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The elongation factor suppressor of Ty 5 homolog (Spt5) is a regulator of transcription and histone methylation. In humans,
phosphorylation of SPT5 by P-TEFb, a protein kinase composed of Cyclin-dependent kinase 9 (CDK9) and cyclin T, interacts
with the RNA polymerase II-associated factor1 (PAF1) complex. However, the mechanism of SPT5 phosphorylation is not well
understood in plants. Here, we examine the function of SPT5 in Arabidopsis thaliana and find that spt5 mutant flowers early
under long-day and short-day conditions. SPT5 interacts with the CDK-activating kinase 4 (CAK4; CDKD;2) and is specifically
phosphorylated by CDKD;2 at threonines. The phosphorylated SPT5 binds VERNALIZATION INDEPENDENCE5 (VIP5),
a subunit of the PAF1 complex. Genetic analysis showed that VIP5 acts downstream of SPT5 and CDKD;2. Loss of SPT5 or
CDKD;2 function results in early flowering because of decreased amounts of FLOWERING LOCUS C (FLC) transcript.
Importantly, CDKD;2 and SPT5 are required for the deposition of VIP5 and the enhancement of trimethylation of histone
3 lysine 4 in the chromatin of the FLC locus. Together, our results provide insight into the mechanism by which the
Arabidopsis elongation factor SPT5 recruits the PAF1 complex via the posttranslational modification of proteins and suggest
that the phosphorylation of SPT5 by CDKD;2 enables it to recruit VIP5 to regulate chromatin and transcription in Arabidopsis.

INTRODUCTION

Transcriptional elongation is a critical and tightly regulated step in
the control of gene expression (Orphanides and Reinberg, 2002).
The entry of RNA polymerase II (Pol II) into the elongation stage
promotes the recruitment of factors involved inmRNAmaturation,
mRNA export, and chromatin remodeling and modification. Nu-
merous associated factors, including transcription elongation
factor S-II, TFIIF, DRB sensitivity inducing factor (DSIF), Elongin,
RNA polymerase II elongation factor ELL, negative elongation
factor (NELF), the RNA polymerase II-associated factor1 (PAF1)
complex, and the histone chaperone FACT (Conaway and Con-
away, 1993; Aso et al., 1995; Shilatifard et al., 1997), help Pol II to
overcome pausing at specific DNA sequences (Li et al., 2007).

TheDSIFsubunitsSpt4andSpt5areevolutionarilyconserved in
organisms ranging from yeast to mammals. In mammalian cells,
SPT5 contains a conserved repetitive pentapeptide motif (con-
sensus = G-S-[R/Q]-T-P) in its C-terminal repeat (CTR) region,
which is similar to the C-terminal domain (CTD) of Pol II (Yamada
et al., 2006). SPT4 and SPT5 form a heterodimer that both pos-
itively and negatively regulate transcriptional elongation. NELF
interacts with DSIF to repress transcriptional elongation in the

promoter-proximal region, and the relief of this repression involves
the phosphorylation of DSIF by P-TEFb, a protein kinase com-
posed of Cyclin-dependent kinase 9 (CDK9) and cyclin T. P-TEFb
phosphorylates the threonine residues of the SPT5CTR in human
DSIF as well as serine 2 of the Pol II CTD (Wada et al., 1998;
Yamada et al., 2006). Phosphorylation of the SPT5CTRpromotes
the efficient progression of Pol II along the gene, while phos-
phorylation of the Pol II CTD leads to the dissociation of NELF,
enabling DSIF to activate elongation (Yamada et al., 2006). In
Saccharomyces cerevisiae, Spt5 contains 15 repeats of a hexa-
peptide with the consensus sequence S[T/A]WGG[A/Q] and is
a substrate of the BUR kinase. Spt5 acts as a platform for the
association of proteins that promote both transcriptional elon-
gation and histone modification in transcribed regions (Liu et al.,
2009; Zhou et al., 2009). A loss of BUR2 or Spt5 function leads to
the attenuation of methylation of lysine 4 and lysine 36 of histone
H3 (Zhou et al., 2009).
ThePAF1 complex influences geneexpression through its ability

to modify chromatin structure and regulate RNA processing
(Krogan et al., 2003). The Paf1 complex consists of Rtf1, Paf1,
Cdc73, Leo1, andCtr9 subunits andwas originally characterized in
yeast based on its associationwith Pol II during elongation (Krogan
et al., 2002; Mueller and Jaehning, 2002). The PAF1 complex is
required for H2B ubiquitination and the downstream H3K4 and
H3K79methylation inyeast (Kroganetal., 2003;Ngetal., 2003)and
humans (Zhu et al., 2005; Kim et al., 2009). In yeast, recruitment of
the SET1/COMPASS (Complex Proteins Associated with SET1)
complex and Dot1p, which catalyze the methylation of lysine 4
and lysine 79 of histone 3, respectively, requires the Paf1 complex
(Krogan et al., 2003).
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InArabidopsis thaliana, the VERNALIZATION INDEPENDENCE
(VIP) genes VIP2/ELF7, VIP4, VIP5, and VIP6/ELF8 encode pro-
teins closely related to Paf1, Leo1, Rtf1, and Ctr9, respectively.
Loss-of-function vip mutants flower earlier; this phenotype is
accompanied by a reduction of trimethylated lysine 4 on histone
3 (H3K4me3) and silencing of FLOWERING LOCUS C (FLC)
(Zhang and vanNocker, 2002;He et al., 2004;Ohet al., 2004).FLC
encodes a MADS box transcriptional regulator that inhibits the
floral transition largely by reducing the expression of flowering
time integrators such as SUPPRESSOR OF OVEREXPRESSION
OF CONSTANS1 (SOC1) and FLOWERING LOCUS T (Michaels
and Amasino, 1999; Sheldon et al., 1999; Hepworth et al., 2002).
FLC is repressed by the autonomous flowering pathway and
upregulated by FRIGIDA (FRI) (Michaels and Amasino, 1999,
2001). The delayed flowering caused by FRI activity or autono-
mous pathway mutations can be suppressed by the loss-of-
functionmutantflc (Michaels andAmasino, 2001), suggesting that
FLCactsdownstreamof theautonomouspathwaygenesandFRI.
FLC activity early in development also requires the SET domain
group (SDG) proteins SDG8/EFS, ARABIDOPSIS TRITHORAX-
RELATED1 (ATX1), andSDG25/ATXR7,whichareassociatedwith
the methylation of H3K4 and H3K36 at the FLC chromatin
(Alvarez-Venegas et al., 2003; Kim et al., 2005; Zhao et al., 2005;
Pienet al., 2008;Berr et al., 2009;Tamadaetal., 2009).Silencingof
FLC in response to growth in cold temperatures (vernalization) is
associated with a loss of H3 acetylation and H3K4me3 and
concurrent accumulation of H3K27me2/me3 (Bastow et al., 2004;
Sung et al., 2006; Angel et al., 2011; Yang et al., 2014).

