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Spt2/Sin1 is a DNA binding protein with HMG-like domains. It plays a role in chromatin modulations associated with transcrip-
tion elongation in Saccharomyces cerevisiae. Spt2 maintains the nucleosome level in coding regions and is important for the in-
hibition of spurious transcription in yeast. In this work, we undertook a biochemical approach to identify Spt2-interacting part-
ners. Interestingly, casein kinase 2 (CK2) interacts with Spt2 and phosphorylates it in vitro as well as in vivo on two small
regions, region I (RI) (amino acids 226 to 230) and RII (amino acids 277 to 281), located in its essential C-terminal domain. Mu-
tation of the phosphorylation sites in RI and RII to acidic residues, thereby mimicking CK2 phosphorylation, leads to the inhibi-
tion of Spt2 function in the repression of spurious transcription and to a loss of its recruitment to coding regions. Inversely, de-
pleting cells of CK2 activity leads to an increased Spt2 association with genes. We further show that Spt2 physically interacts with
the essential histone chaperone Spt6 and that this association is inhibited in vitro and in vivo by CK2-dependent phosphoryla-
tion. Taken together, our data suggest that CK2 regulates the function of Spt2 by modulating its interaction with chromatin and
the histone chaperone Spt6.

The genome of the eukaryotic cell is packaged in a topologically
complex structure known as chromatin. The nucleosome is

the basic fundamental unit of chromatin. It is composed of a core
histone octamer formed by two molecules of H2A, H2B, H3, and
H4, wrapped around by 146 bp of DNA (1). Chromatin represents
an additional level of regulation for DNA-mediated processes,
such as transcription, replication, repair, and recombination, by
acting as a platform where biological signals are integrated and
molecular responses take place. In addition to histones, several
nonhistone proteins are important for defining chromatin struc-
ture. These include DNA binding proteins and chromatin-associ-
ated factors that alter nucleosome structure and function. Spt2/
Sin1 is a DNA binding protein with HMG-like domains that is
associated with yeast chromatin (2–4). It was originally identified
by mutations that suppress the insertion of the transposon Ty in
the promoter of the HIS4 gene (suppressor of Ty2) (5). Spt2 is also
called Sin1 (Swi-independent 1) because a mutation in SPT2 sup-
presses the effects of the loss of the Swi/Snf chromatin-remodeling
complex (2). In addition, mutations in SPT2 suppress the mutant
phenotypes associated with mutations in the SAGA complex and
partial deletions in the C-terminal domain of the largest subunit
of RNA polymerase II (RNAP II), Rpb1 (2–4). Taken together,
these reports strongly suggested a negative role of Spt2 in tran-
scription initiation.

In recent work, we have shown that the Spt2 function is also
tightly linked to nucleosome reassembly in the wake of transcrip-
tion (6, 7). Defects in this function lead to spurious transcription
from thousands of cryptic promoters located within the coding
regions of genes (8, 9). Although the exact role of Spt2 remains
unknown, there is now clear evidence that associates this protein
with chromatin modulations linked to transcription elongation
and repression of spurious transcription (6, 7). First, Spt2 travels
with RNAP II during transcription elongation, and its recruitment
to transcribed regions is dependent on the essential histone chap-
erone Spt6 (6, 7). Second, SPT2 interacts genetically with several

factors, such as the Paf and HIR/HPC complexes, that are involved
directly in chromatin modulation associated with transcription
elongation (6). Third, Spt2 is required for the maintenance of
chromatin structure in the open reading frames (ORFs) of tran-
scribed genes, participates in the reassembly of nucleosomes at
these locations, and is required for the repression of spurious tran-
scription (6, 7). Fourth, Spt2 suppresses the histone exchange in
coding regions (7). Fifth, similar to the histone chaperones Spt6
and yFACT, this factor is involved in the transcription-dependent
deposition of nucleosomes at the transcribed intergenic region of
SRG1-SER3 (7, 10–12). This deposition is a crucial event in the
regulation of the SER3 gene (7, 10–12). Taken together, these mo-
lecular and genetic observations indicate an important role of Spt2
in chromatin reassembly associated with transcription elongation.
Other Spt2 roles have been reported, specifically in the mainte-
nance of genome stability. Indeed, overexpression of this factor
leads to transcription-dependent gross chromosomal rearrange-
ment (GCR), while the deletion of its gene is associated with tran-
scription-dependent hyperrecombination (6, 13). Spt2 overex-
pression was associated with high levels of DNA/RNA hybrids that
were linked to increases in the number of GCR events and sug-
gested that Spt2 association with transcription sites must be
tightly regulated (6, 13).

The genetic and biochemical evidence regarding Spt2 points
clearly toward an important role of this protein during transcrip-
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tion elongation. However, despite its functional importance, the
exact mechanistic details of Spt2 function and regulation are still
not well understood. In this work, we show that CK2 phosphoryl-
ates Spt2 and modulates its function in the repression of spurious
transcription. In addition, we provide evidence that Spt2 interacts
directly with Spt6, and we further show that this interaction is
inhibited in vitro and in vivo by CK2 phosphorylation. Taken to-
gether, our findings indicate that CK2 regulates the function of the
chromatin reassembly factor Spt2 through the modulation of its
interaction with Spt6 and the chromatin of coding regions.

MATERIALS AND METHODS
Saccharomyces cerevisiae strains and plasmids. Strains were constructed
by using standard genetic methods and are isogenic to S288C (14) (see
Table 1 posted at http://www.crc.ulaval.ca/nourani/supplemental_data).
The strains containing the alleles encoding the epitope-tagged proteins
were constructed by integrating the DNA encoding the epitope at the 3=
end of the corresponding gene (15–17). The cka1�::KANMX6 allele was
constructed by replacing the open reading frame with the KANMX6
marker (16). The point mutation in the CKA2 allele (D225N) was intro-
duced as described previously (18), with NatMX6 as the selection marker.
Plasmids were constructed by using standard molecular biology tech-
niques. Glutathione S-transferase (GST) fusion and 6His fusion plasmids
were constructed by the insertion of PCR-amplified fragments into the
appropriate sites of pGEX-4T3 (GE Healthcare, Life Sciences) and pet15b
(Novagen). Plasmids pRS415 and pRS416 were described previously (19).
Spt2 and Spt2-Flag along with the promoter (900 bp upstream of start
codon to 500 bp downstream of stop codon) were amplified from the
genome and inserted into plasmids pRS415 and pRS416 (19). Mutagene-
sis was done by using the QuikChange mutagenesis kit from Stratagene
and the instructions therein. The constructions used in this study were
checked by sequencing.

Protein purification. Recombinant 6His-tagged and GST-tagged pro-
teins were expressed in Escherichia coli BL21 bacteria and purified with
Ni2�-nitrilotriacetic acid (NTA)-agarose (Qiagen) or glutathione-Sep-
harose (GE Healthcare) according to the manufacturer’s protocol. Tan-
dem affinity purification (TAP) of Spt2 and Ckb2 was done as described
previously (17).

