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The rhythms of steady-state mRNA expression pervade nearly all circadian systems. However, the mechanisms behind the
rhythmic transcriptional synthesis and its correlation with circadian expression remain fully unexplored, particularly in plants. Here,
we discovered a multifunctional protein complex that orchestrates the rhythms of transcriptional activity in Arabidopsis thaliana.
The expression of the circadian oscillator genes TIMING OF CAB EXPRESSION1/PSEUDO-RESPONSE REGULATOR1 and
PSEUDO-RESPONSE REGULATOR5 initially relies on the modular function of the clock-related factor REVEILLE8: its MYB domain
provides the DNA binding specificity, while its LCL domain recruits the clock components, NIGHT LIGHT-INDUCIBLE ANDCLOCK-
REGULATED proteins (LNKs), to target promoters. LNKs, in turn, specifically interact with RNA Polymerase II and the transcript
elongation FACT complex to rhythmically co-occupy the target loci. The functional interaction of these components is central for
chromatin status, transcript initiation, and elongation as well as for proper rhythms in nascent RNAs. Thus, our findings explain how
genome readout of environmental information ultimately results in rhythmic changes of gene expression.

INTRODUCTION

Organisms have developed a complex mechanism that can an-
ticipate the predictable changes in the surrounding environment
to adjust their physiology and development in a timely manner
(Zhang and Kay, 2010). This mechanism, known as the circadian
clock, provides a remarkable adaptive advantage, allowing for the
synchronization of internal biology with the external environment.
InArabidopsis thaliana, the clockmachinery is quite sophisticated
and involves reciprocal regulation among clock components that
ultimately leads to biological rhythms that oscillate in resonance
with the environment (Greenham and McClung, 2015). The or-
ganization of the circadian system in plants is hierarchical, with
specific circadian coupling or communication among clock cells
at the plant shoot apex that is important for clock synchronization
in roots (Takahashi et al., 2015). The coupling of cells at the
vasculature also plays a role in synchronizing neighboring me-
sophyll cells (Endo et al., 2014). Differences in coupling and/or
circadian function in different parts of the plant were also reported
in variousstudies (Thainet al., 2002; Jamesetal., 2008;Yakir et al.,
2011; Wenden et al., 2012; Bordage et al., 2016).

Transcriptional regulation is one of the many layers underlying
the circadian function in plants. Therefore, it is not surprising to
find, at the core of the plant clock, a high number of transcription
factors including, among others, the MYB domain proteins (Carré

and Kim, 2002). Single MYB domain transcription factors such as
CCA1 (CIRCADIAN CLOCK ASSOCIATED1) and LHY (LATE
ELONGATEDHYPOCOTYL)operateveryclose to theArabidopsis
circadian oscillator and belong to a family of 11 members that
share close sequence similarity within the MYB-like domain. Five
of these single MYB factors (REVEILLE/LHY-CCA1-LIKE [RVE/
LCL] proteins) were assigned to a family subgroup based on the
presence of the so-called LCL domain (; Farinas and Mas, 2011),
which is absent in other members of the single MYB family.
Analyses of Arabidopsis plants misexpressing the RVEs have
provided some clues about their role in circadian clock function.
For instance, plants misexpressing RVE8/LCL5 display changes
in phase, period, and amplitude of key oscillator genes (Farinas
andMas, 2011; Rawat et al., 2011; Hsu et al., 2013). Furthermore,
the activation of the dusk-expressed gene TOC1/PRR1 (TIMING
OF CAB EXPRESSION1/PSEUDO-RESPONSE REGULATOR1)
by RVE8 is antagonized by CCA1 and involves changes in the
patternofHistone3acetylationat theTOC1promoter (Farinasand
Mas, 2011). Activation of TOC1 andPRR5 (anothermember of the
TOC1/PRR1 family) occurs through direct binding of RVE8 to their
promoters and requires interaction with two members of the
NIGHT LIGHT-INDUCIBLE AND CLOCK-REGULATED (LNK)
protein family, which together with RVEs form a transcriptional
coactivator complex (Xie et al., 2014; Xing et al., 2015). In addi-
tion to altered gene expression, plants misexpressing RVE8 and/
or LNKs show a variety of phenotypes affecting anthocyanin
accumulation, plant growth, and photoperiodic regulation of
flowering time (Farinas and Mas, 2011; Rawat et al., 2011; Pérez-
García et al., 2015; Gray et al., 2017). Overall, LNKs connect
circadian gene expression, growth, and development with
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seasonal changes in daylength and temperature (Rugnone et al.,
2013; Mizuno et al., 2014; Xie et al., 2014).

Genome readout of environmental information ultimately
results in controlled changes in gene expression exerted at its
basis by the transcriptional machinery. Transcription of coding
genes requires different phases, including initiation, elongation,
and termination, followed bymaturation and decay. Transcription
initiation relies on the formation of the preinitiation complex (PIC),
which includes the RNA Polymerase II (RNA Pol II) and a number
of transcription factors and chromatin-related complexes that
modulate RNA Pol II activity (Lee et al., 1999; Näär et al., 2001).
Following PIC formation, the highly conserved heptapeptide re-
peats within the RNAPol II C-terminal domain (CTD) (Allison et al.,
1988; Nawrath et al., 1990) are susceptible of phosphorylation at
specific residues, which facilitate the recruitment of particular
protein complexes and the progression of initiation or elongation,
depending on the position of the phosphorylated residue
(Buratowski, 2009; Hajheidari et al., 2013). For instance, phos-
phorylation of Serine 5 (S5P) within the RNA Pol II CTD allows
RNA Pol II to escape the PIC and initiate transcription (Komarnitsky
et al., 2000). Thus, S5P is found at the promoters and 59 ends of
genes and is usually considered to be a marker of transcription
initiation and early elongation. During the transition from initia-
tion to elongation, decreased accumulation of S5P coincides
with a progressive increase in Serine 2 phosphorylation (S2P)
(Margaritis and Holstege, 2008), which aids in the recruitment
of factors required for elongation (Hajheidari et al., 2013) fol-
lowed by subsequent mRNA polyadenylation and termination at
the 39 ends of genes (McCracken et al., 1997; Birse et al., 1998).

Transcript elongation is also modulated by a number of tran-
script elongation factors, which associate with RNA Pol II and act as
histone chaperones, modifying histones or RNA Pol II activity
(Jonkers and Lis, 2015). In Arabidopsis, the histone chaperone
FACT (FACILITATES CHROMATIN TRANSCRIPTION) complex is
composed of SSRP1 (STRUCTURE-SPECIFIC RECOGNITION

PROTEIN1) and SPT16 (SUPPRESSOROF TY16) (Van Lijsebettens
and Grasser, 2014). The FACT complex localizes throughout ge-
nomic regions of actively transcribed genes, and its binding corre-
lateswith gene transcription (Duroux et al., 2004). Notably, the FACT
complex rhythmically binds to the promoter of TOC1, with a wave-
form paralleling TOC1 mRNA oscillation (Perales and Más, 2007).
Knockdownplantswith decreased expression ofSSRP1 andSPT16
show alterations in vegetative and reproductive development, while
null ssrp1 mutant plants are lethal (Lolas et al., 2010). Furthermore,
together with other transcript elongation factors, the FACT complex
copurifies with elongating RNA Pol II (Antosz et al., 2017), which
suggests that the Arabidopsis FACT complex assists transcript
elongationwith a similar function to that described in yeast (Xin et al.,
2009) and humans (Orphanides et al., 1998).
Here, we uncover themechanisms controlling the dusk-phased

rhythms in nascent RNAs and steady-state mature mRNAs in
Arabidopsis. We provide evidence that LNKs act as molecular
switches that recruit the transcriptional machinery for transcript
initiation and elongation in a timely manner. Consistently, LNK
function is essential for sustaining the rhythms in nascent RNAs.
Binding to the circadian target gene promoters relies on the se-
quence-dependent specificity provided by the MYB domain of
RVE8, while direct interaction of the LCL domain with LNKs
conveys LNKs to the target promoters. Together, our study
uncovers the role of clock components in regulating circadian
transcription by directly recruiting the transcriptional machinery.

RESULTS

The MYB Domain of RVE8 Provides the DNA Binding
Specificity to the TOC1 and PRR5 Promoters

To investigate themodular nature of RVE8 and the contribution of
RVE8 domains to the overall function of the full-length protein
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(RVE8-FL), we cloned a truncated version of RVE8 lacking the
C-terminal LCL domain (Figure 1A). The construct, named DLCL,
also contains GFP as a tag and is expressed under the control of
the cauliflower mosaic virus 35S promoter. We produced Arabi-
dopsis plants expressing the TOC1 promoter fused to luciferase
(TOC1pro:LUC) (Perales and Más, 2007) and examined promoter
activity in wild-type and DLCL-overexpressing (DLCL-ox) lines
under constant light (LL) conditions. Although the degree of
overexpression was not very high (Supplemental Figure 1A),
TOC1pro:LUC rhythms showed a delayed phase, a long period,
and a slightly decreased amplitude inDLCL-ox comparedwith the
wild type (Figures 1B and 1C). The decreased amplitude was also
evidentwhen rhythmswereexaminedunder light/darkcycles (12h
of light/12 h of dark [LD]) (Figures 1D and 1E; Supplemental Figure
1B). The circadian phenotypes of TOC1pro:LUC in DLCL-ox re-
sembled thoseof rve8mutants (Supplemental Figures1Cand1D),
suggesting that DLCL-ox might interfere with RVE8 function. The
similarities of DLCL-ox and rve8 pervade other RVE8 targets, as
PRR5 expression also showed reduced amplitude under both
LL (Figure 1F) and LD (Figure 1G) cycles, as assayed by RT-
qPCR. Consistent with previous reports, our results revealed
that, under constant red light conditions, RVE8-FL-ox showed
significantly shorter hypocotyls while rve8 mutant seedlings
displayed longer hypocotyls compared with the wild type. The
hypocotyls of DLCL-ox were also longer than those of the wild
type (Supplemental Figure 1E).

