric
levels with Bdfl (data not shown). No components of either
TFIID or the SWR-C complexes (4, 16, 24) were identified.
We suspect this was because the interactions of Bdfl with these
complexes are sensitive to moderate salt levels (300 mM po-
tassium acetate), similar to those used in the extract and pu-
rification procedures (C. Sawa, unpublished observations). Al-
ternatively, Bdfl may be much more abundant than these
complexes that are therefore below the limits of detection.
To correlate the association between Bdfl and CK2 with the
phosphorylated regions identified above, GST fusions were

CK2 PHOSPHORYLATES Bdfl 4739

incubated in a yeast whole-cell extract containing HA-tagged
CK2 and then repurified (Fig. 6B). GST alone did not associ-
ate with CK2. Whereas the GST-Bdf1 interacted efficiently
with CK2, a mutant lacking both phosphorylated regions
(AIPR ACPR) could not. Therefore, the association between
Bdfl and CK2 occurs via the same regions of Bdfl that are
phosphorylated by CK2. It is interesting that both the IPR and
CPR contain sites related to the CK2 target consensus se-
quence, i.e., serines followed by acidic residues.

To determine whether the associated CK2 was responsible
for Bdfl phosphorylation, we constructed a temperature-sen-
sitive ckal mutant strain by hydroxylamine mutagenesis and
plasmid shuffling. DNA sequencing of the protein coding re-
gion showed that the mutant had a single substitution: glycine
57 to aspartate (GGT—GAT). We also used the cka2-8 tem-
perature-sensitive strain (provided by Clairborne Glover III
[9]). It should be noted that these extracts were prepared from
cells grown at the permissive temperature and the CK2 en-
zymes in these mutants are already partially defective at this
temperature. Endogenous Bdfl was phosphorylated in immu-
noprecipitates from wild-type extracts. Immunoprecipitates
from the CK2 mutant strains contained Bdfl (as assayed by
immunoblotting [data not shown]), but it was not phosphory-
lated when labeled ATP was added (Fig. 7). Unlike many
kinases, CK2 can use either ATP or GTP as a phosphate
donor. An in vitro kinase assay using [y->*P]GTP showed that
Bdfl was phosphorylated at levels similar to that of reactions
using [y-**P]ATP, and this phosphorylation was also lost in the
CK2 mutant extracts (Fig. 7).

As a test of specificity, we added GST-Bdfl, GST-Bdf2, or
GST-CTD (the RNA Pol II CTD, which is a known substrate
of several kinases) to wild-type or CK2 mutant extracts to allow
association with cellular kinases, repurified the GST fusion
proteins, and assayed them for phosphorylation. Both GST-
Bdfl and GST-Bdf2 could be phosphorylated in wild-type but
not CK2 mutant extracts, suggesting that CK2 was the kinase
responsible. This was further supported by the fact that phos-
phorylation with [y->*P]GTP gave the same result. In contrast,
GST-CTD was phosphorylated even in the CK2 mutants, and
this phosphorylation was specific for ATP. All of these results
suggest that CK2 specifically phosphorylates Bdfl and Bdf2.

The C-terminal region of h"TAF1 can also be phosphorylated
by CK2. It has been reported that mammalian and Drosophila
TAF1 have two kinase domains at the N and C termini that can
mediate autophosphorylation (5) (Fig. 8A). Our results suggest
that Bdfl, the likely yeast homologue of the TAF1 CTK do-
main, does not autophosphorylate but instead is phosphory-
lated by CK2. So far, there are no reports of yeast Tafl being
phosphorylated. It is interesting that the recombinant hTAF1
used in those other studies (5) was expressed using baculovirus
in Sf9 cells, a eukaryotic cell line that would contain the highly
conserved CK2. Furthermore, the C-terminal region of TAF1
from higher eukaryotes contains acidic regions with serines
that are predicted to be CK2 phosphorylation sites. To com-
pare the phosphorylation of hTAF1 and Bdfl under the same
conditions, we expressed GST-hTAF1 fusion proteins in E.
coli, as was done for recombinant Bdfl. GST-NTK (hTAF1
N-terminal kinase domain) and GST-CTK (hTAF1 CTK do-
main) were incubated with yeast whole-cell extracts from wild-
type or CK2 mutant yeast strains (Fig. 8B). The proteins were
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FIG. 7. CK2 phosphorylates Bdfl. Extracts were made from yeast
strains containing mutant CK2 subunits (cka2" and ckal®; second and
fourth lanes) or from their isogenic wild-type CK2 parent strains
(CKA2 and CKAL; first and third lanes). Cells for extracts were grown
at the permissive temperature. In the top two panels, endogenous Bdf1l
was immunoprecipitated with anti-Bdfl antibody («-Bdfl IP), and
pellets were phosphorylated with either radioactive ATP or GTP.
Anti-Bdfl immunoblotting showed that all four extracts contained
equal amounts of Bdfl (data not shown). In the bottom four panels,
recombinant GST-Bdf1, GST-Bdf2, or GST-CTD was incubated in the
extracts, repurified with glutathione-agarose beads, and then phos-
phorylated with either [y->P]ATP or [y-**P]GTP.

then repurified, and kinase assays were carried out as de-
scribed above. GST-CTK was phosphorylated strongly in wild-
type yeast extract and only very weakly in the cka2 mutant
extract. Furthermore, GST-CTK did not show any autophos-
phorylation. No GST-NTK phosphorylation was observed in
this assay.