GST pulldown assays and coimmunoprecipitation. GST-Spt2, GST–
Spt2-5A, or GST–Spt2-acidic coupled to beads (500 ng) was incubated or
not with 500 ng of His-Spt6 in pulldown buffer (20 mM HEPES [pH 7.5],
150 mM NaCl, 10% glycerol, 100 �g/ml bovine serum albumin [BSA], 0.5
mM dithiothreitol [DTT], 0.1% NP-40, 2 �g/ml leupeptin and pepstatin,
5 �g/ml aprotinin) for 3 h at 4°C. Beads were washed three times with
pulldown buffer, and bound proteins were then analyzed by Western
blotting with anti-His tag antibodies. To study the Spt2-Spt6 interaction,
the GST-Spt2/His-Spt6 complex was assembled by the GST pulldown
assay as described above. After the pulldown, the beads were washed three
times with phosphorylation buffer (80 mM NaCl-KCl, 25 mM Tris-HCl
[pH 8], 10 mM MgCl2, 1 mM DTT) and suspended in phosphorylation
buffer to make a 50% slurry. One microliter of the TAP-Ckb2 purification
fraction was then added to the slurry in the presence or absence of 50 �M
ATP. After incubation at 30°C for 30 min on a rotating wheel, the reac-
tions were stopped by centrifugation at 3,000 rpm for 2 min. Finally, 15%
of the beads and a large fraction of the supernatant were resolved by 12%
SDS-polyacrylamide gel electrophoresis (PAGE) and analyzed by Western
blotting with anti-His tag and anti-GST antibodies. Coimmunoprecipita-
tion assays were performed as described previously (20). Briefly, 10 �l of
anti-Flag M2 agarose beads were incubated overnight at 4°C with yeast
whole-cell extract (WCE) (5 mg of total protein) in binding buffer (20
mM HEPES [pH 7.5], 300 mM NaCl, 10% glycerol, 0.1% NP-40, 2 �g/ml
of leupeptin and pepstatin, 5 �g/ml of aprotinin, 1 mM phenylmethylsul-
fonyl fluoride [PMSF]). Beads were washed three times with binding buf-
fer. Bound proteins were eluted with the 3�Flag peptide and analyzed by
Western blotting.

In vitro phosphorylation. In vitro phosphorylation of recombinant
proteins was done as described previously (21, 22), with slight modifica-
tions. GST- or His-tagged recombinant proteins (1 �g) were incubated
for 30 min at 30°C with CK2 purified from yeast in kinase buffer (final
concentration of 80 mM NaCl-KCl, 25 mM Tris-HCl [pH 8], 10 mM
MgCl2, 1 mM DTT, 50 �M cold ATP, and 1 �Ci [�-32P]ATP). Samples
were run on 12% SDS-PAGE gels, blotted onto nitrocellulose, dried, and
exposed to film. For the in vitro phosphorylation experiments done with
yeast whole-cell extracts, 1 �g of GST-tagged proteins coupled to beads
was incubated with yeast whole-cell extract (5 mg total proteins) at 4°C for
3 h in binding buffer (20 mM HEPES [pH 7.5], 150 mM NaCl, 10%
glycerol, 0.1% NP-40, 2 �g/ml of leupeptin and pepstatin, 5 �g/ml of
aprotinin, 1 mM PMSF). Beads were washed three times with binding
buffer and once with kinase buffer (without [�-32P]ATP), and phosphor-
ylation was carried by the addition of kinase buffer with [�-32P]ATP.

Phosphatase treatment and two-dimensional electrophoresis. For
dephosphorylation with alkaline phosphatase, cells were lysed in 1� NEB
buffer 3. Cell lysates were cleared by centrifugation at 15,000 � g for 30
min. Total protein (10 �g) was incubated with 10 units of alkaline phos-
phatase at 37°C for 1 h (calf intestinal alkaline phosphatase; NEB). The
reactions were stopped by trichloroacetic acid (TCA) precipitation, and
proteins were then analyzed by two-dimensional PAGE (2D-PAGE), as
indicated below. For 2D-PAGE, soluble proteins were precipitated by
20% TCA followed by an acetone wash. Precipitated proteins were then
solubilized in isoelectric focusing (IEF) buffer {8 M urea, 2% 3-[(3-chol-
amidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS), 18.5
mM DTT, and 2% IPG buffer (pH 7 to 11)} (GE Healthcare) and sepa-
rated in the first dimension by a nonlinear pH gradient (Immobiline
DryStrip NL 7-11; GE Healthcare) at 90 kV/h. After isoelectric focusing in
the first dimension, proteins were resolved in the second dimension by
standard SDS-PAGE and analyzed by Western blotting.

RNA extraction and Northern blotting. Total RNA was isolated by
using the hot-phenol method (23). Northern blot analysis was done as
described previously (6). RNA (40 �g) was separated on a 1% agarose
formaldehyde morpholinepropanesulfonic acid (MOPS) gel and trans-
ferred onto a nylon membrane. The FLO8, SCR1, and SER3 probes were
amplified by PCR and radiolabeled by random priming.

Chromatin immunoprecipitation. Chromatin immunoprecipitation
(ChIP) experiments were performed as described previously (6).

RESULTS
CK2 subunits copurify with Spt2. To further understand the role
of Spt2 during transcription elongation, we searched for proteins
that interact in vivo with this factor. For this, we constructed a
yeast strain expressing a TAP-tagged Spt2 protein, performed
TAP sequentially on IgG and calmodulin columns, and analyzed
the proteins by SDS-PAGE followed by silver staining (Fig. 1A). In
addition to Spt2, we observed that three other proteins of 45 kDa,
40 kDa, and 30 kDa copurified consistently with this factor. To
identify these proteins, we excised all bands, eluted the proteins,
and analyzed them by mass spectrometry. The number of peptides
identified and the corresponding proteins are reported in Fig. 1B
(see also Fig. S1 posted at http://www.crc.ulaval.ca/nourani
/supplemental_data). Interestingly, in addition to other proteins,
we identified peptides of all subunits of the casein kinase 2 (CK2)
complex. These results suggest that the multisubunit kinase CK2
interacts in vivo with Spt2.

CK2 has a broad range of targets and interacts with many pro-
teins in vivo in yeast, including elongation factors (24, 25). To
confirm the mass spectrometry data, we constructed yeast strains
expressing TAP-tagged Spt2 and Myc-tagged versions of two dif-
ferent CK2 subunits, Cka1 and Cka2. We purified Spt2 by TAP
and found that both Cka1-Myc and Cka2-Myc coeluted with Spt2
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after the purification steps (Fig. 1C and D). Importantly, no such
coelution was observed for the control strains that do not express
an Spt2-TAP-tagged version. This suggests that Cka1-Myc and
Cka2-Myc signals observed after TAP are specific to an association
with Spt2. To test whether this coelution is dependent on the
purification protocol, we Flag purified Spt2 from a strain express-
ing Spt2-Flag, Cka1-Myc, or Cka2-Myc. After immunopurifica-
tion with anti-Flag beads followed by elution with Flag peptides,
Cka1-Myc and Cka2-Myc coeluted with Spt2-Flag (Fig. 1E).
These data show that CK2 and Spt2 copurify with each other in-
dependently of the purification procedure.

