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Chapter 1

General Introduction

1.1 From DNA to RNA - the RNA Polymerase 11

At the core of the central dogma of molecular biology, RNA polymerases enable most known
organisms to transcribe genetic information into RNA. While RNAs can have regulatory,
enzymatic or structuring functions, messenger RNA (mRNA) is the key molecule to deliver
information to the ribosome. Transcription of genes encoding for mRNA is carried out by the
RNA polymerase II (RNAPII). This molecular machinery consists of 12 subunits (Bushnell and
Kornberg, 2003) that can carry out the basic role of reading the sequential information stored in
DNA and adding ribonucleotides to a growing RNA chain. However, compared to RNAPI and
RNAPIII, RNAPII has by far the most diverse set of targets. Eukaryotic RNAPI only has very
specific targets, including the transcription of 25S, 18S, and 5.8S rRNA. Targets of RNAPIII
include 5S rRNA, tRNA, 7SL RNA, U6 snRNA (Dieci et al., 2007). RNAPII targets are
ranging from the permanent transcription of housekeeping genes to highly up- or downregulated
stress response genes. Additionally RNAPII transcribes miRNAs, snRNAs, snoRNAs and other
non-coding RNAs (Hsin and Manley, 2012). To enable specificity and accuracy for such a wide
range of targets, a substantial number of additional factors are involved in fine tuning RNAPII

dependent transcription in higher eukaryotes.

1.1.1 Initiation of transcription

The most obvious step of transcriptional regulation is the rate at which RNAPII is recruited to
the promoter of genes. This is a well-studied process which, in short, consists of the interplay of
conserved sequence elements and regulation of the general accessibility of the region. Different
sequence elements directly on the DNA are the basic way to regulate the transcription of a gene
and are present in all branches of life (Werner and Grohmann, 2011). In a well-coordinated
sequence of events, several highly conserved steps regulate transcription initiation. Consequently,
this mechanism is very defined and as that probably the best studied one during the transcription
cycle, reviewed for example by Farnung and Vos, 2021. For RNAPII mediated transcription this
step begins with the assembly of the preinitiation complex, composed of the core RNAPII and
general transcription factors. This complex can unwind the DNA and form the ”transcription
bubble”. In many cases this complex is pre-loaded on the promoter of genes and the transcription
is paused until further signaling occurs. Depending on the interplay of several DNA elements

and general transcription factors, this is already sufficient to achieve a good range of control.



1.1.2 Transcript elongation

The main focus of this work is based on the regulatory steps of transcript elongation. Compared to
initiation, this step during transcript synthesis is more complex and depends on the recruitment,
release and/or modification of a variety of so called transcript elongation factors (TEFs). These
factors are needed to overcome obstacles during elongation. Obstacles during transcription
can range from challenging sequences like repetitive regions or regions with differences in
GC-composition to co-transcriptional processes like splicing to transcription over nucleosomes,
including a vast amount of possible histone modifications (Chen et al., 2018). Despite the
complexity of the regulation of transcript elongation, it could be the first layer of control of
transcription that developed during the course of evolution (Werner and Grohmann, 2011).
The following introduction of TEFs shows just a few that are well-described in several model

organisms and include those this study is focused on.

1.1.2.1 TFIIS

TFIIS was described in Arabidopsis thaliana by Grasser et al., 2009 as a nuclear protein involved
in gene expression. It is a three-domain protein with an N-terminal domain, a middle domain
acting as a linker and a C-terminal domain reaching into the active center of the RNAPII, where
it is essential to stimulate the weak intrinsic RNA cleavage activity of the RNAPII (Kettenberger
et al., 2003). Later it was shown that the RNA cleavage activity of TFIIS is crucial for rescuing
backtracked and/or arrested RNAPII elongation complexes in Arabidopsis (Antosz et al., 2020).
TFIIS deficient mice proved to have a severely impacted development (Ito et al., 2006). In yeast
(Koyama et al., 2003) and in Arabidopsis (Grasser et al., 2009), reduced levels of TFIIS have
shown only minor effects on the phenotype of the respective organisms under perfect growth

conditions.

1.1.2.2 The PAF1 complex

The multisubunit polymerase-associated factor 1 complex (PAF1C) consists of six subunits in
plants, named ELF7 (homologue of PAF1), ELF8 (homologue of CTR9), VIP4 (homologue
of LEO1), VIP5 (homologue of RTF1), VIP3 (homologue of WDR61/SKI8) and CDC73
(homologue of CDC73) in Arabidopsis thaliana. PAF1C has been shown to play a stabilising role
in elongation beyond the pause-release step. This role correlates with several post-translational
histone modifications like decreased H3K36me3 and H2b ubiquitination at target genes (Hou
et al., 2019). It was shown that knockdown of human PAF1 (Arabidopsis: ELF7) and CTR9
(Arabidopsis: ELF8) displayed similar severe phenotypes (Kim et al., 2010). In plants, a
functional role of PAF1C was described as a protein complex that regulates the transition
from vegetative to reproductive development (van Lijsebettens and Grasser, 2014). Arabidopsis
CDCT73 was shown to play a role for a very small subset of genes including the FLOWERING
LOCUS C (Yu and Michaels, 2010).



1.1.2.3 The histone chaperone FACT

FACT (facilitates chromatin transcription) was identified to be essential to enable RNAPII for
the transcription over nucleosomal templates in vitro (Orphanides et al., 1998). It consists of two
subunits named SPT16 (suppressor of Ty 16) and SSRP1 (structure-specific recognition protein
1) (Orphanides et al., 1999). The subunits are highly conserved in many species, including
in Arabidopsis thaliana. One prominent exception to the otherwise rather consistent naming
of the FACT subunits within eukaryotic model organisms is yeast, where SSRP1 is named
POB3. This FACT subunit has high sequence similarity to the homologues in other species
but lacks an HMG-box domain. Since the first identification of the FACT complex, extensive
research was conducted on this complex, gaining insights into the various roles of FACT in
transcriptional control by establishing a specific chromatin context. This not only includes
removal of nucleosomes but also reassembly and general accessibility of chromatin. Besides its
role in RNAPII mediated transcription, FACT is also involved in chromatin repair and DNA

replication (Formosa and Winston, 2020).

1.1.2.4 SPT4-SPT5 heterodimer

As SPT5 is the only universally conserved transcription factor present in all branches of life,
it acts as an indicator that the regulation of transcript elongation was the first to develop
(Werner and Grohmann, 2011). Several functions were assigned to the SPT4-SPT5 dimer. These
include the regulation of pausing, promoting productive elongation and the coordination of
co-transcriptional mRNA processing (Song and Chen, 2022). In Arabidopsis, previous studies
described two genes encoding SPT4 and SPT5, each. Mutant lines with reduced levels of
the constitutively expressed SPT5-2 were not viable. For mutant lines with reduced levels
of expression of SPT4, several severe growth defects were described and linked to defective

transcript elongation (Diirr et al., 2014).

1.1.2.5 ELF1

Elongation factor 1 (ELF1) was first described in yeast (Prather et al.,2005). It is a small
zinc finger protein which interacts with RNAPII at the DNA entry tunnel (Ehara et al., 2017).
Later it was shown to facilitate transcription through nucleosomes by adjusting the position of
histones (Ehara et al., 2019). A similar function of ELF1 was also described in archaea, where
ELF1 in conjunction with SPT4-SPT5 enables productive elongation of RNAPII (Blombach et
al., 2021).



1.1.3 Termination

A last step of direct transcriptional control is the termination of the polymerisation process.
As a variety of transcription units are target of RNAPII mediated transcription, there are
also differences in the termination mechanism. For protein coding genes, however, this process
usually involves recognition of a polyadenylation signal by the cleavage and polyadenylation
complex, composed of the cleavage and polyadenylation specificity factor (CPSF), the cleavage
stimulatory factor (CstF), and the cleavage factors (CF) I and II (Eaton and West, 2020).
This is accompanied by a slowdown of the RNAPII. The exonuclease Xrn2 co-transcriptionally
degrades RNA past the polyadenylisation signal and finally displaces the RNAPII (Cortazar et
al., 2019).

1.2 Differences in the genome architecture of higher eu-

karyotes

Many plants are highly complex eukaryotes and in many ways their genome architecture,
organization, and complexity is comparable to that of other complex eukaryotes like mammals.
On the other hand, plants are sessile organisms and cannot easily evade extreme environmental
changes. Thus, extreme and quick transcriptional flexibility is of special importance for those
organisms to react to environmental cues. It has long been established that simply counting the
number of genes is not a good predictor of the complexity of a species. The genome size itself
is also not the single most important predictor. The best example for this is the genome size
of the two widely studied plant model organisms Arabidopsis thaliana and Zea mays. While
the genome size of Arabidopsis thaliana is approximately 135 megabase pairs (according to
”The Arabidopsis Information Resource” (TAIR)) the maize genome consists of 2.4 gigabases
(according to the NAM Sequencing Consortium).

This is within the range of the latest predicted human genome size of approximately 3.1 gigabases
(Nurk et al., 2022) and ~18x larger than the Arabidopsis thaliana genome. The length of typical
transcription units of protein coding genes is approximately 2.2 kb in Arabidopsis compared to
approximately 66.6 kb in humans. However, the approximate number of nuclear, protein-coding
genes is comparable, or rather even higher in Arabidopsis (~28000 in Arabidopis; ~20000 in
humans) (Derelle et al., 2006; Cheng et al., 2017; Piovesan et al., 2016; Nurk et al., 2022).
In this context, it is of special interest to investigate the role of many conserved transcript
elongation factors and how their role may differ between such highly different transcriptional

challenges.



1.3 Additional layers of control in transcription

Arguably, multi-cellular organisms and especially higher eukaryotes are more complex than
prokaryotes and therefore need a wider range and higher precision in the control of gene
expression. To achieve this, additional layers of control have evolved. One of the most striking
differences between prokaryotes and eukaryotes is the evolution of histones and the controlled
compaction of DNA that those proteins bring with it. Bacterial gene promoter are generally
open and often show a base level of initiation. On the other hand, eukaryotic promoter can be
shut down completely due to the compaction mediated by the interaction of DNA with histones.
Additional elements as enhancers, silencers, and insulators contribute to an increased control over
gene expression. A key feature of eukaryotic cells is the packaging and compaction of DNA into
chromatin. This is done by wrapping the DNA around histone octamers, in general consisting
of two of the subunits H2A, H2B, H3 and H4, each. One Nucleosome comprises approximately
147 bp of DNA and one histone octamer (Luger et al., 1997). While this compaction of DNA is
advantageous to organise large genomes, it also allows for a very strict control of transcription
by restricting access to genes, promoter regions and upstream elements. The positioning,
modifications and strength of interaction of histones with DNA directly influence transcription

(Orphanides and Reinberg, 2000).

1.4 Transcriptional plasticity in the context of environ-

mental stress

As sessile organisms, plants depend on quick and robust adaptability of gene expression to
cope with challenging environmental conditions. Those conditions include abiotic stresses like
temperature stress, salinity stress, light stress and drought stress as well as biotic stresses like
transcriptional response to bacteria. Extensive data was generated and collected in case of
Arabidopsis thaliana to determine expression patterns (Kilian et al., 2007; Winter et al.; 2007).
This has shown that the expression pattern of very specific subsets of genes is quickly induced
or repressed. Especially in case of heat stress, the transcriptional response is well-known (Guo
et al., 2016) and inducing the heat shock response can be used to get insight into specific

transcription related processes (Kumar and Wigge, 2010; Guo et al., 2016; Cortijo et al., 2017).



1.5 Scope of the thesis

Starting with well-established mutant lines with reduced expression of certain transcript elonga-
tion factors, the goal of this study was to get detailed knowledge on the genome wide distribution
and the impact on transcription of the respective factors. Several deep sequencing approaches
were combined to this end: nuclear RNA-Sequencing was used to determine differences between
TEF mutant lines and wild type plants under steady state conditions as well as acute stress con-
ditions. Chromatin immunoprecipitation (ChIP) was performed with antibodies directed against
the native TEFs as well as different phosphorylation states of the carboxy-terminal domain of
the largest RNAPII subunit (RNAPII-CTD) to determine the genome wide distribution of the
factors in relation to the polymerase. Micrococcal nuclease (MNase) digestion of chromatin
was followed up by immunoprecipitation with antibodies directed against histone H3 and deep
sequencing in order to determine exact nucleosome positions in the plant genome. Finally,
several published MNase-Sequencing datasets with and without immunopreciptation steps,
ChIP-Sequencing datasets with immunoprecipitation directed against histone modifications
and ChIP-Sequencing as well as NET-Sequencing (native elongating transcript sequencing)
datasets with immunoprecipitation steps directed against different phosphorylation states of the
RNAPII-CTD were reanalyzed. While well-tested antibodies against the CTD of RNAPII are
commercially available, a major part of the work included creating and testing in-house made
antibodies directed against transcript elongation factors and adapting the ChIP protocol to
enable specific binding of the antibodies on the one hand and suitability for deep sequencing on
the other hand. While many of those antibodies failed or did not show a specific signal, im-
munoprecipitation with several was successful. Novel insights into the function and distribution
of SPT4-SPT5 (chapter 2 and chapter 7), subunits of the PAF1C (ELF7 and CDC73) (chapter
2, chapter 4 and chapter 7), subunits of FACT (SSRP1 and SPT16) (chapter 2, chapter 5 and
chapter 7) and ELF1 (chapter 2 and chapter 6) in Arabidopsis thaliana could be obtained.



1.6 Publications

The following chapters comprise six articles. Five articles (chapter 2, chapter 3, chapter 4,
chapter 5 and chapter 6) have been published in peer-reviewed journals and one article (chapter
7) has been submitted to a peer-reviewed journal. The PhD candidate, Simon Obermeyer,
has authored four articles as first author and two as co-author. In chapter two to seven, the
published and submitted versions of the manuscripts are printed, including main figures and
tables. Supplementary figures, tables and data can be found online as indicated in the respective
chapter. Supplementary figures, tables and data for the submitted manuscript are appended in
the respective chapter (chapter 7). All articles, supplementary figures, tables and data are also

included in the digital appendix of this thesis.






Chapter 2

Transcript elongation by RN A polymerase
II in plants: factors, regulation and im-

pact on gene expression

This peer-reviewed article was published in The Plant Journal in 2023
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SUMMARY

Transcriptional elongation by RNA polymerase Il (RNAPII) through chromatin is a dynamic and highly regu-
lated step of eukaryotic gene expression. A combination of transcript elongation factors (TEFs) including
modulators of RNAPII activity and histone chaperones facilitate efficient transcription on nucleosomal tem-
plates. Biochemical and genetic analyses, primarily performed in Arabidopsis, provided insight into the con-
tribution of TEFs to establish gene expression patterns during plant growth and development. In addition
to summarising the role of TEFs in plant gene expression, we emphasise in our review recent advances in
the field. Thus, mechanisms are presented how aberrant intragenic transcript initiation is suppressed by
repressing transcriptional start sites within coding sequences. We also discuss how transcriptional interfer-
ence of ongoing transcription with neighbouring genes is prevented. Moreover, it appears that plants make
no use of promoter-proximal RNAPII pausing in the way mammals do, but there are nucleosome-defined
mechanism(s) that determine the efficiency of mRNA synthesis by RNAPII. Accordingly, a still growing num-
ber of processes related to plant growth, development and responses to changing environmental conditions
prove to be regulated at the level of transcriptional elongation.

Keywords: RNA polymerase Il, Chromatin, nucleosome, Arabidopsis, PAF1C, TFIIS, SPT4-SPT5, SPT6, FACT,

PELF1.

INTRODUCTION

In eukaryotes, all protein-coding genes are transcribed by the
12-subunit RNA polymerase Il (RNAPII) enzyme. Hence, RNA-
Pll transcription plays a key role in differential gene expres-
sion to ensure that appropriate amounts of mRNAs are
produced in a spatially and temporally coordinated manner.
This is instrumental for growth, development and response
to environmental conditions. The basis is established by con-
trolling transcriptional initiation through a variety of transcrip-
tion factors that bind to specific DNA elements of target
genes. Diverse sets of transcription factors (and cofactors)
bound to these cis-regulatory regions cooperate to determine
in a combinatorial way the efficiency of RNAPII transcriptional
initiation (Brkljacic & Grotewold, 2017; Reiter et al., 2017). For
years, the following transcript synthesis was regarded as a
simple polymerisation reaction, elongating the growing
mRNA molecule. However, it became apparent that transcript
elongation by RNAPII is a rather dynamic and discontinuous
phase of the transcription cycle, which is highly regulated.

© 2023 The Authors.

Accordingly, a variety of functionally distinct transcript elon-
gation factors (TEFs) modulate different aspects of RNAPII
progression on chromatin templates (Chen et al., 2018; Kwak
& Lis, 2013; Osman & Cramer, 2020; Sims et al., 2004). TEFs
can be divided into various groups, such as modulators of
RNAPII activity, facilitators of chromatin transcription (i.e. his-
tone chaperones, ATP-dependent chromatin-remodelling
complexes) and enzymes writing/erasing covalent histone
modifications within transcribed regions (Kwak & Lis, 2013;
Sims et al., 2004; van Lijsebettens & Grasser, 2014). In our
review, we focus on the mechanism of chromatin transcrip-
tion by RNAPIl, but we largely omit the wide field of
transcription-related post-translational histone modifications
(i.e. acetylation, methylation, mono-ubiquitination), as that
has been covered by a range of comprehensive review arti-
cles (Espinosa-Cores et al., 2020; Feng & Shen, 2014; Grasser
etal., 2021; Jarosz et al., 2020; Leng, Thomas, et al., 2020; Xiao
et al., 2016). Likewise, regarding the emerging research area
on co-transcriptional MRNA processing in plants, we refer to

1

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.
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and no modifications or adaptations are made.

85U8017 SUOWIWOD A0 3|cedljdde au Aq pausenob ae seoife VO ‘@S JO s3I0} A%eiq18uluQ A3|1M UO (SUORIPUOO-pUe-SWLR)ALI0D A8 |1 AeJq Ul UO//:SANY) SUORIPUOD U Swie 1 8Ys 89S *[£202/20/.2] Uo Ariqiaulluo A8|1m ‘Bingsuebey 1eeisieniun Aq STTOT [dyTTTT'OT/10p/w00 A8 |imAriq puluo//:Sd1y WOy papeojuMoq ‘0 ‘XETESIET



12

2 Simon Obermeyer et al.

excellent recent reviews (Godoy Herz & Kornblihtt, 2019; Mar-
quardt et al., 2023; Qin et al., 2022). In the course of our over-
views of mMRNA production by RNAPI, we present
information derived from various organisms, most impor-
tantly plants (which means almost exclusively Arabidopsis),
mammals and yeast. We would like to emphasise that one
has to be aware that there are enormous differences between
these organisms regarding important genomic parameters
that undoubtedly influence the process of transcript elonga-
tion. To name but a few, the length of transcribed regions var-
ies from typically a few thousand base pairs in yeast and
Arabidopsis to tens or even hundreds of thousands in mam-
mals, or the number/size of introns that increases substan-
tially from yeast to Arabidopsis to mammals. In line with that,
it is especially advantageous to comparatively consider the
findings from different organisms, as despite these differ-
ences they still share many highly conserved TEFs. At the
same time, it remains to be seen to which extent findings in
Arabidopsis can be transferred to other plants such as maize
that seem to share some genomic features (i.e. genome size)
rather with mammalian systems.

RNAPII AND THE TRANSCRIPT ELONGATION COMPLEX (TEC)

From the largest subunit of RNAPII, termed NRPB1,
extends the long, repetitive and basically unstructured
carboxy-terminal domain (CTD). The CTD consists of tan-
dem heptapeptide repeats with the consensus sequence
Y1S,P3T4S5PeS;. The number of repeats varies, for
instance, 26 in Saccharomyces cerevisiae to 52 in Homo
sapiens (Harlen & Churchman, 2017; Jeronimo
et al., 2016), while the CTD of Arabidopsis thaliana RNAPII
contains 15 consensus and 19 divergent repeats (Hajhei-
dari et al., 2013). RNAPII is recruited to promoters with an
unphosphorylated CTD to form the pre-initiation complex,
but during the advancing transcription cycle the RNAPII-

RNAPII-S5P

H. sapiens

H
H
i/ - S. cerevisiae

/\4\ \ — A. thaliana
|

RNAPII-S2P

CTD is dynamically phosphorylated (and modified by other
post-translational modifications), which influences the
interaction with factors modulating the transcription pro-
cess as well as co-transcriptional events (Harlen & Church-
man, 2017; Jeronimo et al., 2016). Particularly well studied
is the phosphorylation of residues S2 and S5 within the
CTD repeats (referred to as S2P and S5P) during transcript
elongation, which thus serve as marks for elongating RNA-
Pll. Still the exact distribution of these marks over RNAPI|
transcribed regions differs somewhat between organisms
such as yeast and human (Harlen & Churchman, 2017;
Jeronimo et al., 2016). The distribution of RNAPII-S2P and -
S5P in Arabidopsis is again different. The typical accumula-
tion of S5P at the transcriptional start site (TSS) seen in
yeast and human, depending on the detection method, is at
least less pronounced in Arabidopsis (Antosz et al., 2020;
Zhu et al., 2018) and this mark is rather distributed over the
transcribed region (Figure 1). RNAPII-S2P coverage
increases towards the transcriptional end site (TES) and
exhibits a prominent peak downstream of the TES. Changes
in the CTD phosphorylation state during the transcription
cycle play important roles, determining the transitions
between initiation, elongation and termination (Harlen &
Churchman, 2017; Jeronimo et al., 2016). The CTD phos-
phorylation, for instance, contributes to the recruitment of
certain TEFs to form the RNAPII elongation complex.
Initially, the composition of the RNAPII-TEC was eluci-
dated in yeast by biochemical approaches that were sup-
plemented by the analysis of genetic interactions between
genes encoding various TEFs (Krogan et al., 2002; Lind-
strom et al., 2003; Squazzo et al., 2002). Isolation of the
TEC from Arabidopsis cells using reciprocal tagging of dif-
ferent TEFs in combination with affinity purification and
mass spectrometry (AP-MS) essentially confirmed the find-
ings regarding the yeast TEC, but identified also additional
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1
|
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H
H
H
H
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Figure 1. Chromatin immunoprecipitation-sequencing (ChIP-seq) profiles of phosphorylated residues of the RNAPII-CTD (S2P, S5P) across protein-coding genes

in humans and budding yeast along with Arabidopsis.