Effector domains can modulate the transcriptional activity of
DNA binding domains. As RVE8 regulates TOC1 and PRR5 ex-
pression through direct binding to their promoters, we examined
the DNA binding capabilities of DLCL protein. Chromatin immu-
noprecipitation (ChIP) assays showed an evident enrichment of
DLCL at both the TOC1 and PRR5 promoters (Figures 1H and 1I),
suggesting that theMYBdomain inDLCL retains theability tobind
to the target promoters despite the lack of the LCL domain.
However, the observation that DLCL binding is not accompanied
by the transcriptional activation of TOC1 and PRR5 suggests that
DLCL might be competing with the endogenous RVE8 for pro-
moter binding. Plants overexpressing DLCL in the rve8 mutant
background (DLCL-ox rve8) showed a clearly delayed phase of
TOC1pro:LUC activity, along with a long period and decreased
amplitude (Supplemental Figure 1F). Altogether, our results
suggest that binding might be necessary but not sufficient for
activation; thus, the LCL domain might play a prevalent role in the
activating function of RVE8.

We also used confocal microscopy to compare RVE8-FL and
DLCL distribution. Analysis of subcellular localization in hypo-
cotyls and roots (Supplemental Figures 1G and 1I) revealed that
RVE8-FL preferentially localized to the nucleus, although cyto-
plasmic strands with a reticulated pattern were also observed
under confocal microscope settings of high gain. DLCL protein
was also localized to the nucleus, with no evident sign of cyto-
plasmic strands under any gain conditions (Supplemental Figures
1H and 1J). The difference might be due to the absence of LCL or
the reduced degree of overexpression in DLCL-ox. The nuclear
localization of DLCL is consistent with the predicted bipartite
nuclear localization signal (positions 103 to 125) (Supplemental
Figure 1K) and with DLCL binding to nuclear DNA.

Overexpression of LCL-ox Exerts a Dominant-Negative
Function in the Regulation of TOC1 and PRR5 Expression

The LCLdomain amino acid sequence is highly conserved among
a wide range of plant lineages (Supplemental Figures 2 and 3).
Our results suggest that this domain might play an important
role in RVE8 activity. To explore its function, we transformed
the LCL domain fused to GFP under the control of the 35S
promoter (Figure 2A) into TOC1pro:LUC plants to generate LCL-
overexpressing lines (LCL-ox) (Supplemental Figure 4A). Bio-
luminescence analyses showed that the rhythmic oscillation of
TOC1pro:LUC was clearly affected in LCL-ox plants, with
a delayed phase and severely reduced amplitude under both LL
and LD conditions (Figures 2B to 2E; Supplemental Figures 4C
and 4D). The phenotypes were more severe than the ones
observed in rve8 mutants or in DLCL-ox plants (Figures 1B to
1E; Supplemental Figures 1B to 1D).PRR5 expressionwas also
severely disrupted in LCL-ox plants under LL andLDconditions
(Figures 2F and 2G). Consistent with the severity of the gene
expression phenotypes, LCL-ox hypocotyls were significantly
longer than those of the wild type, DLCL-ox, and the rve8
mutant, indicating that overexpression of LCL interferes with
RVE8 function and results in enhanced plant hyposensitivity to
red light (Figure 2H). Similarly, a clear delayed flowering time
phenotype was observed in LCL-ox (Supplemental Figures 4E
and 4F). Overexpression of LCL in the rve8mutant background
(LCL-ox rve8) resulted in severe circadian phenotypes fol-
lowing the same trend to that of LCL-ox in the wild-type
background (Supplemental Figures 4H and 4I). LCL-ox rve8
hypocotyls were also significantly longer than those of the wild
type (Supplemental Figure 4J). These results, together with the
finding that LCL-ox phenotypes were more severe than those
observed in rve8, suggest a possible dominant-negative role
not only for RVE8 function but also for other members of the
RVE family.
Our ChIP results showed the lack of enrichment of LCL on the

TOC1 andPRR5promoters in LCL-ox plants, which suggests that
the LCL-ox dominant-negative function is not due to competition
with the endogenous RVE8 for promoter binding. Analyses of the
subcellular localization of LCL showed both nuclear and cyto-
plasmic accumulation (Supplemental Figure 4G). Altogether, our
results show that the nucleus-localized LCL domain is not able to
bind to the target gene promoters, but the circadian expression of
these target genes is severely reduced in LCL-ox plants.

The RVE-LNK Tandem Regulates Both RNA Pol II and
H3K4me3 Occupancy

To get further insights into the mechanisms of LCL function in the
control of circadian gene expression, we performed a yeast two-
hybrid screening with the LCL domain as bait. High-confidence-
score (predicted biological score) analyses identified the members
of the LNK protein family as proteins that interact with the LCL
domain (Figure 3A). In vitro pull-down assayswithEscherichia coli
expressing the LCL domain fused to GST and LNK1 protein fused
toMBP (MaltoseBindingProtein) revealed a faint but reproducible
coimmunoprecipitation (co-IP) of LNK1 with the LCL domain but
not with GST-DLCL or with beads containing MBP-GFP (Figure
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3B; Supplemental Figure 5A). An interaction was also observed
for MBP-LNK3 with GST-LCL (Figure 3C; Supplemental Figure
5B). In vivo co-IP assays in plants using two different lines
overexpressing both the LCL domain and LNK1 (LNK1-ox LCL-
ox) revealed that the LCL domain effectively coimmunopreci-
pitated with LNK1 (Figures 3D and 3E). Co-IP was also observed
in LNK3-ox LCL-ox plants (Figures 3F and 3G), which indicates
the in vivo interaction of the LCL domain with LNK proteins.
As the rising phase of TOC1 and PRR5 expression is severely

delayed in LCL-ox and in lnk1 lnk2 double mutant plants, we
hypothesized that the recruitment of the transcriptionalmachinery
might be affected in these plants. Therefore, we assayed the
distribution profiles of total RNA Pol II in wild-type and lnk1 lnk2
plants. ChIP assays followed by qPCR showed that the accu-
mulationof totalRNAPol IIwas reduced in lnk1 lnk2plants at the59
end, middle, and 39 end regions of the PRR5 and TOC1 loci
(Figures 4A to 4D; Supplemental Figures 5E and 5F). As RVE8 and
RVE4 interact with LNKs (Xie et al., 2014), we also examined the
enrichment of total RNAPol II in rve4 rve6 rve8 triplemutant plants.
Our results showed a decreased enrichment of RNA Pol II in rve4
rve6 rve8 compared with the wild type (Supplemental Figures 5C
and5D), suggesting thatRNAPol II bindingat theTOC1 andPRR5
loci is altered in the absence of functional RVEs or LNKs. Analyses
of the two main CTD-phosphorylated isoforms characteristic of
transcription initiation (S5P) and elongation (S2P) showed that the
enrichment of both was clearly reduced in PRR5 and TOC1, most
strikingly at Zeitgeber Time 7 (ZT7) and ZT11 (ZT0 is defined as the
timeof lightson) (Figures4Eto4H),whichcoincidewith theirpeakof
expression and the time of RVE8 interaction with LNKs (Xie et al.,
2014; Pérez-García et al., 2015).While, inwild-typeplants, theRNA
Pol II phosphorylatedprofiles clearly oscillatedclosely following the
rhythms of gene expression, the oscillation was abolished in lnk1
lnk2plants (Figures 4E to 4H). These results suggest that LNK1 and
LNK2mightbe important for thecircadianaccumulationofRNAPol
II S5P and S2P at the PRR5 and TOC1 loci.
Different chromatin marks correlate with the occupancy of the

transcriptionalmachinery. As this occupancy is altered in lnk1 lnk2
plants, we askedwhether chromatinmarkswere also affected. To
this end, we examined the accumulation of trimethylated lysine
4 of Histone 3 (H3K4me3), a mark generally associated with
transcriptionally active genes (Shukla et al., 2009). H3K4me3
accumulation is also important for a precise circadian oscillation
and proper amplitude of clock gene expression (Malapeira et al.,
2012). Our ChIP data showed that H3K4me3 accumulation was
clearly reduced in lnk1 lnk2plants, primarily atZT7andZT11,while
no appreciable differences were observed at ZT3 (Figures 4I and
4J). Altogether, our results suggest that alteration of chromatin
status as well as transcriptional initiation and elongation correlate
with the altered waveforms of circadian gene expression in lnk1
lnk2 plants.

Figure 1. Overexpression ofDLCLAlters TOC1 andPRR5CircadianGene
Expression through the Binding of DLCL to Their Promoters.