Finally, we tested the stability and strength of the Spt2-CK2
complex. For this, we used a multistep purification protocol by
combining TAP steps with other affinity purification steps at a
high salt concentration (see purification protocol in Fig. 1F). In
these experiments, we purified another CK2 subunit by TAP,
Ckb2, from a strain expressing Spt2-Flag. The fractions contain-
ing the purified CK2 complex were then pooled and submitted to
Flag immunoprecipitation followed by Flag peptide elution. The
two latter steps were done at a high salt concentration (300 mM
NaCl). As shown in Fig. 1G, after being submitted to multiple

purification steps, Spt2 copurified with Ckb2, clearly indicating a
strong and stable association between the elongation factor and
the kinase. Finally, we tested in vitro the association between Spt2
and CK2 by GST pulldown assays and found a direct interaction
between Spt2 and Ckb2 (see Fig. S2 posted at http://www.crc
.ulaval.ca/nourani/supplemental_data). Taken together, our data
indicate a specific and direct interaction between the elongation
factor Spt2 and the essential kinase CK2.

Spt2 is phosphorylated in vitro by CK2 on its C-terminal
domain. The association of Spt2 with CK2 led us to think that Spt2
could be a substrate of this kinase. To address this possibility di-
rectly, we first asked if Spt2 could be phosphorylated by CK2 in
vitro. We purified 6His-Spt2 from bacteria and tested this recom-
binant protein in an in vitro kinase assay. As indicated in Fig. 2A,
6His-Spt2 was incubated with or without the CK2 complex puri-
fied from yeast in the presence of [�-32P]ATP. The proteins were
then analyzed by SDS-PAGE followed by autoradiography or
Western blotting using an anti-His tag antibody. As shown in Fig.
2A, 6His-Spt2 incorporated labeled phosphate only in the pres-
ence of purified CK2, indicating that it is phosphorylated by this
kinase. Interestingly, a lower band was observed in the presence or
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absence of Spt2, suggesting that there is autophosphorylation of
CK2. We conclude that Spt2 is a direct target of CK2. Next, we
wanted to determine which Spt2 domain is phosphorylated by
CK2. For this, we purified different recombinant domains of Spt2
fused to a His tag or GST (described in the legend of Fig. 2B) and
tested the ability of purified yeast CK2 to phosphorylate them. As
shown in Fig. 2C, we tested the full-length fusion protein His-
Spt2, two versions deleted in the C-terminal domain (His–Spt2-
213 or GST–Spt2-179), and the GST-Spt2 C-terminal domain
(GST–Spt2-Ct [amino acids {aa} 200 to 333]). Full-length Spt2
and the C-terminal domain of Spt2 fused to GST were the only
versions phosphorylated under these conditions, indicating that
CK2 phosphorylates the C-terminal domain of Spt2 directly.
Thus, our data indicate that the phosphorylation site(s) is located
in the region between amino acids 214 and 333. We next analyzed

the phosphorylation of the different Spt2 domains by a wild-type
or CK2-depleted yeast whole-cell extract (Fig. 2D). The C-termi-
nal domain of Spt2 was the only domain phosphorylated in vitro
by yeast whole-cell extract (Fig. 2D, top). Interestingly, when we
used a whole-cell extract from a ck2ts strain, the phosphorylation
of the GST–Spt2-Ct fusion protein was significantly reduced (Fig.
2D, middle). Therefore, we conclude that CK2 is the major yeast
kinase that interacts with Spt2 and directly phosphorylates this
factor on its C-terminal domain (aa 214 to 333).

Spt2 is a phosphoprotein in vivo. To test whether Spt2 is a
phosphoprotein in vivo, we submitted WCEs from wild-type cells
expressing Spt2-Flag to alkaline phosphatase treatment followed
by migration on SDS-PAGE gels. This treatment did not change
the migration of Spt2 appreciably (see Fig. S3 posted at http:
//www.crc.ulaval.ca/nourani/supplemental_data). However, we
also observed that in vitro phosphorylation of Spt2 was not asso-
ciated with modifications in the electrophoresis mobility of Spt2,
as shown by the anti-His Western analysis (Fig. 2A, bottom, com-
pare lanes 1 and 2). As an alternative way to test the possibility that
Spt2 is a phosphoprotein in vivo, we separated the different Spt2
species by two-dimensional electrophoresis and observed two ma-
jor forms of Spt2 (Fig. 3A and B, arrows), one of which was much
more acidic than the other, suggesting a possible incorporation of
phosphogroups in the former. Importantly, while the acidic spe-
cies of Spt2 seemed to represent the major form in vivo, alkaline
phosphatase treatment of the yeast extracts had a dramatic effect
on the ratio of Spt2 species and shifted the major part of the pro-
tein toward the less acidic form (Fig. 3B). These observations
strongly suggest that Spt2 is a phosphoprotein in vivo.

Spt2 is phosphorylated in vivo on serine and tyrosine resi-
dues. We wished to use another approach first to confirm that
Spt2 is a phosphoprotein in vivo and second to identify the Spt2
residues targeted for phosphorylation. Whereas CK2 has been
shown to be a serine/threonine kinase in various organisms (26),
several studies have indicated that in yeast, it can also function as
a tyrosine kinase (27–30). Therefore, we asked whether Spt2 is
phosphorylated in vivo on serine or tyrosine residues. To address
this, we immunopurified Spt2 from yeast cells and analyzed the
proteins by Western blotting with antibodies raised against phos-
phoserine or phosphotyrosine residues (Fig. 3C). Interestingly, a
protein the size of Spt2 was recognized by both antibodies, sug-
gesting that Spt2 is phosphorylated on serine and tyrosine residues
(Fig. 3C). The deletion of the Spt2 C-terminal domain leads to the
loss of phosphotyrosine and phosphoserine signals. This indicates
that Spt2 is phosphorylated in vivo on serine and tyrosine residues
located in its C-terminal domain.

