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ABSTRACT

The heterodimeric histone chaperone FACT, con-
sisting of SSRP1 and SPT16, contributes to dy-
namic nucleosome rearrangements during various
DNA-dependent processes including transcription.
In search of post-translational modifications that
may regulate the activity of FACT, SSRP1 and
SPT16 were isolated from Arabidopsis cells and
analysed by mass spectrometry. Four acetylated ly-
sine residues could be mapped within the basic C-
terminal region of SSRP1, while three phosphory-
lated serine/threonine residues were identified in the
acidic C-terminal region of SPT16. Mutational anal-
ysis of the SSRP1 acetylation sites revealed only
mild effects. However, phosphorylation of SPT16 that
is catalysed by protein kinase CK2, modulates his-
tone interactions. A non-phosphorylatable version
of SPT16 displayed reduced histone binding and
proved inactive in complementing the growth and de-
velopmental phenotypes of spt16 mutant plants. In
plants expressing the non-phosphorylatable SPT16
version we detected at a subset of genes enrichment
of histone H3 directly upstream of RNA polymerase
II transcriptional start sites (TSSs) in a region that
usually is nucleosome-depleted. This suggests that
some genes require phosphorylation of the SPT16

acidic region for establishing the correct nucleosome
occupancy at the TSS of active genes.

INTRODUCTION

Packaging nuclear DNA into nucleosomes constitutes
the basic structural unit of eukaryotic chromatin. Due
to their stability, nucleosomes serve as general repres-
sors of transcription and other DNA-dependent pro-
cesses (1,2). Accordingly, various mechanisms exist that
facilitate the transcription of chromatin templates by
destabilization/disassembly of nucleosomes (3). So-called
histone chaperones play a fundamental role in regulating
nucleosomal dynamics. They represent a diverse group of
proteins that functionally interact with core histones to
assemble/disassemble nucleosome particles without con-
suming energy in form of ATP. In this way, histone chap-
erones are key factors that determine nucleosome proper-
ties, for instance, by modulating the distribution of histone
variants or epigenetic information, thereby defining func-
tionally distinct chromatin landscapes (4–6).

FACT is a heterodimeric histone chaperone consisting
of SSRP1 (Pob3 in yeast) and SPT16 that originally was
identified in yeast and mammalian cells (7–10). Its estab-
lished name traces back to the finding that FACT facilitates
chromatin transcription by promoting in vitro transcrip-
tion by RNA polymerase II (RNAPII) from reconstituted
chromatin templates. Meanwhile it became apparent that
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FACT contributes to other chromatin-dependent processes
including recombination, replication and repair (11–14),
and hence the established abbreviation may well stand more
broadly for facilitates chromatin transactions. Regarding
transcription by RNAPII, FACT has been implicated in ini-
tiation (15–18) as well as in the elongation stage (8,9,19,20).
Importantly, FACT can disassemble and reassemble nucle-
osomes; thereby it is involved in both overcoming and main-
taining the nucleosomal barrier to DNA-dependent pro-
cesses in the chromatin context. To accomplish that, FACT
establishes contacts with different nucleosomal targets in-
cluding H2A–H2B dimers, H3–H4 tetramers and DNA
(21–26). A recent structural analysis of FACT in complex
with nucleosomal particles revealed that the overall shape
of FACT resembles a unicycle, consisting of a saddle and
fork that is engaged in multiple interactions with histones
and DNA (27). Reversible nucleosome reorganization and
uncoiling of nucleosomal DNA from the histone core, in-
creasing DNA accessibility, are brought about by FACT in-
terfering with DNA-histone contacts (24,25,28,29). More-
over, FACT plays a critical role in nucleosome reassembly,
for instance, following RNAPII passage to maintain chro-
matin signature and to repress transcription initiation from
cryptic sites within coding regions (25,30–32).

In plants, there is also a variety of histone chaperones
(33,34) and their loss affects regulation of growth and devel-
opment or the response to environmental stress conditions
(35–37). Likewise, FACT consisting of SSRP1 and SPT16
is conserved in a wide variety of plant species (38,39). Both
subunits are essential for viability in Arabidopsis (40,41)
and are widely expressed in almost all cell types (42–44).
Plants deficient in SSRP1 or SPT16 display various defects
in vegetative and reproductive development including in-
creased number of leaves and inflorescences, early flower-
ing, reduced seed production and impairment of proper ex-
pression of parentally regulated genes during seed develop-
ment (40,41,43). FACT copurified with the RNAPII tran-
script elongation complex from Arabidopsis cells and as-
sociated with active protein-coding genes in a transcrip-
tion dependent manner (41,42,45–47), suggesting a role
in transcriptional elongation. At the same time Arabidop-
sis FACT efficiently represses intragenic transcriptional
initiation (48).

Currently, there is only limited information about the po-
tential regulation of FACT function via post-translational
modifications (12). Protein kinase CK2 in vitro phosphory-
lates human and maize SSRP1 altering DNA interactions
of the protein (49,50). Drosophila SSRP1 is phosphorylated
at CK2 consensus sites in insect cells and the phospho-
rylation has subtle effects on in vitro nucleosome interac-
tions of SSRP1 (51,52). Human SPT16 is phosphorylated
within its acidic domain in insect cells and the phosphoryla-
tion influences the interaction with a 112-bp octasome (23).
Since plant FACT has not been systematically analysed for
post-translational modifications and their function, we iso-
lated both subunits from Arabidopsis cells and using mass
spectrometry four acetylation sites were detected in SSRP1,
while three phosphorylation sites were mapped in SPT16.
Mutation of the SSRP1 acetylation sites revealed only mild
effects, whereas mutation of the SPT16 phosphorylation
sites affected its interaction with histones and the ability

of the protein to complement efficiently the mutant pheno-
type of spt16 plants. In addition, the expression of a non-
phosphorylatable SPT16 variant resulted in a distinct his-
tone H3 enrichment upstream of RNAPII transcriptional
start sites (TSSs) of a subset of genes.

MATERIALS AND METHODS

Plasmid constructions

The required gene or cDNA sequences were amplified by
PCR with KAPA DNA polymerase (PeqLab) using an Ara-
bidopsis thaliana genomic DNA or cDNA as template and
the primers (providing also the required restriction enzyme
cleavage sites) listed in Supplementary Table S1. Mutations
were introduced by overlap extension PCR. The PCR frag-
ments were inserted into suitable plasmids using standard
methods. All plasmid constructions were checked by DNA
sequencing, and details of the plasmids generated in this
work are summarized in Supplementary Table S2.