(A) Schematic diagram depicting the full-length RVE8 protein (RVE8-FL)
fused to GFP and a truncated version lacking the LCL domain (DLCL).
(B) Analysis of rhythmic oscillations of TOC1pro:LUC by in vivo lumi-
nescence assays in thewild type andDLCL-ox (line 1) under LL conditions.
(C) Period estimates of the circadian waveforms in the wild type and two
different DLCL-ox lines (1 and 2) assayed as in (B) (***P < 0.001).
(D) Analysis of rhythmic oscillations of TOC1pro:LUC by in vivo lumi-
nescence assays in wild-type and DLCL-ox plants under LD cycles.
(E) Amplitude estimates of circadian waveforms in the wild type, rve8
mutant, and two DLCL-ox lines assayed as in (D) (***P < 0.001).
(F) and (G) Time-course analysis by RT-qPCR assays of PRR5 expression
in wild-type and DLCL-ox plants grown under LL conditions for 2 d after
synchronization under LD (F) or under LD cycles (G). Data are represented
as means + SE relative to IPP2 (ISOPENTENYL PYROPHOSPHATE:DI-
METHYL-ALLYL PYROPHOSPHATE ISOMERASE ) expression and rela-
tive to the highest value.
(H) and (I) ChIP analyses with DLCL-ox plants assayed at ZT2 to examine
binding to the TOC1 (H) and PRR5 (I) promoters. The promoter of the
AT5G55840 gene (PPR) was used as a negative control. Samples pro-
cessed without (2a) and with (+a) antibody during the ChIP procedure are

shown. ChIP enrichment is represented asmeans + SE relative to input and
the highest value. Graphs include data from two biological replicates
(samples from different starting material).
White and gray areas in (D) and (G) represent light and dark periods,
respectively.
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LNKs Directly Interact with RNA Pol II and the
FACT Complex

The severely reduced clock gene expression and reduced ac-
cumulation of RNA Pol II at the clock gene loci in lnk1 lnk2 plants
suggest a possible role for LNKs in recruiting the transcriptional
machinery. To explore this possibility, we first checked the direct
interaction of LNKs with RNA Pol II by in vitro pull-down studies
using the CTD fused to GST and LNK1 fused to MBP. Our results
showed efficient immunoprecipitation of GST-CTD (Supplemental
Figure 6A) and reproducible MBP-LNK1 copurification with GST-
CTD,whereasno interactionwasobservedwithGSTaloneusedas
a negative control (Supplemental Figure 6B). The interaction was
then assayedwith protein extracts fromLNK1-ox plants incubated
with an anti-MYC antibody to immunoprecipitate LNK1. The im-
munoprecipitated protein complexes were then analyzed for total
RNA Pol II. The antibody recognized phosphorylated and non-
phosphorylated isoforms (Figure 5A, upper panel). Although we
observed slightly higher accumulation of the nonphosphorylated
protein (Figure 5A, upper panel), the phosphorylated isoformswere
effectively immunoprecipitatedwithLNK1 (Figure 5B, upper panel).
These results were confirmed in co-IP studies with specific anti-
bodies recognizingCTDS5PandCTDS2P.Althoughaweaksignal
background was observed in wild-type plants and both antibodies
had some cross-reactivity with nonphosphorylated isoforms, our
results showed that S5P and S2P reproducibly coimmunopreci-
pitatedwithLNK1(Figure5B,middleand lowerpanels).Thus,LNK1
functions as a transcriptional coactivator that directly interactswith
RNA Pol II. The interaction with S5P and S2P RNA Pol II isoforms
alsosuggeststhatLNK1mightengage inthe regulationof transcript
initiation and elongation.
Our previous studies have shown that not only chromatinmarks

but also the binding of the histone chaperone complex FACT
rhythmically oscillates at the TOC1 promoter (Perales and Más,
2007). Furthermore, FACT forms part of a transcription elongation
complex containing RNA Pol II (Antosz et al., 2017). To examine
whether LNKsarealsopart of this complex,weperformed in vitropull-
downstudiesofLNKsandSSRP1,acomponentoftheFACTcomplex.
Our results showed that bothMBP-LNK1 (Figure 5C) andMBP-LNK3
(Figure 5D) coimmunoprecipitated with GST-SSRP1. To assay the
interaction in vivo, protein extracts from plants overexpressing either
LNK1 or LNK3 were immunoprecipitated with an anti-MYC antibody
andanalyzedwithananti-SSRP1antibody (Durouxetal.,2004;Antosz
et al., 2017). Although the amount of detected LNK1 protein was very
low due to technical issues (Figure 5E), SSRP1 was still efficiently
coimmunoprecipitated(Figure5F).TheuseofLNK3-oxplantsrevealed
that SSRP1also interactedwith LNK3 (Figures 5Eand5F). Altogether,

Figure 2. Alteration of Circadian Gene Expression and Hypocotyl Elon-
gation in LCL-ox Plants.

(A) Schematic diagram depicting RVE8-FL fused to GFP and a truncated
version consisting of the LCL domain.
(B) Analysis of rhythmic oscillations of TOC1pro:LUC by in vivo lumi-
nescence assays in the wild type, rve8mutant, and LCL-ox (line 2) grown
under LL conditions following synchronization under LD cycles.
(C) Analysis of rhythmic oscillations of TOC1pro:LUC by in vivo lumi-
nescence assays in wild-type, rve8 mutant, and LCL-ox plants under LD
cycles.
(D) and (E) Amplitude estimates of circadian waveforms in wild-type, rve8
mutant, and LCL-ox plants assayed as in (B) and (C), respectively (***P <
0.001).
(F) and (G) Time-course analysis by RT-qPCR assays of PRR5 expression
in wild-type and LCL-ox plants grown under LL cycles (F) or under LD
conditions (G). Data are represented as means + SE of two biological
replicates (samples from different starting material) relative to IPP2 ex-
pression and the highest value.
(H) Hypocotyl length of the wild type, RVE8-FL-ox, rve8, DLCL-ox, and
LCL-ox lines grown under constant red light (42 mmol$quanta$m22$s21

[mE]). Data are means 6 SE of two biological replicates (samples from
different starting material) (***P < 0.001).

(I)ChIPanalysesofDLCL-oxandLCL-oxplants assayedatZT2 toexamine
the binding of DLCL and LCL, respectively, to the TOC1 and PRR5 pro-
moters. The promoter of the AT5G55840 gene (PPR) was used as a neg-
ative control. Samples processed without (2a) and with (+a) antibody
during the ChIP procedure are shown. ChIP abundance is represented as
means + SE of two biological replicates (samples from different starting
material) and relative to the highest value.
White and gray areas in (C) and (G) represent light and dark periods,
respectively.
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theseresults indicatethatLNKs,RNAPol II,andSSRP1formpartofthe
same protein complex.

If LNKs interact with RNA Pol II and the FACT complex, func-
tional LNKs should localize to the PRR5 and TOC1 loci. Indeed,
ChIPassaysusingLNK1-oxplants showedsignificant enrichment
ofLNK1binding toPRR5andTOC1 (SupplementalFigures6Cand
6D) compared with unrelated loci or with samples similarly pro-
cessed but excluding incubation with the antibody (-a)
(Supplemental Figures 6C and 6D). Although the size of sonicated
chromatin required for efficient ChIP assays precludes obtaining
a very precise spatial resolution, qPCR amplification at the 59,
middle, or 39 region ofPRR5andTOC1 loci confirmeda significant
enrichment at the 59 ends of the genes, although above back-
ground amplification was also observed in themiddle and 39 ends
of thegenes (Supplemental Figures6Cand6D).Notably,when the
same distribution analyses were performed for RVE8, we found
enrichment only at the 59 end of the PRR5 and TOC1 genes
(Supplemental Figures 6E and 6F). These results suggest that
RVE8 recruits LNKs to the PRR5 and TOC1 promoters but that
LNKs, togetherwithRNAPol II and theFACTcomplex, travel along
the PRR5 and TOC1 loci. These results are also consistent with
a role for LNKs in the regulation of PRR5 and TOC1 transcript
initiation and elongation.

LNKs and the FACT Complex Co-Bind to PRR5 and TOC1
Loci and Regulate Their Circadian Transcription

Our results suggest that LNKs might aid in recruiting the tran-
scriptional machinery to the target genes PRR5 and TOC1. To
investigate this hypothesis, we examined the occupancy of
SSRP1 at the PRR5 and TOC1 loci via ChIP assays. In wild-type
plants, SSRP1 was detected at PRR5 and TOC1, whereas re-
ducedaccumulationwasobservedat the transcriptionally inactive
retrotransposon TA3 (Figure 6A). In lnk1 lnk2 plants, we found
reduced SSRP1 occupancy close to background levels (Figure
6A), which suggests that LNKs might be important for proper
SSRP1 association to the PRR5 and TOC1 loci. These results are
consistent with the reduced S2P occupancy in lnk1 lnk2 plants,
which was specific for PRR5 and TOC1 loci but not for ACT7
(ACTIN7) (Supplemental Figure 7A).
If LNKs formpart of thesameproteincomplexasFACTandRNA

Pol II, then the lack of a functional FACT complex should affect
RNA Pol II, which transits from the PIC to the initiation phase. This
would lead to the failure of RNA Pol II to engage in the elongation
phase, since an efficient passage through nucleosomal structures
cannot be supported by a compromised FACTcomplex. Thus,we
assayed the occupancy of RNA Pol II CTD-phosphorylated iso-
forms in ssrp1 mutant plants. As SSRP1 is critical for viability

Figure 3. Direct Interaction of LNKs with the LCL Domain of RVE8.

(A) The coding sequence of the LCL domain (nucleotides 627 to 825, amino acids 209 to 275; gray box) was used as a bait in a yeast-two hybrid screenwith
a random-primedcDNA library fromArabidopsis.Selected interactiondomains (blackboxes) fromLNKswereobtainedby identifying thedomainssharedby
all prey fragments matching the reference protein.
(B)and (C) Invitropull-downassaysofDLCLandLCLwithLNK1 (B)andLNK3 (C). Proteincomplexeswerepurifiedusingamylose resin todetectGST fusion
proteins (GST-DLCL and GST-LCL).
(D) to (G) Immunoblot analysis of two different double overexpressing LNK1-MYC-ox LCL-YFP-ox lines ([D] and [E]) and LNK3-MYC-ox LCL-YFP-ox ([F]
and [G]). Protein extractswere immunoprecipitated (IP)with anti-GFPantibody ([D]and [F]) followingdetectionwith anti-MYCantibody (co-IP) ([E]and [G]).
Wild-typeproteinextractsweresimilarlyprocessed.PlantsweregrownunderLDcycles for10dandprocessedatZT7.Arrows indicate thespecificdetected
proteins, while asterisks indicate unspecific or degraded protein products.
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Figure 4. RNA Pol II and H3K4me3 Deposition at the PRR5 and TOC1 Loci Are Altered in lnk1 lnk2 Double Mutant Plants.