Three CDKs, CDK7, CDK8, and CDK9, phosphorylate the hep-
tapeptide sequence repeats (Y1S2P3T4S5P6S7) of the CTD of Pol II.
CTD phosphorylation occursmostly at Ser-5 andSer-2. CDK7 and
itsS. cerevisiaehomologKin28are responsible formost of theSer5
phosphorylation, whereas CDK9 (and its yeast homologs Ctk1 and
BUR1) is required for Ser2 phosphorylation (Egloff and Murphy,
2008)

The Arabidopsis genome encodes two CDK9-like proteins and
four predictedCDK-activating kinases (CAKs). Arabidopsis CAK1
(CDKF;1) phosphorylates the T-loopofCAK2 (CDKD;3) andCAK4
(CDKD;2) to activate their kinase activity (Shimotohnoet al., 2004).
CDKD;3 and CDKD;2 have strong sequence similarity to CDK7/
p40MO15, a vertebrate CAK that phosphorylates CDKs and the
CTD of a Pol II subunit (Shimotohno et al., 2003). In contrast to
CDKF;1,CDKD;2, andCDKD;3,ArabidopsisCDKD;1 lacks kinase
activity on CDKs and CTDs. CDKC;1 and CDKC;2 are closely
related to human CDK9 and interact with cyclin T partners,
CYCT1;4 and CYCT1;5. Both CDKC;1 and CDKC;2 exhibit CTD
kinase activity, and a loss of CDKC function results in delayed
flowering time and partial resistance to CaMV (Cui et al., 2007).

In yeast, the recruitment of the Paf1 complex to target genes
requires BUR2 and Spt5 CTR, which enable the binding of
Rtf1; furthermore, in yeast, phosphorylated Spt5 affects
H2B ubiquitination, H3K4me3, and H3K36me3 modifications.
The mechanism by which proteins, or complexes, affect the
accumulation of the PAF1 complex in plants is less clear.
Here, we report that CDKD;2 specifically phosphorylates
threonines in the SPT5 CTR, enabling its interaction with VIP5
and ability to regulate histone modification and FLC expression
in Arabidopsis.

RESULTS

SPT5 Is Involved in the FLC-Dependent Flowering Pathway

The Arabidopsis proteins SPT5 and global transcription factor
group A2 (GTA2) (originally named SPT5-1 and SPT5-2, re-
spectively) are homologs of Spt5 in yeast and humans (Dürr et al.,
2014).SPT5has19exonswith encoding989aminoacids in length;
GTA2 has 22 exons with encoding 1041 amino acids (Figure 1A;
Supplemental Figure 1A). Arabidopsis SPT5 and GTA2 contain
a eukaryotic N-utilization substance G N-terminal (NGN) domain,
a CTR, and multiple KOW domains, which are conserved in yeast,
flies, and humans. Phylogenetic analyses indicated that the Ara-
bidopsis SPT5 and GTA2were highly related to SPT5 homologs of
other species (Supplemental Figure 2 and Supplemental Data Set
1), suggesting that their roles as regulators of chromatin and
transcription in plants might be evolutionarily conserved as well.
To functionally characterize the Arabidopsis SPT5 homologs,

we identified T-DNA insertion mutants for one spt5 and two gta2
alleles. Genotypic analyses confirmed a T-DNA insertion in exon
14 in the spt5mutant (Figures 1A and 1B) and in exon 1 and 20 in
thegta2mutants (Supplemental Figures 1A to 1C). Transcriptional
analyses revealed that spt5 is a knockout mutant (Figure 1B), gta2-1
is a knockdown allele, and gta2-2 is a knockout mutant
(Supplemental Figure 1D). However, as the gta2mutant plants did
not display a significant phenotype in our hands (Supplemental
Figure 1E), they were not included in our further studies here. By
contrast, the loss of SPT5 resulted in earlier flowering in both long-
and short-day conditions, indicating that SPT5 is dispensable for
the photoperiod response (Figure 1C). The spt5 mutant exhibited
a normal response to vernalization and gibberellin (GA) treatment,
suggesting that SPT5 might be involved in the FLC-dependent
flowering pathway (Figure 1D). To confirm that the early-flowering
phenotype is caused by the spt5 mutation, we generated an
endogenous SPT5 promoter-driven SPT5 fused with a flag epi-
tope tag (FLAG;ProSPT5:FLAG-SPT5) and introduced it intospt5.
The early-flowering phenotypeof spt5wascompletely rescuedby
SPT5-FLAG (Supplemental Figure 3).
To evaluate the relationship between SPT5 and FLC, we gen-

erated spt5 flc-3 double mutants, which showed early flowering
with a similar phenotype to flc-3 mutants (Figure 1E, Table 1),
suggesting that SPT5 affected flowering time via FLC. To confirm
that the early-flowering phenotype of spt5 is dependent on FLC,
we introduced the spt5mutant into lines carrying a dominant FRI
allele. The late-flowering phenotype of plants containing FRI (Hu
et al., 2014) was suppressed by the loss of SPT5 function (Figure
1F). Additional evidence for the relationship between SPT5 and
FLC was provided by the similar flowering phenotypes displayed
by the FRI spt5 flc-3 and FRI flc-3 plants (Table 1).

CDKD;2 Phosphorylates the C-Terminal Repeat of SPT5 at
Threonine and Interacts with SPT5

In yeast, phosphorylation of Spt5 has important regulatory effects
on Paf1 complex accumulation (Liu et al., 2009; Zhou et al., 2009).
Here, we performed in vitro phosphorylation assays using GST-
fused Arabidopsis CDK proteins. SPT5 was divided into the
SPT5 N terminus (SPT5N), which included the NGN domain and
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five KOW domains, and the SPT5 C terminus (SPT5C), which
incorporated the CTR and a KOW domain (Figure 2A). Neither
CDKC;1norCDKC;2exhibitedphosphorylationactivityonSPT5N
or SPT5C (Supplemental Figures 4A and 4B). CDKD;1, CDKD;2,
CDKD;3, and CDKF;1 also did not phosphorylate SPT5N
(Supplemental Figure 4C). CDKD;2 strongly phosphorylated
SPT5C (Figure 2B), although CDKD;1, CDKD;3, and CKF;1 did
not. Within SPT5C, CDKD;2 phosphorylated the CTR, but not the
C-terminal KOWdomain (Figure 2C).We therefore concluded that
CDKD;2 kinase phosphorylates the SPT5 CTR in vitro.

The CTR of Arabidopsis SPT5 possesses several threonine
residues that are also conserved in human and Drosophila
melanogaster SPT5 (Figure 2D). We investigated the specific ac-
tivity of CDKD;2 on the SPT5 CTR using His-tagged CTRs with
amino acid substitutions, including constructs where all serine

residues were replaced with alanines (total S-to-A replacement,
CTRSA), all threonines were replaced by alanines (CTRTA), all thre-
onine by aspartic acid (CTRTD), and all threonines by glutamic acid
(CTRTE).We found thatCDKD;2phosphorylated thewild-type forms
of theCTRandCTRSA, but notCTRTA,CTRTD, orCTRTE, suggesting
that CDKD;2 is specific for the threonines of the CTR (Figure 2E).
WealsoassessedwhetherCDKD;2 interactswithSPT5directly.

GST-CDKD;2 was observed to bind beads containing a His-
tagged SPT5, but not His alone (Figure 3A). In complementary
experiments, soluble His-tagged SPT5 bound to beads attached
to GST-CDKD;2, but not to the GST control (Figure 3B). This pull-
down interaction was confirmed by bimolecular fluorescence
complementation (BiFC). Functional YFP in the nucleus was
observed following the coexpression of CDKD;2 fused to the N
terminusofYFP (CDKD;2-YFPN)andSPT5 fused to theC terminus

Figure 1. Mutation in SPT5 Results in Early Flowering.