Plant material

Seeds of Arabidopsis thaliana (Col-0, Ler) were stratified in
darkness for 48 h at 4◦C and plants were grown at 21◦C
on soil in a phytochamber or on MS medium in plant in-
cubators under long-day conditions (45,53). The T-DNA
insertion lines ssrp1-1 and spt16-1 used for the presented
experiments were previously reported (41). Agrobacterium-
mediated plant transformation, characterization of trans-
genic lines and PCR-based genotyping of plants using
primers specific for DNA insertions and target genes (Sup-
plementary Table S1) was performed as previously de-
scribed (53,54). Primary transformants were selected and
analysed by PCR-based genotyping. Plants harbouring the
transgene were screened by immunoblotting for uniform
expression and were examined for consistent phenotype.
Based on these analyses three independent plant lines per
transgene were typically selected for further experimenta-
tion, of which one line was analysed in detail. Plant phe-
notypes were observed and documented as previously de-
scribed (41,53), while some analyses were performed using
the software Leaf-GP (55).

Affinity purification and characterization of GS-tagged pro-
teins from Arabidopsis cells

Arabidopsis suspension cultured PSB-D cells were main-
tained and transformed as previously described (56). Pro-
teins of 15 g cultured cells were isolated and GS-tagged pro-
teins (2× protein G domains and streptavidin-binding pep-
tide) were purified by IgG affinity chromatography as pre-
viously described (45,53). 1.5 �g of in solution trypsin di-
gested sample were analysed by LC–MS/MS using a Prox-
eon Easy nLC system (Thermo Scientific) essentially as pre-
viously described (57). Samples were loaded through a two-
column system (analytical- (15 cm) and trap-column (3 cm)
with an internal diameter of 75 �m filled C18-AQ 3 �m
(150 × 4 mm) ReproSil-Pur beads. Separations were per-
formed using gradient elution at RT with a flow rate of
300 nl/min. The mobile phase consisted of a linear gradi-
ent containing 0.1% formic acid (v/v) (eluent A) and 0.1%
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formic acid in 95% acetonitrile (eluent B). The LC system
was coupled to a Q Exactive hybrid quadrupole-Orbitrap
mass spectrometer (Thermo Scientific) via an electrospray
ionization source operated in positive ion mode. Mass spec-
tra were acquired using a top 12 high collision dissocia-
tion (HCD) data-dependent acquisition (DDA) method.
The obtained peptide mass fingerprints were analysed us-
ing the proteome discoverer 2.0 software, searching the
UniProt database. Enzyme specificity was set to trypsin al-
lowing up to two missed cleavages. The search included cys-
teine carbamidomethylation as a fixed modification, protein
N-terminal acetylation, acetylation of lysine and arginine,
mono-, di- and tri- methylation of lysine, mono- and di-
methylation of arginine, oxidation of methionine and phos-
phorylation of serine, threonine, and tyrosine as variable
modifications. Peptide identification was based on a search
with a mass deviation of the precursor ion up to 2.5 ppm
after recalibration, and the allowed fragment mass devia-
tion was set to 0.01 Da. Analysis of in vitro phosphorylated
proteins and subtraction of the experimental background
of contaminating proteins were performed as previously de-
scribed (45).

Antibodies and immunoblotting

For immunoblotting, the following primary and secondary
antibodies were used: anti-H2B (cat. no. ab1790, Abcam)
and anti-H3 (cat. no. ab1791, Abcam); anti-SSRP1 and
anti-SPT16 (42); secondary HRP-coupled �-rabbit anti-
body (Sigma Aldrich). Total protein extracts from PSB-D
cultures were prepared as described before (45) and nu-
clear proteins were isolated as for ChIP (53,58). Following
SDS-PAGE proteins were electro-transferred onto a PVDF
membrane. For immunoblot analysis SuperSignal R West
Pico Chemiluminescent substrate (Thermo Fisher Scien-
tific) was used and chemiluminescence was detected using a
Multiimage FluorChem FC2 instrument (Alpha Innotech)
or the ChemiDoc MP system (Bio-Rad).

Recombinant proteins

Using the respective expression vectors (Supplementary
Table S2) truncated/mutated SSRP1 proteins were ex-
pressed in E. coli as 6xHis-tagged fusion proteins that were
purified by two-step chromatography (Ni-NTA–agarose,
phenyl-sepharose) as previously described (59). Using the
respective expression vectors (Supplementary Table S2)
truncated/mutated SPT16 proteins were expressed in Es-
cherichia coli as 6xHis-tagged or glutathione S transferase
(GST) tagged fusion proteins that were purified by Ni-
NTA–agarose or glutathione-sepharose chromatographies,
respectively, as previously described (53,59). Recombinant
Arabidopsis and human histones H2A–H2B were prepared
as previously described (60,61), while recombinant maize
CK2� was purified by three-step chromatography as previ-
ously described (62).

Circular dichroism (CD)

Proteins (10 �M) were analysed in 50 mM KH2PO4 using
a Jasco J-815 CD spectropolarimeter using a 0.02 cm cell.

The buffer signal was subtracted and the measured elliptic-
ity was converted into mean residue ellipticity as described
before (63).

Electrophoretic mobility shift assay (EMSA)

DNA and different concentrations of protein were incu-
bated in 1x EMSA buffer (10 mM Tris–HCl pH 7.5, 50 mM
NaCl, 5 mM MgCl2, 1 mM EDTA, 1 mM DTT, 5% (v/v)
glycerol, 0.01 mg/ml BSA) for 10 min and analysed in 6%
polyacrylamide TBE gels. DNA was visualized using ethid-
ium bromide staining.

GST pull-down assays

Recombinant SPT16 proteins fused to glutathione S trans-
ferase (GST) were mixed with equimolar amounts of recom-
binant Arabidopsis H2A–H2B or with bovine cytochrome c
(Sigma Aldrich) in GST buffer (0.2–0.35 M NaCl, 25 mM
HEPES pH 7.6, 0.05% (v/v) NP40, 5 mM DTT, 10% (v/v)
glycerol, 2 mM MgCl2). For some assays GST-AD/WT was
phosphorylated in vitro by CK2� (as described below) prior
to the binding reaction. Following incubation (30 min at
30◦C) glutathione sepharose beads were added and the sam-
ples were incubated for 3 h on a rotating wheel at 4◦C. Beads
were washed three times in GST buffer before bound pro-
teins were eluted by boiling in protein loading buffer and
analysed by SDS-PAGE.