(A) and (B) Diagrams depicting PRR5 (A) and TOC1 (B) loci. Double arrowheads indicate the primer positions for amplification of the 59 end,
middle (Mid), and 39 end regions of each locus. Gray boxes represent evening element (EE) positions. Bars = 500 bp.
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(Duroux et al., 2004), we used ssrp1-2mutant plants with a 50%
reduction in SSRP1 transcript accumulation (Lolas et al., 2010).
We found that the accumulation of both phosphorylated iso-
forms was reduced at the PRR5 and TOC1 loci (Figures 6B and
6C; Supplemental Figures 7B and 7C). When we compared S2P
occupancy in wild-type, lnk1 lnk2, and ssrp1-2 plants, we found
a similar marked reduction in S2P accumulation in lnk1 lnk2 and
ssrp1-2 at PRR5 and TOC1 but not at ACT7 (Supplemental
Figure 7D). The reduction in RNA Pol II accumulation in ssrp1-2
mutant plants was accompanied by a delayed rising phase and
a marked decrease in PRR5 expression at ZT7 (Figure 6D). Al-
though ssrp1-2 plants are only knockdown mutants, the circa-
dian phenotypes of gene expression closely resembled those
observed in DLCL-ox and LCL-ox (Figures 6E and 6F). Con-
sistently, RNA Pol II S5P and S2P accumulation was also sig-
nificantly reduced in DLCL-ox and LCL-ox plants (Supplemental
Figures 7E and 7F). These results, together with the direct
protein-protein interaction data, support the idea that LNKs and
the FACT complex contribute together to the regulation ofPRR5
and TOC1 circadian transcription.

To further support the functional relevance of LNKs and the
FACT complex, we performed sequential ChIP assays to identify
the possible co-binding of LNK1 and the FACT complex at the
clock loci. Control analyses of double anti-MYC immunoprecip-
itation rounds in LNK1-ox plants revealed the enrichment of LNK1
at the TOC1 promoter and verified the reliability of the double
round of immunoprecipitation (Figure 6G). Immunoprecipitation
with the anti-MYC antibody to pull down LNK1 followed by
a second round of immunoprecipitation with the anti-SSRP1
antibody revealed that both proteins form part of the same
complex, which binds to the middle and 39 end regions of the
TOC1 locus (Figure 6H).

The interaction of LNKswith the elongating S2PCTDRNAPol II
and with SSRP1, together with its distribution along the target
genes, suggests a role for LNKs in both transcript initiation and
elongation. If that is the case, the pharmacological inhibition of
transcript initiation and elongation should resemble the lnk1 lnk2
phenotypes. To examine this possibility, we performed bio-
luminescence analyses with plants treated with kinase inhibitors
such as flavopiridol (Flap) and seliciclib (Selic), which inhibit the
CTDphosphorylationofS5andS2, respectively (Dinget al., 2011).
Our results showed a dose-dependent decreased amplitude and
delayed phase of TOC1pro:LUC activity (Figures 7A to 7C;
Supplemental Figures 8A to 8C), which indeed resembled the
phenotypes of lnk1 lnk2 plants. These results are consistent with
the decreased binding of RNA Pol II (S5P and S2P) and SSRP1 to

the PRR5 and TOC1 loci in plants treated with the inhibitors
(Supplemental Figures 8G to 8I). We also reasoned that if the
recruitment of the machinery responsible for clock transcript
initiation and elongation is affected in lnk1 lnk2 plants, then the
effect of these inhibitors should be diminished in lnk1 lnk2
compared with wild-type plants. Indeed, RT-qPCR analyses
showed a delayed phase and evident reduction of PRR5 and
TOC1 amplitude in inhibitor-treated wild-type plants (Figure 7D;
Supplemental Figure 8D), while only a minor effect was observed
in lnk1 lnk2 plants (Figures 7E and 7F) and in the rve4 rve6 rve8
triple mutant (Supplemental Figures 8E and 8F). Therefore,
treatment of lnk1 lnk2 plants with inhibitors had only a minor
impact, as S5P and S2P accumulation is already affected in these
plants. In agreementwith our conclusions, the interaction of LNKs
with SSRP1 was reduced following treatment with Selic, while
SSRP1, LNK1, and LNK3 protein accumulation was not signifi-
cantly affected by the treatment (Supplemental Figures 8J to 8M).
Taken together, our results indicate that the function of LNKs is
important for transcript initiation and the elongation of PRR5 and
TOC1.

The Rhythms of PRR5 and TOC1 Nascent RNAs Are
Affected in lnk1 lnk2 Plants

Our results suggest that LNKs affect PRR5 and TOC1 tran-
scription, but their effects on gene expression were analyzed
using steady-state mRNA. Therefore, we examined actual
changes in transcript synthesis by analyzing nascent RNAs in
wild-type and lnk1 lnk2 plants. To this end, we isolated nuclei
from plants sampled at ZT3, ZT7, and ZT11 and performed
nuclear run-on transcription by bromouridine immunocapture,
followed by the detection of labeled nascent transcripts by
RT-qPCR. The primers used for nascent RNAdetection (nr1, nr3,
and nr5) spanned exon-intron boundaries (to exclude the am-
plification of possible mature spliced mRNA) along the 59 end,
gene body, and 39 end of the genes (Supplemental Figure 9). In
wild-typeplants,PRR5andTOC1nascentRNAsexhibiteda59 to
39 gradient at each time point (Figures 7G to 7L). In addition, the
peak accumulation of nascent RNAs correlated with the peak of
steady-state mRNAs (i.e., ZT7 for PRR5 and ZT11 for TOC1)
(Figures 7G to 7L; Supplemental Figures 9C and 9D). The use of
primers spanning two exons (ex-ex) rendered very low amplifi-
cation, indicating the lack of mature mRNA contamination
(Figures 7H and 7L). In lnk1 lnk2 plants, nascent RNA accu-
mulation was significantly low at all time points examined
(Figures 7G to 7L; Supplemental Figures 9C and 9D). Reduced

Figure 4. (continued).

(C) and (D)ChIP-qPCRanalyses of total RNAPol II enrichment at the 59 end,middle, and 39 end regions ofPRR5 (C) andTOC1 (D) in wild-type and lnk1 lnk2
plants assayed at ZT7 and ZT11, respectively.
(E) and (F)ChIP-qPCR analyses of CTD S5P enrichment at the 59 terminus inPRR5 (E) and TOC1 (F) in wild-type and lnk1 lnk2 plants assayed at ZT3, ZT7,
and ZT11.
(G) and (H)ChIP-qPCR analyses of CTD S2P enrichment at themiddle regions inPRR5 (G) and TOC1 (H) in wild-type and lnk1 lnk2 plants assayed at ZT3,
ZT7, and ZT11.
(I) and (J) ChIP-qPCR enrichment of H3K4me3 in PRR5 (I) and TOC1 (J) in wild-type and lnk1 lnk2 plants assayed at ZT3, ZT7, and ZT11 at the 59 terminus.
Data are represented asmeans + SE and relative toACTIN7 (ACT7) and the highest value. Graphs include data from two biological replicates (samples from
different starting material). **P < 0.01 and ***P < 0.001.
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nascent RNA accumulation in lnk1 lnk2 plants was observed at
the 59 ends and at the gene bodies, suggesting that both tran-
script initiation and elongation were affected (changes in elon-
gation would result in differences in the gene body but not at the
59 terminus). The effect was specific to PRR5 and TOC1, as
nascent RNAs of a control gene such as UBQ5 (UBIQUITIN5)
showed similar accumulation patterns in wild-type and lnk1 lnk2
plants (Figures 7H, 7I, 7K, and 7L). Together, these results in-
dicate that, not only are the steady-state levels of PRR5 and
TOC1mRNA rhythmically expressed, but their nascentRNAsare
aswell. Our results also demonstrate that LNKs are important for
the accumulation of these nascent RNAs.

Altogether, our results identify a multifunctional protein com-
plex inwhich each component exerts specific functions in a timely
manner that ultimately contribute to the temporal control of
transcriptional synthesis of the clock genes PRR5 and TOC1
(Supplemental Figure 9E). The MYB domain of RVE8 provides
DNAbindingspecificity,while itsLCLdomain is responsible for the
interactionwith LNKs. LNKs, in turn, recruit RNAPol II and SSRP1
to facilitate the initiation and elongation of clock transcripts. The
functions of all these components are essential, as mutation or
inactivation of these activities affects nascent RNAs, delays the
mRNAsteady-state risingphase,and reduces theamplitudeof the
clock genes PRR5 and TOC1.

DISCUSSION

Most transcription factors are modular, with DNA binding and
effector domains that are responsible for the regulation of tran-
scriptional activity (Du et al., 2009). Here, we functionally mapped
the different RVE8 domains and found that the MYB domain is
sufficient forDNAbinding to target genes,while the LCLdomain is
responsible for the interaction with LNKs. The MYB family rep-
resents a large class of proteins that generally function as tran-
scription factors (Dubos et al., 2010). Most of these proteins
contain several imperfect repeats of a highly conserved MYB
domain at their N termini. A particular subclass of MYB proteins
has been separately grouped based on the presence of a single or
partial MYB repeat. Based on structural properties, it is likely that
the singleMYBdomain bindsDNA in a different way fromproteins
containing several MYB repeats (Jin and Martin, 1999). Some
members of the single MYB protein family have been charac-
terized in several plant species and were shown to be involved in
the regulation of secondary metabolism, cellular and organ
morphogenesis, as well as circadian rhythms (Carré and Kim,
2002).
Unlike the highly conservedMYB domain at the N terminus, the

C-terminal end is usually variable and is responsible for modu-
lating the transcriptional activity of the protein. The LCL domain is

Figure 5. Direct Interaction of LNKs with the RNA Pol II and the Component of the FACT Complex SSRP1.