Profiles for yeast and humans are depicted schematically as presented in Harlen & Churchman (2017). For Arabidopsis profiles, data plotted over highly
expressed protein-coding genes (Antosz et al., 2020) have been superimposed. The second peak observed for RNAPII-S5P upstream of the transcriptional start
site (TSS) in humans relates to divergent transcription, which seems to be a comparatively rare event in Arabidopsis (Hetzel et al., 2016; Kindgren et al., 2020;

Thieffry et al., 2020; Zhu et al., 2018).
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interactors (Antosz et al., 2017). RNAPII co-purified with the
TEFs PAF1C, TFIIS, SPT4-SPT5, SPT6L and FACT, while P-
TEFb appeared not to stably associate with the TEC in Ara-
bidopsis. In addition, chromatin remodelling complexes,
NAP1 histone chaperones and several histone-modifying
enzymes including Elongator were found to associate with
the TEC (Antosz et al., 2017). Recently, the TEF ELF1 was
identified as another component of the Arabidopsis TEC,
although it appears to associate only with a subpopulation
of elongating RNAPII molecules (Markusch et al., 2023).
During the past few years, advances in cryo-electron
microscopy in combination with X-ray crystallography
enabled enormous progress resolving the three-
dimensional structure of the RNAPII-TEC of yeast and
mammals. Thus, many details about the association of var-
ious TEFs with RNAPII along with the position of the DNA
template and the nascent mRNA have been uncovered
(Ehara et al., 2017; Vos et al., 2018, 2020). These studies
demonstrated that the TEFs cover a major portion of the
RNAPII surface, and that some TEFs are (tightly) connected
with each other, such as SPT4-SPT5, SPT6 and PAF1C or
SPT4-SPT5 and ELF1 (Figure 2). Some TEFs are placed at
strategic positions, for instance, ELF1 at the ‘DNA entry
tunnel” for passage of the downstream DNA, and SPT4-
SPT5 at the ‘DNA exit tunnel’. Moreover, it became clear
that many components of the TEC (i.e. TEFs) are mutually
exclusive with components of the initiation complex (i.e.
general transcription factors), indicating that the exchange
of initiation factors with elongation factors is crucial for
establishing a functional TEC and to block reassociation of
initiation factors (Ehara et al., 2017; Vos et al., 2018, 2020).
Further structural analyses provided also insight into the
mechanism of how RNAPII with the assistance of the his-
tone chaperone FACT and other TEFs can pass nucleo-
somes during transcript elongation (Ehara et al., 2019,

&
& spTe

SPT4-SPT5

RNA polymerase Il transcript elongation 3

2022; Farnung et al., 2021, 2022; Liu et al., 2020). Initially,
RNAPII (with SPT6, IWS1, PAF1C and ELF1 forming the
downstream edge of the TEC) approaches the down-
stream nucleosome (Figure 2), starting to unwrap DNA
from proximal histones and exposing the proximal H2A-
H2B. FACT is successively engaged in histone and DNA
contacts, eventually releasing the FACT-histone intermedi-
ate, which is then transferred presumably to the upstream
edge of the TEC (formed by SPT4-SPT5, SPT6 and PAF1C).
Finally, the nucleosome reassembles, explaining how
nucleosomal histones and histone modifications are pre-
served in the wake of RNAPII passage (Ehara et al., 2019,
2022; Farnung et al., 2021; Filipovski et al., 2022). Multiple
acidic regions occurring in SPT4-SPT5, SPT6, ELF1, PAF1C
and FACT may contribute to binding basic nucleosomal
regions exposed during transcript elongation, thereby facil-
itating histone transfer and nucleosome reassembly (Kujirai
& Kurumizaka, 2020). Because nucleosomes in the path of
RNAPII can cause backtracking of the TEC, TFIIS-stimulated
cleavage of the backtracked RNA can promote nucleosome
passage (Farnung et al., 2022; Kireeva et al., 2005; Nock
et al., 2012). Hence, various TEFs assist RNAPII in transcrib-
ing nucleosomal templates that proceeds with an amazing
rate of 1-3 kb min~" in vivo (Muniz et al., 2021). Currently,
there is no structural information regarding the TEC from
plants but, in view of the evolutionary conservation of RNA-
Pll and most of the TEFs, a marked resemblance to the find-
ings on the yeast/mammalian TEC is expected.

FUNCTION OF RNAPII-TEFS

Polymerase-associated factor 1 complex (PAF1C)

The multifunctional PAF1C originally was discovered and
characterised in S. cerevisiae, where it consists of five sub-
units, while in metazoa it is composed of six subunits

Figure 2. Structure of the RNAPII transcript elongation complex (TEC) engaged in nucleosome transcription.

The TEC consists of the 12-subunit RNAPII associated with several transcript elongation factors (TEFs). The shown structure is composed of an alignment of the
PDB entries 7UNC (RNAPII core, PAF1C, TFIIS, SPT6, SPT4-SPT5, histones, DNA, RNA) (Filipovski et al., 2022) with 7NKY (SSRP1, SPT16) (Farnung et al., 2021)
and 7XSE (ELF1, IWS1) (Ehara et al., 2022). The DNA entry- and exit-tunnels are indicated by arrowheads in the left and right views, respectively. RNAPII is indi-
cated in grey, nucleosomal histones in light blue, DNA and RNA in black, and the colour of the respective TEFs is indicated.
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(PAF1, CTR9, LEO1, RTF1, CDC73 and WDR61/SKI8). PAF1C
associates with elongating RNAPII stabilising the TEC and
stimulating transcription. In addition, PAF1C links tran-
script elongation with post-translational histone modifica-
tions over transcribed regions, including various histone
methylations (i.e. H3K4me2/3, H3K36me3, K3K79me2/3) as
well as H2B mono-ubiquitination (Francette et al., 2021;
Jaehning, 2010). Plant PAF1C was initially recognised
because of its role in the transition from vegetative to
reproductive development, and consequently the subunits
were named after the Arabidopsis mutants (Table 1) - early
flowering (elfi and/or vernalisation independence (vip):
PAF1 (At-ELF7), CTR9 (At-ELF8, At-VIP6), LEO1 (At-VIP4),
RTF1 (At-VIP5), WDR61/SKI8 (At-VIP3) and CDC73 (At-
CDC73, At-PHP) (He et al., 2004; Oh et al., 2004; Park
et al., 2010; Yu & Michaels, 2010; Zhang et al., 2003; Zhang
& van Nocker, 2002). Co-immunoprecipitation experiments
and AP-MS analyses demonstrated that as in metazoa,
Arabidopsis PAF1C is composed of six subunits (Antosz
et al., 2017; Oh et al., 2004). Mutant Arabidopsis plants
deficient in PAF1C subunits share early flowering pheno-
types that are associated with reduced expression of the
floral repressor FLC (and paralogs) (He et al., 2004; Oh
et al., 2004; Park et al., 2010; Yu & Michaels, 2010; Zhang
et al., 2003; Zhang & van Nocker, 2002). Moreover, also the
temperature-responsive transition to flowering depends on
PAF1C (Nasim et al., 2022). Besides the regulation of flow-
ering, the phyllotactic regularity of spatial auxin-dependent
patterning at meristems requires the action of PAF1C (Fal
et al., 2017). In addition, PAF1C proved to be involved in
plant responses to abiotic stress conditions. Mutants defi-
cient in PAF1C subunits did not react as wild-type plants to
mechanical stimulation inflicted by repeated touch and
failed to induce touch-responsive transcripts (Jensen
et al., 2017). When exposed to elevated NaCl concentra-
tions, the growth of elf7 and elf8 mutants was clearly
reduced when compared with wild-type plants, whereas
cdc73 plants exhibited rather enhanced tolerance. In line
with their susceptibility to salt stress, the transcriptional
response of elf7 plants upon exposure to salt was severely
reduced, while the response of cdc73 plants was hardly
affected (Obermeyer et al., 2022; Zhang et al., 2022).

SPT4-SPT5 heterodimer

SPT5 is the only elongation factor that is conserved across
all domains of life from bacteria (there termed NusG) to
mammals. In eukaryotes and archaea, SPT5 associates
with SPT4. While yeast spt44 strains are viable, SPT5 is
essential for life in various eukaryotes. SPT4-SPT5 influ-
ences pleiotropic functions during RNAPII transcription,
including the regulation of pausing, promoting productive
elongation and coordination of co-transcriptional mRNA
processing (Decker, 2021; Hartzog & Fu, 2013; Song &
Chen, 2022). In Arabidopsis, both SPT4 and SPT5 are

encoded by two genes each. While SPT5-1 seems to be
expressed in pollen, SPT5-2 is expressed ubiquitously
throughout the plant. Homozygous individuals of three
independent spt5-2 mutant lines proved not viable, and
SPT4-RNAi lines (depending on the degree of downregula-
tion of the SPT4-mRNAs, which is paralleled by reduced
amounts of the SPT5-2 protein) exhibited severe growth
and developmental defects (Dlrr et al., 2014). In line with
the decreased expression of auxin-related genes (particu-
larly AUX/IAA genes) in the SPT4-RNAi plants, various
defects caused by impaired auxin signalling were
observed, including decreased lateral root density and
reduced leaf venation. In the SPT4-RNAi plants, elevated
levels of RNAPIl were detected over the transcribed
regions (including those of downregulated genes) suggest-
ing transcript elongation defects (Dirr et al., 2014). In
Arabidopsis, in addition to the generally conserved
RNAPII-associated SPT4-SPT5 heterodimer, SPT4 was
found to directly interact with the plant-specific SPT5L/
KTF1 protein that in collaboration with RNAPV modulates
transcriptional silencing by RNA-directed DNA methylation
(Diirr et al., 2014; He et al., 2009; Kollen et al., 2015).

RNA cleavage-stimulating factor TFIIS

TFIIS is a three-domain protein with the N-terminal domain
|, the middle domain Il and the C-terminal domain IIl.
Domain Il and the linker between domains Il and Ill are
required for RNAPII interaction. Domain Il including the
highly conserved acidic B-hairpin reaches to the enzyme
active site, inducing extensive conformational changes to
the TEC and stimulating the weak intrinsic RNA cleavage
activity of RNAPII. Transcript cleavage is required to rescue
backtracked/arrested RNAPII elongation complexes, thereby
facilitating transcription through blocks to elongation
including nucleosomes (Fish & Kane, 2002; Kettenberger
et al., 2003; Noe Gonzalez et al., 2021). In accordance with
the normal growth of yeast tfllsA cells, the vegetative devel-
opment of Arabidopsis plants lacking TFIIS is comparable
to wild-type, but mutant seeds exhibit impaired dormancy
(Grasser et al., 2009). The seed dormancy phenotype is
caused by reduced expression of the DOGT gene in tflls
mutant seeds (Liu et al., 2011; Mortensen & Grasser, 2014).
Constitutive expression of a mutant TFIIS variant (termed
TFIISmut) that efficiently inhibits the RNA cleavage activity
of RNAPII proved lethal in tflls plants (Antosz et al., 2020;
Dolata et al., 2015). Induced, transient expression of
TFIISmut in tflls resulted in severe growth defects and tran-
scriptomic changes. In addition, transcription-related redis-
tribution of elongating RNAPII towards the TSSs was
observed, predominantly to the position of the +1 nucleo-
some (first nucleosome following the TSS). Therefore, RNA-
Pl backtracking/arrest appears to occur frequently in planta
and TFIIS-mediated RNAPII-reactivation is essential for effi-
cient transcription (Antosz et al., 2020). Despite their wild-
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Table 1 TEFs characterised in Arabidopsis

RNA polymerase Il transcript elongation 5

TEF Synonyms Complex Molecular function Mutant phenotype Reference
TFIIS Dst1 TFIIS Modulates RNAPII Seed dormancy Grasser et al. (2009)
properties Heat sensitivity Antosz et al. (2020)
Stimulates the intrinsic Szadeczky-Kardoss
transcript cleavage et al. (2022)
activity of RNAPII Obermeyer et al. (2023)
ELF1 ELOF1 ELF1 Modulates RNAPII Synergistic phenotypes with Markusch et al. (2023)
properties mutants lacking other TEFs
SPT4 DSIF SPT4-SPT5 Modulates RNAPII Growth and development, Diirr et al. (2014)
properties auxin response
SPT5 DSIF SPT4-SPT5 Modulates RNAPII Growth and development, Diirr et al. (2014)
properties auxin response
Phosphorylated by CDKD;
2
IWS1 SPN1 IWS1 Modulates histone Brassinosteroid-/nitrogen- Li et al. (2010)
modifications dependent gene expression Widiez et al. (2011)
ROS homeostasis Bellegarde et al. (2019)
SPT6L SPT6 SPT6 Histone chaperone Embryo basal-apical polarity Gu et al. (2012)
Recruitment of chromatin Chen et al. (2019)
remodellers Shu et al. (2022)
VIP3 SKI8/WDR61 PAF1C Modulates histone Reproductive development Zhang et al. (2003)
modification Touch response Fal et al. (2017)
Phyllotaxis Jensen et al. (2017)
Nasim et al. (2022)
VIP4 LEO1 PAF1C Modulates histone Reproductive development Zhang & van Nocker (2002)
modification Reduced seed dormancy Liu et al. (2011)
Nasim et al. (2022)
VIP5 RTF1 PAF1C Modulates histone Reproductive development Oh et al. (2004)
modifications Reduced seed dormancy Liu et al. (2011)
Nasim et al. (2022)
ELF7 PAF1 PAF1C Modulates histone Reproductive development He et al. (2004)
modifications Reduced salt tolerance Liu et al. (2011)
Obermeyer et al. (2022)
Zhang et al. (2022)
Nasim et al. (2022)
ELF8/ CTR9 PAF1C Modulates histone Reproductive development He et al. (2004)
VIP6 modifications Reduced seed dormancy Oh et al. (2004)
Reduced salt tolerance Liu et al. (2011)
Fal et al. (2017)
Obermeyer et al. (2022)
Zhang et al. (2022)
Nasim et al. (2022)
CDC73/ PAF1C Modulates histone Reproductive development Park et al. (2010)
PHP modifications Enhanced salt tolerance Yu and Michaels (2010)
Obermeyer et al. (2022)
Nasim et al. (2022)
SSRP1 Pob3 FACT Histone chaperone Vegetative, reproductive Lolas et al. (2010)
Suppression of cryptic development Nielsen et al. (2019)
transcription Reduced seed dormancy Michl-Holzinger et al. (2019)
Anthocyanin synthesis upon Pfab et al. (2018)
light-induction Michl-Holzinger et al. (2022)
SPT16 FACT Histone chaperone Vegetative, reproductive Duroux et al. (2004)

Suppression of cryptic
transcription

Phosphorylation by CK2
modulates nucleosome
occupancy at TSSs

development
Anthocyanin synthesis upon
light-induction

Lolas et al. (2010)

Pfab et al. (2018)

Nielsen et al. (2019)
Michl-Holzinger et al. (2022)

ROS, reactive oxygen species; TEF, transcript elongation factor; TSS, transcriptional start site.
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type-like growth under standard conditions, tflls mutants
were recently found to be highly sensitive to elevated tem-
peratures. While the Col-0 wild-type and TFIIS overexpres-
sing plants survived exposure at 37°C for 2 days, it proved
lethal for tflls mutants (Obermeyer et al., 2023; Szadeczky-
Kardoss et al., 2022). Further analyses demonstrated that
particularly early heat stress response is dramatically
impaired in tflls mutants along with altered alternative spli-
cing pattern of hundreds of transcripts under heat stress
conditions (Szadeczky-Kardoss et al., 2022). In the absence
of TFIIS particularly heat-stress-induced genes are
expressed at lower levels than in wild-type. At genes upre-
gulated upon heat stress in tflls plants promoter-proximal
accumulation of RNAPII occurred at +1 nucleosomes from
which the histone variant H2A.Z was evicted in a
temperature-dependent manner. Thus, the heat-stress-
induced promoter-proximal accumulation of RNAPII in tflls
conforms to that seen upon TFIISmut expression (Ober-
meyer et al., 2023). Therefore, these studies demonstrated
that TFIIS is required for efficient reprogramming of gene
expression to establish plant thermotolerance (Obermeyer
et al., 2023; Szadeczky-Kardoss et al., 2022).

Zinc-finger protein ELF1

ELF1 is a small zinc-finger protein that is conserved in eukar-
yotes and some archaea. Originally, it was identified as a TEF
in yeast by virtue of the synthetic lethality of the elf14 mutant
in combination with mutations in genes encoding other
known TEFs (Prather et al., 2005). ELF1 (mammalian ortholo-
gue termed ELOF1) localises to regions actively transcribed by
RNAPII (Mayer et al.,, 2010; Prather et al., 2005; Rossi
et al., 2021) and, because of its steady association with the
yeast RNAPII elongation complex during in vitro transcription,
it was designated core elongation factor (Joo et al., 2019). A
putative orthologue of yeast ELF1 is encoded in plant gen-
omes and, recently, Arabidopsis ELF1 was experimentally
examined. Recombinant ELF1 interacted in vitro with DNA,
histones and nucleosomes. ELF1 is a nuclear protein, and AP-
MS analyses demonstrated that it co-purified with RNAPII and
various TEFs including SPT4-SPT5, SPT6L, IWS1, PAF1C and
FACT (Markusch et al., 2023). Plants lacking ELF1 basically
have wild-type appearance, which is in agreement with the
yeast elf14 mutation that caused no significant growth defect
(Prather et al., 2005). Analyses of Arabidopsis double-mutants
revealed distinct genetic interactions between elf1 and
mutants deficient in other elongation factors. Characteristic of
TEFs, ELF1 associated with genomic regions occupied by
elongating RNAPII, as evident from the coverage of the
RNAPII-S2P chromatin immunoprecipitation signal. However,
ELF1 occupied only one-third of the RNAPII transcribed loci
with preference for inducible rather than constitutively
expressed genes (Markusch et al., 2023). Taken together,
these results indicate that Arabidopsis ELF1 represents a func-
tional plant orthologue of ELF1/ELOF1 of other organisms.

Histone chaperone SPT6L and IWS1

The RNAPII-associated histone chaperone SPT6 is involved
in various steps of gene expression, including transcription
and histone post-translational modifications. Initially, SPT6
was reported to bind the phosphorylated CTD of RNAPII,
but more recently interactions with the RNAPII stalk region
and the phosphorylated linker region were recognised
(Sdano et al., 2017; Vos et al., 2018). SPT6 can facilitate
RNAPII transcriptional elongation and suppresses aberrant
intragenic transcriptional initiation by maintaining chroma-
tin structure during ongoing transcription. In addition, by
interaction with histone modifiers it influences post-
translational histone modifications over transcribed chro-
matin (Duina, 2011; Kato et al., 2013). In the Arabidopsis
genome, two potential orthologues are encoded, SPT6L
(At1g65440) and SPT6 (At19g63210) (Gu et al., 2012), of
which SPT6L appears to be widely expressed throughout
the plant, whereas the SPT6 transcript is barely detectable
(or not expressed at all) in most tissues (Sullivan
et al., 2019). The phenotype of spt6 mutants was indistin-
guishable from wild-type, but spt6/ mutants were charac-
terised by embryos with defective apical-basal polarity,
leading to embryo lethality (Gu et al., 2012). More recently,
colleagues succeeded in growing spt6/ mutant seedlings
in vitro for molecular analyses, which revealed intriguing
results (Chen et al., 2019). The genome-wide association of
SPT6L correlated with that of RNAPII and, in spt6/ plants,
RNAPII occupancy was clearly reduced. Expression of a
SPT6L-variant (SPTBLAtSH2) that is defective in RNAPII
interaction could partially rescue the spt6/ phenotype and
the SPTBLAtSH2 protein accumulated at the TSS, suggest-
ing an RNAPII-independent recruitment mechanism and a
role of SPT6L during early elongation. Moreover, upon
exposure to heat stress, SPT6L is rapidly recruited particu-
larly to the TSS of heat-responsive genes, while RNAPII
coverage increased over the transcribed region (Chen
et al., 2019). In another study, it was uncovered that SPT6L
can interact with SWI2/SNF2-type ATP-dependent chroma-
tin remodellers SYD/BRM, linking them to the RNAPII tran-
scription machinery (Shu et al., 2022). In line with that,
SYD/BRM colocalise with SPT6L to TSS regions of many
genes, and the chromatin-association of SYD/BRM is
severely reduced in spt6/ plants. Finally, SPT6L and SYD/
BRM are involved in the regulation of nucleosome and
RNAPII occupancy at TSS, thus contributing to early tran-
script elongation by RNAPII (Shu et al., 2022). The elonga-
tion factor IWS1 is a direct interactor of SPT6 that has been
also characterised in plants. Arabidopsis IWS1 was found
to interact with brassinosteroid-regulated transcription fac-
tor BES1. It has been proposed that BES1 recruits IWS1 to
target genes to promote transcriptional elongation (Li
et al., 2010). In this scenario, IWS1 may assist recruitment
of the histone methyltransferase SDG8 to brassinosteroid-
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regulated genes mediating gene expression (Wang
et al., 2014). Another line of research connected IWS1 with
the regulation of nitrate uptake. Under conditions of high
nitrogen supply, IWS1 (there termed HNI9) mediated
increased levels of H3K27me3 at the NRT2.1 locus repres-
sing its expression (Widiez et al., 2011). Moreover, under
high nitrogen supply, IWS1 is required for the expression
of detoxification genes to maintain reactive oxygen species
(ROS) homeostasis (Bellegarde et al., 2019).