MicroScale thermophoresis (MST)

For MST, GST-AD proteins were labelled with a 647-NHS-
ester (Dyomics). MST experiments were performed in MST
buffer (200 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4,
1.8 mM KH2PO4, pH 7.4) with constant target concen-
tration of 10 nM and a 1:2 ligand titration starting at 36
�M H2A–H2B. Measurements were performed in premium
capillaries at 7% LED, 60% MST at 25◦C on a Mono-
lith NT.115Pico device (NanoTemper Technologies). The
data was analyzed using the MO.affinity analysis software
(NanoTemper Technologies) and binding affinity was de-
termined at 2.5s laser On time. Data was fitted using the KD
model and fraction bound was calculated by dividing the
�Fnorm value of each point by the amplitude of the fitted
curve, resulting in values from 0 to 1 (0 = unbound, 1 =
bound).

Protein kinase CK2 in vitro phosphorylation assays

Radioactive and non-radioactive CK2 phosphorylation as-
says were performed as previously described (62). For ra-
dioactive assays, recombinant SPT16 proteins were reacted
in the presence of [� -32P]ATP with recombinant maize
CK2�. Phosphate incorporation was monitored by SDS-
PAGE and scanning of the gels using a Cyclone Storage
phosphorimager (Canberra Packard). For non-radioactive
assays, recombinant SPT16 proteins were phosphorylated
by recombinant purified maize CK2� in the presence of un-
labelled ATP and phosphate incorporation was monitored
by acetic acid urea PAGE (AU-PAGE) (64) and by mass
spectrometry.
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Chromatin immunoprecipitation (ChIP)

ChIP was essentially performed as previously described
(53,58) using 1 g of 14-days after stratification (14-DAS)
in vitro grown plants that were crosslinked with 1% (v/v)
formaldehyde. Chromatin was sonicated using a Biorup-
tor Pico (Diagenode) and immunoprecipitation with anti-
bodies specific for the C-terminal part of histone H3 (cat.
no. ab1791, Abcam) was performed using magnetic Dyn-
abeads Protein A (Thermo Fisher Scientific). To generate
libraries for high-throughput sequencing the NEBNext Ul-
tra II DNA Library Prep Kit with index primers NEBNext
multiplex oligos for Illumina (New England BioLabs) were
used. Sequencing of the libraries (75-nt, single-end) was
performed by the Genomics Core Facility at the Univer-
sity of Regensburg (http://www.kfb-regensburg.de/) using
an Illumina NextSeq 500 instrument. Reads were aligned
to the TAIR10 genome (https://www.arabidopsis.org/) us-
ing Bowtie2 (65) and coverage tracks were calculated with
DANPOS2 (66). Downstream analysis was mainly per-
formed using the deepTools2 suite (version 3.5.0) (67) and
quality control was performed at several steps using FastQC
(68). Three replicates were obtained for each genotype and
12.6–16.2 million reads per sample mapped uniquely to the
Arabidopsis genome (average Phred quality score >34 for
each library). Expression levels of genes (divided into quar-
tiles according to logTPM) was deduced from RNA se-
quencing data of in vitro grown 6-DAS Col plants (NCBI
sequence read archive, PRJNA758800). MNase sequencing
data (69) were reanalysed. After preprocessing reads were
aligned to the Arabidopsis TAIR10 genome using Bowtie2
(65). Only reads with mononucleosomal length (140–200
bp) were used for further analysis and genome-wide nucleo-
some occupancy maps were generated using the dpos option
of the DANPOS2 (66).

RESULTS

Mapping post-translational modifications of the FACT sub-
units

To identify post-translational modifications of the FACT
subunits, SSRP1 and SPT16 were isolated from Arabidop-
sis suspension cultured cells. We used PSB-D cell lines ex-
pressing SSRP1 or SPT16 fused to a GS affinity tag as
well as cells expressing the unfused GS tag that served as
a control (45). GS fusion proteins (and the unfused GS
tag) were isolated from total protein extracts by IgG affin-
ity purification (45,53) and analysed by SDS-PAGE. Sev-
eral prominent protein bands co-eluted with SSRP1-GS
and SPT16-GS (Figure 1A). Notably, SSRP1 and SPT16
co-purified with each other, as expected (42), and histones
were found to be enriched in the eluates. Subsequently, the
eluted proteins were digested with trypsin and analysed
by liquid chromatography coupled with mass spectrome-
try (LC–MS). Modified peptides detected with high confi-
dence (FDR < 0.01) were considered. The mass spectromet-
ric analyses revealed four acetylation sites mapping to lysine
residues (Supplementary Figure S1A) in the HMG-box do-
main of SSRP1 (K594, K599) and to the flanking basic re-
gion (K539, K549) (Figure 1B, C). SSRP1 proteins of vari-
ous plant species contain lysine residues at respective posi-

tions. Moreover, two high-confidence phosphorylation sites
map to serine residues (Supplementary Figure S1B) within
the intrinsically disordered acidic domain of SPT16 (S1033,
S1035) (Figure 1B,C). An additional phosphorylation site
(T1023) adjacent to the phospho-serine was detected with
lower confidence, but it is indicated in our data, since it was
also identified in our in vitro phosphorylation experiments
(see below).

Mild effects caused by acetylation of SSRP1

Since protein acetylation can alter functional properties of
diverse HMG-box proteins including their DNA interac-
tions (70,71), we produced different recombinant SSRP1
proteins comprising the C-terminal region including the
HMG-box DNA-binding domain (DBD). In addition to
the wild-type variant (DBD/WT), we generated proteins
in which the four acetylated lysines (Supplementary Fig-
ure S2A, B) were changed to non-acetylatable alanine or
to acetylation-mimicking glutamine residues (DBD/4xA
or DBD/4xQ, respectively). Proteins purified by two-step
chromatography (Supplementary Figure S2C) were anal-
ysed for possible structural differences using CD spec-
troscopy and for their DNA-binding capacities using elec-
trophoretic mobility shift assays (EMSAs). Far-UV CD
spectra of the three proteins (Supplementary Figure S2D)
reflect the largely �-helical structure of HMG-box domains
(72,73). Relative to DBD/WT the spectra of the mutated
proteins indicate some loss in the amount of �-helix (mild
decrease of the negative peak around 222 nm) and a gain
in random coil (minimum around 200 nm). HMG-box pro-
teins often bind selectively to certain DNA structures in-
cluding DNA minicircles or four-way junction (4wj) DNA
(72,73). Therefore, we reacted increasing concentrations of
the recombinant proteins with 4wj DNA. As evident from
the disappearance of the unbound DNA probe and the for-
mation of protein complexes with lower electrophoretic mo-
bility, the three variants displayed no clear differences in
their affinity for the 4wj DNA (Supplementary Figure S2E).
Relative to the WT protein, we observed with the mutant
variants a reduced tendency of forming distinctly recognis-
able protein/DNA complexes in the EMSA analysis. Simi-
larly, the affinity of the mutant variants for linear DNA dif-
fered only slightly from that of the WT protein (Supplemen-
tary Figure S2F).