(A) Gene structure of SPT5. Exons are indicated by boxes and introns are indicated by lines. The T-DNA insertion is indicated by a triangle.
(B)Genotypic and RT-PCR analysis of SPT5. The genotype was analyzed with the left genomic primer (LP), right genomic primer (RP), and a primer in the
vector (LBb1.3) (top panel). The transcripts of SPT5 are shown in the bottom panel. TUBLIN was used as internal control.
(C) The spt5 mutant exhibits an early-flowering phenotype.
(D) Flowering time of Col-0 and spt5 mutants under different conditions or treatments. Flowering time was assessed by counting the number of rosette
leaves and cauline leaves at bolting under long-day photoperiod (LD), vernalization (LD+Ver), short-day photoperiod (SD), and GA treatment (SD+GA). SD
+EtOH (ethanol) treatmentwas used as a control for GA treatment. The rosette leaves are indicated in dark blue, and the cauline leaves are indicated in light
blue. Values shown are mean 6 SD of rosette and cauline leaves; 40 plants were scored for each line.
(E) and (F) Phenotypic analysis of different mutants. Flowering time of spt5 and flc3 (E) and spt5 with FRI (F).
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of YFP (SPT5-YFPC), but not in the controls, thereby providing
further evidence that SPT5 binds directly to CDKD;2 (Figure 3C).
This interaction was further validated by coimmunoprecipitation;
FLAG-tagged SPT5 andHA-taggedCDKD;2were cotransformed
into Arabidopsis protoplasts and immunoprecipitated using an
anti-FLAG antibody. SPT5, but not the antibody alone, bound to
CDKD;2 (Figure 3D). These results suggest that SPT5 interacts
with CDKD;2 in vitro and in vivo.

Threonine Phosphorylation of the CTR Is Critical for
SPT5 Function

We sought to investigate whether the threonine phosphorylation of
theCTRbyCDKD;2 is critical for the proper functioning of SPT5. The
in vivo function of threonine phosphorylation was evaluated using
a complementation assay. For this assay, we generated constructs
containing FLAG-SPT5, in which the CTR nucleotides encoding
threonine were substituted with nucleotides encoding alanine
(SPT5TA)orasparticacid (SPT5TD).Theseconstructswereexpressed
under the control of the endogenous SPT5 promoter (ProSPT5) and
were transformed into the spt5 mutant. Eight representative indi-
vidual lines for each transformation, containing ProSPT5:FLAG-
SPT5TA (A9, A13, A15, and A41) and ProSPT5:FLAG-SPT5TD (D4,
D11, D21, and D43), were used in the phenotypic analysis
(Supplemental Figure 5). The early flowering phenotype of spt5was
complemented by the wild-type form of SPT5, but not by the

nonphosphorylatable (SPT5TA) or the phosphomimic (SPTTD)
forms of SPT5 (Supplemental Figures 3 and 5). Thus, threonine
phosphorylation of the CTR is essential for SPT5 function.

Mutations in CDKD;2 Result in Early Flowering

To investigate the biological roles of CDKD;2, we obtained two
T-DNA insertion mutant cdkd;2 lines. Genotypic analyses dem-
onstrated thatT-DNAinsertionswerepresented in intron3andexon
4 of the cdkd;2-1 and cdkd;2-2 alleles, respectively, and RT-PCR
confirmed that full-lengthCDKD;2mRNAwasnot transcribed in the
twomutants (Figures4Aand4B). Thecdkd;2-1andcdkd;2-2plants
displayed early-flowering phenotypes in both long- and short-day
growth conditions and had a normal response to vernalization and
GA, similar to spt5 (Figures 4C and 4D), suggesting that CDKD;2
participates in the FLC-dependent flowering pathway.
Thepossibility of a genetic interaction betweenCDKD;2 andFLC

was tested by introducing the cdkd;2 alleles into the flc-3 mutant
background. The cdkd;2 flc-3 double mutants showed early
flowering and were phenotypically similar to flc-3 (Table 1). To
confirm that the early-flowering phenotype of cdkd;2 is dependent
onFLC,we introduced the twocdkd;2mutantalleles independently
intotheFRIbackgroundandfoundthat theseallelessuppressedthe
late-flowering phenotypeofFRI. The genetic interaction ofCDKD;2
and FLC was further validated by independently introducing the
cdkd;2 flc-3 double mutants into the FRI background (Table 1).
These results indicate that the loss ofCDKD;2 function affected the
early-flowering phenotype mediated by FLC.
Next, we tested the genetic relationship between CDKD;2 and

SPT5 by introducing cdkd;2 into the spt5mutant. The cdkd;2 spt5
doublemutants exhibited a similar flowering time to cdkd;2 single
mutants (Figures 4E and 4F, Table 1), indicating thatCDKD;2 and
SPT5 might work in the same pathway. The genetic relationship
between CDKD;2 and SPT5 was further evaluated by examining
the FRI spt5 cdkd;2 mutant lines. Both FRI spt5 cdkd;2 and FRI
cdkd;2 plants flowered at similar times (Figure 4F, Table 1).

SPT5 Physically Interacts with VIP5

Yeast Spt5 interacts with Rtf1 in vivo and phosphorylated human
SPT5 binds RTF1 in vitro (Mayekar et al., 2013; Wier et al., 2013).
Given that SPT5 and the PAF1 complex are conserved in different
species, we asked whether Arabidopsis SPT5 might also interact
with partners involved in the regulation of histone modification. To
investigate whether SPT5 and VIP5 interact with each other, we
generated a binding domain fusion of full-length SPT5 (BD-SPT5)
for yeast two-hybrid analysis with activation domain-tagged
VIP5 (AD-VIP5). The intact SPT5 protein bound strongly to VIP5
(Figure5A). The yeast two-hybrid interactionswere verifiedbyBiFC
assays.CoexpressionofVIP5-YFPNandSPT5-YFPC reconstituted
a functionalYFP in thenucleus,whereas thecontrolsdidnot (Figure
5B), providing further evidence that SPT5 binds directly to VIP5.
Next, we examinedwhich domain is critical for the interaction of

SPT5 and VIP5. SPT5C, but not SPT5N, bound VIP5. Within
SPT5C, the CTR, but not the KOW domain, bound VIP5 and the
individual Plus3 domain of VIP5 was sufficient to bind SPT5
(Figures 5C and 5D). We conclude that the interaction between
SPT5andVIP5occurs at their respectiveCTRandPlus3domains.

Table 1. Primary Leaf Number at Bolting of cdkd;2 and spt5 Mutants

Lines Rosette Leaves Cauline Leaves

Col-0 13.4 6 0.74 3.4 6 0.42
spt5 11.7 6 0.9 2.9 6 0.5
cdkd2-1 10.7 6 1.0 2.8 6 0.5
cdkd2-2 11.1 6 0.9 2.8 6 0.4
spt5/cdkd2-1 10.5 6 0.9 2.9 6 0.6
spt5/cdkd2-2 10.7 6 0.9 2.9 6 0.5
flc3 9.6 6 0.5 2.8 6 0.4
spt5/flc3 9.7 6 0.7 2.6 6 0.6
cdkd2-1/flc3 9.5 6 0.8 2.7 6 0.5
cdkd2-2/flc3 10.1 6 1.0 2.8 6 0.4
vip5 7.6 6 0.5 2.3 6 0.4
spt5/vip5 7.4 6 0.8 2.9 6 0.7
cdkd2-1/vip5 7.5 6 0.8 2.9 6 0.6
cdkd2-2/vip5 7.5 6 0.4 2.7 6 0.6
FRI 27.2 6 2.2 6.5 6 1.1
FRI/spt5 15.8 6 1.3 3.9 6 0.9
FRI/cdkd2-1 12.7 6 1.1 3.5 6 0.5
FRI/cdkd2-2 14.4 6 0.9 3.4 6 0.5
FRI/spt5/cdkd2-1 12.8 6 1.4 3.3 6 0.6
FRI/spt5/cdkd2-2 14.3 6 1.2 3.4 6 0.8
FRI/flc3 12.1 6 0.9 3.0 6 0.6
FRI/spt5/flc3 12.6 6 0.6 3.1 6 0.6
FRI/cdkd2-1/flc3 12.2 6 1.1 2.8 6 0.7
FRI/cdkd2-1/flc3 12.4 6 1.3 2.9 6 0.9
FRI/vip5 8.5 6 0.6 2.8 6 0.7
FRI/spt5/vip5 8.3 6 0.7 2.7 6 0.5
FRI/cdkd2-1/vip5 8.7 6 0.5 2.9 6 0.3