(A) and (B) Input of total RNAPol II and the phosphorylated isoforms S5P and S2P (A) and co-IP with anti-MYC antibody following detection with anti-total
RNA Pol II, S5P, and S2P antibodies (B) in wild-type and LNK1-ox plants.
(C) and (D) In vitro pull-down assays of SSRP1 with LNK1 (C) and LNK3 (D). Protein complexes were purified using Glutathione Sepharose resin to detect
MBP-fused proteins (MBP-LNK1 and MBP-LNK3).
(E) and (F) Co-IP assays by protein gel blot analysis of LNK1-MYC-ox and LNK3-MYC-ox.Plant protein extracts were immunoprecipitated with anti-MYC
antibody following detection with anti-MYC antibody (IP) and anti-SSRP1 antibody (co-IP).
Plants were grown under LD cycles for 10 d and processed at ZT7.

LNKs and the Transcriptional Machinery 915

http://www.plantcell.org/cgi/content/full/tpc.18.00052/DC1


Figure 6. The Coordinated Function of SSRP1 and LNKs Is Important for RNA Pol II Recruitment and Circadian Gene Expression of Core Clock Genes.

(A) SSRP1 occupancy at the PRR5, TOC1, and TA3 loci by ChIP assays in wild-type and lnk1 lnk2 plants.
(B) and (C) Time-course analyses of CTD S2P profiles in PRR5 (B) and TOC1 (C) in the wild type and ssrp1-2 at ZT3, ZT7, and ZT11.
(D) to (F)Time-courseanalysisbyRT-qPCRofPRR5expression ([D]and [E]) andTOC1 (F) inwild-typeandssrp1-2plants (D)and inwild-type,DLCL-ox,and
LCL-ox plants ([E] and [F]) under LL conditions for 2 d after synchronization under LD.Data are represented asmeans+ SE relative to IPP2 expression and to
the highest value.
(G) and (H)ChIP enrichment after a double round of immunoprecipitation with anti-MYC and anti-MYC antibodies (G) and with anti-MYC and anti-SSRP1
antibodies (H) to detect colocalizationof LNK1andSSRP1at theTOC1genebody.ChIPenrichment is representedasmeans+ SE relative to the input and to
the highest value. UBIQUITIN5 (UBQ5) and TA3 were used as negative controls.
Data are represented as means + SE of two biological replicates (samples from different starting material). *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 7. Role of LNKs in the Regulation of PRR5 and TOC1 Transcript Synthesis.

(A) to (C) Analysis of rhythmic oscillations of TOC1pro:LUC by in vivo luminescence assays in wild-type plants grown under LL conditions following
synchronization under LD cycles treated with the indicated concentrations of seliciclib (Selic). Data are represented as means + SE of two biological
replicates (samples from different starting material).
(D) to (F)Time-course analysis byRT-qPCRofPRR5 ([D]and [E]) andTOC1 (F)expression inwild-type (D)and lnk1 lnk2 ([E]and [F]) plants in theabsenceor
presence of Selic. Analyseswere performed under LL conditions for 2 d after synchronization under LD. Data are represented asmeans + SE relative to 18S
rRNA expression and to the highest value.
(G) to (L)PRR5 ([G] to [I]) and TOC1 ([J] to [L]) nascent RNAaccumulation at ZT3 ([G] and [J]), ZT7 ([H] and [K]), and ZT11 ([I] and [L]) using different sets of
exon-intron primers along the loci (nr, nascent RNA primers). Nascent RNAs of UBQ5 were also analyzed as a control ([H], [I], [K], and [L]). Data are
represented as means + SE relative to ACT7 and to the highest value.
Graphs include data from two biological replicates (samples from different starting material). *P < 0.05, **P < 0.01, and ***P < 0.001.
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exclusively found in the five members of the RVE/LCL sub-
class and is responsible for the interaction with LNKs. The
binding and cooperative action of MYB proteins with other
transcription factors are important for the control of numer-
ous processes, including flavonoid biosynthesis, drought
responses, epidermal differentiation, and patterning in root
hairs and trichomes (Du et al., 2009). We found that the in-
teraction of the RVE8 LCL domain with LNKs is central for
controlling the circadian expression of core clock compo-
nents such as PRR5 and TOC1. Previous studies have already
shown that RVEs and LNKs are cotranscriptional activators of
circadian gene expression (Xie et al., 2014) but display an
antagonistic function in the control of anthocyanin gene ex-
pression (Pérez-García et al., 2015).

Our understanding of the components and mechanisms of
transcription in plants has been lagging behind that of animal
systems. Global nuclear run-on sequencing and RNA se-
quencing have recently shown that, in plants, nascent tran-
scripts correlate with steady-state transcript accumulation
(Hetzel et al., 2016). This study also revealed the lack of di-
vergent transcription or promoter-proximal pausing in plants,
which are commonly found in other species (Preker et al., 2008;
Jonkers and Lis, 2015). These results suggest that initiation is
an important regulatory step in transcription in plants (Hetzel
et al., 2016). Studies performed with a biochemically inactive
variant of the SET-related protein ARABIDOPSIS HOMOLOG
OF TRITHORAX1 (ATX1) revealed that promoter-proximal
pausing can indeed be observed in plants (Ding et al., 2012).
Further support of this notion was provided by another study
showing cooperativity between SQUAMOSA PROMOTER
BINDING PROTEIN-LIKE15 and SUPPRESSOR OF OVER-
EXPRESSION OF CONSTANS1 for the activation of FRUIT-
FULL (Hyun et al., 2016).

Studiesperformed inDrosophilamelanogaster (Rodriguezetal.,
2013) and mouse (Menet et al., 2012) have shown that post-
transcriptional regulation plays a crucial role in the regulation of
circadian mRNA expression. Our results show that the ex-
pression of PRR5 and TOC1 nascent RNAs is rhythmic and
follows thesameoscillatory trendassteady-statematuremRNA.
The rhythms were disrupted and the amount of nascent RNAs
significantly reduced in lnk1 lnk2 plants, which suggest that
LNKs are important for proper rhythmic accumulation of PRR5
and TOC1 nascent RNAs.Our results show that LNKsbind to the
59 regions of the PRR5 and TOC1 loci. LNKs interact with RNA
Pol II S5P, and proper accumulation of RNA Pol II S5P also
requires functional LNKs. Together with the repressed and
delayed transcription of PRR5 and TOC1 in lnk1 lnk2 plants,
respectively, we conclude that LNKs are important for tran-
scriptional initiation of PRR5 and TOC1. LNKs aid in the re-
cruitment of the transcriptional machinery to circadian targets.
Target specificity is provided by the sequence-dependent
binding of RVE8 to the PRR5 and TOC1 loci. The subsequent
recruitment of RNAPol II thus ensuresproper circadian timing for
the transcriptional machinery.

Our results also suggest that transcriptional elongation is
modulated by RVE8 and LNKs. Two distinctive processes de-
lineate transcriptional elongation: processivity (nucleotide addi-
tions per initiation event) and the elongation rate (nucleotide

additions/min) (Mason andStruhl, 2005). Both a reducedand slow
elongation rate of RNAP II might lead to premature dissociation
along the chromatin template (Mason and Struhl, 2005). Our re-
sults show that LNKs interact with RNA Pol II S2P and with the
elongation factor SSRP1 such that the observed reduced occu-
pancy in the lnk1 lnk2 double mutant might be due to their im-
proper recruitment, leading to altered PRR5 and TOC1 gene
expression. Thus, LNKs are important for both transcriptional
initiation and elongation, a notion that is also supported by our
nascent RNA results. The role of RVE8-LNKs in both tran-
scriptional initiation and elongation might be useful for proper
coordination between these two events, favoring transcription
efficiency in concert with the production of chromatin marks at
the appropriate circadian time. A tight coordination between
transcriptional initiation and elongation was shown to be re-
quired for the precise regulation of FLOWERING LOCUS C
expression (Wu et al., 2016), which is also controlled by FACT
(Lolas et al., 2010). Our results point to the interesting possibility
that LNKsmightbe important for ensuringacontinuousflowfrom
initiation to elongation, avoiding early termination. In the lnk1
lnk2 doublemutant, the initiation and transition to elongation are
severely affected, and this explains the severity of the gene
expression phenotypes.
Local chromatin organization influences transcription (Smolle

and Workman, 2013). H3K4me3 is usually associated with
transcriptionally active genes (Gardner et al., 2011). Our results
show thatH3K4me3at thePRR5andTOC1 loci is reduced in lnk1
lnk2 double mutant plants. In yeast (Saccharomyces cerevisiae),
RNA Pol II activity is required to recruit SET1/COMPASS (Ng
et al., 2003), the catalytic subunit of the histone methyl trans-
ferase complex that methylates H3K4 (Briggs et al., 2001). In
contrast, the sequential order is reversed in mammalian cells, as
the presence of H3K4me3 appears to facilitate transcription
initiation (Vermeulen et al., 2007). In plants, ATX1 forms a com-
plex with TATA Binding Protein and RNA Pol II to control the
formation of the PIC (Ding et al., 2011). Notably, the rhythmic
accumulation of H3K4me3 at the promoters of core clock genes
parallels the oscillation of clock gene expression. This chromatin
signature has been shown to be important for blocking inhibitor
binding to clock promoters, thus ensuring proper timing of re-
pression (Malapeira et al., 2012). Our results showing that
a chromatin mark is affected in lnk1 lnk2 double mutant plants is
also consistent with previous findings showing that another
activating mark, H3 acetylation, is also affected in RVE8-ox and
rve8 mutant plants (Farinas and Mas, 2011). Therefore, the
RVE8-LNKs interaction is central for the recruitment of the
transcriptional machinery and enables a permissive chromatin
environment, favoring clock gene activation and preventing
advanced binding of clock repressors.
RNA Pol II transcription requires the coordination of dif-

ferent sets of proteins, including the basal transcription
machinery and factors that bind to sequence-specific pro-
moter elements. Here, we have demonstrated that LNKs relay
the activating function of the transcription factor RVE8 to the
transcriptional machinery. We propose that LNKs act as
bridging proteins that function as an important scaffold for the
regulation of circadian transcription of core clock genes
expressed close to dusk.
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METHODS

Plasmid Construction, Plant Material, and Growth Conditions

LNK1 and LNK3 plant overexpression vectors were generated by PCR-
mediated amplification of the LNK1 and LNK3 coding sequences followed
by cloning into the pENTR/D-TOPO vector (Invitrogen). The LNK1 and
LNK3 coding sequences were subsequently cloned into the plant desti-
nation vector pGWB417/517 (Nakagawaet al., 2007a, 2007b) following the
manufacturer’s recommendations (Invitrogen). RVE8 and domain vectors
were generated by cloning RVE8-FL, DLCL (nucleotides 1 to 624), and the
LCL domain (nucleotides 625 to 885) first into the pENTR/D-TOPO vector
and then into the plant destination vector pGWB505 (Nakagawa et al.,
2007a, 2007b).