Histone chaperone FACT

The conserved heterodimeric histone chaperone FACT con-
sists of the SPT16 and SSRP1 subunits, and is involved in
various DNA-dependent processes in chromatin including
transcription (Formosa & Winston, 2020; Grasser, 2020;
Gurova et al., 2018). Details of FACT-nucleosome interac-
tions have been further elucidated in a recent study, illus-
trating that the structure of FACT resembles a unicycle,
consisting of a saddle and fork that is engaged in extensive
interactions of SSRP1 and SPT16 with nucleosomal DNA
and all histones (Liu et al., 2020). Both SPT16 and SSRP1
(Pob3 in yeast) co-purify efficiently with components of
PAF1C and SPT4-SPT5, both from yeast and Arabidopsis
cells (Antosz et al., 2017; Krogan et al., 2002; Lindstrom
et al., 2003; Squazzo et al., 2002), but recent structural stu-
dies indicate that FACT interacts with the TEC more loosely/
dynamically than the above-mentioned TEFs (Ehara
et al., 2022; Farnung et al., 2021). Arabidopsis FACT is
widely expressed throughout the plant and localises to the
transcriptionally active euchromatin (Duroux et al., 2004;
lkeda et al., 2011; Pfab et al., 2018). It associates with tran-
scribed regions of active, protein-coding genes in a
transcription-dependent manner (Antosz et al., 2017; Dur-
oux et al., 2004; Perales & Mas, 2007). FACT is essential for
viability in Arabidopsis (Frost et al., 2018; Lolas et al., 2010),
and decreased SSRP1/SPT16 expression levels cause a vari-
ety of vegetative and reproductive defects including
increased number of leaves, early bolting, impaired circa-
dian rhythm and reduced seed dormancy (Lolas et al., 2010;
Ma et al., 2018; Michl-Holzinger et al., 2019). Upon exposure
to high-light stress, several anthocyanin biosynthetic genes
were induced in ssrp1/spt16 mutants to a lesser extent than
in the wild-type and, accordingly, the mutant plants
depleted in FACT accumulated lower amounts of anthocya-
nin pigments (Pfab et al., 2018). Recently, detailed mass
spectrometric analyses revealed that both FACT subunits
isolated from Arabidopsis cells were post-translationally
modified. Four acetylation sites were mapped in the basic
C-terminal region of SSRP1 and phosphorylation of three
Ser/Thr residues (catalysed by protein kinase CK2) were
identified in the acidic C-terminal region of SPT16 (Michl-
Holzinger et al., 2022). Mutational analysis revealed only
mild effects for the SSRP1 acetylation sites, while a non-
phosphorylatable version of SPT16 displayed reduced
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histone interaction and failed to complement growth and
developmental phenotypes of spt76 mutant plants. At a
subset of genes, expression of the non-phosphorylatable
SPT16 version resulted in enrichment of histone H3
upstream of TSSs in a region that usually is nucleosome-
depleted. Therefore, SPT16 phosphorylation might be
required to establish correct nucleosome occupancy at the
TSS of active genes (Michl-Holzinger et al., 2022). NAP1 his-
tone chaperones co-purified with the Arabidopsis RNAPII-
TEC (Antosz et al., 2017), and the histone chaperones ASF1
and HIRA share some properties with FACT and SPT6L
(Layat et al., 2021; Zhong et al., 2022), suggesting that
beyond FACT and SPT6L additional histone chaperones
may be involved in RNAPII chromatin transcription.

RESTRICTING TRANSCRIPTION

A fundamental challenge to gene regulation is preventing
that transcription of a gene inappropriately influences
expression of neighbouring genes. In metazoa, for instance,
insulators ensure that transcriptional interference of that
kind is suppressed (Chen & Lei, 2019; Schoborg & Labra-
dor, 2014), while in plants such mechanism(s) are rather
unclear. Interestingly, in Arabidopsis recently three BOR-
DER proteins (BDR1-3) were identified that are enriched in
intergenic regions and were reported to prevent interfer-
ence between closely spaced genes (Yu et al., 2019). The
BDRs contain a SPOC domain (found also in the SPEN
family of transcriptional repressors) and a TFIIS-like
domain. Single-mutants did not show clear phenotypes,
whereas bdr triple-mutant plants exhibit severely reduced
growth. BDRs apparently cause 3’ accumulation of RNAPII
at the upstream gene and, in the absence of BDRs, RNAPII
accumulation is reduced at this position and seems to be
shifted into the promoter region of the downstream gene.
The authors conclude that BDRs acting as negative elonga-
tion factors inhibit transcriptional interference by prevent-
ing RNAPII from intruding into the promoters of closely
spaced tandem downstream genes (Yu et al., 2019). In view
of the relatively small size and close spacing of Arabidopsis
genes (mentioned above) in combination with the limited
resolution of chromatin immunoprecipitation-sequencing
(ChIP-seq) experiments, the functional principle of the BDRs
remains to be clarified. Further analyses revealed that bdr
triple-mutant plants are late flowering and fail to suppress
the expression of the floral repressor FLC. Consistent with
that compared with wild-type plants, in the bdr triple-
mutants reduced levels of repressive histone H3K27me3
were detected over the FLC locus, while activating
H3K4me3 was increased in the 5 region (Yu et al., 2021).
Over BDR-repressed genes high levels of RNAPII coverage
were observed, albeit low levels of the corresponding
mRNAs were produced. These findings imply that BDRs
promote accumulation of paused or slowly elongating RNA-
Pll over the body of BDR-repressed genes (Yu et al., 2021).
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Another fundamental principle of eukaryotic transcrip-
tion control is implemented by a general shutdown of tran-
scription except that brought about by specific, positive
regulatory mechanisms. This requires that TSSs of inactive
genes as well as the vast number of intra- and intergenic
TSSs are repressed, which is accomplished by wrapping
DNA in nucleosomes (Kornberg & Lorch, 2020). As men-
tioned above, passage of RNAPII during transcript elonga-
tion displaces or disrupts nucleosomes along transcribed
regions, and certain histone chaperones are involved in
maintaining nucleosomal integrity over transcribed regions
(Venkatesh & Workman, 2015). In this scenario, an impor-
tant function of FACT in Arabidopsis chromatin was discov-
ered by mapping thousands of intragenic TSS positions in
spt16 and ssrp 1 mutants that were not detected in wild-type
plants (Nielsen et al., 2019). Hence, FACT is required for
repression of aberrant intragenic transcript initiation at
positions that in part are characterised by elevated histone
H3K4me1 levels (Nielsen et al., 2019). Because a similar
function of FACT was observed in other organisms (For-
mosa & Winston, 2020; Gurova et al., 2018), safeguarding
transcriptional fidelity by restricting transcriptional initia-
tion by RNAPII to promoters may be a key role of FACT (and
possibly some other histone chaperones).

REGULATION OF EARLY ELONGATION

The elongation rates of RNAPII transcription vary between
genes, but also within transcribed regions, and elongation
is particularly slow during early elongation (Core & Adel-
man, 2019; Jonkers & Lis, 2015). RNAPII elongation rates
influence also the mRNA synthesis in Arabidopsis under
different experimental conditions through transcriptional
as well as co-transcriptional mechanisms (Godoy Herz
et al., 2019; Leng, Ivanov, et al., 2020; Wu et al., 2016). In
metazoa, promoter-proximal pausing of engaged RNAPI|
plays an important role in shaping the transcriptome. RNA-
Pll typically pauses within a narrow region of 25-50 nt
downstream of the TSS and is released in a controlled
manner into productive elongation. The interplay of SPT4-
SPT5 and the four-subunit NELF complex is a critical deter-
minant of establishment and release of the paused state
(Core & Adelman, 2019; Dollinger & Gilmour, 2021). NELF
orthologues are not encoded in yeast, nematode and plant
genomes. The fact that the organisms that exhibit stable,
regulated RNAPII pausing are those that encode NELF
implies a functional connection (Core & Adelman, 2019). In
line with that, various genome-wide studies in Arabidopsis
failed to detect a (closely) related RNAPII pausing mechan-
ism. However, recent GRO-seq, NET-seq and RNAPII ChIP-
seq analyses are compatible with the option of a
nucleosome-defined mechanism for promoter-proximal
RNAPII stalling that may contribute to regulate RNAPII
transcript elongation (Antosz et al., 2020; Hetzel
et al., 2016; Kindgren et al., 2020; Liu et al., 2021; Zhu

et al., 2018). Particularly, the position of the +1 nucleosome
represents a critical site for RNAPII stalling in Arabidopsis
upon exposure to low or high temperatures (Kindgren
et al., 2020; Obermeyer et al., 2023), or upon inhibition of
the RNAPII transcript cleavage activity (Antosz et al., 2020).
Nucleosomes generally represent obstacles to RNAPII tran-
scription, and their dynamics/stability is determined by a
complex interplay of nucleosomal histone composition,
histone post-translational modifications, nucleosome occu-
pancy and positioning. The +1 nucleosome is a major bar-
rier to RNAPII transcription that in a way controls the
transition from initiation to productive elongation (Kujirai
& Kurumizaka, 2020; Lai & Pugh, 2017). Correspondingly,
+1 nucleosomes exhibit special features including that they

(a) Unimpeded nucleosome transcription

SPT4-SPT5

(b) Nucleosome transcription prone to stalling

PAF1C

TFIIS &/ SPT16
— RNAPII !
_ +1 Nuc SSRP1
/ NELF1

IWS1
/// SPT6
sppRNAs

N\
SPT4-SPT5

Figure 3. RNAPII-transcript elongation complex (TEC) approaching a +1
nucleosome under different conditions.

(a) RNAPII associated with all required transcript elongation factors (TEFs)
during early elongation encounters a +1 nucleosome, which assisted by the
TEFs is successfully passed and mRNA is synthesised.

(b) RNAPII associated with an incomplete set of TEFs (indicated by faded
colours) encounters an altered version of the +1 nucleosome (e.g. differing
in the presence/absence of a histone variant or modification, indicated by
faded colour). The absence of one or several TEFs and/or the altered +1
nucleosome causes stalling of the elongating RNAPIl and incomplete
nucleosome passage. A reduced amount of mRNA (or none at all) is synthe-
sised, instead sppRNAs could be produced, a process that may influence
the synthesis of the corresponding mRNA.
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are well-positioned and enriched in the histone variant
H2A.Z (Lai & Pugh, 2017; Talbert & Henikoff, 2017). While
H2A.Z incorporation into gene body nucleosomes is asso-
ciated with gene repression, the correlation of H2A.Z incor-
poration at TSSs and plant gene expression is rather
unclear and may depend on additional chromatin features
(Jarillo & Pineiro, 2015; Lei & Berger, 2020; Probst
et al., 2020). In case of Arabidopsis genes that are upregu-
lated upon heat stress, assistance of TFIIS is required for
RNAPII to transcribe through +1 nucleosomes that are
depleted in H2A.Z, suggesting that eviction of H2A.Z in this
scenario results in a higher barrier for RNAPII passage
(Obermeyer et al., 2023), which is in line with the lower
in vitro stability of Arabidopsis H2A.Z containing nucleo-
somes (Osakabe et al., 2018). Intriguingly, in another study
using GRO-seq, engaged RNAPII was found to accumulate
downstream of TSSs upon heat stress during the immedi-
ate transcriptional response in Arabidopsis (Liu
et al., 2021). Various studies provided evidence that addi-
tional TEFs including SPT4-SPT5, SPT6, ELF1 and FACT as
well as ATP-dependent chromatin remodellers facilitate
nucleosome transcription in yeast and metazoa (Gamarra
& Narlikar, 2021; Kujirai & Kurumizaka, 2020). Consistently,
SWI/SNF-type chromatin remodelling complexes were
found recently to be targeted to nucleosomes at TSSs of
Arabidopsis genes, likely contributing to tune early RNAPII|
transcript elongation (Diego-Martin et al.,, 2022; Shu
et al., 2022). The identification of short promoter-proximal
RNAs (sppRNAs) at ~14% of transcribed Arabidopsis
genes, whose length is essentially defined by the +1
nucleosome, suggests that RNAPII stalling at this position
can result in transcriptional termination (Thomas
et al., 2020). Transcription events initiating at the same
TSS can form full-length mRNAs or alternatively sppRNAs.
At some genes increased mRNA production at the expense
of sppRNAs was observed, but with most genes mRNA
synthesis appears to be independent of sppRNA produc-
tion (Thomas et al., 2020). In summary, it can be stated that
early RNAPII transcript elongation in plants is a subject of
extensive regulation (Figure 3), albeit likely by mechanisms
(partially) distinct from those implemented in mammals.
Depending on conditions, different molecular mechanisms
including TEFs, chromatin remodellers, histone modifica-
tions and variants, and possibly sppRNAs presumably act
in a concerted manner at TSS/+1 nucleosome to determine
the efficiency of mRNA synthesis by RNAPII.
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Abstract

In addition to the stage of transcriptional initiation, the production of mRNAs is regulated during elonga-
tion. Accordingly, the synthesis of mRNAs by RNA polymerase Il (RNAPII) in the chromatin context is
modulated by various transcript elongation factors. TFIIS is an elongation factor that stimulates the tran-
script cleavage activity of RNAPII to reactivate stalled elongation complexes at barriers to transcription
including nucleosomes. Since Arabidopsis tflls mutants grow normally under standard conditions, we
have exposed them to heat stress (HS), revealing that tfl/s plants are highly sensitive to elevated temper-
atures. Transcriptomic analyses demonstrate that particularly HS-induced genes are expressed at lower
levels in tflls than in wildtype. Mapping the distribution of elongating RNAPII uncovered that in tflls plants
RNAPII accumulates at the +1 nucleosome of genes that are upregulated upon HS. The promoter-
proximal RNAPII accumulation in tflls under HS conditions conforms to that observed upon inhibition of
the RNAPII transcript cleavage activity. Further analysis of the RNAPII accumulation downstream of tran-
scriptional start sites illustrated that RNAPII stalling occurs at +1 nucleosomes that are depleted in the
histone variant H2A.Z upon HS. Therefore, assistance of early transcript elongation by TFIIS is required
for reprogramming gene expression to establish plant thermotolerance.

© 2022 Elsevier Ltd. All rights reserved.

Introduction

The synthesis of eukaryotic pre-mRNAs by
RNAPII is precisely controlled as a prerequisite for
proper development and appropriate response to
changing conditions. Transcript abundance can be
adjusted by controlling transcriptional initiation by
sophisticated mechanisms involving a multitude of
transcription factors that functionally interact with
specific DNA sequence elements. Beyond that a

0022-2836/© 2022 Elsevier Ltd. All rights reserved.

variety of functionally distinct transcript elongation
factors associate with RNAPIl to regulate the
efficiency of mRNA synthesis during transcript
elongation. They comprise for instance modulators
of RNAPII activity and histone chaperones, and
are particularly |mponant for transcript elongation
in the chromatin context.”® Among the modulators
of RNAPII activity is TFIIS that can facilitate tran-
scription through blocks to elongation.* The con-
served acidic B-hairpin of TFIIS reaches to the
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enzyme active site, inducing extensive conforma-
tional changes to the elongation complex and stim-
ulating the weak intrinsic RNA cleavage activity of
RNAPII.® Transcript cleavage is required to rescue
backtracked/arrested RNAPII elongation com-
plexes.”® Nucleosomes represent obstacles to
transcript elongation and TFIIS can promote effi-
cient nucleosome passage by RNAPII in vitro® "
and in vivo."? In view of the biochemical importance
of TFIIS for transcript elongation it was surprising
that yeast tflls cells grow normally.’® Likewise, the
vegetative development of Arabidopsis ftflls
mutants resembles that of wildt1ype, albeit mutant
seeds show impaired dormancy. ™ At the same time
reactivation of stalled/backtracked RNAPII by
TFIIS-stimulated transcript cleavage contributes to
correct transcriptional output in yeast and Arabidop-
SI'S.15_1G

Results and Discussion

In view of the apparent dispensability of TFIIS for
vegetative growth under standard conditions, we
explored the performance of Arabidopsis tflls
plants upon exposure to abiotic stress conditions
that provoke transcriptional reprogramming.
Consistent with a very recent report,'” it became
apparent in our analyses that tflls plants are highly
sensitive to elevated ambient temperatures. Expo-
sure to 37 °C for 48 h proved lethal for plants of
two different tflls alleles, whereas Col-0 wildtype
and TFIIS overexpressing plants similarly survived
the HS (Figure 1(A,B)). Detection of HSP70/101
transcripts and of the HSP70 protein served to eval-
uate induction kinetics of gene expression under
our experimental conditions (Supplemental Fig-
ure 1). To examine genome-wide transcriptional
changes of Col-0 and tflls upon exposure to heat,
nuclear RNA was isolated from untreated plants
and plants exposed to 37 °C for 30 min or 3 h. We
intended to generate information on transcriptional
output (freshly synthesised unspliced/spliced
mRNAs including nascent transcripts) rather than

steady-state mRNA levels obtained with total poly
(A) mRNA."®"" Therefore, we (i) isolated nuclear
RNA (rather than total RNA), (ii) used rRNA deple-
tion (rather than poly(A) enrichment) and (iii) made
use of low RNA size cut-off (>25 nt). Analysis by
high throughput sequencing revealed that com-
pared to untreated plants, after 30 min HS, 1545 dif-
ferentially expressed genes (DEGs) were detected
with Col-0 and tflls, while after 3 h HS 4636 DEGs
were detected (Figure 1(C)). Consistent with their
comparable growth and development under control
conditions'* only 18 DEGs between tflls and Col-0
were observed, whereas 147 DEGs and 203 DEGs
were detected after 30 min and 3 h HS, respectively
(Figure 1(D)). Interestingly, also TFIIS is 2.7-fold
upregulated after 3 h HS in Col-0. In total, 356
DEGs were identified that differ between Col-0
and tflls at the three conditions (no HS, 30 min
HS, 3 h HS). Using unsupervised k-means cluster-
ing, these DEGs can be divided into five distinct
clusters according to their change of expression
over time (Supplemental Figure 2). GO term analy-
sis of the DEGs misregulated in tflls revealed no
specific enrichment of HS-related genes in clusters
A, B and E. However, a clear enrichment of genes
responsive to heat (encoding e.g. heat shock tran-
scription factors, heat shock proteins, factors
involved in protein folding) was detected in clusters
C and D, which include genes generally upregu-
lated upon HS at different kinetics, but to a signifi-
cantly lower extent in tflls (Figure 1(E)). Improper
expression of these heat-responsive genes likely
contributes to the impaired heat tolerance of tflls
plants.