DISCUSSION

Our lab originally isolated Bdfl as a Taf7 binding protein
and showed that it was associated with TFIID (21). Quantita-
tive mass spectroscopy shows that Bdfl is a stoichiometric
component of RNA Pol II preinitiation complexes assembled
at a promoter in vitro (28). More recently, Bdfl was shown to
be associated with a complex involved in exchanging histone
H2A.Z for H2A (14, 16, 24). The bromodomains of Bdfl
interact with the tail of histone H4 in vitro and in vivo, al-
though it remains unclear how this binding is related to TFIID
or SWR-C function (18, 22).

We previously showed that Bdfl is phosphorylated (21).
Here, we mapped two phosphorylated regions of Bdfl and
found that the phosphorylation sites are necessary for Bdfl
function in vivo. Although there were some suspicions that
Bdf1 could autophosphorylate, we instead found that Bdf1 was
phosphorylated by the kinase CK2. CK2 was tightly associated
with Bdfl in yeast extracts, and Bdfl phosphorylation was
drastically reduced in CK2 mutant extracts (Fig. 6 and 7). It
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FIG. 8. hTAF1 can be phosphorylated by CK2. (A) Schematic rep-
resentation of the alignment between the Bdf1 protein, yeast Tafl, and
hTAF1. Boundaries of the NTK and CTK domains (vertical stripes
and black, respectively) and the bromodomains (gray boxes) are
shown. (B) Recombinant GST-Bdfl, GST-NTK (hTAF1 N-terminal
kinase domain; amino acids 1 to 393), or GST-CTK (hTAF1 CTK
domain; amino acids 1404 to 1872) was expressed in E. coli. Purified
proteins were incubated with yeast whole-cell extracts from wild-type
CKA2 or cka2-8® mutant strains or in a mock reaction mixture not
containing any yeast extract. Proteins were repurified and assayed for
phosphorylation as described for Bdf1 in the legend for Fig. 7. The top
panel shows an autoradiograph of the phosphorylated proteins, while
the bottom panel shows a Coomassie-stained gel of the recombinant
proteins.

was also found that the C-terminal region of hTAF1, which
corresponds to Bdfl in yeast TFIID, could also be phosphor-
ylated by CK2 (Fig. 8). It remains to be seen whether mam-
malian TAF1 is a CK2 substrate in vivo.

Interestingly, deletion mutants lacking either phosphory-
lated region can complement the temperature sensitivity of a
bdfIA strain but cannot support viability in a bdfIA bdf2A
strain (Fig. 3 and data not shown). Furthermore, we also found
that the C-terminal region of Bdf1 (aa 453 to 626) is sufficient
for suppressing the mutant phenotype of bdflIA (data not
shown). These findings suggest that Bdf2, which is also phos-
phorylated by CK2 (Fig. 7), can substitute for the phosphory-
lation-dependent Bdf1 function as well as the function of the
Bdfl bromodomains. Moreover, the Bdfl C-terminal region
must supply additional functions that are not phosphorylation
dependent and that cannot be supplied by Bdf2. Although the
relationship between Bdf1l and Bdf2 is still unclear, they may
form a complex. TAP-tagged purification of Bdf2 copurifies
Bdf1 (7) and vice versa (see above). Comparison of Bdfl from
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several yeast species shows that the bromodomains, Taf7 bind-
ing domain, CPR, and IPR are conserved (data not shown).

CK2 is widely conserved among eukaryotic species, includ-
ing plants, humans, yeasts, and Caenorhabditis elegans. Much
evidence suggests that it has important functions in cellular
regulation and proliferation (19, 23). Furthermore, it has re-
cently been reported that CK2 is involved in transcription of
Pol I- and Pol III-dependent genes (8, 29). CK2 copurifies with
several chromatin-related complexes and Fcpl, the RNA Pol
II CTD phosphatase (6, 25). In addition, CK2 appears central
to many of the mechanisms that protect the cell against stress.

What is the role of Bdf1 phosphorylation by CK2? We tested
whether Bdfl phosphorylation could affect TFIID complex
stability, but Tafl, Taf7, and TBP still associated with Bdfl
lacking both phosphorylated regions (Fig. 1A and data not
shown). Therefore, phosphorylation is not required for TFIID
association, but we cannot rule out that it instead negatively
regulates the interaction. Phosphorylation may regulate other
Bdfl activities or cellular localization. We have preliminary
results that suggest in vitro binding of histones does not require
Bdf1 phosphorylation (Sawa, unpublished). Recently, we and
others discovered that Bdfl is associated with another chro-
matin-related complex known as SWR-C (16, 24). This com-
plex is necessary for the placement of histone H2A.Z (Htzl in
yeast) into chromatin, apparently by exchanging Htz1 for H2A.
We are currently testing the role of Bdfl1 in this complex and
whether phosphorylation is necessary for this activity. It also
remains possible that Bdfl1 is associated with other complexes
in a phosphorylation-regulated manner.

Bdf1 has a domain structure similar to that of other mem-
bers of the BET family (20). Higher eukaryotic genomes se-
quenced to date all contain multiple BET members, suggesting
that their functions are conserved and important. Members of
this family contain two bromodomains and a C-terminal ET
domain that is characterized by a high percentage of serines
and charged residues. The Bdfl CPR overlaps the ET domain.
Phosphorylation of the ET domain may be a common feature
of the BET proteins. A mammalian BET protein has been
shown to be highly phosphorylated in response to mitogens (3).
Like hTAF]1, this protein has been proposed to have autoki-
nase activity despite limited sequence similarity to known ki-
nases. Another mammalian BET family member has been im-
plicated in cell cycle regulation of chromosome structure
(reference 4 and references therein). It will be interesting to
determine whether phosphorylation of BET proteins is used as
a mechanism for coupling signal transduction and cell cycle
pathways to chromatin and gene expression.
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