Bacterial expression vectors were generated by cloning the coding
sequencesofLNK1,SSRP1,RNAPol IICTD,RVE8-FL,DLCL, andLCL into
the pENTR/D-TOPO vector. Each coding sequence was subsequently
cloned into pDEST565 or pDEST_HIS_MBP (Nallamsetty et al., 2005)
vectors using the LR reaction (Invitrogen). For MBP-LNK3, the coding
sequence of LNK3 was amplified by PCR and cloned into the pE-
T_HIS_MBP vector (Bogomolovas et al., 2009) after digestion with NcoI
and XhoI restriction enzymes (Roche) and ligation with T4 DNA ligase
(Roche).

Arabidopsis thaliana plants were transformed using Agrobacterium
tumefaciens (GV2260)-mediated DNA transfer (Clough and Bent, 1998).
Seedlingswere stratified at 4°C in the dark for 3 d onMurashige andSkoog
(MS)agarmediumsupplementedwith3%sucrose.Plateswere transferred
to LD (12 h of light/12 h of dark) with 60 to 100mmol$quanta$m22$s21 cool
whitefluorescent lightat 22°C.TheTOC1pro:LUC (PeralesandMás,2007),
RVE8-FL-ox (Farinas and Mas, 2011), rve8 (SALK_016333C) (Farinas and
Mas, 2011), lnk1 lnk2 (SALK_024353, GK_484F07) (Rugnone et al., 2013),
rve4 rve6 rve8 (Hsu et al., 2013), and ssrp1-2 (SALK_001283) (Lolas et al.,
2010) lines were described elsewhere. Full-length RVE8-ox,DLCL-ox, and
LCL-oxwere transformed into thewild-typebackgroundaswell as the rve8
mutant background.

Protein Sequence Alignment and Phylogenetic Analyses

Multiple sequence alignment of the amino acid sequence of the LCL
domain was performed using protein sequences from the EnsemblPlants
database (http://plants.ensembl.org/index.html). The sequences were
subjected toBLASTanalysis against theLCLdomainofArabidopsisRVE8.
Protein homologs with the closest sequence identity were aligned with
ClustalW using the Bioedit program (Bioedit 7.2.5).

Phylogenetic analysis was performed using the maximum likelihood
method based on a JTT matrix-based model (Jones et al., 1992). The tree
with thehighest log likelihood (2923.86)wasselected.The initial tree for the
heuristic search was obtained by applying Neighbor-Join and BioNJ al-
gorithms to a matrix of pairwise distances estimated using the JTT model
and then selecting the topology with superior log likelihood value. The
numberofbootstrap replicateswas1000.The treewasdrawn toscale,with
branch lengthsmeasured in thenumberof substitutionsper site (next to the
branches). The analysis involved 45 amino acid sequences. All positions
containinggapsandmissingdatawereeliminated.Therewere56positions
in the final data set. Evolutionary analyses were conducted in MEGA7
(Kumar et al., 2016).

Analyses of Hypocotyl Growth, Flowering Time, and
Confocal Imaging

Seeds were stratified on plates with MS agar medium without sucrose for
4 d in the dark at 4°C. Seeds were then exposed to white light
(80 mmol$quanta$m22$s21) for 4 h and kept in the dark for 20 h following

exposure to constant red light (42 mmol$quanta$m22$s21) for 7 d. Ap-
proximately 20 to 25 seedlings were used for hypocotyl length meas-
urements using ImageJ software (National Center for Biotechnology
Information [NCBI]). For flowering time assays, seeds were synchronized
for 4 d at 4°C and placed on soil. Plants were grown under long-day
conditions (16 h of light/8 h of dark) with a light intensity of 80 to
100mmol$quanta$m22$s21 inwalk-in chambers (INKOA). Bolting time and
the number of rosette leaves of 10 to 15 plants were counted when the
inflorescence stems reached 1 cmhigh. Two-tailed t tests were performed
for statistical analyses (*P < 0.05, **P < 0.01, and ***P < 0.001). Two bi-
ological replicates were performed with plants grown at different times.
Confocal analyses were performedwith plants grown onMS agar medium
supplemented with 3% sucrose under long-day cycles. Fluorescence
signals from hypocotyl and root cells were imaged using an Olympus
Fluoview FV1000 confocal microscope with a 515-nm argon laser (exci-
tation, 488 nm; emission, 510 nm).

In Vivo Luminescence Assays

Seven-day-old plants synchronized under LD cycles (12 h of light/12 h of
dark) at 22°C were transferred to 96-well plates and resynchronized for an
additional 24 h under LD cycles before switching to LL conditions. In vivo
luminescence assays were performed as described previously (Takahashi
et al., 2015) with an LB960 luminometer (Berthold Technologies) using
Microwin software (Mikrotek Laborsysteme). Periods, phases, and am-
plitudes were estimated using the Fast Fourier Transform-Non-Linear
Least Squares suite using the BioDare online tool (www.biodare.ed.ac.uk)
(Zielinski et al., 2014). Two-tailed t tests were performed for statistical
analyses (*P < 0.05, **P < 0.01, and ***P < 0.001). For inhibitor analyses,
different concentrations of Flap (1, 5, and 10 mM) and Selic (10, 100, and
500mM)were vacuum-infiltrated for 5 to8min into7-d-old seedlingsbefore
luminescence analyses. Two biological replicates were performed with
seedlings grown at different times. Each biological replicate included 8 to
12 seedlings per condition and/or genotype.

Gene Expression Analyses by RT-qPCR

Seedlings were synchronized under LD cycles for 7 d and subsequently
transferred to LL for 2 d. Samples were taken every 4 h over the third day
under LL. RNA was purified using a Maxwell 16 LEV simplyRNA tissue kit
following the manufacturer’s recommendations (Promega). Purified RNA
was treated with RNase-free Turbo DNase (Ambion), and single-stranded
cDNA was synthesized using iScript Reverse Transcription Supermix for
RT-qPCR (Bio-Rad) with 1 mg of RNA. qPCR was performed with iTag
Universal SYBR Green Supermix (Bio-Rad) or Brilliant III Ultra-Fast SYBR
Green qPCR Master Mix (Agilent) with a 96-well CFX96 Touch Real-Time
PCR detection system (Bio-Rad). The expression data were normalized to
IPP2 (ISOPENTENYL PYROPHOSPHATE: DIMETHYL-ALLYL PYROPH-
SPHATE ISOMERASE ) using the 22DDCT method (Livak and Schmittgen,
2001). For inhibitor analyses, Selic (500 mM)was vacuum-infiltrated for 5 to
8min into7-d-oldseedlings, andsampleswereharvested the followingday
at different circadian times, as indicated. The expression data were nor-
malized to 18S rRNA using the 22DDCT method (Livak and Schmittgen,
2001). Two biological replicates were performedwith seedlings grown and
sampled at different times. Two to three technical replicates were per-
formed within the same biological replicate. Primers used in this study are
listed in Supplemental Table 1.

Yeast-Two Hybrid Screening

The coding sequenceof the LCLdomain (nucleotides 625 to 825)wasPCR
amplified and fused to the C-terminal end of LexA in the pB27 vector. The
construct was used as a bait to screen a random-primed cDNA library of
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Arabidopsis constructed into the pP6 vector (Hybrigenics Services). Using
amating approachwith YHGX13andL40DGal4 strains,;64million clones
were screened and around 322 His+ colonies were selected on a medium
lacking histidine, tryptophan, and leucine. The prey fragments of these
positiveclonesweresequencedandused tosearch theGenBankdatabase
(NCBI) to identify potential interacting proteins with the LCL domain.

Protein Expression, Purification, and in Vitro Pull-Down

Transformed Escherichia coli cells (BL21, DE3) were grown until the OD600

values reached 0.6 to 0.8. Isopropyl b-D-1-thiogalactopyranosidemediated
induction of MBP-LNK3, GST-CTD, andGST-SSRP1was performed at 28°C
for 4 to 6 h. MBP-LNK1, GST-DLCL, and GST-LCL were induced at 17°C
overnight.Bacteriawere lysedbysonication for2 to3min (30son,30soff,high
intensity) using a sonicator (Bioruptor, Diagnode). Recombinant proteins were
purified using gravity flowcolumnswith amylose resin forMBP fusionproteins
(NewEnglandBiolabs)andGlutathioneSepharose4BforGST-taggedproteins
(GE Healthcare). The purified recombinant proteins were concentrated using
Amicon centrifugal filters (EMD Millipore).