Values shown are mean number 6 SD of rosette and cauline leaves;
40 plants were scored for each line.
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VIP5 Preferentially Binds the Phosphorylated Form of the
CTR of SPT5

The interaction between human SPT5 and RTF1 depends on the
phosphorylation of the SPT5 CTR. We sought to characterize the
Arabidopsis VIP5-SPT5 interaction and determine whether this
interaction was also phosphorylation specific. To clarify the in-
terpretation of the biochemical results, we synthesized two CTR

peptides corresponding to residues 744 to 762 of Arabidopsis
SPT5. These peptides, containing three complete CTR repeats

including its spacer, were constructed either with or without

a phosphothreonine at position T747. A protein containing His

fused to the VIP5 Plus3 domain (His-Plus3) was observed to bind

to beads fused to the phosphorylated form of the CTR peptide

(pCTR) but not to beads fused to the unphosphorylated form

Figure 2. CDKD;2 Phosphorylates SPT5.

(A)Different regions of SPT5containing the indicateddomains (NGN,KOW,andCTR) tested in the phosphorylation and yeast two-hybrid analyses are shown.
(B)CDKD;2 phosphorylates the C terminus of SPT5. The ability of CDKD;1, CDKD;2, CDKD;3, and CDKF;1 to phosphorylate the C terminus of SPT5 was assessed.
(C) CDKD;2 phosphorylates the CTR of SPT5. The positions of the CTR and KOW domains are indicated on the right.
(D)Alignment of the CTRdomain with other closely related SPT5s using ClustalW. The amino acid sequences of Arabidopsis SPT5 (744–792 amino acids),
human SPT5 (772–829 amino acids), and Drosophila Spt5 (822–869 amino acids). The conserved threonines are indicated in red.
(E) The activity and specificity of CDKD;2 kinase assessed using different substrates. Substrates contain the SPT5 CTR fused with His and are either wild-
type (CTR) or haveall serines converted into alanine (CTRSA) or all threonines converted into alanine (CTRTA), aspartic acid (CTRTD), or glutamic acid (CTRTE).
For (B), (C), and (E), the left panel shows theCoomassie blue-stainedgel. Thepositions of thedifferentCDKsandSPT5 fragments are indicated on the right.
Autoradiography (right panel) indicates any kinase activity and its specificity.
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(Figure6A). Toconfirm thepull-down interaction,wequantitatively
measured the biomolecular interactions using isothermal titration
calorimetry. The Plus3 domain bound to the pCTR with a calcu-
lated equilibrium dissociation constant (Kd) of 164.476 2.96 mM.
Binding to the unphosphorylated peptide resulted in a negligible
change in anisotropy, with an estimated Kd of >1 mM (Figure 6C).
These data indicate that interactions between phosphorylated
SPT5 and the PAF1 complex were likely conserved between
mammals and plants.

Next, we investigated whether this interaction depends on the
phosphorylationofSPT5 in vivo. Thecell extracts fromFLAG-tagged
wild-typeProSPT5:FLAG-SPT5andnonphosphorylatableProSPT5:
FLAG-SPT5TA seedlings were immunoprecipitated using an anti-
FLAG antibody, followed by blotting with a VIP5-specific antibody
(SupplementalFigure6). Thewild-type formofSPT5,butnotSPT5TA,
bound VIP5 (Figure 6D), indicating that threonine phosphorylation of
SPT5 is required for the interaction between SPT5 and VIP5 in vivo.

CDKD;2 Is Required for the Interaction between VIP5 and
SPT5 in Vitro and in Vivo

To test whether the interaction between the phosphorylated
SPT5 CTR and VIP5 is caused by CDKD;2, we developed

a phosphorylation reaction with or without ATP and then isolated
CDKD;2andSPT5CTR.Aproteincontaining theVIP5Plus3domain
fused with His (His-Plus3) was observed to bind the CTR in the
presence, but not the absence, of ATP (Figure 7A). In the com-
plementary experiment, GST-CTR bound to His-Plus3 after the
phosphorylation reaction with ATP, whereas this binding was not
observed in theabsenceofATP (Figure7B). These results indicated
that the interaction between SPT5 and VIP5 depends on the
threonine phosphorylation of CTR, which is mediated by CDKD;2.
To confirm that this interaction depends onCDKD;2, we crossed

ProSPT5:FLAG-SPT5/spt5 into the cdkd;2-1 background to gen-
erate theProSPT5:FLAG-SPT5/spt5cdkd;2-1mutant.Cell extracts
from these plants were immunoprecipitated with an anti-FLAG
antibody and then detected with a VIP5-specific antibody. As ex-
pected,VIP5wasobservedtointeractwithSPT5inProSPT5:FLAG-
SPT5/spt5 seedlings, but not in the ProSPT5:FLAG-SPT5/
spt5cdkd;2-1mutant seedlings (Figure7C), indicating thatCDKD;2
is required for the interaction between SPT5 and VIP5 in vivo.

VIP5 Acts in the Same Pathway as SPT5 and CDKD;2

The vip5 mutant containing a T-DNA insertion flowers early, as
previously described (Oh et al., 2004). To study the functional

Figure 3. CDKD;2 Interacts with SPT5.

(A) Beads containing a His tag or a His tag fused to SPT5 were assayed for their ability to bind a soluble GST fused to CDKD;2. Input or bound protein was
detected with an antibody to GST (Anti-GST).
(B)BeadscontainingaGSTtagoraGSTtag fused toCDKD;2wereassessed for their ability tobindasolubleSPT5 fused toaHis tag (His-SPT5)anddetected
with antibody to His (Anti-His). All experiments were repeated three times.
(C) CDKD;2 fused to the N terminus of YFP was tested for its ability to bind to the C terminus of YFP or the C terminus of YFP fused to SPT5. Yellow
fluorescence (YFP) and a bright-field image were recorded and the resulting images were merged. DIC, differential interference contrast. Bar = 100 mm.
(D) Coimmunoprecipitation of CDKD;2 and SPT5. FLAG-SPT5 and HA-CDKD;2 were cotransformed into Arabidopsis protoplasts, followed by immu-
noprecipitation using an anti-FLAG antibody.
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relationship between SPT5 and VIP5, we constructed a spt5 vip5
double mutant. The flowering time of spt5 vip5 was similar to that
of vip5 (Figure 8A, Table 1), suggesting that VIP5 acts in the same
pathway of SPT5 with regard to flowering time.

Next, we inspected the genetic relationship between CDKD;2
and VIP5 by introducing cdkd;2 into the vip5 background. The
early flowering phenotype of the cdkd;2 vip5 double mutant was
similar to that of the vip5 single mutant (Figure 8B, Table 1), in-
dicating that VIP5 acts in the same pathway as CDKD;2 in flow-
ering time. The genetic results were validated by introducing FRI
into the cdkd;2 vip5 and spt5 vip5 double mutants. In summary,
these observations indicated thatCDKD;2 and SPT5 are required
for early flowering via VIP5.