Our transcriptomic analysis of tflls relative to
wildtype upon HS differs in several respects from
that performed by Szadeczky-Kardoss et al.'”
Thus, we have analysed nuclear RNA (compared
with total RNA) and we have measured transcript
levels before HS and after 30 min or 3 h HS at
37 °C (compared with before HS and 1 h or 24 h
HS at 37 °C). Finally, the bioinformatic analyses of
the obtained data were performed in a different
way. Still, comparable principal conclusions can

<

Figure 1. Plants lacking TFIIS are highly sensitive to heat stress (HS) and TFIIS is required for the transcriptional
response to HS. (A) Exposure to 37 °C for 2d is lethal for tfils, but not for wildtype plants. Col-0 wildtype, two {flls
mutant lines (tflls-1, tflls-2) and TFIIS overexpressing plants (TF/ISPE) grown at 21 °C were documented 14 days
after stratification (DAS), then 2d after HS at 37 °C (16 DAS), after 5d recovery at 21 °C (21 DAS). For comparison
plants (21 DAS) grown without HS are shown. (B) Temperature scheme used for phenotyping (in A), for molecular
analyses upon 37 °C HS and 44 °C HS. (C) Exposure to 37 °C induces transcriptional reprogramming. HS at 37 °C for
30 min or 3 h results in major transcriptomic changes in Col-0 and tflls when compared to plants without HS. (D) The
lack of TFIIS affects the transcriptional response to HS. In absence of HS only minor transcriptomic changes are
observed between Col-0 and {fils that are clearly enhanced upon 3 h HS. (E) Transcription of genes responsive to HS
is particularly affected in tflls plants. GO term analysis of the DEGs of gene clusters C,D (cf. Supplemental Figure 2)
that upon HS are upregulated in tflls to a lesser extent than in Col-0 (left) with “R” indicating “response”. Gene network
plot of enriched processes in cluster C (right). Differentially expressed genes (small grey nodes) are connected with
their associated biological processes (big yellow nodes). Shown are processes significantly enriched and related to
heat response.



28

S. Obermeyer, R. Stockl, T. Schnekenburger, et al. Journal of Molecular Biology 435 (2023) 167917
A downregulated genes upregulated genes B downregulated genes upregulated genes
Q
%41 Col-0 3hHS | | Col-0 &.] Col-0 3hHS | | Col-0 100 &
o 30 min HS o 30 min HS P
2 no HS g no HS >
o3 03 Q
[3) o o
o [ o g
P PE o
= . = H
a o @
g s g
4 _ 4 /- — : 0 =
<10 =S TES  1L0kb 2.0 iss TES:  .0Kb 1.0 center 20kb  -10  center 2.0kb
o o
g 3h HS F100
o1 thlls 3hHS | | ¢Is g 4] thlls tflls g
E no HS § 3 no HS - 80 %
o3 o
o o 60 &
o % O
B2 = Lao ¢
= & @
% 1 Z1 t20 3
=z [ =
4 - - T 0
-1.0 TSS TES 1.0Kkb -1.0 TSS TES 1.0Kb -1.0 center 2.0Kb -1.0 center 2.0Kb
C D 0.0025
@ °0° 0.00200 0 no Tx hlgh Tx
= ooos Col-0 . tflls E 0.0020
(3 15
S e - = oons
= o
& 0.00100 3hHS 0.00100 3h HS g 0.0010
2 000075 0.00075 E
[ 3h HS
E 0.00050 0.00050 E 0.0005
S 000025 no HS| ¢ no HS a
D 00000 pr—am A nn—n A A 000000 0.0000 1
-1.0 center 3.0kb -1.0 center 3.0Kb

0.5 center 2.0kb 0.5 center 2.0kb E

downregulated genes  upregulated genes
no HS —_— no HS = !
1

3h HS

ichment in tfis-1 wio HS.

no HS

29 enr
2P enn

difference in transcript coverage

T T
-1.0 center 2.0kb -1.0 center 2.0Kb

Figure 2. Upon 3 h HS elongating RNAPII accumulates at the +1 nucleosome of upregulated genes. (A) In absence
of TFIIS, the distribution of RNAPII is shifted towards the transcriptional start site of HS-induced genes. Metagene
profiles of RNAPII distribution along genes up- and downregulated (n = 1792 and n = 2222, respectively) upon HS in
Col-0 and tflls. RNAPII-S2P coverage over scaled transcribed regions from transcriptional start site (TSS) to
transcriptional end site (TES) determined by ChlIP-seq in Col-0 (top) and {flls (bottom) after 30 min/3h HS or without .
Lines represent the accumulation of RNAPII-S2P, while the shaded area indicates the standard error of the mean. (B)
In tflls plants, RNAPIlI accumulates at the position of +1 nucleosomes of 3 h HS-induced genes. Metagene profiles of
RNAPII distribution (after 30 min/3h HS or without) around TSS of up- and downregulated genes centred to the
position of the +1 nucleosome. RNAPII coverage in Col-0 (top) and tflls (bottom) is plotted over nucleosomal positions
(grey) determined by MNase-seq. (C) Distribution of RNAPII over all protein-coding genes illustrates HS-dependent
accumulation of RNAPII at the +1 nucleosome in tflls. Sum of RNAPII-S2P ChIP-seq peaks (top) and heatmap
(bottom) over all non-overlapping protein-coding genes (n = 26293) after 3 h HS or without, centred to the +1
nucleosome. (D) The accumulation of RNAPII in tflls at the +1 nucleosome is dependent on the transcriptional activity
(Tx). Sum of RNAPII-S2P ChiIP-seq peaks over genes with different transcriptional activity centred to the +1
nucleosome. Two groups of non-overlapping protein coding TAIR10 annotated genes were defined according to
transcripts per million in 14-DAS Col-0 seedlings (left, <1 TPM, n = 6527; right, >10 TPM, n = 5539). Upon 3 h HS,
RNAPII accumulates at the +1 nucleosome of highly transcribed genes. (E) RNA-seq counts are enriched in tfils at
the position of the +1 nucleosome. Median difference in read coverage between tfiis and Col-O centred over +1
nucleosomes of up- and downregulated genes without HS (top) or after 3 h HS (bottom).
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be drawn from both studies. We have compared the
specific misregulation of a subset of genes in tflis
with the results of Szadeczky-Kardoss etal.’” While
many genes were generally upregulated upon HS in
both datasets (1551 in Szadeczky-Kardoss et al.;
2085 in our dataset), only a relatively small subset
of HS-upregulated genes are misregulated in tfils
in both datasets (14.4% in Szadeczky-Kardoss
et al.; 9.7% in our dataset). Gene Set Enrichment
Analysis®® of the tflls misregulated genes of the
Szadeczky-Kardoss et al. data (tflls vs Col-0, 1 h
HS) with our dataset (tflls vs Col-0, 3 h HS) demon-
strated that generally genes upregulated in tflls in
Szadeczky-Kardoss et al. are also upregulated in
our data and vice versa (Supplemental Figure 3).
Finally, in line with our findings GO term analysis
of tflls-dependent DEGs in Szadeczky-Kardoss
et al."” revealed processes including response to
heat stress and protein folding (cf. Figure 1(E)).
To elucidate how the absence of TFIIS impairs
transcription upon HS, we mapped the distribution
of elongating RNAPII genome-wide. To this end
chromatin immunoprecipitation combined with
high throughput sequencing (ChlP-seq) was
performed using an antibody specific for RNAPII-
S2P comparing Col-0 and tflls plants with or
without exposure to 30 min/3h HS. Analysis of the
data demonstrated that expectedly in both
genotypes RNAPII coverage was increased upon
HS along genes that are upregulated by HS, while
RNAPII coverage was decreased upon HS along
genes that are downregulated by HS (Figure 2
(A)). The RNAPII distribution pattern along down-
regulated genes differed only slightly between tflls
and Col-0. However, with genes upregulated upon
HS, after 30 min/3h HS in fflls a clear shift of
RNAPII distribution towards the transcriptional
start site (TSS) was detected, in combination with
a striking decline of signal at the transcriptional
end site (TES) (Figure 2(A)), suggesting reduced
RNAPII  processivity. To examine possible
correlation with chromatin features, the RNAPII

ChiP-seq data was superimposed with
nucleosomal coverage tracks derived from
genome-wide micrococcal nuclease (MNase)

cleavage analysis followed by histone HS3
immunoprecipitation (MNase-seq). Centring the
data to the +1 nucleosomal position revealed that
in tflls at upregulated genes a prominent peak of
RNAPII accumulation is visible at the position of
the +1 nucleosome upon 3 h HS. This peak does
not occur in Col-0, upon the shorter 30 min HS or
without HS (Figure 2(B)). Therefore, we focussed
on the data obtained upon 3 h HS for further
analysis. Even when analysing the distribution of
called RNAPIl-peaks in tflls compared to Col-0
over all protein-coding genes, a remarkable
enrichment of RNAPII in tflls upon 3 h HS is
apparent (Figure 2(C)). The RNAPII accumulation
depends on transcriptional activity of the affected
genes (Figure 2(D)). In accord with the RNAPII

ChIP-seq data, centring the above-mentioned
RNA-seq data to the +1 nucleosome
demonstrated accumulation of transcript read
counts at the position of the +1 nucleosome in tflls
relative to Col-0 upon exposure to 3 h HS
(Figure 2(E). Col-0 and tflls were exposed to a
rapid HS of 2.30 and 10 min at 44 °C (using a
water bath to achieve faster temperature
change,”") to compare short-term responses with
the moderately quick responses described above.
Relative to control conditions, the rapid HS resulted
in detection of 1181 DEGs, of which 485 overlap
with those of 30 min/3 h HS at 37 °C and of the
831 DEGs detected after 10 min HS at 44 °C, 239
and 124 DEGs were also down- and upregulated,
respectively, upon 3 h HS at 37 °C (Supplemental
Figure 4(A,B)). The genes upregulated under both
conditions can be divided into two clusters: genes
that are comparably upregulated in both genotypes
after 10 min (rapid response, comprising predomi-
nantly the GO term “ribosome”) and genes that in
both genotypes are upregulated already after
2.30 min, but in tflls do not reach wildtype-levels
after 10 min (very rapid response, comprising pre-
dominantly the GO term “response to heat”) (Sup-
plemental Figure 4(C,D)). ChIP-seq using an
antibody directed against RNAPII-S2P after
10 min at 44 °C demonstrated that RNAPII accumu-
lated in tflls at the +1 nucleosome of the very rapidly
responding genes, while no accumulation was
detected without HS and at the cluster of less
rapidly responding genes and in Col-0 (Supplemen-
tal Figure 4(E)).

Using the 3 h-HS RNAPII ChiIP-seq data we
calculated the promoter proximal enrichment of
RNAPII-S2P (PPEP) within the TSS region
relative to the gene body.'® In line with the accumu-
lation at the +1 nucleosome, in tflls PPEP increased
significantly upon HS depending on the transcrip-
tional activity of the respective genes, whereas no
change in PPEP was observed in Col-0 (Figure 3
(A,B)). A TFIIS mutant variant (termed TFIISmut)
efficiently inhibits the transcript cleavage activity of
RNAPII. Expression of TFIISmut in the Arabidopsis
tflls mutant background resulted in RNAPII accu-
mulation at a position overlapping with the +1 nucle-
osome.'® Therefore, we reanalysed this data and
superimposed the RNAPII coverage tracks with
the RNAPII ChlP-seq tracks of HS-induced genes
in tflls with and without HS. This comparison
revealed that HS-induction and induced expression
of TFIISmut similarly resulted in RNAPII accumula-
tion at the +1 nucleosome (Figure 3(C)), suggesting
that the TFIIS-stimulated transcript cleavage by
RNAPII is required for passage of RNAPII through
the +1 nucleosome.

In various organisms including plants, it is well
established that the histone variant H2A.Z is
enriched at the TSS, particularly in the +1
nucleosome, but still the functional relation
between H2A.Z and RNAPII transcription remains
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enigmatic.?** Moreover, H2A.Z is closely linked to
the thermosensory response in Arabidopsis. The
high H2A.Z occupancy at the HSP70 gene +1
nucleosome decreased drastically at elevated tem-
peratures.®® At non-inducible temperatures, H2A.Z
nucleosomes are enriched at temperature-
responsive genes and upon exposure to high tem-
peratures H2A.Z is rapidly evicted, most likely by

specific exchange for H2A. This results in a tran-
scriptional cascade, trig%ering plant responses to
increased temperatures.”® In view of the enrich-
ment of H2A.Z at the +1 nucleosome and its
involvement in the response to elevated tempera-
tures, we examined a possible connection with
TFIIS in this scenario. The RNAPII-S2P distribution
in tflls and Col-0 with and without exposure to HS
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was centred to the +1 nucleosome of genes with low
or high H2A.Z coverage.?’ In tflls exposed to HS, a
prominent peak of RNAPII accumulation is appar-
ent at the +1 nucleosome of genes with low H2A.
Z coverage that is not seen in Col-0 or in the
absence of HS, and that is substantially smaller at
genes enriched in H2A.Z (Figure 4(A,B)). Moreover,
dividing genes that are up- or downregulated in tflls
upon 3 h HS (cf. Figure 1(C)) into categories with
low or high H2A.Z coverage,”’ revealed that
RNAPII-S2P accumulates selectively at +1 nucleo-
somes of upregulated genes with low H2A.Z cover-
age (Supplemental Figure 5(A)). Comparing groups
of genes that are up- or downregulated in tflls rela-
tive to Col-0 upon 3 h HS (cf. Figure 1(D)) confirmed
that at the +1 nucleosomal position H2A.Z is dis-
tinctly more depleted at the downregulated genes
(Supplemental Figure 5(B)). We further analysed
the interplay of TFIIS with H2A.Z at the +1 nucleo-
some by mapping RNAPII-S2P distribution in tflls
and Col-0 over genes that display different tran-
scriptional response to elevated temperature as
described by Cortijo et al.?® We compared predom-
inantly repressed genes that are involved in meta-
bolic processes with genes rapidly and markedly
upregulated upon HS at 37 °C that are enriched in
the GO terms of heat and light responses. At
repressed genes with and without HS the H2A.Z
coverage remains unchanged, whereas a signifi-
cant depletion of H2A.Z occurs at the upregulated
genes, particularly at the +1 nucleosome.?® Reanal-
ysis of this data along with our RNAPII-S2P ChlIP-
seq data demonstrates that in absence of HS, RNA-
PII coverage in tflls and Col-0 differs only slightly
(Figure 4(C)). However, upon HS there is a very dis-
tinct peak of RNAPII accumulation in tflls at the +1
nucleosome of the rapidly upregulated genes, while
this effect does not notably occur in Col-0 and at
repressed genes. This effect is seen similarly with
clusters C and D of the five gene clusters defined
above (cf. Supplemental Figure 2) that are upregu-

<

lated upon HS in tflls to a lesser extent than in Col-
0. In absence of HS, for genes of both clusters a
prominent H2A.Z peak is observed at the +1 nucle-
osome that is substantially decreased upon HS at
37 °C, while the H3 coverage is rather unchanged
(Supplemental Figure 6). The decrease in H2A.Z
is paralleled by accumulation of RNAPII at the +1
nucleosome, which is most prominent with genes
of cluster C and becomes apparent already after
30 min of HS. The correlation of H2A.Z depletion
and RNAPII accumulation at the +1 nucleosome is
also evident from genome browser views of individ-
ual genes (Supplemental Figure 7). Taken together
these analyses reveal that TFIIS is required under
acute HS conditions for RNAPII to transcribe effi-
ciently through the +1 nucleosome of induced
genes depleted in H2A.Z, whereas under normal
growth conditions (and higher H2A.Z occupancy)
early transcript elongation appears to proceed
rather unrestrained in absence of TFIIS.
Nucleosomes represent general translocation
barriers for transcript elongation, resulting in
backtracking of RNAPII. TFIIS associates with
elongating RNAPII along transcribed regions of
active genes.'®'"?%2% There TFIIS stimulates the
RNA cleavage activity of RNAPII and thus can pro-
mote reactivation of backtracked RNAPII and pas-
sage through nucleosomes, which is particularly
relevant at the +1 nucleosome that contributes to
control the transition from initiation to productive
transcript elongation.>*° In plants, the promoter-
proximal region including the +1 nucleosome is an
object of various modulating mechanisms mediated
by histone modifications/variants, histone chaper-
ones, chromatin remodelling complexes and short
promoter-proximal RNAs that adjust properties in
this critical chromatin region to transcriptional
requirements.*'~*” Of particular importance regard-
ing our study is that HS results in rapid depletion of
H2A.Z from the +1 nucleosome of temperature-
responsive Arabidopsis genes.”*° In absence of

Figure 3. Promoter-proximal enrichment of RNAPII (PPEP) at the +1 nucleosome of HS-induced genes upon
TFIISmut expression and depending on transcriptional activity. (A) Schematic representation of the RNAPII
transcription unit including promoter-proximal TSS region and rest of the transcribed region. (B) PPEP increases
significantly in #flls related to transcriptional activity, whereas no change is observed in Col-0. PPEP was calculated
[PPEP = RNAPII counts (TSS region/gene body) * (x/y)] as described by Antosz et al.'® using the RNAPII-S2P ChlP-
seq data for Col-0 and tflls. Genes were divided into expression bins according to transcripts per million (TPM) in Col-
0 3 h after heat treatment (very high expression > 300 TPM (n = 130); high expression = 30-300 TPM (n = 1648);
medium expression = 10-30 TPM (n = 4166) and low expression = 1-10 TPM (n = 9467). Genes with gene
body < 100 bp or less than 10 reads in the promoter proximal region or gene body in any sample were omitted.
Asterisks indicate significant differences within groups according to Wilcoxon signed-rank test (ns: P > 0.05,
*P < 0.05, ***P < 0.0001). (C) PPEP at the +1 nucleosome at HS-induced genes and upon induced expression of
TFIISmut in Arabidopsis ftflls plants that inhibits the RNA cleavage activity of RNAPII, resulting in RNAPII
accumulation at +1 nucleosomes.’® RNAPII-S2P coverage based on ChIP-seq data after 3 h HS or untreated (this
work) or after induced expression of TFlISmut or mock-induced.'® RNAPII coverage upon 3 h HS (left panel, red)
resembles that upon induced TFIISmut expression (left panel, purple), while that of mock TFIISmut induction (right
panel, pink) reflects the situation in unstressed plants (right panel, dark red). The nucleosomal positions at 21 °C
based on MNase-seq data are indicated in grey.
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TFIIS, RNAPII accumulates predominantly at the
+1 nucleosome of HS-induced genes that are
depleted in H2A.Z (Figures 2—4), suggesting that
TFIIS is required for efficient passage of RNAPII
through H2A.Z-depleted +1 nucleosomes, which
may be particularly important under conditions of
massive transcriptional reprogramming (Figure 1).
Despite considerable effort, the consequences of
H2A.Z depletion from the +1 nucleosome for RNA-
PIl transcription have not been unequivocally clari-
fied in different eukaryotic systems including
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plants,??~>* although some studies report a higher

barrier for RNAPIl passage,®®>° thus possibly
requiring TFIIS action. Still the functional relation-
ship between H2A.Z and RNAPII transcription
may depend on the specific chromatin context
including exact nucleosome position, underllyin
DNA sequence and histone modifications.”*
The fact that HS-induced promoter-proximal stalling
of RNAPII reflects the accumulation of RNAPII upon
expression of TFIISmut,'® argues for a role of TFIIS
stimulated transcript cleavage in passage of the +1
nucleosome at elevated temperatures in plants.
This is in agreement with various in vitro studies,
demonstrating that TFIIS promotes transcription
through nucleosomes primarily by reactivating
stalled RNAPII rather than preventing pausing/ar-
rest in a cleavage-independent manner.”~" 42

In mammals, prevalent RNAPII promoter-
proximal pausing occurs in a narrow region
between +25 and +50 nt downstream of the
TSS.*® Various genome-wide studies in Arabidop-
sis failed to detect a (closely) related RNAPII paus-
ing mechanism,'®**~*% which may be related to the
absence of the elongation factor NELF in plants®*’
that contributes to control pausing in mammals.**
However, recent GRO-seq, NET-seq and RNAPII
ChIP-seq analyses are compatible with the option
of a nucleosome-defined mechanism for

<

Figure 4. Under HS conditions TFIIS is required for
RNAPII to transcribe efficiently through the +1 nucleo-
some of induced genes depleted in the histone variant
H2A.Z. (A) RNAPII accumulates at +1 nucleosomes of
genes depleted in H2A.Z. Sum of RNAPII-S2P ChiIP-seq
peaks over genes (n = 10000, each) with low (left) or
high (right) H2A.Z ChIP-seq signals. RNAPII distribution
is shown in tflls upon 3 h HS or without (top) and in Col-0
(bottom) along with the H2A.Z coverage according to
Wollmann et al.?” in green. (B) The accumulation of
RNAPII in tflls upon HS at genes with low H2A.Z ChlIP-
seq signals visualised as a heatmap. (C) In absence of
TFIIS, HS-induced H2A.Z depletion is associated with
RNAPII accumulation at the +1 nucleosome of genes
upregulated upon HS. RNAPII coverage upon 3 h HS at
37 °C or without based on the RNAPII-S2P ChIP-seq
data centred to the +1 nucleosome is plotted along with
the H2A.Z (green) and H3 coverage (grey) obtained by
shifting plants from 17 to 37 °C according to Cortijo
et al..?® Two gene clusters were compared that are
either rapidly upregulated (top, n = 92) or repressed
(bottom, n = 321) upon HS, respectively. At the rapidly
upregulated genes, the decrease of H2A.Z coverage in
combination with the rather unchanged H3 coverage
after 4 h at 37 °C suggests a specific exchange of H2A.Z
for H2A rather than nucleosome eviction.?® In tflls, the
HS-induced H2A.Z depletion at the rapidly inducible
genes is accompanied by RNAPII accumulation at the
+1 nucleosome, whereas this does not occur in Col-0
and without HS or at the repressed genes.
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promoter-proximal RNAPII stalling that may play a

part in 9ulat|ng transcriptional dynamics in
pIants 164596 The +1 nucleosome represents the
most notable position ofPromoter proximal RNAPII
stalling in Arabidopsis'®“°® and it remains to be seen
whether/how this is mechanistically linked to the
production of the recently identified class of short
promoter-proximal RNAs.*® Coincident with our
results under HS conditions, NET-seq analysis
revealed that exposure of Arabidopsis plants to
low temperature of 4 °C affected RNAPII stalling
at the +1 nucleosome, which may facilitate adapting
gene ex ressmn in response to temperature
changes.*

Our data indicates that the RNAPII stalling at the
+1 nucleosome in (flls plants leads to reduced
transcriptional processivity that ultimately results
in decreased upregulation of various HS-induced
genes. In conclusion, our results demonstrate that
Arabidopsis TFIIS is required for transcriptional
reprogramming upon HS by promoting early
RNAPII transcript elongation, albeit effects on
alternative splicing of heat-regulated transcripts'’
likely contribute to the function of TFIIS in plant heat
stress adaption. Future experimentation will clarify,
whether TFIIS is involved in the response to other
types of environmental cues that are also linked to
H2A.Z +1 nucleosomes such as osmotic stress*®
or thermomorphogenesis that at mildly elevated
temperatures induces various morphological ad J)
tations to withstand suboptimal temperatures.*®

Materials and Methods

Plant cultivation and heat stress (HS)
treatment

Seeds of Arabidopsis thaliana ecotype Col-0
were sown on solid 0.5x MS medium and after
stratification for 48 h at 4 °C in the dark, the plates
were transferred to a plant incubator (PolyKlima)
with  long day settings (16 h  light,
110 umol'm~2.s~") at 21 °C and 8 h darkness at
18 °C. T-DNA insertion mutants tflls-1 and tflls-2
were previously described'* as well as TFIIS over-
expressing plants.”’ For all molecular analyses
the tflls-1 allele was used. For HS plants were
transferred to 37 °C for 30 min up to 48 h followed
by recovery for 5d under standard conditions. For
molecular analyses following HS, plants were har-
vested without recovery period. For rapid HS,
sealed plates were transferred to a water bath at
44 °C for 2.30 or 10 min.”’