For in vitro pull-down assays between DLCL, LCL, and LNKs, proteins
were incubated inpull-downbindingbuffer (13PBS,pH7.4,0.2%glycerol,
0.6% Triton X-100, and 1 mM b-mercaptoethanol) for 2 h at 4°C with end-
over-end rotation. Amylose resin was then added and incubated for an-
other 2 h at 4°Cwith end-over-end rotation. Beadswerewashed four to six
times with pull-down washing buffer (13 PBS, pH 7.4, 0.6% Triton X-100,
and 1 mM b-mercaptoethanol), and protein complexes were released by
heating at 95°C for 5 min in 23 SDS loading buffer (100 mM Tris-HCl,
pH 6.8, 4% SDS, 0.2% bromophenol blue, 20% glycerol, and 5%
b-mercaptoethanol). Protein samples were analyzed by immunoblotting
using an anti-MBPantibody (reference sc-809, SantaCruz Biotechnology)
(1:1000 dilution) or a monoclonal anti-GST antibody (reference 8-326;
Thermo Fisher Scientific) (1:1000 dilution).

To test the interaction between LNKs and RNA Pol II CTD or SSRP1,
proteins were processed as described above with minor modifications.
Briefly, proteins were incubated in pull-down binding buffer (20 mM Tris-
HCl, pH 7.9, 20% glycerol, 1 mM EDTA, 5mMMgCl2, 0.1%Nonidet P-40,
1mMDTT, 0.2mMPMSF, and0.1MNaCl) for 2 hat 4°Cwith end-over-end
rotation. Glutathione Sepharose 4B was then added and incubated for
another 2 h at 4°C with end-over-end rotation. Beads were washed four
times with pull-down washing buffer (20 mM Tris-HCl, pH 7.9, 20%
glycerol, 1mMEDTA, 5mMMgCl2, 0.1%NonidetP-40, 1mMDTT, 0.2mM
PMSF, and0.1MNaCl), andprotein complexeswere releasedbyheatingat
95°C for5min in23SDS loadingbuffer (100mMTris-HCl, pH6.8, 4%SDS,
0.2% bromophenol blue, 20% glycerol, and 5% b-mercaptoethanol).
Protein samples were analyzed by immunoblotting with an anti-MBP
antibody (reference sc-809, Santa Cruz Biotechnology) (1:1000 dilution) or
with a monoclonal anti-GST antibody (reference 8-326, Thermo Fisher
Scientific) (1:1000 dilution). Two biological replicates were performed per
experiment and/or condition.

In Vivo Co-IP Assays in Plants

Analyses of LNKs and LCL interactions were performed with 10-d-old
seedlings grown under LD cycles. At least two biological replicates with
seedlings grown and sampled at different times were performed. Around
1 g of seedlings was ground in liquid nitrogen and resuspended in 1 mL of
co-IP binding buffer (50mMTris-HCl, pH 7.5, 150mMNaCl, 0.4%Nonidet
P-40, 1 mM EDTA, 2 mM DTT, 5% glycerol, 1 mM PMSF, 5 mg/mL leu-
peptin, 1 mg/mL aprotinin, 5 mg/mL antipain, 1 mg/mL pepstatin, 5 mg/mL
chymostatin, and 50 mM MG-132). Protein concentration was measured
using standard curves with the Bradford method (Bradford, 1976). Su-
pernatants containing equal amounts of total protein were incubated with
25mLofGFP-trapmagnetic beads (Chromotek) for 1 to 2hat 4°Cwith end-

over-end rotation. Beads were washed with co-IP washing buffer (50 mM
Tris-HCl, pH7.5, 150mMNaCl, 1mMEDTA, 2mMDTT, 1mMPMSF, 5mg/
mL leupeptin, 1 mg/mL aprotinin, 5 mg/mL antipain, 1 mg/mL pepstatin,
5 mg/mL chymostatin, and 50 mM MG-132). The protein complexes were
released from thebeadswith 50mLof 23SDS loadingbuffer (100mMTris-
HCl, pH 6.8, 4% SDS, 0.2% bromophenol blue, 20% glycerol, and 5%
b-mercaptoethanol) andheatingat 95°C for 5min. The co-IP sampleswere
then analyzed by immunoblot analyses using an anti-GFP antibody (ref-
erence A11122, Invitrogen) (1:2500 dilution) and an anti-Myc antibody
(reference M4439, Sigma-Aldrich) (1:2500 dilution).

Analyses of the interaction of LNKs with RNA Pol II or SSRP1 were
performed following the same protocol described above with slight
modifications. Briefly, sampleswere resuspended in 1mL of co-IP binding
buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.4% Nonidet P-40, 5 mM
MgSO4, 2 mM CaCl2, 2 mM DTT, 5% glycerol, 1 mM PMSF, 30 mg/mL
leupeptin, 30 mg/mL aprotinin, 30 mg/mL E-64, 7.5 mg/mL antipain, 3 mg/
mL pepstatin, 7.5 mg/mL chymostatin, and 50 mM MG-132). Protein
concentration was measured using standard curves with the Bradford
method (Bradford, 1976). Supernatants containing equal amounts of total
protein were treated with DNase I (Promega) or Benzonase (Novagen).
Samples were then incubated with 25 mL of Myc-trap agarose beads
(Chromotek) for 1 to 2 h at 4°C with end-over-end rotation. Beads were
washed with co-IP binding buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl,
0.4% Nonidet P-40, 5 mM MgSO4, 2 mM CaCl2, 2 mM DTT, 5% glycerol,
1 mMPMSF, 30mg/mL leupeptin, 30mg/mL aprotinin, 30mg/mL E-64, 7.5
mg/mL antipain, 3 mg/mL pepstatin, 7.5 mg/mL chymostatin, and 50 mM
MG-132). Protein complexes were released from the beads using 50 mL of
23 SDS loading buffer (100 mM Tris-HCl, pH 6.8, 4% SDS, 0.2% bro-
mophenol blue, 20% glycerol, and 5% b-mercaptoethanol) and heating at
95°C for 5 min. The co-IP samples were analyzed by immunoblot analysis
using a monoclonal anti-Myc antibody (reference M4439, Sigma-Aldrich)
(1:2500 dilution), an anti-RNA Pol II CTD repeat YSPTSPS (phospho S2)
antibody (reference ab5095, Abcam) (1:1000 dilution), an anti-RNA Pol II
CTD repeat YSPTSPS (phospho S5) antibody (reference ab5131, Abcam)
(1:1000 dilution), an anti-RNAPol II antibody (reference at-300, Santa Cruz
Biotechnology) (1:1000 dilution), and an anti-SSRP1 antibody (1:1000
dilution) (Duroux et al., 2004). For inhibitor analyses, Selic (300 mM) was
vacuum-infiltrated for 8 min into 10-d-old seedlings at ZT3, and samples
were harvested at ZT7 the following day. For Ponceau S staining, the
membrane was incubated with Ponceau S solution (0.1% Ponceau S and
1% acetic acid) for 5 min with shaking and washed twice by water before
imaging.

ChIP and Sequential ChIP Assays

Plants were grown under LD cycles for 10 to 14 d, and samples were
collectedunderLDconditionsor the thirddayunderLLat the indicated time
points. At least twobiological replicateswith seedlingsgrownandsampled
at different timeswere performed. ChIP assayswere essentially performed
as described previously (Perales andMás, 2007) with somemodifications.
Briefly, 1 to 2 g of seedlingswas fixed in fixation buffer (10mMTris-HCl, pH
8.0, 0.4M sucrose, 1mMEDTA, 1mMPMSF, 0.25%Triton X-100, and 1%
formaldehyde) for 10 to 15 min under a vacuum. The fixation was stopped
byaddingglycine toafinalconcentrationof0.125Mandvacuumfor10min.
Seedlings were washed twice with 50 mL of cold water, frozen in liquid
nitrogen, and stored at280°C. Samples were ground in liquid nitrogen to
a fine powder and resuspended in extraction buffer I (10 mM Tris-HCl, pH
8.0, 0.4 M sucrose, 5 mM EDTA, 5 mM b-mercaptoethanol, 1 mM PMSF,
5 mg/mL leupeptin, 1 mg/mL aprotinin, 1 mg/mL E-64, 5 mg/mL antipain,
1 mg/mL pepstatin, 5 mg/mL chymostatin, and 50 mMMG-132). Following
filtrationwithMiracloth (EMDMillipore), the cellswere centrifuged at 1000g
for 20 min and washed with extraction buffer II (10 mM Tris-HCl, pH 8.0,
0.25 M sucrose, 10 mM MgCl2, 1% Triton X-100, 5 mM EDTA, 5 mM
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b-mercaptoethanol, 1 mM PMSF, 5 mg/mL leupeptin, 1 mg/mL aprotinin,
1mg/mLE-64, 5mg/mLantipain, 1mg/mLpepstatin, 5mg/mLchymostatin,
and 50 mMMG-132) to purify nuclei. The nuclei were then resuspended in
1mL of nuclei lysis buffer (10mMTris-HCl, pH 8.0, 10mMEDTA, 1%SDS,
1mMPMSF,5mg/mL leupeptin, 1mg/mLaprotinin, 1mg/mLE-64,5mg/mL
antipain, 1 mg/mL pepstatin, 5 mg/mL chymostatin, and 50 mM MG-132)
and sonicated 4 min (30 s on, 30 s off, low intensity) with a sonicator
(Bioruptor, Diagnode). Nuclear debris was removed by centrifugation at
maximum speed. Approximately 20 to 25mgof chromatin was then diluted
with 1 mL of ChIP dilution buffer (15 mM Tris-HCl, pH 8.0, 167 mM NaCl,
1mMEDTA, 1.1%Triton X-100, 1mMPMSF, 5mg/mL leupeptin, 1mg/mL
aprotinin, 5mg/mL antipain, 1mg/mL pepstatin, 5mg/mL chymostatin, and
50mMMG-132) and incubated with the corresponding antibody overnight
at 4°C. Protein-DNA complexes were collected by incubation with 50 mL of
equilibrated Protein G beads (Dynabeads, Invitrogen) for 2 to 3 h. The beads
weresequentiallywashedwith low-saltbuffer (20mMTris-HCl,pH8.0,150mM
NaCl, 1% Triton X-100, 2 mM EDTA, 0.1% SDS, 1 mM PMSF, 5 mg/mL
leupeptin, 1 mg/mL aprotinin, 1 mg/mL E-64, 5 mg/mL antipain, 1 mg/mL
pepstatin, 5mg/mLchymostatin, and50mMMG-132), high-salt buffer (20mM
Tris-HCl, pH 8.0, 500 mM NaCl, 1% Triton X-100, 2 mM EDTA, 0.1% SDS,
1 mM PMSF, 5 mg/mL leupeptin, 1 mg/mL aprotinin, 1 mg/mL E-64, 5 mg/mL
antipain, 1mg/mL pepstatin, 5mg/mL chymostatin, and 50 mMMG-132), LiCl
buffer (10mMTris-HCl, pH 8.0, 1mMEDTA, 250mMLiCl, 1%Nonidet P-40,
1%sodiumdeoxycholate,1mMPMSF,5mg/mL leupeptin,1mg/mLaprotinin,
1mg/mLE-64,5mg/mLantipain,1mg/mLpepstatin,5mg/mLchymostatin,and
50 mM MG-132), and TE buffer (10 mM Tris-HCl, pH 8.0, and 1 mM EDTA).
Protein-DNA complexes were released by incubation with 300 mL of ChIP
elution buffer for 1 h at 65°C. Reverse cross-linking was performed by adding
0.2 M NaCl and incubating at 65°C overnight. DNA was purified using a Gel
Extraction Kit (Qiagen) following the manufacturer’s recommendation. qPCR
wasperformedwith iTagUniversalSYBRGreenSupermix (Bio-Rad)orBrilliant
III Ultra-Fast SYBR Green qPCR Master Mix (Agilent) using a 96-well CFX96
TouchReal-TimePCRdetection system (Bio-Rad). For inhibitor analyses, Flap
(10 mM) or Selic (300 mM) was vacuum-infiltrated for 8 min into 12-d-old
seedlingsatZT3,andsampleswereharvestedatZT7the followingday.To take
into account differences in the immunoprecipitation efficiency in the different
samples, ACT7 was used as a positive control in ChIP assays of the basal
transcriptionalmachinery. For ChIP analyseswith LNKsor RVE8domains, it is
obviouslynotpossible touseACT7asapositivecontrol.A two-tailed t testwas
performed for statistical analysis (*P < 0.05, **P < 0.01, and ***P < 0.001).