SPT5 and CDKD;2 Are Required for the Deposition of VIP5
and Methylation of Lysine 4 of Histone 3 at FLC

VIP5 is a homolog of yeast and humanRtf1, which is critical for the
methylation of lysine 4 and lysine 36 of histone 3 in yeast. The loss

of VIP5 function inArabidopsis leads to thedownregulationofFLC
and other members of the FLC/MAF MADS box gene family (Oh
et al., 2004).
The interaction between VIP5 and phosphorylated SPT5 is

mediated by CDKD;2 and VIP5 acts downstream of CDKD;2 and
SPT5, suggesting that, in the loss-of-function mutant cdkd;2 or
spt5, VIP5 may be misregulated, affecting the transcription of
downstream genes. We first asked whether the transcript level of
FLC was affected in either cdkd;2 or spt5mutants. A quantitative
PCR analysis revealed relatively lower levels of FLC transcripts in
cdkd;2 and spt5 than in FRI, with a larger reduction in vip5 (Figure
8C), suggesting that FLC expression is impaired in the three
mutants and that CDKD;2, SPT5, and VIP5 are required for
flowering timeviaFLC. Thepresenceof residual transcriptsofFLC
in spt5 or cdkd;2 mutants suggests that SPT5 and CDKD;2
function to promote FLC transcription.
Since FLC transcripts were reduced in spt5 mutants, we in-

vestigated whether SPT5 binds FLC directly. The profiles of SPT5
were investigated using two lines carrying the ProSPT5:FLAG

Figure 4. Mutations in CDKD;2 Result in Early Flowering.

(A) Gene structure of CDKD;2. Boxes represent exons and lines represent introns. T-DNA insertions are indicated with a triangle.
(B)GenotypicandRT-PCRanalysisofcdkd;2mutants.Thegenotypewasanalyzedwith the leftgenomicprimer (LP), rightgenomicprimer (RP), andprimer in
the vector (LBb1.3). Genotype analysis is shown in the top and middle panels; transcription is shown in the bottom panel. TUBULIN was used as internal
control.
(C) The cdkd;2 mutants exhibit an early-flowering phenotype.
(D)Flowering timeofCol-0and thecdkd;2mutantsunderdifferent conditionsor treatments. Flowering timewasassessedbycounting thenumberof rosette
leaves and cauline leaves in bolting plants under a long-day photoperiod (LD), vernalization (LD+Ver), short-day photoperiod (SD), and GA treatment
(SD+GA).SD+EtOH (ethanol) treatmentwasusedasaGAtreatmentcontrol. The rosette leavesare indicated indarkblueand thecauline leavesare indicated
in light blue. Values shown are mean number 6 SD of rosette and cauline leaves; 40 plants were scored for each line.
(E) Flowering time of Col-0, spt5, cdkd;2-1, and the spt5 cdkd;2-1 double mutant under LD photoperiod.
(F) The leaf number of Col-0, spt5, cdkd;2-1, and spt5 cdkd;2-1with or without FRI under LD photoperiod. Total leaf number at flowering is shown for each
indicated strain; asterisk indicates statistically significant by t test. Values shown aremean number6 SD of total leaves; 40 plants were scored for each line.
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-SPT5 transgene in the spt5 background, where it complemented
the mutant phenotype. The binding of SPT5 was measured by
chromatin immunoprecipitation (ChIP) with a FLAG-specific an-
tibody, followed by quantitative PCR analysis of the amount of
DNA enrichment. The amount of DNA precipitated by anti-FLAG
was highly enriched across the FLC locus in the ProSPT5:FLAG-
SPT5 lines, but not in the spt5 mutant that lacked the transgene
(Figures 8D and 8E), indicating that SPT5 binds FLC directly.

Next, we tested if the distribution of VIP5 binding to FLC de-
pends on CDKD;2 and SPT5. The distribution of VIP5 was mea-
sured in a ChIP-PCR assay with a VIP5-specific antibody. The
levels of VIP5 binding to FLC were strongly affected by the vip5
mutation, as well as the cdkd;2 and spt5mutations. In addition to
amain peak at region 3, the amount of VIP5was somewhat higher
across the gene in the wild-type line, but not in the spt5, cdkd;2,
and vip5 mutants. These results indicate that both SPT5 and
CDKD;2 are required for the binding of VIP5 across the FLC gene
(Figures 8D and 8F).

The loss of PAF1 subunits has been shown to lead to the de-
position of H3K4me3 (He et al., 2004; Yu and Michaels, 2010).
Therefore, we next investigated the distribution of H3K4me3
marks in different genotypic backgrounds. The H3K4me3mark is
enriched in the wild type, whereas it was greatly reduced in the
spt5, cdkd;2, and vip5 mutants (Figure 8G), indicating that SPT5
and CDKD;2, like VIP5, are involved in deposition of H3K4me3
at FLC.

DISCUSSION

Our study demonstrated that Arabidopsis SPT5 has a conserved
CTR, with a consensus sequence that contains the repetitive
pentapeptide motif (G/P)S(Q/R)TP. Although this SPT5 CTR se-
quence is not identical to thecorrespondinghumansequence, our
data show that, like human SPT5, the Arabidopsis SPT5 CTR is
phosphorylated at threonine by CDKD;2 (Figures 2D and 2E). The
yeast Spt5 CTR, which contains 15 repeats of a hexapeptide with
a S[T/A]WGG[Q/A] consensus sequence, differs from the CTR of
mammals and plants and can be phosphorylated at both serine
and threonine by the BUR kinase (Zhou et al., 2009).
Threonine phosphorylation of the SPT5 CTR is necessary for

protein interactionsbetweenSPT5andVIP5and forSPT5 function
(Figures 6 and 7). These findings were supported by comple-
mentation experiments in which the wild-type form of SPT5 was
observed to rescue the early-flowering phenotype of spt5, but
neither the nonphosphorylatable (SPT5TA) nor phosphomimic
(SPT5TD) forms of SPT5 could (Supplemental Figures 3 and 5).
Nonphosphorylatable SPT5 results in the reducedexpression and
reduced H3K4me3 level of FLC because the unphosphorylated
CTR of SPT5 failed to bind VIP5 in vitro and in vivo (Figures 6 to 8).
AlthoughaCTRdeletion in yeast resulted in the reductionof global
H3K4me3 levels and transcriptional regulation, it is still not known
whether the interaction of Spt5 and Rtf1 was dependent on
CTR phosphorylation. Collectively, our data illustrated that the

Figure 5. SPT5 Interacts with VIP5.

(A)DNAbindingdomain (BD) or aBD-SPT5 fusionwas tested for its ability tobind toanactivationdomain (AD) fused toVIP5. Thegrowthof twodilutions (13
1021and 2 3 1022) of the yeast culture on SD medium lacking Trp, Leu, His, and adenine is shown.
(B)SPT5 fused to theN terminus of YFPor theN terminus of YFPalonewere tested for their ability to bind to theC terminus of YFPalone or theC terminus of
YFP fused to VIP5. Yellow fluorescence (from YFP) and a bright-field image were recorded and the resulting images were merged. DIC, differential in-
terference contrast. Bar = 100 mm.
(C) VIP5 containing the Plus3 domain tested in the yeast two-hybrid analyses is shown.
(D) BD fused with various SPT5 domains shown in (Figure 2A) were tested for their interaction with either AD-VIP5 or AD-Plus3 (C). The growth of two
dilutions (1 3 1021 and 2 3 1022) of the yeast culture on synthetic defined medium lacking Trp, Leu, His, and adenine is shown.
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posttranslational modification of the SPT5 CTR threonine medi-
ated by CDKD;2 is critical for the functions of SPT5 in regulating
flowering time, transcription, and chromatin modification in Ara-
bidopsis (Figure 8H).