CK2 kinase activity is essential for Spt2 phosphorylation in
vivo. We next asked if Spt2 is phosphorylated in vivo by CK2. For
this, we analyzed the role of CK2 in the incorporation of radiola-
beled phosphate into the yeast Spt2. This was done by testing the
incorporation of radioactive phosphate into the Spt2 protein that
was purified from the wild type or a ck2ts mutant grown at a per-
missive (30°C) or restrictive (39°C) temperature (Fig. 3D). As
expected, Spt2 purified from wild-type yeast incorporated radio-
active phosphate under permissive or restrictive conditions at all
times. In contrast to this, Spt2 purified from ck2ts cells grown at the
restrictive temperature for 1, 2, or 3 h did not incorporate detect-
able radioactive phosphate. This result indicates that depletion of
CK2 from yeast cells affects the phosphorylation of Spt2. In a
second approach, we analyzed the role of CK2 in the in vivo phos-
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(A) Yeast CK2 phosphorylates Spt2 in vitro. Recombinant His-Spt2 was incu-
bated with TAP-purified CK2 (lane 1) or with a mock TAP purification in the
presence of radiolabeled ATP (lane 2). Lane 3 shows a control kinase reaction
without recombinant His-Spt2. The samples were resolved by SDS-PAGE fol-
lowed by a transfer onto nitrocellulose membranes for antihistidine Western
blotting or autoradiography. (B) Diagram indicating the different parts of Spt2
that were fused to GST and used in the kinase assay shown in subsequent
panels. (C) Yeast CK2 modifies the Spt2 C-terminal domain in vitro. Kinase
assays were performed by using TAP-purified CK2, radiolabeled ATP, and an
equal amount of recombinant His-Spt2 (aa 1 to 333) (lanes 1 and 4) and the
His-Spt2 N-terminal domain (aa 1 to 213) (lanes 2 and 5) or GST fused to the
Spt2 N-terminal domain (aa 1 to 179) (lane 8) and to the Spt2 C-terminal
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recombinant proteins (lane 3), in the absence of CK2 (lanes 4 and 5), or by
using purified recombinant GST (lane 6). The samples were then resolved by
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(top). (D) CK2 is the major yeast Spt2 C-terminal kinase. Wild-type (WT) and
ck2ts cells were grown at the permissive temperature (30°C) to mid-log phase
and subsequently shifted to the restrictive temperature (37°C) for 2 h. Equal
amounts of WCEs prepared from these cells were incubated with 1 �g of
recombinant GST or GST fused to the indicated portion of Spt2. After GST
pulldowns were performed, the beads were incubated with radiolabeled ATP.
The different samples were then resolved by SDS-PAGE followed by Coomas-
sie staining (bottom) or autoradiography (top).
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phorylation of Spt2 by Western blotting using antiphosphoty-
rosine antibodies. Cells from the wild-type or ck2ts mutant strain
were grown to mid-logarithmic phase and then shifted to the re-
strictive temperature for 2 h. We then analyzed the phosphoryla-
tion of immunopurified Spt2 by antiphosphotyrosine Western
blotting (Fig. 3E). The depletion of CK2 activity in the ck2ts mu-
tant was associated with a clear loss of the Spt2-specific phospho-
tyrosine signal. Thus, we conclude that the in vivo phosphoryla-
tion of Spt2, including that of tyrosine residues, requires CK2
activity.

CK2 phosphorylates multiple sites in Spt2. Our analyses of
recombinant or purified yeast Spt2 led us to believe that the phos-
phorylation sites are localized within its C-terminal domain (aa
213 to 333). To identify the phosphorylated residues, we submit-

ted recombinant Spt2 to in vitro phosphorylation using purified
yeast CK2 followed by mass spectrometry. Unfortunately, we
identified only a few peptides from the C-terminal domain (see
Fig. S4 posted at http://www.crc.ulaval.ca/nourani/supplemental
_data). The highly charged nature of the Spt2 C-terminal domain
and the specificity of trypsin could explain why only a part of the
C-terminal domain was identified. Few Spt2 C-terminal peptides
were recovered by mass spectrometry, and none of these con-
tained a phosphorylated residue (see Fig. S4 posted at http://www
.crc.ulaval.ca/nourani/supplemental_data). Based on these re-
sults, we decided to attempt to identify the phosphorylated
residue(s) in Spt2 by searching for serine and tyrosine residues
within CK2 consensus sites in peptides other than those recovered
by mass spectrometry. Using this approach, we identified five po-
tential residues (Fig. 4A) in the C-terminal domain of Spt2: four
tyrosines (Y226, Y230, Y279, and Y281) and one serine (S277). To
test directly if these residues are phosphorylated by CK2, we de-
cided to change them to alanine (S to A) or phenylalanine (Y to F)
and tested the phosphorylation of the corresponding recombinant
Spt2. None of these single mutations affected the level of Spt2 in
vitro phosphorylation by CK2 (data not shown). Careful exami-
nation of the potential phosphorylation sites showed that these
residues are located in two distinct short stretches of amino acids
(region I [RI] at aa 226 to 230 and RII at aa 277 to 281). It is
possible that CK2 phosphorylates all sites located in RI or in RII.
We combined mutations in each region and performed kinase
assays. As shown in Fig. 4B, the modification of RI had no effect,
while RII mutations reduced the phosphorylation by CK2 without
completely abolishing it (compare lanes 3, 4, and 5). We next
combined mutations in RI and RII and assayed phosphorylation
by CK2. Importantly, Spt2 protein that is mutated in RI and RII
was no longer phosphorylated by CK2, indicating that the RI and
RII sites are targeted by CK2 (Fig. 4B). We next wanted to know
whether these sites are the in vivo targets of Spt2 phosphorylation.
To address this, we analyzed the Spt2 RI- and RII (RI�RII)-mu-
tated proteins by 2D electrophoresis and compared their migra-
tion to that of the wild-type forms. As shown in Fig. 4C and D, the
levels of acidic Spt2 species were significantly reduced in the
whole-cell extract from the strain expressing the RI�RII-mutated
Spt2 compared to that derived from Spt2 wild-type cells (Fig. 4D).
Our results indicate that the RI�RII mutations decrease the in
vivo phosphorylation of Spt2 and show that these sites are the
major CK2 targets in vivo.