Antibodies and immunoblotting

For immunoblotting, the following primary and
secondary antibodies were used: anti-HSP70 (cat.
no. AS08 371, Agrisera) and anti-UAP56°; sec-
ondary HRP- coupled a-rabbit antibody (cat. no
12-348, Sigma Aldrich). Total protein extracts>®
were separated by SDS-PAGE and electro-

transferred onto a PVDF membrane. For immuno-
blot analysis®® SuperSignal R West Pico Chemilu-
minescent substrate (Thermo Fisher Scientific)
was used and chemiluminescence was detected
using the ChemiDoc MP system (BioRad).

Isolation of RNA and cDNA synthesis

Snap-frozen 14-DAS plants were homogenised
using a TissueLyserll (Qiagen) and after
resuspension of the material in Nuclear Extraction
Buffer (10 mM HEPES-NaOH, pH 8; 04 M
sucrose; 5 mM 2-mercapto-ethanol supplemented
with proteinase inhibitor cocktail), nuclei were
isolated centrifugation as  previously
describe NA was extracted from isolated
nuclei using the TRIzol method (Invitrogen) and fur-
ther purified using the Monarch RNA Cleanup Kit
(New England Biolabs). After DNase treatment
reverse transcription was performed using 1.5 pg
of RNA, random hexameric primers and 200 U Rev-
erse Transcriptase (Thermo Fisher Scientific) as
previously described.®

d. 33!4 R

RT-qPCR analyses

Amplification with cDNA as a template was
performed using the Kapa SYBR FAST system
(ThermoFisher Scientific) and gene-specific
prlmers (Table S1) with a Mastercycler eg realplex

2 (Eppendorf) as previously described.”>>* The
gPCR measurements were analysed using the
AACt method.

Transcript profiling by RNA-seq

Profiling of nuclear RNAs was performed as
previously described.’® RNA isolated using the TRI-
zol method (Invitrogen) was further purified and
DNase-treated using the Monarch RNA Cleanup
Kit (New England Biolabs). Library preparation
and RNA-seq were performed at the Genomics
Core Facility (University of Regensburg, www.kfb-
regensburg.de), employing the following modules:
NuGEN Universal Plus RNA-Seq with NuQuant
User Guide v3 (Tecan Genomics) in combination
with Arabidopsis rRNA AnyDeplete module, and
the KAPA Library Quantification Kit-lllumina/ABI
Prism (Roche Sequencing Solutions). To judge final
library complexities (vs PCR duplicates) unique
molecular tags were used.’® Equimolar amounts
of each library (three biological replicates each per
genotype and condition) were sequenced on an lllu-
mina NextSeq 2000 instrument controlled by Con-
trol Software (NCS, v1.4.0.39521), using a 50
cycle P3 Flow Cell with dual index, paired-end run
parameters. Image analysis and base calling were
done by the Real Time Analysis Software (RTA,
v3.9.2). The resulting ‘.cbcl’ files were converted
into “.fastq’ files with the bcl2fastq (v2.20) software.
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RNA-seq data analysis

Quality control was performed using FastQC
(v0.11.9) and MultiQC (v1.11).°” After the initial
quality assessment, the molecular tag data was
recorded in the header for each read via umi_tools
(v1.1).°° Reads with low base quality and adapter
contaminations were removed using trimmomatic
(v0.39, ‘ILLUMINACLIP:NGS_contaminants.fa:2:3
0:10 LEADING:3 TRAILING:3 SLIDINGWIN-
DOW:4:15 MINLEN:36').°® The remaining reads
were mapped to the TAIR10 genome (https:/
www.arabidopsis.org/)* using STAR (v2.7.9a, ‘-
outFilterType BySJout --outFilterMultimapNmax
20 --alignSJoverhangMin -- alignSJDBover-
hangMin 1 --outFilterMismatchNmax 999 --
alignintronMin 10 --alignintronMax 1000000 --outFil
terMismatchNoverReadLmax 0.04 --
outSAMmultNmax 1 —outMultimapperOrder Ran-
dom’). The resulting ‘.bam’ files were filtered to only
include alignments with MAPQ score >10, sorted,
and indexed using samtools (v1.3),%° resulting in
23.0-32.4 million and 17.7-35.9 million uniquely
mapped reads for the 3 h- and 10 min-HS, respec-
tively. Finally, the molecular tag data was used in
conjunction with the alignments to remove technical
duplicates using umi_tools (v1.1). Reproducibility of
the biological replicates was examined by principle
component analysis (PCA) and the pairwise corre-
lation (Pearson) was calculated (Supplemental Fig-
ures 8 and 9). For the differential gene expression
analysis, the resulting files from the pipeline out-
lined above were used to create a count table using
the featureCounts function of the rsubread package
(v2.4.3),°" which was then analysed using DESeq2
(v1.30.1)°2 and the tidybulk package (v1.2.1).%° For
differential expression analysis between Col-0 and
tfiis over all time points the DESeq2 (v1.30.1) likeli-
hood ratio test (LRT) function was used and signif-
icantly differential expressed genes (FDR < 0.01)
were clustered using unsupervised k-means clus-
tering. GO-term enrichments were performed using
Metascape® using multiple gene lists with all previ-
ously defined cluster. The gene network analysis
was performed using cytoscape.®®

ChIP sequencing (ChIP-seq)

Chromatin immunoprecipitation (ChIP) was
essentially performed as previously described.'®%*
Plants (14 DAS) were crosslinked with formalde-
hyde and used for isolation of nuclei, before chro-
matin was sheared using a Bioruptor pico device
(Diagenode). Immunoprecipitation was performed
using antibodies directed against RNAPII-S2P (ab-
cam, ab5095). For ChlP-seq, libraries were gener-
ated using NEBNext Ultra || DNA Library Prep Kit
for lllumina (New England BioLabs) and the final
libraries (three biological replicates each per geno-
type and condition) were sequenced by the Geno-
mics Core Facility at the University of Regensburg
using NextSeq 2000 (lllumina). Reads were aligned

to the TAIR10 genome (https://www.arabidopsis.
org/) using Bowtie2°° and coverage tracks were cal-
culated with deeptools “bamCoverage”. Down-
stream analysis was mainly performed using the
deepTools2 suite (version 3.5.0)°” and quality con-
trol was performed at several steps using
FastQC.>” 12.3-19.0 million reads per sample
mapped against the TAIR10 genome and regions
with aberrant coverage or low sequence complexity
were removed.®® After confirming high pairwise cor-
relations, the biological replicates were merged and
CPM normalised (Supplemental Figures 10 and
11). Macs3 (version 3.0.0a7) “callpeak” function
was used to call peaks in tflls over Col-0 as control.
The summits of the resulting peak files were con-
verted to .bw tracks using deepTools bedGraphTo-
BigWig. Expression levels of genes (divided into
quartiles according to transcripts per million) was
deduced from the RNA-sequencing data of Col-0
under control conditions.

Calculation of promoter proximal enrichment
of RNAPII (PPEP)

PPEP was calculated as previously described'®
using the following function: PPEP = RNAPII counts
(TSS region/ gene body) * (x/y) with the TSS region
defined as the region from the TSS to 500 bp down-
stream and the gene body defined as the region
500 bp downstream the TSS to the TES. X is
defined as the length of the TSS region and y being
the length of the gene body. The change in pro-
moter proximal pausing after heat shock was calcu-
lated as: APPEP = PPEP (3 h HS) - PPEP (no HS).

MNase-seq

Plants (14 DAS, at 21 °C) were fixed using
formaldehyde followed by isolation of nuclei as
described.'®*? Isolated nuclei were washed twice
in MNase Buffer (20 mM Tris/HCI pH 7.5, 300 mM
sucrose, 3 mM CaCl,, supplemented with pro-
teinase inhibitor mix) and resuspended in MNase
Buffer. Nuclei were split into 3 samples and MNase
digestion was performed using MNase (Sigma) at
37 °C for different times followed by immunoprecip-
itation with an anti-H3 antibody (cat. no. ab1791,
Abcam) as described.'®%?

Libraries were prepared using the NEBNext Ultra
Il DNA Library Prep Kit for lllumina (New England
BioLabs) using 7 PCR cycles for library
amplification. Sequencing was performed at the
Genomics Core Facility at the University of
Regensburg. In brief, the libraries were bead
purified with Agencourt AMPure XP magnetic
beads (Beckman Coulter) and quantified using the
KAPA Library Quantification Kit (Roche).
Equimolar amounts of each library (three
replicates) were sequenced using an lllumina
NextSeq 2000 System controlled by the Control
Software (NCS, v1.4.0.39521), using one 100
cycles P3 Flow Cell with the single index, paired-
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end run parameters. Image analysis and base
calling were done by the Real Time Analysis
Software (RTA, v3.9.2). The resulting ‘.cbcl’ files
were converted into ‘.fastq’ files with the bcl2fastq
(v2.20) software.

MNase-seq data analysis

The quality of the raw reads and the following
steps was monitored using FastQC (v0.11.8) and
MultiQC (v1.9), as well as statistics created with
samtools view (v1.10) and picard
CollectinsertSizeMetrics (v2.25.6). Reads with low
base quality and adapter contaminations were
removed using trimmomatic in paired-end mode
(v0.38, ‘ILLUMINACLIP:NGS_contaminants.fa:2:3
0:10:2:keepBothReads LEADING:3 TRAILING:3
SLIDINGWINDOW:4:15 MINLEN:36’). Remaining
paired reads were then mapped to the TAIR10
genome using bowtie2 in paired-end mode
(v2.4.2, ‘-local -t --very-sensitive-local --no-
discordant’). The resulting ‘.sam’ files were
converted to ‘bam’ files, sorted, and indexed
using samtools (v1.10). The alignments were then
filtered according to insert size using deeptools
alignmentSieve (v3.1.3). Alignments with a
mapping quality >30, a minimum insert length of
140, and a maximum insert length of 200 were
defined as of mono-nucleosomal origin, resulting
in 105.8—141.7 million uniquely mapped reads per
replicate. Alignments that mapped to regions
blacklisted as described,’® as well as alignments
that mapped to the mitochondrial and plastid
sequences were discarded. Three replicates were
merged and mono-nucleosomal positions were
called using DANPOS (v3.0) using the parameters
‘dpos --extend 70 -c 119481543 -u0-z1-a1 -e
1. +1 nucleosomal positions were extracted as
the first nucleosomal position after TAIR10 anno-
tated transcription start sites with a minimal overlap
of 140 bp.
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Transcript elongation by RNA polymerase Il (RNAPII) is dynamic and highly
regulated, thereby contributing to the implementation of gene expression
programs during plant development or in response to environmental cues.
The heterohexameric polymerase-associated factor 1 complex (PAF1C)
stabilizes the RNAPII elongation complex promoting efficient transcript
synthesis. In addition, PAF1C links transcriptional elongation with various
post-translational histone modifications at transcribed loci. We have exposed
Arabidopsis mutants deficient in the PAF1C subunits ELF7 or CDC73 to elevated
NaCl concentrations to provoke a transcriptional response. The growth of elf7
plants was reduced relative to that of wildtype under these challenging
conditions, whereas cdc/3 plants exhibited rather enhanced tolerance.
Profiling of the transcriptional changes upon NaCl exposure revealed that
cdc/3 responded similar to wildtype. Relative to wildtype and cdc/3, the
transcriptional response of elf7 plants was severely reduced in accord with
their greater susceptibility to NaCl. The data also imply that CDC73 is more
relevant for the transcription of longer genes. Despite the fact that both ELF7
and CDC73 are part of PAF1C the strikingly different transcriptional response of
the mutants upon NaCl exposure suggests that the subunits have (partially)
specific functions.

KEYWORDS

Arabidopsis thaliana, chromatin, histone modifications, PAF1C, RNA polymerase II,
transcript elongation
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Introduction

In eukaryotic cells, hundreds of proteins regulate the
transcription of genes by RNA polymerase IT (RNAPII). The
majority of these proteins control transcriptional initiation via
interaction with promoter regions. Functionally distinct so-
called transcript elongation factors (TEFs) modulate the
efficiency of mRNA synthesis by different mechanisms after
the initiation stage. Some TEFs act as histone modifiers,
histone chaperones or chromatin remodelers, manipulating
properties of the nucleosomal template, whereas others adjust
the catalytic activity of RNAPII directly (Sims et al., 2004; Kwak
and Lis, 2013; Chen et al,, 2018). A remarkable example of a
regulator of transcriptional elongation by RNAPII is the
multifunctional polymerase-associated factor 1 complex
(PAF1C) that originally was discovered and characterized in
Saccharomyces cerevisiae (Wade et al., 1996; Mueller and
Jaehning, 2002). Yeast PAF1C is composed of five subunits
Pafl, Ctr9, Leol, Rtfl and Cdc73 and it interacts directly with
elongating RNAPII (Jachning, 2010). In mammals, PAFIC
contains an additional subunit WDR61 (Ski8), while RTF1
appears to be less stably associated (Francette et al., 2021).
Recent cryo-electron microscopy studies revealed detailed
structural insight into the architecture and molecular
interactions of elongation competent RNAPII associated with
PAF1C and other TEFs (Vos et al., 2018; Vos et al., 2020). The
structural information suggests that association of PAF1C with
RNAPII allosterically contributes to the stabilization of the
elongation complex, which is in line with its stimulation of
productive transcript synthesis (Rondon et al., 2004; Hou et al.,
2019). Moreover, PAF1C links transcript elongation with
various post-translational histone modifications over
transcribed regions, including H2B mono-ubiquitination
(Wood et al., 2003; Xiao et al., 2005), H3K4me2/3 and
H3K79me2/3 (Krogan et al., 2003; Ng et al., 2003; Wood et al.,
2003), as well as H3K36me3 (Chu et al., 2007). Thus, PAF1C acts
at the interface of transcription and chromatin, modulating the
progression of RNAPII during elongation.

In plants, PAFIC is conserved and was initially recognized
because of its role in the transition from vegetative to
reproductive development (van Lijsebettens and Grasser,
2014). The PAF1C subunits were named after the Arabidopsis
mutants, whose analysis for their developmental phenotype led
to identification of the genes encoding the respective subunits
(He et al, 2004; Oh et al, 2004). Accordingly, most of the
subunits based on the mutants were termed early flowering (elf)
and/or vernalization independence (vip): PAF1 (At-ELF7),
CTRY (At-ELF8, At-VIP6), LEO1 (At-VIP4), RTF1 (At-VIP5),
WDRG61/SKI8 (At-VIP3) and CDC73 (At-CDC73, At-PHP) (He
et al.,, 2004; Oh et al., 2004; Park et al.,, 2010). Co-
immunoprecipitation and affinity-purification in combination
with mass spectrometry analyses revealed that in common with
mammals, Arabidopsis PAF1C consists of these six subunits (Oh
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etal, 2004; Antosz et al., 2017). Arabidopsis mutants deficient in
PAF1C subunits VIP3, VIP4, VIP5, VIP6/ELF8 and ELF7
exhibit marked early flowering phenotypes that are commonly
associated by reduced expression of the floral repressor FLC (and
paralogs) (Zhang and van Nocker, 2002; Zhang et al., 2003; He
et al,, 2004; Oh et al, 2004). Moreover, these mutants are
significantly smaller than wild type and often exhibit defects in
inflorescence and flower morphology (Zhang and van Nocker,
2002; Zhang et al., 2003; He et al., 2004; Fal et al., 2017). Mutants
defective in the CDC73/PHP subunit share the early flowering
phenotype (and reduced FLC expression), but are of wild type
size and display normal flower development (Park et al., 20105
Yu and Michaels, 2010). The decreased expression of FLC in
mutants lacking PAF1C subunits is likely mediated by altered
levels and distribution of histone H3 methylation marks at the
FLC locus (e.g. H3K4me3, H3K27me3, H3K36me2) (He et al,
2004; Oh et al., 2008; Xu et al., 2008; Park et al., 2010; Yu and
Michaels, 2010). PAF1C also modulates the temperature-
responsive transition to flowering (Nasim et al., 2022). Beyond
that PAF1C is required for plant response to repeated touch
stimuli, as Arabidopsis mutants deficient in VIP3, VIP5 and
VIP6 did not react to the mechanical stimulation as the wild
type. VIP3 proved necessary for the touch-induced upregulation
of the TCH3 and TCH4 mRNAs, a characteristic feature of the
response to mechanical stimulation (Jensen et al., 2017).

The diversity of phenotypes associated with deficiency of
PAFIC subunits in various organisms can be attributed to the
misexpression of target genes and downstream processes. In
yeast and mammals, there is accumulating evidence that
inactivation of different PAF1C subunit genes to some extent
causes distinct phenotypes, arguing for subunit specificity
(Francette et al., 2021). This aspect has not been addressed in
plants under transcriptional challenging conditions. Since
chromatin-based reprogramming in reaction to environmental
cues is crucial for plant growth (Kim, 2021), we studied here the
transcriptional response of Arabidopsis PAF1C subunit mutants
upon exposure to elevated NaCl concentrations.

Materials and methods
Plant cultivation and documentation

Seeds of Arabidopsis thaliana Col-0 were sown on solid 0.5x
MS medium (Murashige and Skoog, 1962) and after
stratification for 48h at 4°C in the dark, the plates were
transferred to a plant incubator (PolyKlima) with long day
settings (16h light (110 umol-m™s™") at 21°C and 8h darkness
at 18°C. In some experiments the 0.5x MS medium was
supplemented with 50 or 100 mM NaCl and for root growth
assays plants were grown on vertically oriented 0.5x MS plates.
Plant phenotypes including root growth were documented as
previously described (Diirr et al., 2014; Antosz et al., 2020). Seeds
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of T-DNA insertion lines were obtained from the Arabidopsis
stock centre (http://arabidopsis.info/): elf7-2, elf7-3, elf8-1 (He
et al., 2004); cdc73-1, cdc73-2 (Park et al., 2010; Yu and Michaels,
2010) and GK_270G12 harboring a T-DNA insertion in exon 14
of ELF8 (At2g06210) (Kleinboelting et al., 2012) termed elf8-4.
Plant genotypes were examined by PCR analysis of genomic
DNA isolated from leaves as previously described (Diirr et al.,
2014; Antosz et al, 2020) using gene- and insertion-specific
primers (Table S1).

Isolation of RNA and cDNA synthesis

Nuclei were isolated from aerial parts of 7 days after
stratification (DAS) plants as previously described (Pfab et al.,
2017) and analyzed by fluorescence microscopy and
immunoblotting as previously described (Antosz et al., 2017;
Pfab et al., 2018). RNA was extracted from frozen nuclei using
the TRIzol method (Invitrogen). After DNase treatment reverse
transcription was performed using 1.5 pg of RNA, random
hexameric primers and 200 U Reverse Transcriptase (Thermo
Fisher Scientific) as previously described (Pfaff et al., 2018).