Human CDK9, the catalytic subunit of P-TEFb, phosphorylates
the threonineofSPT5CTR;bycontrast, yeastBUR2, ahomologof
CDK9, phosphorylates the CTR at threonine and serine (Yamada
et al., 2006; Zhou et al., 2009). Here, we have shown that the
phosphorylation of the Arabidopsis SPT5 CTR at threonine

requires CDKD;2, not CDKC;1, CDKC;2, or other CDKD;2 ho-
mologs (Figure 2; Supplemental Figure 4). Arabidopsis CDKC;1
and CDKC;2 are closely related to CDK9 and both interact with
cyclin T to performSer-2 phosphorylation of Pol II CTD in vitro (Cui
et al., 2007). There are four proteins closely related to CDK7 in
Arabidopsis, namely, CDKD;1, CDKD;2, CDKD;3, and CDKF;1.
Both CDKD;1 and CDKD;3 have the C-terminal extensions along
with significant sequence similarity to rice (Oryza sativa) CDKD;1
(Umedaet al., 2005). AlthoughCDKD;2,CDKD;3, andCDKF;1 had

Figure 6. Interaction between SPT5 and VIP5 Depends on CTR Phosphorylation.

(A) Binding of soluble His-Plus to bead-bound peptides containing three complete CTR repeats was measured. The 18-mer peptides were either non-
phosphorylated (Non-P) or phosphorylated at threonine. The amount of His-VIP5 protein bound to the peptides on the beads was determined by an
immunoblot analysis with antibody to His (Anti-His).
(B) and (C)Measurement of phosphorylated or nonphosphorylated peptides described as binding to thePlus3 domain of VIP5 (A) using isothermal titration
calorimetry at 25°C.A200-mL sampleof 150mMPlus3was titratedwith 2mL injectionsof 3mMphosphorylatedpeptides (B)or nonphosphorylated peptide
(C) at 120-s intervals. Curves are thebest fits to thedata that enable the acquisition of the stoichiometry and thermodynamicparameters. Experimentswere
repeated at least three times, and a representative experiment is shown.
(D) Coimmunoprecipitation of the wild-type or nonphosphorylatable form of SPT5 with VIP5. The cell extractions from the SPT5-complemented (T1) or
nonphosphorylatable SPT5-complemented spt5 seedling (A15) were immunoprecipitated with an anti-FLAG antibody and then detected with anti-VIP5
antibody.
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CAK2 and CTD kinase activity, only the CDKF;1 was able to
completely rescue the temperature sensitivity of the cak1mutant
in budding yeast (Shimotohno et al., 2003, 2004), indicating that
CDKD;2 is not orthologous to CAK1, which is itself an ortholog of
human CDK7. The difference between CDKD;2 and CAK1 (or
CDK7) was further shown by the discovery that CDKD;2 phos-
phorylates Ser-5 and Ser-2 of the Pol II CTD (Hajheidari et al.,
2012). In this study, we found that cdkd;2 displayed an early-
flowering phenotype (Figures 4C and 4D), whereas cdkc;1 and
cdkc;2 exhibited a later-flowering phenotype (Cui et al., 2007).
Therefore, CDKD;2 reflects the evolutionary divergence of the
members of the Arabidopsis CDK7 subgroup and may have
evolved as a functional kinase for the CTR of SPT5.

H3K4me3 is a hallmark of transcriptional initiation in yeast,
mammalian cells, and plants (Pokholok et al., 2005; Guenther
et al., 2007;Saleh et al., 2007). SPT5 is a transcriptional elongation
factor required for VIP5 recruitment. The loss-of-function spt5
mutant had reduced levels of VIP5 recruitment and H3K4me3,
indicating that VIP5 recruitment and H3K4me3 modification
are determined by transcriptional elongation. ATX1-mediated
H3K4me3 modification has previously been reported to be in-
volved in transcription elongation (Ding et al., 2012), and in this
study, we provide insight into the relationship between these
processes. Both SPT5 and VIP5 were observed to bind across
FLC and were required for the transcription and chromatin
modification of FLC (Figures 8C to 8G), suggesting that SPT5 and
VIP5 regulate FLC directly. Unlike in the vip5 mutant, residual
transcripts and H3K4me3 of FLC were observed in the spt5
mutant. One possible reason for this is that the SPT5 protein in
spt5 is still partially functional as the T-DNA insertion was located
in themiddle of the gene. The SPT5 homolog GTA2may also play
a partially redundant function with SPT5. In contrast to an earlier

study (Dürr et al., 2014), the gta2 mutants tested here did not
display visible phenotypes (Supplemental Figure 1). It is unclear
what caused this discrepancy and further studies would be
necessary to resolve this contradiction; it is noted, however, that
the alleles tested here were not the same as those in the earlier
report.
The Arabidopsis PAF1 complex contains the VIP proteins VIP2/

ELF7, VIP4, VIP5, and VIP6/ELF8. The disruption of a subunit of
PAF1 leads toearlyflowering,witha reductionofFLC transcription
and H3K4me3 modification. Our data demonstrated that muta-
tions that affect SPT5 or CDKD;2 result in the deposition of VIP5,
leading to the repression of transcription and H3K4me3 levels of
FLC, suggesting that these two factors could be involved in both
transcriptional elongation and histone modification. Moreover,
these results are also supported by the genetic results that show
that VIP5 acts downstream of SPT5 and CDKD;2 (Figures 8A and
8B). Therefore, the reduced H3K4me3 in spt5 and cdkd;2 is
causedby adisorderedSPT5-VIP5 interaction,whichdependson
CTR phosphorylation mediated by CDKD;2 in vitro and in vivo
(Figure 7).
The yeastPaf1 complex is involved in recruitingSet1 to thePol II

elongation complex (Krogan et al., 2003; Ng et al., 2003). Set1 is
the only methyltransferase that catalyzes the methylation of
histone 3 on Lys-4 (K4) to produce H3K4me3. Although the re-
lationship between the phosphorylated Spt5 CTR and the Paf1
complex is unclear in yeast, a recent studydemonstrated thatRtf1
is necessaryandsufficient for thephysical interactionbetween the
Paf1 complex andSpt5 (Mayekar et al., 2013). Deletion of theCTR
of yeast Spt5 disrupts the interaction between Rtf1 and Spt5 and
releases the Paf1 complex from the chromatin. In addition, both
H3K4me3 andH3K36me3 are eliminatedwhen either BUR2or the
CTR of yeast Spt5 is deleted (Zhou et al., 2009). Although CDK9

Figure 7. Interaction between SPT5 and VIP5 Depends on CDKD;2.

(A) Binding of soluble phosphorylated SPT5 CTR to bead-bound His-Plus3. A phosphorylation reaction between CDKD;2 and SPT5 CTR was performed
with or without ATP. The purified proteins were assessed to determine their binding ability to the Plus3 domain. The amount of GST-CTR protein was
determined by an immunoblot analysis with antibody to GST (Anti-GST). Asterisk denotes CTR bands.
(B)Binding of solubleHis-Plus3 to phosphorylatedCTR. Theamount ofHis-CTRproteinwasdeterminedby an immunoblot analysiswith an antibody toHis
(Anti-His).
(C) Coimmunoprecipitation of SPT5 with VIP5 in the wild type and cdkd;2 mutants.
Seedlings containing FLAG-SPT5 in spt5 or in the spt5 cdkd;2 double mutant was used for immunoprecipitation with an anti-FLAG antibody, followed by
blotting with anti-VIP5.
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phosphorylates the CTR of human SPT5, enabling it to bind the
Plus3domainofRTF1 invitro, little is knownof theconsequenceof
histone modification with a loss-of-function of human SPT5.
ATX1, a histone H3K4 methyltransferase, regulates transcription

and H3K4me3 via a direct interaction with the CTD of Pol II, in-
dicating that ATX1has conserved functions similar to that of yeast
Set1 (Ding et al., 2011, 2012; Fromm and Avramova, 2014).
However, there is no evidence that ATX1 is recruited by the PAF1

Figure 8. Distribution of SPT5, VIP5, and H3K4me3 on FLC.