Acetylation of HMG-box proteins can influence their
subcellular localization, as exemplified by mammalian
HMGB1 (74). Moreover, two of the identified SSRP1 acety-
lation sites are situated within a 20-aa basic region adja-
cent to the HMG-box domain (cf. Supplementary Figure
S2A), which serves as nuclear localization sequence in maize
SSRP1 (75). Therefore, SSRP1/WT and the mutant version
SSRP1/4xQ both fused to eGFP were expressed in Col-0
plants. Analysis of leaf cells of the transgenic plants by con-
focal laser scanning microscopy (CLSM) demonstrated that
both eGFP fusion proteins localize to the nucleus (Supple-
mentary Figure S3A), suggesting that the acetylatable lysine
residues do not interfere with nuclear localization.

To explore the potential role of the identified acetylatable
residues of SSRP1 in plant growth and development, we
used a complementation approach. The Arabidopsis trans-
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Figure 1. Mapping of acetylation sites in SSRP1 and phosphorylation sites in SPT16. (A) Affinity purification of FACT subunits from Arabidopsis cells. The
indicated GS-fusion proteins were purified from PSB-D cells by IgG affinity chromatography from total protein extracts. Isolated proteins were separated
by SDS-PAGE and stained with Coomassie brilliant blue. The unfused GS-tag (GS) served as control in these experiments. Arrows indicate the bands
corresponding to the bait proteins fused to the GS-tag. Asterisks indicate the respective complex partner. (B) Schematic representation of the SSRP1 and
SPT16. SSRP1 is composed of an N-terminal domain (that is required for heterodimerization (NT/D) with SPT16), middle domain (M), acidic region
(AC) and HMG-box domain (HMG), while SPT16 consists of N-terminal (NT), dimerization (D), middle (M), and acidic (AC) domains. (C) MS analysis
lead to the detection of acetylation and phosphorylation sites in SSRP1 and SPT16, respectively. The list summarizes the modified sites (bold) that were
identified in the MS analyses. Shown are modifications, which were found in more than one high confidence spectrum, except T1023P which was detected
with low confidence and included here because of additional results (see below). The identified modified residues are indicated in the scheme in (B) with
acetylation sites in SSRP1 (lysine, blue circles) and phosphorylation sites in SPT16 (serine/threonine, orange circles).

poson insertion mutant ssrp1-1 is homozygous lethal and
exhibits wild-type phenotype in the heterozygous state (41).
Constructs driving the expression of wild-type SSRP1/WT
or of the mutated SSRP1/4xR and SSRP1/4xQ variants
were introduced into heterozygous ssrp1-1 plants. The pres-
ence of the three complementation constructs allowed the
isolation of plants homozygous for the ssrp1-1 mutation
(Supplementary Figure S3B), demonstrating that the ex-
pression of SSRP1 and the mutant variants restored growth
of the otherwise lethal ssrp1-1 mutant. The SSRP1 pro-
teins were expressed at similar levels in the different plant
lines (Supplementary Figure S3C). Comparative pheno-
typic analysis of the Ler wild-type control along with the
complementation lines illustrated that all plants basically
had wild-type appearance (Figure 2A). No striking dif-
ferences were observed between the plant lines regard-
ing bolting time of the plants or various growth determi-
nants including leaf area and height of the plants (Figure
2B)––parameters that are clearly affected with homozygous
viable plants of the ssrp1-2 allele (41). We concluded that
although acetylation of SSRP1 affects to some extent pro-
tein structure and its interaction with DNA, our analyses
did not reveal distinct impact of the identified acetylatable
residues in SSRP1 on plant growth and development under
standard growth conditions.

SPT16 is phosphorylated by protein kinase CK2

Inspection of the amino acid sequence around the serine
residues in SPT16 identified as phospho-sites, revealed that
S1033/S1035 are situated within consensus phosphoryla-
tion sites of protein kinase CK2 (Figure 3A). Target sites

of CK2 often reside in acidic regions of substrate pro-
teins within a minimal consensus sequence (i.e. S/T-X-X-
D/E/pS) (76). To examine the in vitro capacity of CK2
to phosphorylate SPT16, the acidic domain (AD, D955-
R1075) was generated as 6xHis-tagged protein. The puri-
fied protein was incubated with the recombinant catalytic
subunit (CK2�) of maize CK2 in the presence of radiola-
belled ATP. Separation of the phosphorylation reactions by
SDS-PAGE and visualization of the 32P-incorporation into
the substrate protein demonstrated that CK2� efficiently
phosphorylated the acidic domain of SPT16 (Figure 3B).
Phosphorylation of the acidic domain by CK2� in the pres-
ence of unlabelled ATP did not alter the electrophoretic mo-
bility of the protein compared to the non-phosphorylated
protein in SDS-PAGE analysis, whereas phosphorylation
by CK2� resulted in a clear mobility shift of SPT16-AD
in acetic acid urea PAGE analysis (Figure 3C). To iden-
tify sites phosphorylated by CK2� in vitro, the phospho-
rylated acidic domain (as in Figure 3C) was proteolyti-
cally cleaved and analysed by LC–MS. Mass spectrometric
analyses demonstrated that in addition to serine residues
S1033/S1035, threonine T1023 was distinctly phosphory-
lated in our in vitro phosphorylation assay (Figure 3D).
Since the same phospho-sites were detected on SPT16 iso-
lated from Arabidopsis cells, it was likely that protein ki-
nase CK2 phosphorylates SPT16 in planta. In support of
this idea, several CK2 variants robustly co-purified with
SPT16-GS and SSRP1-GS in our AP-MS analyses of Ara-
bidopsis cells (Supplementary Table S3). Since the acidic do-
main of SPT16 contains several additional CK2 consensus
sites (Figure 3A), we wondered whether (some of) these sites
may be also phosphorylated by CK2, but perhaps escape