Phosphorylation of Spt2 RI and RII sites by CK2 modulates
its function. After mapping the phosphorylated residues in Spt2,
we sought to determine the functional significance of this modi-
fication. Although CK2 phosphorylates five sites in the Spt2 C
terminus, it is possible that only one has functional significance.
For this, we constructed different yeast strains, each one express-
ing an Spt2 protein containing one substitution at a single phos-
phorylation site. Each of these mutations replaced phosphorylat-
able residues by nonphosphorylatable amino acids. To analyze the
function of these alleles, we tested for a specific phenotype associ-
ated with Spt2 function. The deletion of the SPT2 gene suppresses
Ty and � insertion mutations in the HIS4 or LYS2 promoter (this
is known as an Spt� phenotype [5, 31]). In a wild-type strain
containing the lys2-128� allele, the LYS2 gene is not expressed, and
the cells are not able to grow in medium lacking lysine. The dele-
tion of SPT2 suppresses this phenotype, and spt2� cells are able to
express LYS2 and grow in medium lacking lysine (31). As ex-
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alkaline phosphatase treatment followed by 2D gel electrophoresis (isoelectric
focusing [IEF] followed by SDS-PAGE) and then analyzed by anti-Flag West-
ern blotting. The arrows indicate the major Spt2 isoforms. Panel B shows that,
after alkaline phosphatase, the migration of the most acidic form of Spt2 is
shifted to that of a less acidic isoform(s). (C) Spt2 is phosphorylated in vivo on
serine and tyrosine residues located in the C-terminal domain. In vivo phos-
phorylation of Spt2 domains was assessed by Western blotting using antiphos-
phoserine (top right), antiphosphotyrosine (bottom right), and anti-Flag (left)
antibodies. The WCEs tested were prepared from yeast cells expressing the
indicated Spt2-Flag version, subjected to anti-Flag immunoprecipitation, and
then analyzed by Western blotting with the indicated antibody. (D) CK2 de-
pletion affects the phosphorylation of Spt2. WCEs were prepared from wild-
type or ck2ts cells expressing Spt2-13Myc. These cells were grown at the per-
missive (30°C) or restrictive (39°C) temperature for the indicated times. Equal
amount of WCEs were incubated with radiolabeled ATP. The proteins were
immunoprecipitated with anti-Myc antibodies and resolved by SDS-PAGE
followed by transfer onto a nitrocellulose membrane for anti-Myc Western
blotting (bottom) or autoradiography (top). (E) Spt2 tyrosine phosphoryla-
tion is dependent on CK2. In vivo phosphorylation of Spt2 was assessed by
antiphosphotyrosine (top) and anti-Myc (bottom) Western blotting. The cells
from wild-type or ck2ts strains expressing Spt2-13Myc were grown to mid-log
phase at the permissive temperature (30°C) and then shifted to the nonper-
missive temperature (37°C) for 2 h. The WCEs from these cells were subjected
to anti-Myc immunoprecipitation and then analyzed by Western blotting with
the indicated antibody. Three wild-type and two ck2ts mutant clones were
analyzed.
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pected, in the absence of Spt2 (spt2� strain), the cells were able to
grow in medium lacking lysine (Fig. 5A and B). Adding back wild-
type SPT2 or any single mutants restored the wild-type pheno-
type. This shows that mutation of a single RI or RII site does not
affect Spt2 function as it relates to the Spt phenotype. We next
combined mutations of CK2 sites in RI, in RII, or in all sites
(RI�RII) to alanine or phenylalanine and observed the same re-
sults (Fig. 5A to C). Taken together, these data show that the
absence of phosphorylation by CK2 in RI or/and RII has no effect
on Spt2 function.

Next, we reasoned that phosphorylation by CK2 could nega-
tively regulate the function of Spt2. In this case, mimicking a per-
manent phosphorylation state could result in the inhibition of
Spt2 function. To test this hypothesis, we replaced each residue in
RI or RII with an acidic amino acid, thereby mimicking CK2 phos-
phorylation. Interestingly, while mutation of RI to acidic residues
had no visible effect on growth in medium lacking lysine, the
strain expressing the Spt2 acidic mutant in RII grew on this same
medium (Fig. 5C). Moreover, the strain expressing an Spt2 pro-
tein where RI and RII residues were changed to acidic amino acids
grew better than the RII mutant. In fact, the acidic RI�RII double
mutant grew as well as the strain deleted in the SPT2 gene. This
indicates that mimicking of phosphorylation of RI and RII by CK2
inhibits the Spt2 function in the suppression of � insertion muta-
tions. We next wanted to determine if the mutations in RI and RII
affect Spt2 function in chromatin modulation associated with
transcription elongation. The PAF complex is known to be in-
volved in chromatin modulation associated with transcription
elongation (32, 33). Spt2 has a functional association with the PAF
complex, and a spt2� mutation shows synthetic phenotypes with
mutations in the PAF complex (6). We therefore tested whether
phosphorylation of RI and RII has a functional link with Paf com-
plex components. Since the Paf complex subunits Cdc73 and Paf1
are necessary for the normal growth of cells lacking Spt2 (the

spt2� cdc73� strain is thermosensitive, while the spt2� paf1�
strain is not viable [6]), we asked whether different Spt2 mutants
are able to complement the loss of Spt2 in spt2� paf1� and spt2�
cdc73� strains. As shown in Fig. 5, cells containing the RI and RII
sites mutated to acidic residues were not capable of compensating
for the loss of the SPT2 gene in either the paf1� or cdc73� back-
ground. Together, our observations strongly suggest that phos-
phorylation of RI/RII inhibits the function of Spt2 in the chroma-
tin modulations associated with elongation.

Spt2 phosphorylation sites play an important role in the in-
hibition of spurious transcription from a cryptic promoter. A
defect in the reassembly of nucleosomes leads to the loss of tran-
scriptional inhibition of cryptic promoters that are located within
coding regions (6, 9, 34–39). We wanted to know if the phosphor-
ylation of Spt2 RI/RII regions by CK2 plays any role in the nucleo-
some reassembly at coding regions and therefore in the repression
of spurious transcription. For this, we used a reporter system for
FLO8 cryptic initiation in which the 3= coding region of FLO8 has
been replaced with the HIS3 coding region (6, 37) (Fig. 6A). In this
construct, HIS3 is expressed only when the FLO8 cryptic pro-
moter is active, indicating a significant defect in the refolding of
nucleosomes after the passage of RNAP II (37). In addition, the
FLO8 promoter was replaced with the GAL1 promoter to allow
regulation and modulation of FLO8 transcription levels. Using
this reporter, we then tested the expression of GAL1-FLO8-HIS3
in different mutants by assaying growth on medium lacking his-
tidine, using either glucose or galactose as the carbon source. In
these tests, growth on galactose is a more permissive condition to
detect cryptic initiation than is growth on glucose. Our results
(Fig. 6B) show that, similar to the spt2� mutant, mutation of RI/II
to acidic residues allows expression from the FLO8 cryptic pro-
moter when cells are grown on galactose. Spt2 cooperates with the
PAF and HIR/HPC complexes to inhibit the initiation of tran-
scription from the FLO8 cryptic promoter and therefore represses
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spurious transcription (6). In the cdc73� mutant deleted in SPT2
and transformed with an empty vector or a plasmid encoding the
Spt2 acidic version, we observed growth in glucose medium lack-
ing histidine, indicating stronger spurious transcription (Fig. 6C).
This growth was suppressed when cdc73� spt2� cells were trans-
formed with a plasmid containing wild-type SPT2 or the non-
phosphorylatable mutant (Fig. 6C). Next, to test cryptic initiation
at FLO8 more directly, we performed Northern hybridization
analysis of the wild-type FLO8 gene. These experiments were done
with an spt2� cdc73� thermosensitive strain transformed with a
plasmid containing either wild-type SPT2 or the RI/II acidic or
nonphosphorylatable mutants. RNA samples were prepared from
cells grown at a permissive temperature or 2 h after shifting to a
nonpermissive temperature, as described previously (6). As
shown in Fig. 6D, strains harboring either wild-type SPT2 or the

RI/II nonphosphorylatable mutant expressed only the full-length
FLO8 transcript. In contrast, in either the absence of SPT2 (empty
vector) or the presence of the RI/II acidic mutant, the FLO8 short
transcript was produced at a significant level. This conclusion is
further supported by quantification of the data (see Fig. S5 posted
at http://www.crc.ulaval.ca/nourani/supplemental_data). Thus,
mimicking phosphorylation of Spt2 RI/II inhibits the function of
Spt2 in the regulation of nucleosome refolding during transcrip-
tion elongation at FLO8.