(A) Flowering time of Col-0, spt5, vip5, and the spt5 vip5 double mutant in long-day photoperiod.
(B) Flowering time of Col-0, cdkd;2-1, vip5, and the cdkd;2-1 vip5 double mutant in long-day photoperiod.
(C) Transcripts of FLCwere assessed in FRI, FRI spt5, FRI cdkd;2-1, and FRI vip5. RNA from 10-d-old seedlings was used for RT-PCR. Experiments were
repeated at least three times, each experiment included three replicates, and the representative experiments shown indicate themean6 SE,n=3 replicates.
(D) Gene structure of FLC. Exons are indicated as boxes and introns are indicated as lines. The locations of the gene regions analyzed by ChIP-PCR are marked.
(E) to (G) The amounts of SPT5, VIP5, and H3K4me3 at different regions of FLCwere determined by ChIP-PCR. The y axis denotes enrichment relative to
ubiquitin.Experimentswere repeatedat least three times, eachexperiment included three replicates, and the representativeexperimentsshown indicate the
mean 6 SE, n = 3 replicates. T1 and T14 are indicated in Supplemental Figure 3.
(H) A model showing that phosphorylation of SPT5 by CDKD;2 is required for VIP5 recruitment and H3K4me3 of FLC.
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complex in Arabidopsis. Collectively, our study provides an ele-
gant example of molecular regulation involving the interaction of
transcriptional elongation andhistonemethylation inArabidopsis.

METHODS

Plant Materials

The Arabidopsis thaliana ecotype Col-0 was grown at 22°C under a long-
day photoperiod with a 16-h-light/8-h-dark cycle and light intensity of
180 mmol m22 s21, or short-day photoperiod with an 8-h-light/16-h-dark
cycle. For theGA treatment, 10 mmolGAwas sprayedweekly, startingwith
2-week-old seedlings. The vernalization treatment followed the method
describedpreviously (Gendall et al., 2001;MichaelsandAmasino,2001;De
Lucia et al., 2008). Briefly, the seedlingsweregrown in agrowth chamber at
4°C for 5 weeks and then transferred to 22°C under long-day conditions.
Themutant lines, obtained from theSALKcollection, were as follows: spt5,
SALKseq_9711; cdkd;2-1, SALK_065163; cdkd;2-2, SALK_063929; gta2-
1, SALK_126891; gta2-2, CS813305; and vip5, SALK_062223.

Plasmid Constructs

The plasmids were constructed with the DNA primers and protocols de-
scribed in Supplemental Table 1. All cloned DNAs were confirmed by DNA
sequencing.

Protein and Peptide Pull-Down Assays, Immunoprecipitation, and
Immunoblot Assays

Protein expression and purification were performed as previously de-
scribed (Ding et al., 2007), and the protocols for protein isolation from the
leaves and protein immunoprecipitations were previously described by
Ding et al. (2011). Briefly, 3 to 5 g of leaf material was ground in buffer
(0.4 M sucrose, 10 mM Tris, pH 8.0, 5 mM b-mercaptoethanol, 0.1 mM
PMSF, and protease inhibitor cocktail [P9599; Sigma-Aldrich]) and fil-
tered throughMiracloth. After centrifugation, thepelletwas suspended in
buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 10 mMMgCl2, 0.1 mM PMSF,
and protease inhibitor cocktail) and resuspended using a Dounce ho-
mogenizer. After centrifugation, the supernatant was precleared with
protein A or protein Gmagnetic beads, and specific antibodies or control
IgG serum was added for overnight incubation at 4°C. Antibody com-
plexes were precipitatedwith protein A or protein Gmagnetic beads. The
beadswerewashedwith buffer (50mMTris, pH7.5, 150mMNaCl, 10mM
MgCl2, 0.1% Triton X-100, and protease inhibitor cocktail) and then
boiled for 5 min in SDS loading buffer, after which the proteins were
separated by SDS-PAGE and transferred to polyvinylidene fluoride
membranes (Bio-Rad). Immunoblots were analyzed with antibodies to
FLAG (Sigma-Aldrich; F1804, lot SLBQ6349V), VIP5 (Abcam; ab84564,
lot GR265927-2), HA (Sigma-Aldrich; H9658, lot 095M4778V), H3K4me3
(Abcam; ab8580, lot GR288375-1), and H3 (Abcam; ab1791, lot
GR293151-1).

For the pull-down assay, beads were incubated with 3 mg of fusion
protein and then incubated with 3 mg of soluble protein overnight at 4°C.
Mock controls included extracts prepared from either the His tag or GST
vectors. The beads were washed five times (20 mM Tris, pH 7.4, 150 mM
NaCl, and0.05%Tween20), separatedonanSDS-PAGEgel, andanalyzed
by immunoblot using an anti-GST antibody (Abmart; M20007, lot 252311)
or His (Abmart; M20001, lot 273884).

For the peptide pull-down assay, 1 to 2 mg of peptides were bound to
0.5 mg of streptavidin-coated beads (Dynabeads M280; Invitrogen) by
incubating them in 50 mL of high-salt binding buffer (25 mM Tris-HCl, pH
8.0, 1MNaCl, 1mMDTT, 5%glycerol, and 0.03%Nonidet P-40) at 4°C for
2 h. The bead-bound peptides were washed once with high-salt binding

buffer and twice with binding buffer (25mMTris-HCl, pH 8.0, 50mMNaCl,
1mMDTT, 5%glycerol, and 0.03%Nonidet P-40) and finally resuspended
in 50mLofbindingbuffer. Thebeadswere incubatedwith 3mgofHis-Plus3
protein overnight at 4°C. The beads were washed five times with buffer
(20 mM Tris, pH 7.4, 150 mM NaCl, and 0.05% Tween 20), and the re-
mainingproteinswereeluted from thewashedbeads inSDS loadingbuffer.
The samples were separated by SDS-PAGE and detected by immunoblot
analysis with a His antibody. The sequence of the peptides was
GSQTPMHPSRTPLHPCMTP and the phosphorylated form of the peptide
had the same sequence, with a phosphate group on the first threonine.

Isothermal Titration Calorimetry Assay

An isothermal titration calorimetry assay was performed as previously de-
scribed (Leavitt and Freire, 2001), using the proteins and peptides in buffer
(100mMTris-HCl, pH 7.4, and 50mMNaCl) and aMicroCal iTC200 titration
calorimeter (GE Healthcare) at 25°C. Briefly, an initial 1.0-mL injection was
followed by 19 injections of 2.0 mL of sample in solution (peptides with or
without phosphorylated threonine) into a 200-mL protein solution of His-
Plus3 constantly stirred at 1000 rpm, and the data were recorded for 120 s
between injections. The generation of heat due to dilutionwas determined in
aseparateexperimentbydilutingtheprotein intobufferandsubtractingthese
as blank values for each injection. The corrected heat valueswere assessed
usinganonlinear least squarescurve-fitting algorithm (MicrocalOrigin7.0) to
obtain the stoichiometry (n), binding constants (Ka and Kd), and change in
enthalpy for each enzyme-ligand interaction (DH).