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/50/9/5014/6576364 by ubreg user on 11 August 2022



Nucleic Acids Research, 2022, Vol. 50, No. 9 5019

A

B

Figure 2. Plants expressing SSRP1 acetylation site mutants are mildly affected. Plants of the ssrp1-1 mutant line were transformed with constructs driv-
ing the expression of wild-type SSRP1 (SSRP1/WT), the four acetylated lysine residues changed to arginine (K539R/K549R/K594R/K599R, termed
SSRP1/4xR) or the four acetylated lysine residues changed to glutamine (K539Q/K549Q/K594Q/K599Q, termed SSRP1/4xQ) and were phenotypically
analysed relative to the wild-type (Ler). (A) Representative individuals of the different transgenic lines relative to Ler (42 DAS) are shown. (B) Quantifi-
cation of phenotypic parameters. Day of bolting, leaf area at bolting [mm2], height at 42 DAS [mm], rosette diameter at 42 DAS [mm], were determined.
Data comprised the measurements of 15 individual plants of each genotype in three biological replicates and was analysed by one-way ANOVA. The line
in the scatterplot marks the average value and letters above the scatter indicate the outcome of the Tukey´s test (P-value < 0.05).

mass spectrometric detection. Therefore, a mutated version
of the acidic domain (with non-phosphorylatable changes
in T1023V, S1033A, S1035A termed AD/VAA) was gen-
erated (Supplementary Figure S4A). The mutated version
and the wild-type acidic domain were comparatively phos-
phorylated using the in vitro32P-CK2� assay (Supplemen-
tary Figure S4B). Relative to the wild-type protein the mu-
tated version was phosphorylated to a lesser extent. Quan-
tification of the 32P-incorporation demonstrated that phos-
phorylation is decreased by ∼40% (Supplementary Figure
S4C). This illustrates that the three identified residues are
target sites of CK2, but additional residues within the acidic
domain can be phosphorylated by this protein kinase, al-
though the corresponding phospho-peptides were not de-
tected in our LC–MS analyses of SPT16 isolated from plant
cells. This could be related to low stoichiometry of the in
vivo phosphorylations, or technical issues including ion sup-
pression and the fact that the peptides are highly negatively
charged.

Influence of phosphorylation on SPT16 interaction with his-
tones

The acidic domain of SPT16 substantially contributes to
FACT-histone interactions (22,24,26). To examine whether
the phosphorylation of the acidic domain alters histone

binding, we produced a non-phosphorylatable and a phos-
phomimic variant of the acidic domain (AD) by replac-
ing the phosphorylated S/T residues as above (T1023V,
S1033A, S1035A termed AD/VAA) or with acidic residues
(T1023E, S1033D, S1035D, termed AD/EDD), respec-
tively. Recombinant AD/VAA, AD/EDD and wild-type
versions of the acidic domain fused to GST were expressed
in E. coli and purified. The three GST-AD fusion proteins
along with unfused GST and potential binding partners,
heterodimers of recombinant Arabidopsis histone H2A and
H2B and cytochrome C (CytC) were analysed by SDS-
PAGE (Figure 4A), illustrating their purity. The GST-
AD proteins were used for GST pull-down assays with
histone H2A–H2B. Histones were incubated with GST-
AD/WT, GST-AD/VAA and GST-AD/EDD at different
NaCl concentrations. Following immobilization on glu-
tathione sepharose beads and washing of the beads, bound
proteins were eluted and the GST fusion proteins were
separated from co-eluting histones by SDS-PAGE (Figure
4B). Quantification of experimental triplicates revealed that
GST-AD/VAA interacted ∼41% less efficiently with the hi-
stones than GST-AD/WT, while the interaction of GST-
AD/EDD was ∼46% more efficiently than that of GST-
AD/WT (Figure 4C). To directly assess the influence of
CK2-mediated phosphorylation on the GST-AD interac-
tion with histone H2A–H2B, GST-AD/WT was phospho-
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Figure 3. Protein kinase CK2 phosphorylates SPT16 within the acidic domain (AD). (A) Amino acid sequence of the acidic domain (AD, D955-R1075)
of SPT16. Detected phosphosites (S1033, S1035 and T1023) in SPT16 isolated from Arabidopsis cells are indicated in red, while additional minimal CK2
consensus sites are indicated in blue. (B) Different amounts of SPT16-AD phosphorylated in vitro by recombinant maize CK2� in the presence of [� -
32P]ATP after analysis by SDS-PAGE and phosphoimaging. (C) Reaction of SPT16-AD with CK2� in absence or presence of unlabelled ATP after
separation by SDS-PAGE (top) or AU-PAGE (bottom) visualised by Coomassie staining. (D) SPT16-AD samples phosphorylated in vitro (as in C) were
digested with trypsin and analysed by LC–MS/MS. Two replicates were analysed revealing phosphorylation events comparable to those detected in vivo.

rylated by CK2 in vitro prior to the binding assay, or mock-
phosphorylated (no ATP added) (Figure 4D). Quantifica-
tion of experimental triplicates demonstrated that CK2-
phosphorylated GST-AD/WT interacted ∼44% more ef-
ficiently with the histones than the mock-phosphorylated
protein (Figure 4E). The specificity of the AD-histone inter-
action is also evident from the lack of binding of H2A–H2B
to unfused GST and the lack of binding of the small ba-
sic protein CytC to GST-AD/EDD in the GST pull-down
assay (Figure 4F). Additionally, the histone interaction of
the GST-AD variants was analysed in solution using mi-
croscale thermophoresis. The measurements confirmed the
higher affinity for histones of GST-AD/EDD (Kd = 1.73
�M), while GST-AD/WT and GST-AD/VAA (Kd = 3.64
and 4.18 �M, respectively) bound similarly to the histones
(Supplementary Figure S5).

To further evaluate the role of the AD of SPT16 in hi-
stone interactions, the wild-type version SPT16/WT-GS
and for comparison mutated variants of SPT16 were ex-
pressed in Arabidopsis suspension cultured cells. In the mu-
tated variants the three phosphorylatable S/T residues of
the AD were replaced as above by non-phosphorylatable
residues (termed SPT16/VAA) or by phosphomimicking
residues (termed SPT16/EDD). IgG affinity purification
from the different cell lines resulted in co-purification of
SSRP1 with the three SPT16-GS versions (Figure 4G).
Moreover, histones were clearly enriched in the eluates of
the SPT16/WT-GS, SPT16/VAA-GS and SPT16/EDD-
GS proteins, but not with the unfused GS control. The co-
eluted histone bands were noticeably more prominent with
SPT16/WT-GS and SPT16/EDD-GS when compared with
SPT16/VAA-GS. This observation was confirmed by im-
munoblot analyses using antibodies directed against his-
tones H2B and H3 (Figure 4H). Together these experiments
suggest that the phosphorylation of SPT16 increases inter-
action with nucleosomal histones.