Sequential ChIP assays (Xie and Grotewold, 2008) were performed
following the same ChIP procedure described above but including 23
washes with low-salt buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1%
Triton X-100, 0.1% SDS, 2 mM EDTA, 1 mM PMSF, 5 mg/mL leupeptin,
1 mg/mL aprotinin, 1 mg/mL E-64, 5 mg/mL antipain, 1 mg/mL pepstatin,
5 mg/mL chymostatin, and 50 mMMG-132) and 23washes with TE buffer
(10 mM Tris-HCl, pH 8.0, and 1 mM EDTA) after the first round of immu-
noprecipitation with the anti-MYC antibody (reference M4439, Sigma-
Aldrich) (1:500 dilution). Complexes were eluted with 15 mM DTT and
incubated at 37°C for 30 min. Chromatin was then diluted in Sequential
ChIP buffer (15 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA, 1 mM
PMSF, 5 mg/mL leupeptin, 1 mg/mL aprotinin, 5 mg/mL antipain, 1 mg/mL
pepstatin, 5 mg/mL chymostatin, and 50 mm MG132) and concentrated
using Amicon centrifugal filters (EMD Millipore). Samples were then in-
cubated overnight at 4°C either with an anti-Myc antibody (reference
M4439, Sigma-Aldrich) (1:500 dilution) or with an anti-SSRP1 antibody
(Duroux et al., 2004) (1:200 dilution). Complexes were washed, eluted,
purified, and amplified as described above.

Nascent RNAs

Nascent RNA analyses were performed as described previously (Hetzel
et al., 2016) with minor modifications. Briefly, seedlings were grown in MS

medium supplemented with 3% sucrose for 5 d under LD cycles at 22°C.
Plates were then moved to LL conditions, and ;20-g samples were col-
lected at the indicated time points on the third day under LL. At least two
biological replicates with seedlings grown and sampled at different times
were performed. Samples were homogenized with an Ultra Turrax T-25
homogenizer in100mLof ice-coldgrindingbuffer (300mMsucrose,20mM
Tris, pH 8.0, 5 mM MgCl2, 5 mM KCl, 0.2% [v/v] Triton X-100, 5 mM
b-mercaptoethanol, and 35% [v/v] glycerol) at 4°C. Samples were then
filtered through Miracloth (EMD Millipore) before being passed through
a 60-mm cell strainer into 50-mL Falcon tubes. Tubes were centrifuged at
5000g for 10 min at 4°C. Pellets were then washed twice by homogeni-
zationwith30mLofcoldgrindingbuffer usingamicrostreaker.Pelletswere
resuspended in 2 mL of freezing buffer (50 mM Tris, pH 8.0, 5 mMMgCl2,
20%[v/v]glycerol, and5mMb-mercaptoethanol), andnucleiwerecounted
under a light microscope using a Neubauer chamber. Nuclei were then
divided into aliquots in 1.5-mL tubes and frozen in liquidN2.Nuclear run-on
of ;5 to 6 3 106 nuclei was performed by adding 200 mL of 33 nuclear
run-on reaction buffer (15 mM Tris-HCl, pH 8.0, 450 mM KCl, 7.5 mM
MgCl2, 1.5% [v/v] 20% sarkosyl, 1.5 mM DTT, 0.2 units/mL SUPERase-in
[Fisher Scientific], 375 mM ATP, 375 mM GTP, 60 nM CTP, and 375 mM
BrUTP [Sigma-Aldrich]). After 5 min of incubation at room temperature,
run-on was stopped by adding 140 mL of DNase Mix (15 mL of 103 RQ1
DNase I buffer, 50 mL of nuclease-free deionized water, and 5 mL of RQ1
DNase [Promega]) for 15min at room temperature, followedby theaddition
of 160 mL of STOP Mix (20 mM EDTA, 200 mM NaCl, 1% [v/v] SDS, and
0.3mg/mLglycogen) plus 20mL of 2.5mg/mLproteinaseK and incubation
for 30min at 37°C. Nuclei were centrifuged for 10min at 1000g at 4°C, and
RNAwas extracted using a TRIzol-based protocol inwhich 250mL of high-
salt buffer (0.8M sodiumcitrate [NaH2(C3H5O(COO)3)] and 1.2MNaCl) and
1 mL of RNase-free glycogen were added for isopropanol precipitation.
Prior to BrUTP precipitation, BrdU antibody beads (sc-32323 AC; Santa
Cruz Biotechnology) were washed twice with ice-cold GRO binding buffer
(0.253 saline-sodium-phosphate-EDTA buffer, 0.05% [v/v] Tween,
37.5mMNaCl, and1mMEDTA). Approximately 50mLof eachRNAsample
was diluted with 450 mL of cold GRO binding buffer and incubated with
40 mL of equilibrated BrdU antibody beads. The reaction was incubated
under slow rotation for 1.5 h at 4°C. Beads were spun down for 20 min at
1000g at 4°C. Beads were then resuspended in 200 mL of cold grinding
buffer and transferred to a Millipore MC column (UFC30HVNB EMD Mil-
lipore). After a spin down for 1min at 1000g, beadswerewashed twicewith
500mL of cold grinding buffer for 5min under fast rotation at 4°C. Columns
were thenmoved to fresh1.5-mL tubes, andRNAwaselutedwith200mLof
TRIzol LS under gentle shaking for 5 min at room temperature. After
a second TRIzol elution, 100 mL of nuclease-free deionized water was
added to the column and eluted. RNAwas extracted using a TRIzol-based
protocol following the manufacturer’s recommendations. cDNA synthesis
was performed as described previously (Roberts et al., 2015). A High-
Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific) was
used for reverse transcriptase-mediated PCR. RT-qPCR analyses were
performed in a CFX96 Touch Real-Time PCR detection system using
Brilliant IIIUltra-FastSYBRGreenqPCRMasterMix (AgilentTechnologies).
The primers used for nascent RNA detection span exon-intron boundaries
in order to exclude the amplification of mature mRNA, which was also
verified by the use of primers amplifying exon-exon boundaries. Nascent
RNA primers for ACT7 and UBQ5 were used as controls. The expression
datawereanalyzedusing the22DDCTmethod (LivakandSchmittgen,2001).
The primers used are listed in Supplemental Table 1.

Accession Numbers

Sequence data in this study can be found in the Arabidopsis Genome
Initiative under the following accession numbers: RVE8 (AT3G09600),
LNK1 (AT5G64170), LNK2 (AT3G54500), LNK3 (AT3G12320), LNK4
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(AT5G06980), SSRP1 (AT3G28730), SPT16 (AT4G10710), RNA Pol II
(AT4G35800), TOC1 (AT5G61380), PRR5 (AT5G24470), ACT7 (AT5G09810),
UBQ5 (AT3G62250), PPR (AT5G55840), IPP2 (AT3G02780), and TA3
(AT1G37110).
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Supplemental Figure 5. Direct Interaction of LNKs with the LCL
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Supplemental Figure 6. In Vitro Interaction of LNK1 with RNA Pol II
and Binding of LNK1 and RVE8 to the PRR5 and TOC1 Loci.

Supplemental Figure 7. LNKs and SSRP1 Are Important for RNA Pol
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