Phosphorylation Reaction in Vitro

The phosphorylation reaction assay was performed according to the
method described by Demidov et al. (2005). Briefly, 2 mg of protein in
reaction buffer (50mMTris-HCl, pH 7.4, 10mMMgCl2, 50mMNaCl, 1mM
DTT, 2mMEDTA, and50mMATP)was incubatedwith2.5mCi [ɣ-32P]ATPat
30°C for 1 h. The reaction products were separated by SDS-PAGE and
autoradiographed with X-film.

Complementation Assay

For the ProSPT5:SPT5-FLAG construct, full-length genomicSPT5 fused with
FLAGwas inserted intopCambia1300containing the 2500-bpSPT5promoter
region.AllclonedDNAswereconfirmedbyDNAsequencing.Theprimersused
to generate the constructs are described in Supplemental Table 1.

Transient Expression and BiFC

SPT5, CDKD;2, and VIP5 were cloned into the pUC-SPYCE (amino acids
156–239) or pUC-SPYNE (amino acids 1–155) vectors. Transient ex-
pression assays were performed as described previously (Ndamukong
et al., 2010). Briefly, colonies of Agrobacterium tumefaciens were grown
overnight The cells were collected and resuspended in an equal volume of
induction medium [60 mM K2HPO4, 33 mM KH2PO4, 7.5 mM (NH4)2SO4,
1.7mMNaCitrate$2H2O, 10mMMESpH5.6, 1mMMgSO4, 0.2%glucose,
0.5%glycerol, antibiotics, and50mg/mLof acetosyringone]. After vigorous
shaking at 28°C for 6 h, the cells were resuspended to an optical density
of 0.6 in infiltration medium (10 mM MgCl2, 10 mM MES, and 150 mM
acetosyringone) and injected into the abaxial surface of Nicotiana
benthamiana leaves. The YFP was visualized 24 to 48 h after inocu-
lation, using a confocal laser scanning microscope (Zeiss LSM700).

Transient Expression in Arabidopsis Protoplasts

Arabidopsis mesophyll protoplast isolation and transformation were
performed as described previously (Yoo et al., 2007). Briefly, the leaves of
3-week-old Arabidopsis plants were detached onto double-sided tape,

288 The Plant Cell

http://www.plantcell.org/cgi/content/full/tpc.16.00568/DC1
http://www.plantcell.org/cgi/content/full/tpc.16.00568/DC1


digestedwithenzymes, and thenwashedwithMMGbuffer (0.4Mmannitol,
15 mM MgCl2, and 4 mM MES, pH 5.7). The protoplasts were co-
transformed with FLAG-SPT5 and HA-CDKD;2, followed by immuno-
precipitation. The primers used to generate the constructs are displayed in
Supplemental Table 1.

Yeast Two-Hybrid Assay

The yeast two-hybrid assay was performed according to the manu-
facturer’s protocol (Clontech; user manual 630489). Briefly, the Sac-
charomyces cerevisiae strain Y190 was transformed with the bait
constructs pGBKT-SPT5, pGBKT-SPT5N, pGBKT-SPT5C, pGBKT-
CTR, or pGBKT-KOW and then transformed with pGADT7-VIP5 or
pGADT7-Plus3. Vectors lacking coding region insertions were used as
negative controls. The yeast was scored for protein interaction based on
their ability to grow on synthetic defined medium lacking Trp, Leu, His,
and adenine. The primers used to generate the constructs are displayed
in Supplemental Table 1.

Reverse Transcription and Real-Time PCR

Total RNA isolation and reverse transcription with oligo(dT) primers
(Promega) were performed as described previously (Ding et al., 2007), and
the amounts of individual transcripts were measured with gene-specific
primers.Real-timePCRanalysiswasperformedusingaCFX real-timePCR
instrument (Bio-Rad) and SYBR Green mixture (Roche). The relative ex-
pression of genes was quantitated with the 22DDCT Ct calculation, using
UBIQUITIN as the reference housekeeping gene for the expression
analyses or relative to the input DNA for chromatin immunoprecipitation
assays. See Supplemental Table 1 for primers.

ChIP Assay

The ChIP assay was performed using a previously described method
(Ding et al., 2011) with slight modifications. Briefly, 3 g of 10-d-old
seedlings was fixed with 1% formaldehyde for 10 min and quenched in
0.125M glycine. The leaveswere ground in amortar and pestle in buffer
I (0.4 M sucrose, 10 mMTris, pH 8.0, 5 mM b-mercaptoethanol, 0.1 mM
PMSF, and protease inhibitor cocktail) and filtered through Miracloth.
After centrifugation, the pellet was extracted using buffer II (0.25 M
sucrose, 10 mM Tris, pH 8.0, 10 mM MgCl2, 1% Triton X-100, 5 mM
b-mercaptoethanol, 0.1mMPMSF, andprotease inhibitor cocktail) and
then buffer III (1.7 M sucrose, 10 mM Tris, pH 8.0, 10 mM MgCl2, 1%
Triton X-100, 5 mM b-mercaptoethanol, 0.1 mM PMSF, and protease
inhibitor cocktail). The nuclei were then lysed in lysis buffer (50mMTris,
pH 8.0, 10 mM EDTA, 1% SDS, 5 mM b-mercaptoethanol, 0.1 mM
PMSF, and protease inhibitor cocktail), and the extract was sonicated
to fragment the DNA to a size range of 300 to 500 bp. After centrifu-
gation, the supernatant was diluted using dilution buffer (1.1% Triton
X-100, 1.2 mM EDTA, 16.7 mM Tris, pH 8.0, 167 mM NaCl, 0.1 mM
PMSF, and protease inhibitor cocktail) and then preclearedwith protein
A or protein Gmagnetic beads. Specific antibodies (anti-FLAG [Sigma-
Aldrich; F1804, lot SLBQ6349V], anti-VIP5 [Abcam; ab84564, lot
GR265927-2], and anti-H3K4me3 [Abcam; ab8580, lot GR288375-1])
or control IgG serum were added to the precleared supernatants for an
overnight incubation at 4°C. The antibody protein complexes were
isolated by binding to protein A or protein G beads. The washed beads
were heated at 65°C for 8 h with proteinase K to reverse the formal-
dehyde cross-linking and digest proteins. The sample was then ex-
tracted with phenol/chloroform and the DNA was precipitated in
ethanol and resuspended in water. The purified DNA was analyzed by
real-time PCR using gene-specific primers presented in Supplemental
Table 1.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under the following accession numbers: SPT5, AT2G34210;
GTA2, AT4G08350; CDKD;2, AT1G66750; VIP5, AT1G61040; AtSPT5,
NP_180968.1; AtGTA2, NP_192575.3; HsSPT5.1, NP_001104490; DmSPT5,
NP_652610.1; and ScSPT5, NP_013703.1

Supplemental Data

Supplemental Figure 1. Phenotypic analysis of gta2 mutants.

Supplemental Figure 2. Phylogenetic analysis of SPT5 proteins from
Arabidopsis, humans, Drosophila, and yeast.

Supplemental Figure 3. Complementation of spt5 with ProSPT5::
FLAG-SPT5.

Supplemental Figure 4. The phosphorylation activity of CDKC and
CDK proteins.

Supplemental Figure 5. Complementation of spt5 with mutated
SPT5.

Supplemental Figure 6. Commercial antibody to mammalian RTF1
recognizes Arabidopsis VIP5.

Supplemental Table 1. Primers used in this work.

Supplemental Data Set 1. Alignments used to generate the phylog-
eny presented in Supplemental Figure 2B.
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