Role of SPT16 phosphorylation in plant growth and develop-
ment

To study the possible involvement of the three identified
SPT16 phosphorylation sites in plant development, we ex-
pressed wild type and mutant versions of SPT16 fused with
the red fluorescent protein (TagRFP) in spt16 T-DNA inser-
tion plants under control of the SPT16 promoter. Coding
sequences were fused to the sequence encoding TagRFP to
enable the detection of protein expression and localization.
The expression constructs were introduced into spt16-1
plants (Supplementary Figure S6A). This mutant allele ex-
presses reduced levels of SPT16 (41) and immunoblot anal-
yses of nuclear protein extracts using a SPT16-specific anti-
body revealed that the different SPT16-TagRFP fusion pro-
teins are expressed in the different plant lines along with the
endogenous SPT16 (Supplementary Figure S6B, C). CLSM
confirmed the nuclear localization of SPT16-TagRFP and
of the corresponding phospho-site variants in root tips
(Supplementary Figure S6D). Phenotypic analyses of the
spt16 plants expressing the different SPT16 variants rela-
tive to the Col-0 wild-type control demonstrated that ex-
pression of SPT16 and the phosphomimic variant partially
complemented the mutant phenotype, whereas the non-
phosphorylatable variant hardly imparted complementa-
tion (Figure 5A). We analysed in detail some of the phe-
notypic characteristics that are clearly affected in spt16 mu-
tant plants (41). Thus, the early bolting phenotype of spt16
is partially complemented by the expression of SPT16/WT
and SPT16/EDD (resembling Col-0), whereas the bolting
of the plants expressing SPT16/VAA is comparable to that
of spt16 (Figure 5B). The reduced rosette diameter of spt16
is also more efficiently complemented by the expression of
SPT16/WT and SPT16/EDD. Likewise, the increased num-
ber of primary inflorescences of spt16 is reduced to a greater
extent by the expression of SPT16/WT and SPT16/EDD
relative to SPT16/VAA. The ability to complement mu-
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Figure 4. Phosphorylation of the SPT16 acidic domain modulates interactions with histones. (A) SDS-PAGE analysis of GST-AD/WT, GST-AD/VAA
(with T1023V/S1033A/S1035A), GST-AD/EDD (with T1023E, S1033D, S1035D), unfused GST, recombinant Arabidopsis H2A–H2B and bovine Cy-
tochrome C (CytC) visualised by Coomassie staining. (B) Comparative GST pull-down assays performed with GST-AD/WT, GST-AD/VAA and GST-
AD/EDD, and with H2A–H2B in the presence of the indicated concentrations of NaCl. Eluted proteins were analysed by SDS-PAGE and Coomassie
staining. (C) Quantification of H2B normalised to the GST-bait protein in presence of 150 mM NaCl. Statistical analysis of three replicates was performed
using an unpaired t-test (p-value < 0.05). (D) Comparative GST pull-down assays performed with GST-AD/WT after phosphorylation with CK2� in
absence/presence of ATP, respectively. (E) Quantification of H2B normalised to the GST-bait protein in presence of 150 mM NaCl. Statistical analysis
of three replicates was performed using an unpaired t-test (P-value < 0.05). (F) Control assays showing either unfused GST in pull-down experiments
with Arabidopsis H2A–H2B (left), or GST-AD/EDD with CytC (right) in presence of the indicated NaCl concentrations, reveal no interaction. (G) Input
samples (Input) and eluates of IgG affinity purifications (AP) of Arabidopsis PSB-D cells expressing the unfused GS-tag, SPT16/WT-GS or the phospho-
sitemutants SPT16/VAA-GS and SPT16/EDD-GS. Proteins were analysed by SDS-PAGE and Coomassie staining. (H) Immunoblot analyses (bottom)
of eluates from the IgG affinity purification (as in G) probed with antibodies specific for histone H3 (left) and H2B (right), along with TCE stains (top) of
the same SDS-PAGE gel that was used for the respective immunoblot analysis, serving as loading control. SPT16 and SSRP1 are highlighted by triangles.
TCE: 2,2,2-trichlorethanol.
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Figure 5. Phosphorylation of SPT16 acidic domain influences plant growth and development. Plants of the spt16-1 mutant line were transformed with
constructs driving the expression of wild-type SPT16 (termed SPT16/WT), the non-phosphorylatable (T1023V/S1033A/S1035A, termed SPT16/VAA)
and phosphomimic (T1023E/S1033D/S1035D, termed SPT16/EDD) variants, and were phenotypically analysed relative to the wild-type (Col-0) and the
spt16-1 line. (A) Representative individuals of the different transgenic lines relative to Col-0 and spt16-1 are shown at 28 DAS (top) and 42 DAS (bottom).
(B) Quantification of phenotypic parameters. Day of bolting, rosette diameter at bolting [mm], rosette diameter at 42 DAS [mm], and number of primary
inflorescences at 42 DAS were determined. Data comprised the measurements of 15 individual plants of each genotype in three biological replicates and
was analysed by one-way ANOVA. The line in the scatterplot marks the average value and letters above the scatter indicate the outcome of the Tukey´s
test (P-value < 0.05).

tant phenotypes also illustrated the functionality of the
expressed SPT16 fusion proteins, which is in agreement
with findings regarding SPT16 fusion proteins in other or-
ganisms (77,78). Thus, taken together the complementa-
tion analyses revealed that the expression of SPT16/VAA
in spt16 background resembles dominant-negative features
and that phosphorylation of SPT16 is important for the im-
pact of SPT16 on growth and development.