RT-gPCR analyses

Amplification with ¢cDNA as a template was performed
using the Kapa SYBR FAST system (ThermoFisher Scientific)
and gene-specific primers (Table S1) with a Mastercycler ep
realplex 2 (Eppendorf) as previously described (Antosz et al.,
2017). The qPCR measurements were analyzed using the AACt
method implemented with the ‘pcr’ package (Ahmed and
Kim, 2018).

Transcript profiling by RNA-seq

Nuclear RNA isolated using the TRIzol method (Invitrogen)
was further purified and DNase-treated using the Monarch RNA
Cleanup Kit (New England Biolabs). Library preparation and
RNA-seq were performed at the Genomics Core Facility
(University of Regensburg, www.kfb-regensburg.de),
employing the following modules: NuGEN Universal Plus
RNA-Seq with NuQuant User Guide v3 (Tecan Genomics) in
combination with Arabidopsis rRNA AnyDeplete module, the
Ilumina NextSeq 2000 System (Illumina), and the KAPA
Library Quantification Kit-Illumina/ABI Prism (Roche
Sequencing Solutions). To judge final library complexities (vs.
PCR duplicates) unique molecular tags were used (Smith et al.,
2017). Equimolar amounts of each library were sequenced on an
Ilumina NextSeq 2000 instrument controlled by the NextSeq
2000 Control Software (NCS, v1.4.0.39521), using 50 cycles P3
Flow Cell with the dual index, paired-end run parameters. Image
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analysis and base calling were done by the Real Time Analysis
Software (RTA, v3.9.2). The resulting ‘.cbcl’ files were converted
into “fastq’ files with the bcl2fastq (v2.20) software.

RNA-seq data analysis

Quality control was performed using fastQC (v0.11.9) and
multiQC (v1.11) (Ewels et al, 2016). After the initial quality
assessment, the molecular tag data was recorded in the header for
each read via umi_tools (v1.1) (Smith et al., 2017). Reads with low
base quality and adapter contaminations were removed using
trimmomatic (v0.39, ILLUMINACLIP : NGS_contaminants.
fa:2:30:10 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15
MINLEN:36) (Bolger et al, 2014). The remaining reads were
mapped to the TAIR10 genome (Lamesch et al, 2012) using
STAR (v2.7.9a, “~outFilterType BySJout —outFilterMultimapNmax
20 —alignSJoverhangMin 8 —alignSJDBoverhangMin 1

—outFilterMismatchNmax 999 -alignIntronMin 10 -
alignIntronMax 1000000

—outFilterMismatchNoverReadLmax 0.04 —outSAMmultNmax
1 —outMultimapperOrder Random’). The resulting ‘bam’ files were
filtered to only include alignments with MAPQ score > 10, sorted,
and indexed using samtools (v1.3) (Danecek et al., 2021). Finally,
the molecular tag data was used in conjunction with the alignments
to remove technical duplicates using umi_tools (v1.1).

For the differential gene expression analysis, the resulting
files from the pipeline outlined above were used to create a count
table using the featureCounts function of the rsubread package
(v2.4.3) (Liao et al, 2019), which was then analyzed using
DESeq2 (v1.30.1) (Love et al, 2014) and the tidybulk package
(v1.2.1) (Mangiola et al., 2021).

Differential splicing analysis was performed using DEXSeq
v1.40 (Anders et al, 2012; Reyes et al, 2013). First, the exon
annotation was prepared using the provided python script
dexseq_prepare_annotation.py with the option “-r no’. Next,
the read coverage of each exon was calculated using the
dexseq_count.py script. Finally, salt stress-induced alternative
splicing of either Col-0 or cdc73-2 samples was tested using
default settings and an FDR of 0.05.

ChlIP sequencing

Chromatin immunoprecipitation (ChIP) was essentially
performed as previously described (Antosz et al., 2020; Michl-
Holzinger et al., 2022). Plants (14-DAS in vitro grown) were
crosslinked with formaldehyde and used for isolation of nuclei,
before chromatin was sheared using a Bioruptor pico device
(Diagenode). Immunoprecipitation was performed using
antibodies directed against RNAPII-S2P (abcam, ab5095). For
ChIP-seq, libraries were generated using NEBNext Ultra I DNA
Library Prep Kit for Illumina (New England BioLabs) and the
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final libraries (3 replicates each) were sequenced by the
Genomics Core Facility at the University of Regensburg using
NextSeq 2000 (Illumina). Reads were aligned to the TAIR10
genome (https://www.arabidopsis.org/) using Bowtie2
(Langmead and Salzberg, 2012) and coverage tracks were
calculated with deeptools “bamCoverage”. Downstream
analysis was mainly performed using the deepTools2 suite
(version 3.5.0) (Ramirez et al., 2016) and quality control was
performed at several steps using FastQC (Ewels et al., 2016).
Reads were mapped against the TAIR10 genome and regions
with aberrant coverage or low sequence complexity were
removed (Quadrana et al,, 2016). After confirming high
pairwise correlations, the biological replicates were merged
and CPM normalized.

Results

Various PAF1C subunit mutants respond
differently when exposed to elevated
NaCl concentrations

Based on preliminary tests with different environmental
stress conditions we focused on elevated NaCl concentrations
to provoke transcriptional reprogramming in PAF1C subunit
mutants. Initially, seeds of the T-DNA insertion lines elf7-2, elf7-
3, elf8-1, elf8-4, cdc73-1, cdc73-2 and of the wild type of Col-0
were sown on MS medium containing 100 mM NaCl and on MS
control medium. In presence of 100 mM NaCl after 14d all
genotypes showed reduced growth, when compared with plants
grown on control medium (Figure 1A). Compared to Col-0, the
elf7 and elf8 mutants were affected to a greater extent, while the
cdc73 mutants grew rather better than Col-0. These observations
were reassessed with plants grown on control medium for seven
days, before transfer onto control medium or onto medium
containing 100 mM NaCl. The growth of the transferred plants
confirmed the previous finding that elf7-2/3 and elf8-1/4 plants
were more strongly affected by NaCl than Col-0, while cdc73-1/2
were affected less than Col-0 (Figure 1B). The aerial parts of the
different genotypes were quantified after growth in presence or
absence of 100 mM NaCl. Only minor differences between the
genotypes were observed on control medium regarding rosette
diameter and fresh weight (Figures 1C, D). However, when
grown in presence of 100 mM NaCl, rosette diameter and fresh
weight of elf7 and elf8 plants were significantly reduced, while
cdc73 were somewhat bigger than Col-0. Furthermore, the
relative growth of the primary root of the different genotypes
was monitored on vertically oriented plates, comparing root
elongation in presence of 100 mM NaCl with that of the same
genotype on control medium (Supplementary Figure SI).
Quantification of root length revealed that the roots of Col-0
and cdc73 grew comparably, whereas the relative root growth of
elf7 and elf8 plants was clearly decreased (Figure 1E). Thus,
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compared to the Col-0 wild type, exposure to 100 mM NaCl has
a profound negative effect on the growth of elf7 and elf8, while
the lack of CDC73 apparently has no adverse effect on the
tolerance to NaClL

To figure out the time it takes in our experimental setup until
transcriptional induction is traceable, we determined the levels
of the LTP4 mRNA that is strongly up-regulated in Arabidopsis
plants in response to NaCl (Winter et al., 2007). Using RT-
qPCR, the LTP4 transcript was quantified (relative to transcripts
of three housekeeping genes) at different times after transfer of
Col-0 plants onto medium containing 100 mM NaCl or control
medium. Consistent with the induction kinetics of other studies
(Kilian et al.,, 2007), the LTP4 transcript, but not the two
controls, were clearly up-regulated in our setup after 3h and
9h of exposure to 100 mM NaCl, while after 1h no induction was
detected (Figure 2). For the following analyses addressing
transcriptomic changes upon NaCl exposure, we focused on
the three genotypes Col-0, elf7-3 and cdc73-2.

ELF7 is required for efficient
transcriptional response upon
NaCl exposure

To learn whether the differential response to NaCl exposure
of elf7-3 relative to Col-0 and cdc73-2 is paralleled by distinct
transcriptional changes, we performed genome-wide transcript
profiling of these three genotypes using RNA-seq. We intended
to generate information on transcriptional output (freshly
synthesized unspliced/spliced mRNAs including nascent
transcripts) rather than steady-state mRNA levels obtained
with total poly(A) mRNA (Zaghlool et al., 2013; Dhaliwal and
Mitchell, 2016). Therefore, we (i) isolated nuclear RNA (rather
than total RNA) (Supplementary Figure 52), (ii) used rRNA
depletion (rather than poly(A) enrichment) and (iii) made use of
low RNA size cut-off (225 nt). Four biological replicates of RNA
of each genotype with or without 3h exposure to 100 mM NaCl
were used for preparation of sequencing libraries. Analysis of the
RNA-seq data revealed >35 million unique reads per genotype
(Table S2) and that the biological replicates of the analyzed
genotypes/conditions yielded robust results (Supplementary
Figure S3), except for one of the elf7-3/NaCl samples that was
removed as outlier. Analysis of genes differentially expressed in
elf7-3 or cdc73-2 compared to Col-0 under control conditions
identified 12 and 722 differentially expressed genes (DEGs) in
cdc73-2 and elf7-3, respectively (Supplementary Figure 54). Gene
ontology (GO) term analysis of the DEGs in elf/-3 identified
genes responsive to salt stress as a prominent term
(Supplementary Figure S5), while due to the small number of
DEGs in cdc73-2 the analysis showed no significant enrichment.
The differential expression of only subsets of genes is in general
agreement with Arabidopsis mutants deficient in other TEFs
(van Lijsebettens and Grasser, 2014), although the
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FIGURE 1

Growth of PAF1C subunit mutants is differentially affected by exposure to elevated NaCl concentrations. (A) Seeds of the indicated genotypes were
sown on solid MS medium containing 100 mM NaCl or control medium (ctrl), and the resulting plants were documented at 14 days after
stratification (14 DAS). (B) After growth on solid MS medium for 7 DAS, plants of the indicated genotypes were transferred to control medium or to
medium containing 100 mM NaCl. Plants were documented after additional 18d (ctrl) or 21d (100 mM NaCl) of growth. (C, D) 7 DAS plants were
grown in absence or presence of 100 mM NaCl for another 11d (ctrl, left) or 14d (100 mM NaCl, right), before rosette diameter [cm] (C) or fresh
weight [mg] (D) was determined (n = 15). (E) Plants were grown on vertical MS plates for 7 DAS, before they were transferred to control medium or
medium containing 100 mM NaCl. Length of the primary roots was recorded directly after transfer (Oh) and 96h after transfer (n = 8). Growth after
96h in presence of NaCl is depicted as percentage of growth of the same genotype on control medium. The relative growth of each genotype was
compared to Col-0 using Wilcoxon signed-rank test (ns, not significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; **** p < 0.0001)
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transcriptomic difference to wild type is remarkably low in case
of cdc73-2.

Analysis of differential gene expression with or without NaCl
treatment for the genotypes separately revealed numerous
significantly up- or down-regulated genes in Col-0 and cdc73-2
(Figures 3A, B). In contrast, a clearly lower number of DEGs
with mostly smaller expression changes was detected in elf7-3
(Figure 3C). Principal component analysis (PCA) revealed a
strict clustering of the samples according to NaCl treatment and
control treatment (Supplementary Figure S6) that together with
the observed Pearson correlation (Supplementary Figure S3)
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indicates the reproducibility of the obtained data. The
transcriptomic analysis illustrates that 926 and 831 nuclear-
encoded genes are differentially expressed upon NaCl treatment
in Col-0 and cdc73-2, respectively (Figure 3D). A major part (568
genes) of the DEGs appears to be equally regulated in both
genotypes. Moreover, a greater number of genes is up-regulated
in both genotypes (675 and 507 for Col-0 and cdc73-2,
respectively) when compared to the down-regulated genes
(251 and 324 for Col-0 and cdc73-2, respectively) (Figures 3D,
E). In elf7-3, 338 DEGs are detected upon NaCl treatment, of
which 225 and 113 are up- and downregulated, respectively.
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Changes in transcript levels upon exposure to NaCl. After growth on solid MS medium for 7 DAS, Col-0 plants were transferred to control
medium (ctrl) or to medium containing 100 mM NaCl (NaCl). After different periods of the indicated treatment, RNA was isolated and the
transcript levels of LTP4 and reference genes (EF1A, GAPC2, ACT2) quantified by RT-qPCR. The depicted relative expression was normalised to
the level of ACT2 transcript in Col-0. The bars represent the mean relative expression of three technical replicates and error bars represent SD.
The relative expression of LTP4 was compared between control and NaCl treated condition of the same timepoints using Wilcoxon s signed-
rank test indicated by brackets (**, p < 0.01).
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FIGURE 3

Differential gene expression analysis of elf7-3 and cdc73-2 relative to Col-0 upon NaCl treatment. (A—C) differential gene expression between
treatment and control groups for each genotype separately. Highlighted in red are genes that are significantly upregulated after salt stress (log-
fold change, LFC> 1 and padjusted < 0.05), while in blue are genes that are significantly downregulated upon NaCl exposure (LFC< -1 and
padjusted < 0.05). NS = not significant. Numbers in the legends represent the gene counts in that group. (D, E) Venn diagrams summarising the
number of differentially expressed genes in the different genotypes (as in A—C) upon NaCl treatment with total number of differentially
expressed genes (D), upregulated (E) or downregulated (F) genes. ns, not significant.
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Hierarchical clustering analysis of the 500 genes that
showed most variable transcript levels upon exposure to
NaCl was visualized as a heatmap. Here, in agreement with
the PCA (Supplementary Figure S6), predominantly two
clusters are apparent, representing the two different
conditions “control” and “NaCl” (Figure 4). As shown above,
compared to Col-0 and cdc73-2, elf7-3 exhibit decreased
changes in transcript levels upon exposure to NaCl.
Further analysis revealed that both the potential of elf7-3
plants to induce and to repress transcription is decreased
(Supplementary Figure S7). The NaCl-induced
transcriptomic changes, occurring in Col-0 upon exposure to
NaCl (926 DEGs) were further examined by GO term analysis.
As expected (Golldack et al.,, 2014; Yang and Guo, 2018), this
analysis demonstrated predominant enrichment of the GO
term “response to salt stress” in all three genotypes
(Supplementary Figure S8).

The differential transcriptional response observed with the
different genotypes is also evident at the level of individual genes.
As exemplified by the NaCl-inducible wax synthase/acyl-CoA:
diacylglycerol acyltransferase (WSDI) gene, which plays a
critical role in wax ester synthesis (Abdullah et al, 2021).
Upon NaCl exposure substantially increased transcript levels
of WSDI are detected in Col-0 and cdc73-2, while expression of
the gene is hardly altered in elf7-3 (Figure 5A). Another situation
is observed for NaCl-repressed DISEASE RELATED
NONSPECIFIC LIPID 26 TRANSFER PROTEIN 1 (DRNI)
gene, required for defense against pathogens as well as for
normal seedling growth under salinity stress (Dhar et al,

sample

10.3389/fpls.2022.974625

2020). The DRNI transcript levels are reduced in presence of
NaCl in Col-0 and cdc73-2, but not in elf7-3 (Figure 5B). In case
of the ICL gene encoding isocitrate lyase that plays a role in plant
salt tolerance through the glyoxylate cycle (Yuenyong et al,
2019), no transcriptional change occurs in response to NaCl.
However, relative to Col-0 and elf7-3 distinctly elevated ICL
transcript levels are detected in cdc73-2 (Figure 5C). As
discussed below, the differential transcriptional response might
provide an explanation for the major difference of the three
genotypes regarding their tolerance towards NaCl.

Further evaluation of genes specifically up- or down-
regulated upon NaCl treatment in Col-0 or cdc73-2 revealed
that in Col-0 the average length of up-regulated transcripts is
greater than that of the down-regulated transcripts, whereas the
inverse is seen in cdc73-2 (Figure 6A). The number of exons in
these genes is higher in genes down-regulated in cdc73-2 relative
to the up-regulated genes, while regarding number of exons
there is no significant difference among the DEGs specifically
regulated in Col-0 (Figure 6B). Together these findings suggest
that in the absence of CDC73 the processivity of RNAPII is
decreased, which is particularly relevant for the transcription of
longer genes. Analysis of differential splicing events induced
upon NaCl exposure in either cdc73-2 or Col-0 revealed only
very few events (Supplementary Figure 9). This suggests that the
greater length of down-regulated genes does not correlate with
differential splicing events, but rather with a reduced
transcriptional processivity, albeit the sequencing depth and
read length of the experimental setup was not sufficient for a
comprehensive spicing analysis.
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Heatmap and hierarchical clustering of the 500 most variable genes identified by transcript profiling of elf7-3 and cdc73-2 relative to Col-0
upon NaCl treatment. These genes were selected from the scaled counts of the count table using the subread package “featureCounts” and the
count table includes the counts for all replicates, conditions and genotypes. Relative transcript abundance is shown as heatmap using the
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Changes in transcript levels in the different genotypes at individual loci dependent on the presence of NaCl. Coverage of merged RNA-seq
samples was normalised to the effective Arabidopsis genome size and visualised using the Integrative Genomics Viewer. (A) coverage of WSD1
(At5g37300), a gene induced by elevated salt concentrations. (B) coverage of DRNI1 (At2g45180), a gene repressed by elevated salt
concentrations. (C) coverage of ICL (At3g21720), a gene, whose expression enhances salt tolerance.

Chromatin immunoprecipitation (ChIP) in combination
with high throughput sequencing (ChIP-seq) was employed to
examine the distribution of RNAPII over genes, whose
expression is dependent on the presence/absence of ELF7.
Chromatin of Col-0 and elf/-3 was analyzed with an antibody
specific for elongating RNAPII (RNAPII-S2P). Analyses of the
ChIP-seq data revealed 12.3-18.8 million high quality reads per
genotype and the biological replicates show robust correlation
(Supplementary Figure S10). RNAPII coverage was compared
for genes up- or downregulated in elf7-3 vs. Col-0 under
standard conditions or upon exposure to NaCl. For
upregulated genes RNAPII coverage is mildly increased,
whereas for downregulated genes RNAPII coverage is clearly
reduced in elf7-3 (Figure 7). The genes with highly reduced
RNAPII coverage include, for instance, also the above-
mentioned DRNI gene (cf. Figure 5), whose expression is
required for salt tolerance (Dhar et al., 2020). Therefore, ELF7
is particularly necessary for transcription of genes mis-regulated
in elf7-3 and transcriptional upregulation appears to depend
more strongly on ELF7 (cf. Supplementary Figure 54).

Discussion

PAFIC travels with RNAPII to regulate transcript elongation
and to modulate chromatin structure of transcribed regions
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(Jachning, 2010; Francette et al., 2021). In plants, so far mainly
the role of PAF1C in developmental processes was studied (He
et al., 2004; Oh et al., 2004; Park et al., 2010; Yu and Michaels,
2010; Fal et al,, 2017). In few cases the observed mutant phenotype
(s) could be correlated with misexpressed target genes, such as the
above-mentioned link between FLC expression and time of
flowering (Zhang et al,, 2003; He et al, 2004; Oh et al,, 2004;
Xu et al,, 2008; Park et al., 2010). Generally, Arabidopsis mutants
deficient in various TEFs (e.g. Elongator, SPT4-SPT5, TFIIS)
exhibit differential expression of only subsets of genes (Nelissen
et al, 2005; Grasser et al., 2009; Diirr et al., 2014). Likewise,
relative to wild type under normal growth conditions, based on
microarray hybridization experiments (Park et al., 2010) or RNA-
seq of total mRNA (Nasim et al., 2022), several hundreds of DEGs
were observed for mutants deficient in PAF1C subunits, except for
cdc73, whose transcriptome was similar to that of wildtype.
Consistently, using high-throughput sequencing of nuclear
mRNAs, we identified 12 and 722 DEGs in cdc73-2 and elf7-3,
respectively. Although it is difficult to directly compare
transcriptomics datasets obtained with different techniques and
analyzed using distinct statistical methods, the results in general
support the emerging view that in plants TEFs are required for the
correct transcription of only subsets of genes (van Lijsebettens and
Grasser, 2014).

Recently, PAF1C (i.e. VIP3, VIP5, VIP6) was also identified as
a critical factor in the plant response to repeated mechanic
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Transcript length and number of exons of genes uniquely
differentially expressed in Col-0 or cdc73-2. (A) average transcript
length of genes differentially expressed either in Col-0 or cdc/73-2.
(B) number of exons of genes differentially expressed either in
Col-0 or cdc73-2. Data was evaluated using Wilcoxon signed-rank
test (**, p < 0.01; **** p < 0.0001; ns, not significant).

stimulation (Jensen et al, 2017) and in temperature-responsive
flowering (Nasim et al,, 2022). We have comparatively exposed
different PAF1C subunit mutants to elevated concentrations of
NaCl to provoke transcriptional response. In presence of NaCl,
elf7 and elf8 displayed more severe decrease in growth of the aerial
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FIGURE 7

RNAPII coverage over genes up- and downregulated in elf7-3.
Metagene plots of ChlP-seq analysis of Col-0 and elf7-3 using
an antibody directed against RNAPII-S2P over DEGs elf7-3/Col-0
under standard condtions (A) or upon exposure to NaCl (B).
Mean signals of the three biological replicates were averaged
(line) and the shaded area represents the SEM for the three
replicates at each position. The tracks were scaled over
transcribed regions from transcriptional start site (TSS) to
transcriptional end site (TES)
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parts than Col-0, whereas the rosette size of cdc73 rather exceeded
that of Col-0. Growth of the primary root upon NaCl exposure
was similarly decreased in Col-0 and cdc73-1/cdc73-2, whereas
root growth of elf7-2/elf7-3 and elf8-1/elf8-4 was considerably
more strongly reduced. Recently, it was reported — based on a
similar, albeit not identical experimental setup — that the root
growth of elf7-3 in presence of 100 mM NaCl was comparable to
that of Col-0 (Li et al, 2019). In view of that we accurately
measured the relative root growth of both elf7 alleles in presence of
NaCl relative to their growth on control medium, taking into
consideration the distinct growth of the mutants compared to
Col-0 in absence of NaCl. Thereby, compared to the other
genotypes we determined significantly decreased root growth of
elf7-2 and elf7-3 (and elf8-1/elf8-4) in presence of NaCl.