We have recently shown that Spt2 regulates the SER3 gene by
modulating the chromatin structure of the intergenic region of
SRG1 (7). In the absence of Spt2, because the transcription of
SRG1 does not deposit nucleosomes at the SER3 promoter, the
transcription of this gene is significantly induced (7). To deter-
mine whether Spt2 phosphorylation by CK2 plays any role in this
function, we performed Northern analysis of SER3 RNA levels in
wild-type and spt2� strains transformed with plasmids containing
wild-type or different spt2 phosphorylation mutant alleles. Our
results (Fig. 6E) showed that, similar to the wild type, all phos-
phorylation mutants inhibited the transcription of SER3. We also
found that the spt2 acidic mutant, similar to wild-type SPT2, was
able to repress histone H3 exchange at the SRG1/SER3 locus (see
Fig. S6 posted at http://www.crc.ulaval.ca/nourani/supplemental
_data). These observations indicate that mutation of the CK2 con-
sensus RI/II to acidic residues does not render Spt2 totally non-
functional. Rather, it shows that it inhibits specifically chromatin
reassembly at defined locations.

Phosphorylation by CK2 regulates Spt2 recruitment to the
coding regions of different genes. Phosphorylation by CK2 may
inhibit directly the activity of Spt2 at the sites of transcription. It
could modulate the interaction with partners involved in the same
function and therefore inhibit the reassembly of nucleosomes in-
directly. Alternatively, CK2 phosphorylation could simply regu-
late the recruitment of Spt2 to the sites of transcription. To test
this, we analyzed the association of wild-type and RI/RII acidic
Spt2 with the transcribed regions of different active genes. As
shown in Fig. 7A, and as expected, wild-type Spt2 was recruited to
coding regions of PMA1, ACT1, RPL5, RPL10, RPL25, PDC1, and
POL1. Interestingly, a change of RI/II sites to acidic amino acids
led to a drastic reduction of Spt2 recruitment to the open reading
frames of these genes. This loss of Spt2 recruitment was not asso-
ciated with an appreciable change in the level of the protein (Fig.
7B). This observation suggests that phosphorylation of Spt2 by
CK2 regulates its function through an inhibition of its recruitment
to active sites of transcription. Previous reports showed that a loss
of elongation factors or chromatin marks sometimes reflects
changes in distribution over these regions rather than a total loss
(40). We therefore asked whether the association of an Spt2 ver-
sion mimicking phosphorylation is similar in all regions of a spe-
cific gene. We performed Spt2 ChIP assays at different regions of
the highly active PMA1 gene (Fig. 7C). The Spt2 acidic mutant was
not associated with all PMA1 regions tested (promoter, 5= ORF,
mid-ORF, and 3= ORF). Thus, mimicking CK2 phosphorylation
does not lead to the inhibition of Spt2 recruitment to one specific
region in the gene tested but affects instead the Spt2 association
with the entire coding region.

CK2 kinase activity is required for the regulation of Spt2 tar-
geting to chromatin. We next asked if the loss of CK2 activity has
an impact on the recruitment of Spt2 to coding regions. To ad-
dress this question, we performed Spt2 ChIP assays (Fig. 8A) using

A

E

WT-SPT2

Y226E Y230E S277D Y279E Y281E 

Y226F Y230F S277A Y279F Y281F
 S277D Y279E Y281E  
S277A Y279A Y281A 
S277A Y279 F Y281F

SC-URASC-LYS-URA

S277A
Y279F
Y281F

S277A Y279E Y281F

SC-URA

Y226F
Y230F

Y226F Y230F

SC-LYS-URA

D

Region I Region II

RI+RII to acidic

RII to acidic

C

B

No Spt2

spt2Δspt2Δ

spt2Δ

Y226A Y230A S277A Y279A Y281A 

SC-LYS-URA SC-URA

WT

5 FOA SC-URA
RI+RII to acidic

No Spt2
WT-SPT2

Y226A Y230A S277A Y279A Y281A 
 Y226E Y230E S277D Y279E Y281E

Vector

paf1Δ spt2Δ background

Y226F Y230F S277A Y279F Y281F 

30°39°

RI+RII to acidic

No Spt2
37° 30°

SC-URA SC-URAcdc73Δ spt2Δ background

WT-SPT2

Y226A Y230A S277A Y279A Y281A 
 Y226E Y230E S277D Y279E Y281E

Vector
Y226F Y230F S277A Y279F Y281F 

FIG 5 Phosphorylation by CK2 negatively regulates Spt2 chromatin function.
(A and B) Mutations of CK2 sites to nonphosphorylatable residues do not
result in an Spt� phenotype. Patches show the growth of an spt2� mutant
containing the lys2-128� Spt reporter and transformed with a plasmid carrying
either the wild type or a mutated version of SPT2, as indicated. The photo-
graphs were taken after 1 or 2 days of incubation at 30°C. (C) Mimicking
phosphorylation of Spt2 at CK2 RII or RI/RII leads to an Spt� phenotype.
Serial dilutions of the spt2� mutant culture containing the lys2-128� Spt re-
porter and transformed with a plasmid carrying either wild-type SPT2 or the
indicated mutated version of SPT2 were grown on synthetic complete medium
lacking uracil (SC�URA) or on synthetic complete medium lacking both ura-
cil and lysine (SC�URA�LYS). The photographs were taken after 2 days of
incubation at 30°C. (D) An spt2 mutant mimicking RI/II CK2 phosphoryla-
tion is synthetically lethal with the paf1� mutant. An spt2� mutant containing
a CEN URA3 SPT2 vector was transformed with a second CEN LEU2 plasmid
containing wild-type SPT2 or the indicated mutated version of SPT2. This
strain was then mated with a paf1� mutant, diploids were sporulated and
dissected, and representative progeny containing both plasmids were spotted
onto medium lacking uracil or medium containing 5-fluoroorotic acid (5
FOA). The photograph was taken after 2 days of incubation at 30°C. (E) An
spt2 mutant mimicking RI/II CK2 permanent phosphorylation has synthetic
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chromatin extracted from wild-type or ck2ts cells grown at the
permissive temperature (30°C) or following a shift to the restric-
tive temperature (37°C) for 1 or 2 h. Interestingly, in CK2-de-
pleted cells, we observed a higher level of association of Spt2 with
most of the genes tested (Fig. 8A; see also Fig. S8 posted at http:
//www.crc.ulaval.ca/nourani/supplemental_data). This higher
level of association was observed with both highly active genes
(ACT1 and PMA1) and infrequently transcribed genes (PDC1,
POLI, and AZR1) and does not appear to be a result of elevated
levels of RNAP II occupancy at these genes (Fig. 8B). This indi-
cates that CK2 activity is required for the regulation of Spt2 re-
cruitment to coding regions of many genes. We next examined the
effect of CK2 depletion on the relative distribution of Spt2 across
two different coding regions, those of PMA1 and FKS1 (Fig. 8C
and D). Interestingly, the loss of CK2 was associated with a greater
increase of the Spt2 association at the 3= ends of PMA1 and FKS1

(Fig. 8C and D). This is particularly clear for the long gene FKS1
and suggests that CK2 phosphorylation could control not only the
recruitment but also the distribution of Spt2 on coding regions of
specific genes. Taken together, our data indicate that CK2 has a
negative effect on the association of Spt2 with coding regions.