Effects on chromatin at transcriptional start sites

In view of the function of FACT as a histone chaperone
and the distinct abilities of SPT16 and the corresponding
phospho-site variants to complement the defects of spt16
mutant plants, we examined possible alterations in the chro-
matin of the different genotypes. The genome-wide distri-

bution of H3 was used as a proxi for nucleosome occu-
pancy and compared using ChIPseq between the following
genetic backgrounds, Col-0 wild-type, spt16, spt16 express-
ing SPT16/WT, the non-phosphorylatable SPT16/VAA or
the phosphomimic SPT16/EDD variants. Analysis of the
ChIPseq data revealed that biological replicates of the anal-
ysed genotypes yielded robust results (Supplementary Fig-
ure S7). Consistent with previous studies on the genomic
distribution of H3 in Arabidopsis (79,80), we observed in
all genotypes an H3 enrichment over transposable ele-
ments (Supplementary Figure S8A) and a characteristically
lower occupancy upstream of RNA polymerase II tran-
scription start sites (TSSs) particularly of highly transcribed
genes (Supplementary Figure S8B). The profiles of Col-
0, spt16 and spt16 expressing the phosphomimic variant
SPT16/EDD were comparable, whereas spt16 expressing
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the non-phosphorylatable variant SPT16/VAA showed a
prominent H3 occupancy peak upstream of the TSS (peak
centre ∼120 bp upstream of TSS), whose extent correlated
with the transcript levels of the respective genes (Figure 6A).
The H3 enrichment upstream of the TSS observed specifi-
cally for the spt16 plants expressing the SPT16/VAA variant
(Supplementary Figure S8C) is accompanied by lower H3
occupancy in the gene body (Figure 6B). The peak of H3
enrichment upstream of the TSS coincides with the posi-
tion of nucleosome depleted regions and DNase hypersen-
sitive sites reported in several studies analysing Arabidop-
sis chromatin (79–82). It is conceivable that nucleosome de-
pletion upstream of the TSS is restricted in the presence of
the non-phosphorylatable SPT16/VAA variant resulting in
H3 accumulation. Therefore, H3 distribution was compar-
atively analysed for genes that showed a prominent H3 en-
richment at the TSS (≥50% higher coverage in SPT16/VAA
as compared to SPT16/WT, P < 0.05) in the presence of
SPT16/VAA (384 genes) relative to genes, whose H3 oc-
cupancy was unchanged (3284 genes). While with the lat-
ter group of genes an essentially uniform H3 distribution
was observed in all genotypes, the former group showed
H3 enrichment upstream of the TSS that was strikingly en-
hanced in presence of the SPT16/VAA variant (Supplemen-
tary Figure S9). ChIP-qPCR analysis of the association of
the SPT16 variants with the region upstream of the TSS of
three loci that exhibit H3 enrichment revealed that SPT16
is detected, however, at levels clearly lower than within the
transcribed region. No significant differences between the
variants were observed (Supplementary Figure S10). Both
in maize and Arabidopsis, nucleosomes were identified di-
rectly upstream of the TSS that proved particularly nuclease
sensitive (69,83). The differential MNase digestion data ob-
tained for Arabidopsis chromatin (69) were analysed com-
paratively for the two above-mentioned groups of genes.
For both groups of genes, within the transcribed region
high and low MNase digestion similarly revealed the char-
acteristic nucleosomal pattern, albeit a more intense peak
of the +1 nucleosome was observed for the genes with H3
enrichment upstream of the TSS upon expression of the
SPT16/VAA variant (Supplementary Figure S11). How-
ever, MNase digestion of these genes varied markedly up-
stream of the TSS (left panel), whereas a much smaller
difference between high and low digestion occurred with
the group of genes with unchanged H3 distribution (right
panel). There is a prominent peak at the position of the -
1 nucleosome upon low MNase digestion that is substan-
tially weaker upon high MNase digestion (indicative of an
unstable/fragile nucleosome) specifically with the group of
genes showing H3 accumulation upstream of the TSS in the
presence of the non-phosphorylatable SPT16/VAA. Cen-
tring H3 ChIPseq tracks and MNase-seq tracks over the
TSSs of all protein-coding genes clarified the correlation of
H3 enrichment observed with SPT16/VAA and of the re-
gion of most pronounced variability in MNase accessibil-
ity (Supplementary Figure S12). The H3 occupancy based
on the ChIPseq analysis plotted in comparison to the dif-
ferential MNase digestion (69) at individual loci illustrates
these effects (Figure 6C). Here it is evident that the H3
enrichment upstream of the TSS observed in the presence
of the non-phosphorylatable SPT16/VAA variant (but not

with SPT16/WT or SPT16/EDD) coincides with the peak
of an unstable/fragile nucleosome that is preferentially de-
tected after low rather than high MNase digestion. In con-
clusion, these experiments suggest that at a subgroup of
RNAPII-transcribed genes phosphorylation of SPT16 is re-
quired for establishing the correct nucleosome occupancy at
the TSS.

DISCUSSION

Histone chaperones assist transcription of nucleosomal
templates and concurrently maintain proper chromatin sig-
nature over transcribed genes. A prominent representative
is the FACT heterodimer consisting of SSRP1 and SPT16
that promotes RNAPII progression through chromatin and
assists other DNA-dependent processes. We identified post-
translational modifications that may modulate the activ-
ity of FACT in Arabidopsis cells. Our analyses did not re-
veal a major role for the four acetylation sites that were
mapped within the C-terminal region of SSRP1 comprising
the HMG-box domain and the adjacent basic region. How-
ever, our study showed that three in vivo phosphorylation
sites identified in the acidic domain of SPT16 impact deeply
the function of FACT and its role in growth and develop-
ment of Arabidopsis. The same three sites (and additional
sites) were phosphorylated by protein kinase CK2 in vitro,
suggesting that CK2 is the enzyme catalysing the phospho-
rylation in planta. In agreement with that several � and �
subunits of the heterodimeric protein kinase CK2 family
co-purified with the Arabidopsis RNAPII transcript elon-
gation complex (45), similar to the situation in yeast (84).
Comparing the amino acid sequences of the Arabidopsis
SPT16 acidic domain with those of SPT16 proteins of other
organisms revealed multiple CK2 consensus phosphoryla-
tion sites in all SPT16 proteins (Supplementary Figure S13).
Phosphorylation of several residues within the acidic do-
main was also observed, when human SPT16 was isolated
from insect cells (23). Therefore, CK2-mediated phosphory-
lation of SPT16 might be a common mechanism, as it has
been described for SSRP1 (49–52). Since members of the
plant CK2 family have been implicated in multiple devel-
opmental and stress-responsive pathways (85,86), it will be
attractive to investigate whether phosphorylation of FACT
plays a role in these processes.