To record rather early transcriptional responses, we profiled
the transcriptomes of elf7-3 and cdc73-2 in comparison to Col-0
after 3h of NaCl exposure, analyzing nuclear mRNAs including
nascent transcripts. Col-0 and to a slightly lesser extent cdc73-2
exhibited clear transcriptomic changes upon NaCl exposure,
whereas elf7-3 showed a comparatively clearly decreased
response to this stress condition (Figure 3) that is also
reflected by an altered RNAPII coverage in elf7-3 (Figure 7). A
major part of the genes differentially expressed in Col-0 upon
NaCl exposure were also differentially expressed in cdc73-2,
illustrating that both genotypes respond similarly to the
presence of NaCl. With elf/-3 plants, the presence of NaCl
resulted in distinctly lower transcriptional response, indicating
that ELF7 plays an important role in the response to elevated
NaCl concentrations. In agreement with our findings, a recent
study concluded that Col-0 and cdc73 Arabidopsis plants grown
at 23°C have a similar transcriptome, and that elf7 and vip3/4/5/6
share a large number of DEGs (Nasim et al., 2022). In yeast as
well as in mammals, PAF1C subunit mutants are also associated
with a range of phenotypes suggesting (partial) subunit
specificity (Betz et al., 2002; Akanuma et al., 2007; Chu et al,,
2007; Cheung et al., 2008; Wang et al., 2008). Furthermore, yeast
PAF1C subunit mutants exhibit various defects in the tolerance
to environmental stress conditions (Shi et al., 1996; Betz et al.,
2002; Garcia et al,, 2016). Particularly, inactivation of PAF1 and
CTRO result in severe mutant phenotypes in accord with their
central structural role within PAF1C (Kim et al.,, 2010; Chu et al.,
2013; Vos et al,, 2020). Moreover, the different PAF1C subunits
are involved to a variable extent in modulating the genomic
distribution of a range of histone marks including H2B mono-
ubiquitination and various transcription-related H3
methylations (Jachning, 2010; Francette et al., 2021).

Analysis of the genes that are differentially expressed upon
exposure of Arabidopsis plants to NaCl demonstrated that a
greater part of the DEGs is comparably regulated in Col-0 and
cdc73-2, illustrating that a similar transcriptional response occurs
in both genotypes. In contrast, a comparatively lower
transcriptional response can be observed with elf7-3, suggesting
that ELF7 is crucial for this type of stress response, and
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accordingly elf7-3 (and elf7-2) plants are rather susceptible to
NaCl. At the same time the above-mentioned finding that the
expression of salt-responsive genes is altered in elf/-3 plants under
control conditions, may influence the adaptability of these plants
upon exposure to NaCl, although the mechanism, how the lack of
ELF7 influences gene expression under these conditions remains
unknown. Interestingly, the tolerance to NaCl of cdc73-2 plants is
even more pronounced than that of Col-0. Elevated expression of
gene(s) that enhance the tolerance to NaCl such as the ICL gene
(Yuenyong et al, 2019) could contribute to the improved
performance of cdc73 plants under conditions of increased salt
concentrations. The ICL transcript is not regulated by the
presence of NaCl, but there are significantly elevated levels of
the transcript in cdc73-2 relative to Col-0 and elf7-3 (Figure 5C)
that may augment the resistance of cdc73-2 to NaCl. However,
several non-overlapping DEGs in cdc73-2 represent salt-
responsive genes (Supplementary Figure S11) that may also
contribute to the salt tolerance of cdc73-2. Examination of
DEGs that are specifically regulated in Col-0 or cdc73-2 revealed
a greater average length of the transcripts down-regulated in
cdc73-2 compared to Col-0. In line with that the genes down-
regulated in cdc73-2 contain a greater number of exons. Our
comparative analysis of alternative splicing events in Col-0 and
cdc73-2 revealed only few events, but we consider this outcome
rather inconclusive. Together these findings suggest that in the
absence of CDC73 the processivity of RNAPII is decreased, which
is particularly relevant for the transcription of longer genes. In line
with that, depletion of PAF1C in mouse cells results in decreased
RNAPII processivity and reduced elongation rate (Hou et al,
2019). In conclusion, our study demonstrates that the Arabidopsis
PAF1C subunit mutants deficient in ELF7 and CDC73 respond
very distinctly to NaCl, which is reflected by the different
transcriptional response. Plants lacking CDC73 transcriptionally
respond to NaCl similar to Col-0, but still - likely because of
altered expression of certain gene(s) — exhibit increased tolerance
to NaCl. In contrast, the transcriptional response of plants lacking
ELF7 is decreased and consequently the plants are markedly
sensitive to NaCl exposure. Therefore, our analyses provide
evidence for PAFIC subunit specificity in plant response to
environmental conditions.
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chaperone subunit SPT16 affects chro-
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ABSTRACT

The heterodimeric histone chaperone FACT, con-
sisting of SSRP1 and SPT16, contributes to dy-
namic nucleosome rearrangements during various
DNA-dependent processes including transcription.
In search of post-translational modifications that
may regulate the activity of FACT, SSRP1 and
SPT16 were isolated from Arabidopsis cells and
analysed by mass spectrometry. Four acetylated ly-
sine residues could be mapped within the basic C-
terminal region of SSRP1, while three phosphory-
lated serine/threonine residues were identified in the
acidic C-terminal region of SPT16. Mutational anal-
ysis of the SSRP1 acetylation sites revealed only
mild effects. However, phosphorylation of SPT16 that
is catalysed by protein kinase CK2, modulates his-
tone interactions. A non-phosphorylatable version
of SPT16 displayed reduced histone binding and
proved inactive in complementing the growth and de-
velopmental phenotypes of spt716 mutant plants. In
plants expressing the non-phosphorylatable SPT16
version we detected at a subset of genes enrichment
of histone H3 directly upstream of RNA polymerase
Il transcriptional start sites (TSSs) in a region that
usually is nucleosome-depleted. This suggests that
some genes require phosphorylation of the SPT16

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

INTRODUCTION

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

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

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

Currently, there is only limited information about the po-
tential regulation of FACT function via post-translational
modifications (12). Protein kinase CK2 in vitro phosphory-
lates human and maize SSRP1 altering DNA interactions
of the protein (49,50). Drosophila SSRP1 is phosphorylated
at CK2 consensus sites in insect cells and the phospho-
rylation has subtle effects on in vitro nucleosome interac-
tions of SSRP1 (51,52). Human SPT16 is phosphorylated
within its acidic domain in insect cells and the phosphoryla-
tion influences the interaction with a 112-bp octasome (23).
Since plant FACT has not been systematically analysed for
post-translational modifications and their function, we iso-
lated both subunits from Arabidopsis cells and using mass
spectrometry four acetylation sites were detected in SSRP1,
while three phosphorylation sites were mapped in SPT16.
Mutation of the SSRP1 acetylation sites revealed only mild
effects, whereas mutation of the SPT16 phosphorylation
sites affected its interaction with histones and the ability
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of the protein to complement efficiently the mutant pheno-
type of spt16 plants. In addition, the expression of a non-
phosphorylatable SPT16 variant resulted in a distinct his-
tone H3 enrichment upstream of RNAPII transcriptional
start sites (TSSs) of a subset of genes.

MATERIALS AND METHODS
Plasmid constructions

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

Plant material

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

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

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

Antibodies and immunoblotting

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

Recombinant proteins

Using the respective expression vectors (Supplementary
Table S2) truncated/mutated SSRP1 proteins were ex-
pressed in E. coli as 6xHis-tagged fusion proteins that were
purified by two-step chromatography (Ni-NTA-agarose,
phenyl-sepharose) as previously described (59). Using the
respective expression vectors (Supplementary Table S2)
truncated/mutated SPT16 proteins were expressed in Es-
cherichia coli as 6xHis-tagged or glutathione S transferase
(GST) tagged fusion proteins that were purified by Ni-
NTA-agarose or glutathione-sepharose chromatographies,
respectively, as previously described (53,59). Recombinant
Arabidopsis and human histones H2A-H2B were prepared
as previously described (60,61), while recombinant maize
CK2a was purified by three-step chromatography as previ-
ously described (62).

Circular dichroism (CD)

Proteins (10 wM) were analysed in 50 mM KH,PO, using
a Jasco J-815 CD spectropolarimeter using a 0.02 cm cell.

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

Electrophoretic mobility shift assay (EMSA)

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

GST pull-down assays

Recombinant SPT16 proteins fused to glutathione S trans-
ferase (GST) were mixed with equimolar amounts of recom-
binant Arabidopsis H2A—H2B or with bovine cytochrome ¢
(Sigma Aldrich) in GST buffer (0.2-0.35 M NacCl, 25 mM
HEPES pH 7.6, 0.05% (v/v) NP40, 5 mM DTT, 10% (v/v)
glycerol, 2 mM MgCl,). For some assays GST-AD/WT was
phosphorylated in vitro by CK2a (as described below) prior
to the binding reaction. Following incubation (30 min at
30°C) glutathione sepharose beads were added and the sam-
ples were incubated for 3 h on a rotating wheel at 4°C. Beads
were washed three times in GST buffer before bound pro-
teins were eluted by boiling in protein loading buffer and
analysed by SDS-PAGE.

MicroScale thermophoresis (MST)

For MST, GST-AD proteins were labelled with a 647-NHS-
ester (Dyomics). MST experiments were performed in MST
buffer (200 mM NaCl, 2.7 mM KCI, 10 mM Na,HPOy,
1.8 mM KH,PO4, pH 7.4) with constant target concen-
tration of 10 nM and a 1:2 ligand titration starting at 36
pwM H2A-H2B. Measurements were performed in premium
capillaries at 7% LED, 60% MST at 25°C on a Mono-
lith NT.115pj, device (NanoTemper Technologies). The
data was analyzed using the MO.affinity analysis software
(NanoTemper Technologies) and binding affinity was de-
termined at 2.5s laser On time. Data was fitted using the Kp
model and fraction bound was calculated by dividing the
AFyorm value of each point by the amplitude of the fitted
curve, resulting in values from 0 to 1 (0 = unbound, 1 =
bound).

Protein kinase CK2 in vitro phosphorylation assays

Radioactive and non-radioactive CK2 phosphorylation as-
says were performed as previously described (62). For ra-
dioactive assays, recombinant SPT16 proteins were reacted
in the presence of [y->PJATP with recombinant maize
CK2a. Phosphate incorporation was monitored by SDS-
PAGE and scanning of the gels using a Cyclone Storage
phosphorimager (Canberra Packard). For non-radioactive
assays, recombinant SPT16 proteins were phosphorylated
by recombinant purified maize CK2« in the presence of un-
labelled ATP and phosphate incorporation was monitored
by acetic acid urea PAGE (AU-PAGE) (64) and by mass
spectrometry.
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Chromatin immunoprecipitation (ChIP)

ChIP was essentially performed as previously described
(53,58) using 1 g of 14-days after stratification (14-DAS)
in vitro grown plants that were crosslinked with 1% (v/v)
formaldehyde. Chromatin was sonicated using a Biorup-
tor Pico (Diagenode) and immunoprecipitation with anti-
bodies specific for the C-terminal part of histone H3 (cat.
no. ab1791, Abcam) was performed using magnetic Dyn-
abeads Protein A (Thermo Fisher Scientific). To generate
libraries for high-throughput sequencing the NEBNext Ul-
tra IT DNA Library Prep Kit with index primers NEBNext
multiplex oligos for Illumina (New England BioLabs) were
used. Sequencing of the libraries (75-nt, single-end) was
performed by the Genomics Core Facility at the Univer-
sity of Regensburg (http://www.kfb-regensburg.de/) using
an Illumina NextSeq 500 instrument. Reads were aligned
to the TAIR10 genome (https://www.arabidopsis.org/) us-
ing Bowtie2 (65) and coverage tracks were calculated with
DANPOS2 (66). Downstream analysis was mainly per-
formed using the deepTools2 suite (version 3.5.0) (67) and
quality control was performed at several steps using FastQC
(68). Three replicates were obtained for each genotype and
12.6-16.2 million reads per sample mapped uniquely to the
Arabidopsis genome (average Phred quality score >34 for
each library). Expression levels of genes (divided into quar-
tiles according to logTPM) was deduced from RNA se-
quencing data of in vitro grown 6-DAS Col plants (NCBI
sequence read archive, PRINA758800). MNase sequencing
data (69) were reanalysed. After preprocessing reads were
aligned to the Arabidopsis TAIR10 genome using Bowtie2
(65). Only reads with mononucleosomal length (140-200
bp) were used for further analysis and genome-wide nucleo-
some occupancy maps were generated using the dpos option
of the DANPOS2 (66).

RESULTS

Mapping post-translational modifications of the FACT sub-
units

To identify post-translational modifications of the FACT
subunits, SSRP1 and SPT16 were isolated from Arabidop-
sis suspension cultured cells. We used PSB-D cell lines ex-
pressing SSRP1 or SPT16 fused to a GS affinity tag as
well as cells expressing the unfused GS tag that served as
a control (45). GS fusion proteins (and the unfused GS
tag) were isolated from total protein extracts by IgG affin-
ity purification (45,53) and analysed by SDS-PAGE. Sev-
eral prominent protein bands co-eluted with SSRP1-GS
and SPT16-GS (Figure 1A). Notably, SSRP1 and SPT16
co-purified with each other, as expected (42), and histones
were found to be enriched in the eluates. Subsequently, the
eluted proteins were digested with trypsin and analysed
by liquid chromatography coupled with mass spectrome-
try (LC-MS). Modified peptides detected with high confi-
dence (FDR < 0.01) were considered. The mass spectromet-
ric analyses revealed four acetylation sites mapping to lysine
residues (Supplementary Figure S1A) in the HMG-box do-
main of SSRP1 (K594, K599) and to the flanking basic re-
gion (K539, K549) (Figure 1B, C). SSRP1 proteins of vari-
ous plant species contain lysine residues at respective posi-
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tions. Moreover, two high-confidence phosphorylation sites
map to serine residues (Supplementary Figure S1B) within
the intrinsically disordered acidic domain of SPT16 (S1033,
S1035) (Figure 1B,C). An additional phosphorylation site
(T1023) adjacent to the phospho-serine was detected with
lower confidence, but it is indicated in our data, since it was
also identified in our in vitro phosphorylation experiments
(see below).

Mild effects caused by acetylation of SSRP1

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

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

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

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

SPT16 is phosphorylated by protein kinase CK2

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

of CK2 often reside in acidic regions of substrate pro-
teins within a minimal consensus sequence (i.e. S/T-X-X-
D/E/pS) (76). To examine the in vitro capacity of CK2
to phosphorylate SPT16, the acidic domain (AD, D955-
R1075) was generated as 6xHis-tagged protein. The puri-
fied protein was incubated with the recombinant catalytic
subunit (CK2a) of maize CK2 in the presence of radiola-
belled ATP. Separation of the phosphorylation reactions by
SDS-PAGE and visualization of the **P-incorporation into
the substrate protein demonstrated that CK2a« efficiently
phosphorylated the acidic domain of SPT16 (Figure 3B).
Phosphorylation of the acidic domain by CK2« in the pres-
ence of unlabelled ATP did not alter the electrophoretic mo-
bility of the protein compared to the non-phosphorylated
protein in SDS-PAGE analysis, whereas phosphorylation
by CK2a resulted in a clear mobility shift of SPT16-AD
in acetic acid urea PAGE analysis (Figure 3C). To iden-
tify sites phosphorylated by CK2a in vitro, the phospho-
rylated acidic domain (as in Figure 3C) was proteolyti-
cally cleaved and analysed by LC-MS. Mass spectrometric
analyses demonstrated that in addition to serine residues
S1033/S1035, threonine T1023 was distinctly phosphory-
lated in our in vitro phosphorylation assay (Figure 3D).
Since the same phospho-sites were detected on SPT16 iso-
lated from Arabidopsis cells, it was likely that protein ki-
nase CK2 phosphorylates SPT16 in planta. In support of
this idea, several CK2 variants robustly co-purified with
SPT16-GS and SSRP1-GS in our AP-MS analyses of Ara-
bidopsis cells (Supplementary Table S3). Since the acidic do-
main of SPT16 contains several additional CK2 consensus
sites (Figure 3A), we wondered whether (some of) these sites
may be also phosphorylated by CK2, but perhaps escape
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Figure 2. Plants expressing SSRP1 acetylation site mutants are mildly affected. Plants of the ssrp/-1 mutant line were transformed with constructs driv-
ing the expression of wild-type SSRP1 (SSRP1/WT), the four acetylated lysine residues changed to arginine (K539R /K549R /K594R /K599R, termed
SSRP1/4xR) or the four acetylated lysine residues changed to glutamine (K539Q/K549Q/K594Q/K599Q, termed SSRP1/4xQ) and were phenotypically
analysed relative to the wild-type (Ler). (A) Representative individuals of the different transgenic lines relative to Ler (42 DAS) are shown. (B) Quantifi-
cation of phenotypic parameters. Day of bolting, leaf area at bolting [mm?2], height at 42 DAS [mm], rosette diameter at 42 DAS [mm], were determined.
Data comprised the measurements of 15 individual plants of each genotype in three biological replicates and was analysed by one-way ANOVA. The line
in the scatterplot marks the average value and letters above the scatter indicate the outcome of the Tukey’s test (P-value < 0.05).

mass spectrometric detection. Therefore, a mutated version
of the acidic domain (with non-phosphorylatable changes
in T1023V, S1033A, S1035A termed AD/VAA) was gen-
erated (Supplementary Figure S4A). The mutated version
and the wild-type acidic domain were comparatively phos-
phorylated using the in vitro*>P-CK2a assay (Supplemen-
tary Figure S4B). Relative to the wild-type protein the mu-
tated version was phosphorylated to a lesser extent. Quan-
tification of the 3?P-incorporation demonstrated that phos-
phorylation is decreased by ~40% (Supplementary Figure
S4C). This illustrates that the three identified residues are
target sites of CK2, but additional residues within the acidic
domain can be phosphorylated by this protein kinase, al-
though the corresponding phospho-peptides were not de-
tected in our LC-MS analyses of SPT16 isolated from plant
cells. This could be related to low stoichiometry of the in
vivo phosphorylations, or technical issues including ion sup-
pression and the fact that the peptides are highly negatively
charged.

Influence of phosphorylation on SPT16 interaction with his-
tones

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

binding, we produced a non-phosphorylatable and a phos-
phomimic variant of the acidic domain (AD) by replac-
ing the phosphorylated S/T residues as above (T1023V,
S1033A, S1035A termed AD/VAA) or with acidic residues
(T1023E, S1033D, S1035D, termed AD/EDD), respec-
tively. Recombinant AD/VAA, AD/EDD and wild-type
versions of the acidic domain fused to GST were expressed
in E. coli and purified. The three GST-AD fusion proteins
along with unfused GST and potential binding partners,
heterodimers of recombinant Arabidopsis histone H2A and
H2B and cytochrome C (CytC) were analysed by SDS-
PAGE (Figure 4A), illustrating their purity. The GST-
AD proteins were used for GST pull-down assays with
histone H2A-H2B. Histones were incubated with GST-
AD/WT, GST-AD/VAA and GST-AD/EDD at different
NaCl concentrations. Following immobilization on glu-
tathione sepharose beads and washing of the beads, bound
proteins were eluted and the GST fusion proteins were
separated from co-eluting histones by SDS-PAGE (Figure
4B). Quantification of experimental triplicates revealed that
GST-AD/VAA interacted ~41% less efficiently with the hi-
stones than GST-AD/WT, while the interaction of GST-
AD/EDD was ~46% more efficiently than that of GST-
AD/WT (Figure 4C). To directly assess the influence of
CK2-mediated phosphorylation on the GST-AD interac-
tion with histone H2A-H2B, GST-AD/WT was phospho-
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Figure 3. Protein kinase CK2 phosphorylates SPT16 within the acidic domain (AD). (A) Amino acid sequence of the acidic domain (AD, D955-R1075)
of SPT16. Detected phosphosites (S1033, S1035 and T1023) in SPT16 isolated from Arabidopsis cells are indicated in red, while additional minimal CK2
consensus sites are indicated in blue. (B) Different amounts of SPT16-AD phosphorylated in vitro by recombinant maize CK2a in the presence of [y-
322PJATP after analysis by SDS-PAGE and phosphoimaging. (C) Reaction of SPT16-AD with CK2« in absence or presence of unlabelled ATP after
separation by SDS-PAGE (top) or AU-PAGE (bottom) visualised by Coomassie staining. (D) SPT16-AD samples phosphorylated in vitro (as in C) were
digested with trypsin and analysed by LC-MS/MS. Two replicates were analysed revealing phosphorylation events comparable to those detected in vivo.

rylated by CK2 in vitro prior to the binding assay, or mock-
phosphorylated (no ATP added) (Figure 4D). Quantifica-
tion of experimental triplicates demonstrated that CK2-
phosphorylated GST-AD/WT interacted ~44% more ef-
ficiently with the histones than the mock-phosphorylated
protein (Figure 4E). The specificity of the AD-histone inter-
action is also evident from the lack of binding of H2A-H2B
to unfused GST and the lack of binding of the small ba-
sic protein CytC to GST-AD/EDD in the GST pull-down
assay (Figure 4F). Additionally, the histone interaction of
the GST-AD variants was analysed in solution using mi-
croscale thermophoresis. The measurements confirmed the
higher affinity for histones of GST-AD/EDD (K4 = 1.73
wM), while GST-AD/WT and GST-AD/VAA (Kg = 3.64
and 4.18 wM, respectively) bound similarly to the histones
(Supplementary Figure S5).