Phosphorylation of Spt2 by CK2 partially inhibits the Spt2-
Spt6 interaction. Spt2 is recruited to coding regions of transcrip-
tionally active genes in an Spt6-dependent manner, while Spt6
recruitment is partially dependent on Spt2 (6, 7). This suggested a
mechanism in which Spt6 directly recruits Spt2 to sites of tran-
scriptional elongation (6, 7). However, whether Spt6 directly re-
cruits Spt2 or indirectly stabilizes its interaction with chromatin
postrecruitment is not clear. In order to examine this question, we
asked whether Spt2 and Spt6 interact directly. For this, recombi-
nant GST, GST-Spt2, and His-Spt6 were produced, purified, and
used in GST pulldown assays (Fig. 9A). Our results show that
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GST-Spt2 interacted with Spt6, while no such interaction was ob-
served with the GST control (Fig. 9A). These data indicate that
Spt6 interacts directly with Spt2 and suggest that it could recruit
Spt2 directly to chromatin. We next asked which Spt2 domain
interacts with Spt6. We produced N- and C-terminal domains of
Spt2 fused to GST (GST–Spt2-Nt and GST–Spt2-Ct) and per-
formed pulldowns with purified His-Spt6. As shown in Fig. 9A,
full-length Spt2 and the N-terminal domain of Spt2 were able to
interact with Spt6, whereas no such interaction was observed with
the Spt2 C-terminal domain. This observation indicates that Spt6
interacts with the N-terminal (aa 1 to 213) part of Spt2 and sug-
gests that it targets Spt2 to transcribed regions. We performed
ChIP assays with the N-terminal version of Spt2 (aa 1 to 213)
tested in these in vitro experiments and found that it was still
recruited in vivo to transcribed regions of active genes (data not
shown). This finding indicates that the Spt2 domain that is re-
quired for the interaction with Spt6 is sufficient to direct Spt2 to
transcribed genes.

CK2 could regulate Spt2 recruitment by modulating the Spt2-
Spt6 interaction. To test this, we conducted an experiment where
we analyzed the effect of CK2 phosphorylation on the Spt2-Spt6
interaction. As indicated in Fig. 9B, we first assembled the Spt2-
Spt6 complex and added the purified yeast CK2 complex. After
incubation in the presence or absence of ATP, we assessed the
disruption of the His-Spt6/GST-Spt2 complex by analyzing the
Spt6 proteins that were released from the GST-Spt2 beads (Fig.
9C). Interestingly, after phosphorylation of the complex, we ob-
served significant levels of Spt6 proteins that were released from
the GST-Spt2 beads, whereas no Spt6 was detected in the absence
of ATP. Taken together, our data suggest that CK2 phosphoryla-
tion may regulate the binding of Spt2 to coding regions through
the modulation of the Spt2-Spt6 complex. This is also supported
by the fact that an spt6-140 mutation does not further decrease the
level of Spt2 phosphomimic association with active genes (see Fig.
S11 posted at http://www.crc.ulaval.ca/nourani/supplemental
_data). To confirm that the disruption of the Spt2-Spt6 complex is
mediated by the modification of CK2 sites in Spt2, we conducted
the same experiment described above using the recombinant non-
phosphorylatable Spt2 mutant (GST–Spt2-5A). As shown in Fig.
10A, when GST-Spt2 was used, phosphorylation by CK2 led to
Spt6 release from GST beads. This effect was not observed when
Spt2-Spt6 complexes were formed with nonphosphorylatable
Spt2 (GST–Spt2-5A). Thus, our data strongly suggest that direct
phosphorylation of Spt2 by CK2 destabilizes the Spt2-Spt6 com-
plex.
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To further confirm the role of Spt2 phosphorylation in the
Spt2-Spt6 interaction, we asked if mimicking CK2 phosphoryla-
tion in Spt2 would have an effect on the complex. We produced
and purified the recombinant GST–Spt2-acidic version that mim-
ics CK2 phosphorylation. Using the wild type or phosphomimic
GST-Spt2 fusions, we performed GST pulldown assays and as-

sessed the level of Spt6 by Western blotting (Fig. 10B). Interest-
ingly, we found that the level of Spt6 interacting with the phos-
phomimic Spt2 version was consistently lower than the one
observed with wild-type Spt2. Quantification (Fig. 10C) showed
that mimicking phosphorylation of Spt2 decreased the Spt6 level
associated with Spt2 by 50%. Together, these observations indi-
cate that the phosphorylation of the Spt2 C-terminal domain by
CK2 inhibits the interaction in vitro of this factor with Spt6.

Finally, to test if CK2 activity has any role in the Spt2-Spt6
interaction in vivo, we performed coimmunoprecipitation exper-
iments in the presence or absence of CK2. Whole-cell extracts
were prepared from wild-type or ck2ts cells grown to mid-log
phase and shifted for 2 h to the nonpermissive temperature. We
immunoprecipitated Flag-Spt6 from these extracts and analyzed
the immunoprecipitated proteins by Western blotting (Fig. 10C).
Importantly, the Spt2 level associated with Spt6 was clearly higher
in CK2-depleted cells. This indicates that CK2 activity has a neg-
ative role in the in vivo interaction between Spt2 and Spt6. Taken
together, our data led us to conclude that CK2 plays an important
role in the regulation of the Spt2-Spt6 interaction.

DISCUSSION

Nucleosomes represent a major obstacle to RNAP II transcription
elongation. To efficiently transcribe through chromatin, RNAP II
is assisted by various proteins that collaborate in a dynamic pro-
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cess. These factors unfold repressive nucleosomes and rapidly re-
fold them following the passage of RNAP II (8, 9). Beyond efficient
production of a specific transcript, these chromatin modulations
also appear to be important for the maintenance of a repressive
structure that counteracts spurious transcription (8, 9, 41). A de-
fect in the refolding of nucleosomes results in the production of
thousands of spurious transcripts (37, 42). Interestingly, recent
observations suggested that spurious transcription interferes with
the maintenance of human stem cell pluripotency (43–45). Thus,
refolding of nucleosomes to control cryptic transcription appears

to be an important conserved cellular function. The present study
is focused on one factor, Spt2, involved in refolding of nucleo-
somes and repression of spurious transcription. We provide new
evidence showing that Spt2 function is regulated directly by CK2-
dependent phosphorylation. Thus, in addition to the role of his-
tone posttranslational modifications (PTMs) such as H3K36me3,
our work suggests that nucleosome reassembly factors are the tar-
gets of dynamic PTMs that have a direct impact on spurious tran-
scription. It also opens an intriguing possibility that transcription
from many cryptic sites is controlled by specific stimuli and trig-
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gered to produce specific sets of transcripts, as previously sug-
gested (37). CK2 is localized in the nucleus and copurifies with
many other nuclear proteins, including elongation factors in-
volved in chromatin reassembly such as yFACT, Chd1, Elf1, and
the Spt4/Spt5 complex (24, 46, 47). Remarkably, while CK2 asso-
ciates with these different factors, none of them were shown to be
phosphorylated by this kinase in vivo (24, 46, 47). In fact, the
functional relevance and the biochemical consequences of such
associations have rarely been investigated. Here, going beyond
previous studies linking one or more subunits of CK2 and an
elongation factor, we provide strong evidence of a direct func-
tional association between Spt2 and CK2.