In comparison to the wild-type acidic domain, the phos-
phomimic variant of the acidic domain (AD/EDD) bound
in vitro more tightly to H2A–H2B heterodimers. Like-
wise, SPT16/WT and SPT16/EDD co-purified more ef-
ficiently with histones from Arabidopsis cells, when com-
pared with the non-phosphorylatable SPT16/VAA vari-
ant. Therefore, the phosphorylatable SPT16/WT and phos-
phomimic SPT16/EDD variants interact efficiently with
histones, whereas the histone-interactions of the non-
phosphorylatable SPT16/VAA variant are reduced. The
acidic region of SPT16 (and SSRP1) substantially con-
tribute to the interaction with histones and are re-
quired for the nucleosome reorganizing function of FACT
(22,24,26,27). CK2-mediated phosphorylation of the acidic
region of SPT16 (and SSRP1) could fine-tune the interac-
tion of FACT with nucleosomes. In line with that the phos-
phorylation of the acidic region of human SPT16 is cru-
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Figure 6. Enrichment of histone H3 in the presence of the non-phosphorylatable SPT16/VAA upstream of the TSS dependent on transcription. (A)
Metagene plots (LFC, log-fold change) of H3 ChIPseq data (10-bp bins) in Col-0, spt16 and spt16 expressing SPT16/VAA or SPT16/EDD normalised
to those expressing SPT16/WT. Mean signals of the biological replicates were averaged (line) and the tracks represent the SEM for the three replicates at
each position (shaded area). The tracks are centred around the TSS and the panels represent non-overlapping protein-coding genes grouped according to
transcript levels (high, high-mid, mid-low, low) based on RNAseq data obtained with 6 DAS Col-0 plants. Arrows indicate the transcription dependent
peak of H3 enrichment in SPT16/VAA expressing plants. (B) Heatmaps illustrating the distribution of H3 in the different plants lines. H3 occupancy is
normalised to the plants expressing SPT16/WT and genes in the different panels are grouped related to transcript levels as above. The relative H3 occupancy
is colour coded as indicated. (C) H3 enrichment upstream of the TSS in presence of SPT16/VAA coincides with differential MNase peaks. Representative
examples of H3 ChIPseq profiles representing a 1-kb region around the TSS were aligned with differential MNase (high/low MNase) sequencing data
(69). Black boxes indicate a 150-bp window, while the arrows indicate an H3 peak occurring in spt16 plants expressing the SPT16/VAA variant and a
nucleosomal peak that preferentially is observed upon low MNase digestion. Gene models are shown at the bottom.
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cial for the interaction with histones of a 112-bp octasome
(23). Expression of the varying SPT16 variants in spt16
plants complemented mutant phenotypes to different ex-
tents. SPT16/WT and SPT16/EDD complemented rather
efficiently, for instance, the early bolting or increased num-
ber of primary inflorescences of spt16 plants. In contrast,
the SPT16/VAA variant proved inactive in reversing the
mutant phenotype of spt16 plants. This demonstrates that
the phosphorylation of the SPT16 acidic domain is impor-
tant for the in vivo functionality of FACT.

Analysis of the genomic distribution of histone H3 re-
vealed that mutation of phosphorylation sites in the FACT
subunit SPT16 impacted on nucleosome occupancy up-
stream of the TSS. In presence of the non-phosphorylatable
SPT16/VAA variant a peak of H3 enrichment was detected
particularly with highly transcribed genes. In contrast to
that H3 distribution of plants expressing the phosphorylat-
able SPT16/WT and the phosphomimic SPT16/EDD vari-
ants resembled that of wild-type plants. As expected the as-
sociation of the SPT16 variants with the regions upstream
of the TSSs did not differ significantly. We rather think that
SPT16 is phosphorylated by CK2 after FACT recruitment
to chromatin. Although both FACT and CK2 associate
with the RNAPII elongation complex, their occupancy
in chromatin could differ and co-localization of FACT
and CK2 may define SPT16 phosphorylation-regulated ge-
nomic target sites. The genomic region of the SPT16/VAA-
specific H3 enrichment corresponds with a position in Ara-
bidopsis chromatin that is characterised as nucleosome de-
pleted region and DNase hypersensitive site (79–82). In-
creased histone occupancy upstream of the TSS occurred
also in yeast cells upon SPT16 depletion (87). Interest-
ingly, the site of H3 enrichment in presence of the non-
phosphorylatable SPT16/VAA variant is in accordance
with a notable differentially MNase sensitive peak that most
likely represents unstable/fragile -1 nucleosomes (69) occur-
ring also in yeast and metazoan chromatin (88–90). In our
analyses, this feature correlated with high transcript levels
and also in yeast unstable/fragile -1 nucleosomes are linked
to transcriptional activity (88). One should expect that H3
enrichment related to persistence of an (unstable/fragile)
nucleosome upstream of the TSS interferes with binding
of transcription factors and/or RNAPII recruitment, and
hence leads to mis-regulation and/or reduced transcrip-
tional output. The role of unstable/fragile nucleosomes cur-
rently has not been clarified in plant transcription. In yeast,
these unstable nucleosomes are proposed to contribute to
poising genes for transcription (91), which is also conceiv-
able in plants (69). Although our ChIPseq analysis convinc-
ingly demonstrated distinct H3 accumulation upstream of
the TSS at 384 genes, we still expect that the magnitude of
the effect is underestimated from our experiments primar-
ily for two reasons: (i) we have mutated three amino acid
residues within the acidic domain of SPT16 that were con-
firmed phosphorylation sites, but as detailed above there
are several additional CK2 consensus sites that quite pos-
sibly are phosphorylated in planta and likely could in-
crease phosphorylation-dependent impact. (ii) The mutated
and wild-type SPT16 expression constructs were introduced
into the spt16-1 mutant line, in which SPT16 levels are re-
duced to <50% (41), but the mutant plants still contain

wild-type SPT16 that may mask the effects of the intro-
duced SPT16 variants.

In yeast, the abundant histone chaperones FACT and
SPT6 collaborate in managing nucleosomes (87,92) and the
activity of SPT6 is also under control of CK2-catalysed
phosphorylation (93). The Arabidopsis orthologue SPT6L
can be recruited to the TSS independent of RNAPII and
plays a role during early transcription (94). Therefore, it is
conceivable that FACT and SPT6L jointly regulate early
transcriptional elongation in plants, since both histone
chaperones and the protein kinase associate with RNAPII
(45,84). Our identification of CK2-mediated phosphoryla-
tion of SPT16 and its implication on nucleosome occupancy
at TSSs as well as its influence on plant development paved
the way for further studies addressing the interplay of hi-
stone chaperones and CK2 in the regulation of chromatin
dynamics in the Arabidopsis model.
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