CK2 modifies two small regions (RI and RII) in the essential
C-terminal domain of Spt2 and modulates Spt2 function. Com-
bining mutagenesis and functional studies, we were able to iden-
tify the Spt2 phosphorylation sites and test their function. Several
reasons could explain why these sites were not identified by mass
spectrometry. The main one is the poor coverage of the Spt2 C-
terminal region when trypsin is used to produce the peptides to be
analyzed by mass spectrometry. The mutation of each site by itself
had no effect on the total phosphorylation of the protein, nor did
it affect its function, suggesting that none of these sites is playing a
major role by itself. It is rather the multiple phosphorylations that
are involved in proper regulation of the protein. Indeed, our anal-
yses show that mutation of all sites to residues mimicking phos-
phorylation has dramatic functional consequences for Spt2. The
RI/II mutations to acidic residues are associated with a strong
Spt� phenotype and significant cryptic activation of spurious
transcription from the FLO8 gene. It is, however, conceivable that
a change of these amino acids affects the folding of Spt2, making
the mutated form nonfunctional. Much evidence leads us to rule
out such possibilities. First, mutation of RI, RII, or all sites to
alanine and phenylalanine had no effect on Spt2 function. Second,
changing of RI/RII sites to alanine or acidic amino acids did not
interfere with the important function of Spt2 in the complex reg-
ulation of SER3 (Fig. 6D). Third, we found that, similar to wild-
type Spt2, the phosphomimic version favors the use of old his-
tones and lowers the deposition of new histones at this locus (see
Fig. S6 posted at http://www.crc.ulaval.ca/nourani/supplemental
_data). Fourth, DNA and nucleosome binding activities of the
phosphomimic version do not seem to be different form those of
the wild type (see Fig. S9 at the website above). Fifth, overexpres-
sion of the Spt2 acidic version suppresses the Spt� phenotype of
the �spt2 strain (see Fig. S10 at the website above). Taken to-
gether, these observations exclude the possibility that the effects
associated with the acidic version of Spt2 are the consequence of
misfolding affecting the function of Spt2.

Role(s) of Spt2 regulation by CK2. Our data suggest a new
model of nucleosome reassembly in the wake of the transcription
machinery by the Spt2/Spt6 pathway (Fig. 10D). Without exclud-
ing other possibilities, we propose that following RNAP II passage,
Spt2 and Spt6 contribute to the redeposition of nucleosomes.
Once this has been done, CK2 phosphorylates Spt2, disrupts the
Spt2-Spt6 complex, and releases Spt2 from coding regions of
many genes. The precise role of CK2 regulation remains an inter-
esting question. In other words, why would CK2 stimulate the
dissociation of Spt2 from coding regions? Two models could be
envisioned. First, the Spt2 level at coding regions must be precisely
controlled, and CK2-dependent phosphorylations could play a
key role in this process. Interestingly, other work, done by us and

others, clearly indicates that the level of Spt2 association with
chromatin must be regulated. Overexpression of Spt2, which is
associated with a high level of recruitment to chromatin, reduces
cell growth and affects the progression through S phase (3, 13)
(data not shown). Furthermore, high levels of Spt2 associated with
transcription sites, a situation reminiscent of CK2 depletion, lead
to hyperrecombination and gross chromosomal rearrangements
(GCRs) at coding regions (13). Thus, Spt2 has a positive role in
nucleosome reassembly in the wake of transcription, but it seems
to have negative impacts on the genome stability at those sites
(13). In fact, it appears that in addition to its role in nucleosome
reassembly, Spt2 stabilizes long DNA-RNA duplexes in transcrip-
tion sites, and presumably, these structures stimulate GCR (13).
Therefore, it is likely that after the completion of nucleosome
reassembly, CK2 phosphorylations trigger the dissociation of Spt2
from coding regions and thereby maintain an appropriate level of
this protein at coding regions. Hence, CK2 may protect genome
integrity by disrupting the Spt2-Spt6 interaction and releasing
Spt2 from chromatin upon completion of chromatin reassembly.

Alternatively, CK2 regulation may play a direct positive role in
the reassembly reaction. Interestingly, structural and biochemical
studies on Spt6 suggested that following the reassembly of nucleo-
somes in the wake of transcription, Spt6-nucleosome complexes
needed to be disrupted, thereby allowing the release of a mature
nucleosome with repressive properties toward spurious transcrip-
tion (48). CK2 may play a role in this process through the regula-
tion of the Spt2-Sp6 interaction. Indeed, Spt2 is recruited by Spt6
to active sites of transcription and may assist this histone chaper-
one during the reassembly of nucleosomes (7). This is likely be-
cause Spt6, similar to FACT, needs HMG boxes to interact with
DNA and nucleosomes (48). In this work, we show new data in-
dicating that the HMG-like protein Spt2 interacts directly with
Spt6 and that phosphorylation by CK2 disrupts this interaction.
As suggested by our model (Fig. 10), Spt2 could stabilize the Spt6-
nucleosome interaction, and CK2 phosphorylation could destabi-
lize these complexes after the completion of nucleosome reassem-
bly. This is consistent with our data showing that the Spt6
association with chromatin is dependent on Spt2 (7). As discussed
above, Spt6 is not able to bind nucleosomes by itself and needs
HMG boxes for that. Spt2 has two HMG-like boxes in its N-ter-
minal domain, and at least one of these boxes is capable of inter-
acting with four-way DNA junctions, which is similar to the DNA
structure at nucleosome entry/exit points. Furthermore, we have
evidence that Spt2 is able to bind mononucleosomes (data not
shown; see also Fig. S9 posted at http://www.crc.ulaval.ca/nourani
/supplemental_data). These biochemical and functional observa-
tions suggest that Spt2 could facilitate in vivo the interaction of
Spt6 with nucleosomes. Therefore, CK2 phosphorylation, by dis-
rupting the Spt6-Spt2 interaction, could enhance the disruption
of Spt6-nucleosome complexes at the final stages of refolding.
Thus, upon completion of nucleosome deposition, Spt2 RI/RII
sites may become accessible to CK2, which phosphorylates them.
This may contribute directly or indirectly to the release of Spt2
and the destabilization of Spt6-nucleosome complexes that would
be destabilized further by the other partner of Spt6, Iws1/Spn1
(48).

Finally, our work sheds light on an intriguing new form of
regulation involving CK2 and the elongation factor Spt2. The
function of this factor in the repression of cryptic transcription is
inhibited by CK2-dependent phosphorylation, and this is associ-
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ated with regulation of the Spt2-chromatin and Spt2-Spt6 inter-
actions. Future work should establish the exact role of CK2 in the
regulation of chromatin modulations at coding regions and in the
repression of spurious transcription.
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