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

Role of SPT16 phosphorylation in plant growth and develop-
ment

To study the possible involvement of the three identified
SPT16 phosphorylation sites in plant development, we ex-
pressed wild type and mutant versions of SPT16 fused with
the red fluorescent protein (TagRFP) in sp716 T-DNA inser-
tion plants under control of the SPT16 promoter. Coding
sequences were fused to the sequence encoding TagRFP to
enable the detection of protein expression and localization.
The expression constructs were introduced into sptl6-1
plants (Supplementary Figure S6A). This mutant allele ex-
presses reduced levels of SPT16 (41) and immunoblot anal-
yses of nuclear protein extracts using a SPT16-specific anti-
body revealed that the different SPT16-TagRFP fusion pro-
teins are expressed in the different plant lines along with the
endogenous SPT16 (Supplementary Figure S6B, C). CLSM
confirmed the nuclear localization of SPT16-TagRFP and
of the corresponding phospho-site variants in root tips
(Supplementary Figure S6D). Phenotypic analyses of the
spt16 plants expressing the different SPT16 variants rela-
tive to the Col-0 wild-type control demonstrated that ex-
pression of SPT16 and the phosphomimic variant partially
complemented the mutant phenotype, whereas the non-
phosphorylatable variant hardly imparted complementa-
tion (Figure 5A). We analysed in detail some of the phe-
notypic characteristics that are clearly affected in spz/6 mu-
tant plants (41). Thus, the early bolting phenotype of spt16
is partially complemented by the expression of SPT16/WT
and SPT16/EDD (resembling Col-0), whereas the bolting
of the plants expressing SPT16/VAA is comparable to that
of spt16 (Figure 5B). The reduced rosette diameter of spz/6
is also more efficiently complemented by the expression of
SPT16/WT and SPT16/EDD. Likewise, the increased num-
ber of primary inflorescences of spt16 is reduced to a greater
extent by the expression of SPT16/WT and SPT16/EDD
relative to SPT16/VAA. The ability to complement mu-
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Figure 4. Phosphorylation of the SPT16 acidic domain modulates interactions with histones. (A) SDS-PAGE analysis of GST-AD/WT, GST-AD/VAA
(with T1023V/S1033A/S1035A), GST-AD/EDD (with T1023E, S1033D, S1035D), unfused GST, recombinant Arabidopsis H2A-H2B and bovine Cy-
tochrome C (CytC) visualised by Coomassie staining. (B) Comparative GST pull-down assays performed with GST-AD/WT, GST-AD/VAA and GST-
AD/EDD, and with H2A-H2B in the presence of the indicated concentrations of NaCl. Eluted proteins were analysed by SDS-PAGE and Coomassie
staining. (C) Quantification of H2B normalised to the GST-bait protein in presence of 150 mM NaCl. Statistical analysis of three replicates was performed
using an unpaired t-test (p-value < 0.05). (D) Comparative GST pull-down assays performed with GST-AD/WT after phosphorylation with CK2« in
absence/presence of ATP, respectively. (E) Quantification of H2B normalised to the GST-bait protein in presence of 150 mM NaCl. Statistical analysis
of three replicates was performed using an unpaired t-test (P-value < 0.05). (F) Control assays showing either unfused GST in pull-down experiments
with Arabidopsis H2A-H2B (left), or GST-AD/EDD with CytC (right) in presence of the indicated NaCl concentrations, reveal no interaction. (G) Input
samples (Input) and eluates of IgG affinity purifications (AP) of Arabidopsis PSB-D cells expressing the unfused GS-tag, SPT16/WT-GS or the phospho-
sitemutants SPT16/VAA-GS and SPT16/EDD-GS. Proteins were analysed by SDS-PAGE and Coomassie staining. (H) Immunoblot analyses (bottom)
of eluates from the IgG affinity purification (as in G) probed with antibodies specific for histone H3 (left) and H2B (right), along with TCE stains (top) of
the same SDS-PAGE gel that was used for the respective immunoblot analysis, serving as loading control. SPT16 and SSRP1 are highlighted by triangles.
TCE: 2,2,2-trichlorethanol.
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Figure 5. Phosphorylation of SPT16 acidic domain influences plant growth and development. Plants of the spt/6-1 mutant line were transformed with
constructs driving the expression of wild-type SPT16 (termed SPT16/WT), the non-phosphorylatable (T1023V/S1033A/S1035A, termed SPT16/VAA)
and phosphomimic (T1023E/S1033D/S1035D, termed SPT16/EDD) variants, and were phenotypically analysed relative to the wild-type (Col-0) and the
spt16-1 line. (A) Representative individuals of the different transgenic lines relative to Col-0 and sp716-1 are shown at 28 DAS (top) and 42 DAS (bottom).
(B) Quantification of phenotypic parameters. Day of bolting, rosette diameter at bolting [mm)], rosette diameter at 42 DAS [mm], and number of primary
inflorescences at 42 DAS were determined. Data comprised the measurements of 15 individual plants of each genotype in three biological replicates and
was analysed by one-way ANOVA. The line in the scatterplot marks the average value and letters above the scatter indicate the outcome of the Tukey’s

test (P-value < 0.05).

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

Effects on chromatin at transcriptional start sites

In view of the function of FACT as a histone chaperone
and the distinct abilities of SPT16 and the corresponding
phospho-site variants to complement the defects of spt/6
mutant plants, we examined possible alterations in the chro-
matin of the different genotypes. The genome-wide distri-

bution of H3 was used as a proxi for nucleosome occu-
pancy and compared using ChIPseq between the following
genetic backgrounds, Col-0 wild-type, spt16, spt16 express-
ing SPT16/WT, the non-phosphorylatable SPT16/VAA or
the phosphomimic SPT16/EDD variants. Analysis of the
ChIPseq data revealed that biological replicates of the anal-
ysed genotypes yielded robust results (Supplementary Fig-
ure S7). Consistent with previous studies on the genomic
distribution of H3 in Arabidopsis (79,80), we observed in
all genotypes an H3 enrichment over transposable ele-
ments (Supplementary Figure S§A) and a characteristically
lower occupancy upstream of RNA polymerase II tran-
scription start sites (TSSs) particularly of highly transcribed
genes (Supplementary Figure S8B). The profiles of Col-
0, spt16 and sptl6 expressing the phosphomimic variant
SPT16/EDD were comparable, whereas spt16 expressing
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the non-phosphorylatable variant SPT16/VAA showed a
prominent H3 occupancy peak upstream of the TSS (peak
centre ~120 bp upstream of TSS), whose extent correlated
with the transcript levels of the respective genes (Figure 6A).
The H3 enrichment upstream of the TSS observed specifi-
cally for the spt16 plants expressing the SPT16/VAA variant
(Supplementary Figure S8C) is accompanied by lower H3
occupancy in the gene body (Figure 6B). The peak of H3
enrichment upstream of the TSS coincides with the posi-
tion of nucleosome depleted regions and DNase hypersen-
sitive sites reported in several studies analysing Arabidop-
sis chromatin (79-82). It is conceivable that nucleosome de-
pletion upstream of the TSS is restricted in the presence of
the non-phosphorylatable SPT16/VAA variant resulting in
H3 accumulation. Therefore, H3 distribution was compar-
atively analysed for genes that showed a prominent H3 en-
richment at the TSS (>50% higher coverage in SPT16/VAA
as compared to SPT16/WT, P < 0.05) in the presence of
SPT16/VAA (384 genes) relative to genes, whose H3 oc-
cupancy was unchanged (3284 genes). While with the lat-
ter group of genes an essentially uniform H3 distribution
was observed in all genotypes, the former group showed
H3 enrichment upstream of the TSS that was strikingly en-
hanced in presence of the SPT16/VAA variant (Supplemen-
tary Figure S9). ChIP-qPCR analysis of the association of
the SPT16 variants with the region upstream of the TSS of
three loci that exhibit H3 enrichment revealed that SPT16
is detected, however, at levels clearly lower than within the
transcribed region. No significant differences between the
variants were observed (Supplementary Figure S10). Both
in maize and Arabidopsis, nucleosomes were identified di-
rectly upstream of the TSS that proved particularly nuclease
sensitive (69,83). The differential MNase digestion data ob-
tained for Arabidopsis chromatin (69) were analysed com-
paratively for the two above-mentioned groups of genes.
For both groups of genes, within the transcribed region
high and low MNase digestion similarly revealed the char-
acteristic nucleosomal pattern, albeit a more intense peak
of the +1 nucleosome was observed for the genes with H3
enrichment upstream of the TSS upon expression of the
SPT16/VAA variant (Supplementary Figure S11). How-
ever, MNase digestion of these genes varied markedly up-
stream of the TSS (left panel), whereas a much smaller
difference between high and low digestion occurred with
the group of genes with unchanged H3 distribution (right
panel). There is a prominent peak at the position of the -
1 nucleosome upon low MNase digestion that is substan-
tially weaker upon high MNase digestion (indicative of an
unstable/fragile nucleosome) specifically with the group of
genes showing H3 accumulation upstream of the TSS in the
presence of the non-phosphorylatable SPT16/VAA. Cen-
tring H3 ChIPseq tracks and MNase-seq tracks over the
TSSs of all protein-coding genes clarified the correlation of
H3 enrichment observed with SPT16/VAA and of the re-
gion of most pronounced variability in MNase accessibil-
ity (Supplementary Figure S12). The H3 occupancy based
on the ChIPseq analysis plotted in comparison to the dif-
ferential MNase digestion (69) at individual loci illustrates
these effects (Figure 6C). Here it is evident that the H3
enrichment upstream of the TSS observed in the presence
of the non-phosphorylatable SPT16/VAA variant (but not
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with SPT16/WT or SPT16/EDD) coincides with the peak
of an unstable/fragile nucleosome that is preferentially de-
tected after low rather than high MNase digestion. In con-
clusion, these experiments suggest that at a subgroup of
RNAPII-transcribed genes phosphorylation of SPT16 is re-
quired for establishing the correct nucleosome occupancy at
the TSS.

DISCUSSION

Histone chaperones assist transcription of nucleosomal
templates and concurrently maintain proper chromatin sig-
nature over transcribed genes. A prominent representative
is the FACT heterodimer consisting of SSRP1 and SPT16
that promotes RNAPII progression through chromatin and
assists other DNA-dependent processes. We identified post-
translational modifications that may modulate the activ-
ity of FACT in Arabidopsis cells. Our analyses did not re-
veal a major role for the four acetylation sites that were
mapped within the C-terminal region of SSRP1 comprising
the HMG-box domain and the adjacent basic region. How-
ever, our study showed that three in vivo phosphorylation
sites identified in the acidic domain of SPT16 impact deeply
the function of FACT and its role in growth and develop-
ment of Arabidopsis. The same three sites (and additional
sites) were phosphorylated by protein kinase CK2 in vitro,
suggesting that CK?2 is the enzyme catalysing the phospho-
rylation in planta. In agreement with that several o and 8
subunits of the heterodimeric protein kinase CK2 family
co-purified with the Arabidopsis RNAPII transcript elon-
gation complex (45), similar to the situation in yeast (84).
Comparing the amino acid sequences of the Arabidopsis
SPT16 acidic domain with those of SPT16 proteins of other
organisms revealed multiple CK2 consensus phosphoryla-
tion sites in all SPT16 proteins (Supplementary Figure S13).
Phosphorylation of several residues within the acidic do-
main was also observed, when human SPT16 was isolated
from insect cells (23). Therefore, CK2-mediated phosphory-
lation of SPT16 might be a common mechanism, as it has
been described for SSRP1 (49-52). Since members of the
plant CK2 family have been implicated in multiple devel-
opmental and stress-responsive pathways (85,86), it will be
attractive to investigate whether phosphorylation of FACT
plays a role in these processes.

In comparison to the wild-type acidic domain, the phos-
phomimic variant of the acidic domain (AD/EDD) bound
in vitro more tightly to H2A-H2B heterodimers. Like-
wise, SPT16/WT and SPT16/EDD co-purified more ef-
ficiently with histones from Arabidopsis cells, when com-
pared with the non-phosphorylatable SPT16/VAA vari-
ant. Therefore, the phosphorylatable SPT16/WT and phos-
phomimic SPT16/EDD variants interact efficiently with
histones, whereas the histone-interactions of the non-
phosphorylatable SPT16/VAA variant are reduced. The
acidic region of SPT16 (and SSRPI1) substantially con-
tribute to the interaction with histones and are re-
quired for the nucleosome reorganizing function of FACT
(22,24,26,27). CK2-mediated phosphorylation of the acidic
region of SPT16 (and SSRP1) could fine-tune the interac-
tion of FACT with nucleosomes. In line with that the phos-
phorylation of the acidic region of human SPT16 is cru-
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Figure 6. Enrichment of histone H3 in the presence of the non-phosphorylatable SPT16/VAA upstream of the TSS dependent on transcription. (A)
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transcript levels (high, high-mid, mid-low, low) based on RNAseq data obtained with 6 DAS Col-0 plants. Arrows indicate the transcription dependent
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normalised to the plants expressing SPT16/WT and genes in the different panels are grouped related to transcript levels as above. The relative H3 occupancy
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(69). Black boxes indicate a 150-bp window, while the arrows indicate an H3 peak occurring in spz/6 plants expressing the SPT16/VAA variant and a
nucleosomal peak that preferentially is observed upon low MNase digestion. Gene models are shown at the bottom.
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cial for the interaction with histones of a 112-bp octasome
(23). Expression of the varying SPT16 variants in spt/6
plants complemented mutant phenotypes to different ex-
tents. SPT16/WT and SPT16/EDD complemented rather
efficiently, for instance, the early bolting or increased num-
ber of primary inflorescences of spt/6 plants. In contrast,
the SPT16/VAA variant proved inactive in reversing the
mutant phenotype of spz16 plants. This demonstrates that
the phosphorylation of the SPT16 acidic domain is impor-
tant for the in vivo functionality of FACT.

Analysis of the genomic distribution of histone H3 re-
vealed that mutation of phosphorylation sites in the FACT
subunit SPT16 impacted on nucleosome occupancy up-
stream of the TSS. In presence of the non-phosphorylatable
SPT16/VAA variant a peak of H3 enrichment was detected
particularly with highly transcribed genes. In contrast to
that H3 distribution of plants expressing the phosphorylat-
able SPT16/WT and the phosphomimic SPT16/EDD vari-
ants resembled that of wild-type plants. As expected the as-
sociation of the SPT16 variants with the regions upstream
of the TSSs did not differ significantly. We rather think that
SPT16 is phosphorylated by CK?2 after FACT recruitment
to chromatin. Although both FACT and CK2 associate
with the RNAPII elongation complex, their occupancy
in chromatin could differ and co-localization of FACT
and CK2 may define SPT16 phosphorylation-regulated ge-
nomic target sites. The genomic region of the SPT16/VAA-
specific H3 enrichment corresponds with a position in Ara-
bidopsis chromatin that is characterised as nucleosome de-
pleted region and DNase hypersensitive site (79-82). In-
creased histone occupancy upstream of the TSS occurred
also in yeast cells upon SPT16 depletion (87). Interest-
ingly, the site of H3 enrichment in presence of the non-
phosphorylatable SPT16/VAA variant is in accordance
with a notable differentially M Nase sensitive peak that most
likely represents unstable/fragile -1 nucleosomes (69) occur-
ring also in yeast and metazoan chromatin (88-90). In our
analyses, this feature correlated with high transcript levels
and also in yeast unstable/fragile -1 nucleosomes are linked
to transcriptional activity (88). One should expect that H3
enrichment related to persistence of an (unstable/fragile)
nucleosome upstream of the TSS interferes with binding
of transcription factors and/or RNAPII recruitment, and
hence leads to mis-regulation and/or reduced transcrip-
tional output. The role of unstable/fragile nucleosomes cur-
rently has not been clarified in plant transcription. In yeast,
these unstable nucleosomes are proposed to contribute to
poising genes for transcription (91), which is also conceiv-
able in plants (69). Although our ChIPseq analysis convinc-
ingly demonstrated distinct H3 accumulation upstream of
the TSS at 384 genes, we still expect that the magnitude of
the effect is underestimated from our experiments primar-
ily for two reasons: (i) we have mutated three amino acid
residues within the acidic domain of SPT16 that were con-
firmed phosphorylation sites, but as detailed above there
are several additional CK2 consensus sites that quite pos-
sibly are phosphorylated in planta and likely could in-
crease phosphorylation-dependent impact. (ii) The mutated
and wild-type SPT16 expression constructs were introduced
into the spt/6-1 mutant line, in which SPT16 levels are re-
duced to <50% (41), but the mutant plants still contain
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wild-type SPT16 that may mask the effects of the intro-
duced SPT16 variants.

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

Production of mRNAs by RNA polymerase IT (RNAPII) is char-
acterised by several consecutive steps including promoter recruit-
ment, initiation, elongation and termination. Over the last years,
it became clear that in addition to initiation, the elongation stage
is dynamic and heavily regulated. Consequently, a range of tran-
script elongation factors (TEFs) was identified that facilitate effi-
cient mRNA synthesis from nucleosomal templates (Sims
et al., 2004; Kwak & Lis, 2013; Chen et 4/, 2018; Osman &
Cramer, 2020). During ongoing transcription, TEFs serve
diverse functions assisting the progression of RNAPII through
repressive chromatin. Accordingly, some TEFs modulate the cat-
alytic properties and processivity of RNAPII, while others act as
histone chaperones or chromatin remodelling factors assisting
progression of RNAPII through nucleosomes. Another group of
TEFs modifies transcribed chromatin through deposition/erasure

of transcription-related histone

ubiquitination or a variety of methylations and acetylations (Sims

© 2023 The Authors
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Summary

¢ Elongation factors modulate the efficiency of mRNA synthesis by RNA polymerase Il (RNA-
PIl) in the context of chromatin, thus contributing to implement proper gene expression pro-
grammes. The zinc-finger protein elongation factor 1 (ELF1) is a conserved transcript
elongation factor (TEF), whose molecular function so far has not been studied in plants.

¢ Using biochemical approaches, we examined the interaction of Arabidopsis ELF1 with DNA
and histones in vitro and with the RNAPII elongation complex in vivo. In addition, cytological
assays demonstrated the nuclear localisation of the protein, and by means of double-mutant
analyses, interplay with genes encoding other elongation factors was explored. The genome-
wide distribution of ELF1 was addressed by chromatin immunoprecipitation.

e ELF1 isolated from Arabidopsis cells robustly copurified with RNAPII and various other elon-
gation factors including SPT4-SPT5, SPT6, IWS1, FACT and PAF1C. Analysis of a CRISPR-
Cas9-mediated gene editing mutant of ELF7 revealed distinct genetic interactions with
mutants deficient in other elongation factors. Moreover, ELF1 associated with genomic
regions actively transcribed by RNAPII. However, ELF1 occupied only c. 33% of the RNAPII
transcribed loci with preference for inducible rather than constitutively expressed genes.

¢ Collectively, these results establish that Arabidopsis ELF1 shares several characteristic attri-
butes with RNAPII TEFs.

et al., 2004; Kwak & Lis, 2013; Chen et al, 2018; Osman &
Cramer, 2020).

A specific example of the heterogenous family of TEFs is elon-
gation factor 1 (ELF1) that originally was identified in a yeast
genetic screen by virtue of the synthetic lethality of the e/fiA
mutant in combination with mutations in genes encoding other
known TEFs (Prather et al., 2005). ELF1 is a small zinc-finger
protein that is conserved in eukaryotes and some archaea. It was
found to interact functionally with various other TEFs including
SPT4-SPT5, TFIIS, FACT and PAF1C, and it preferentially
localises to genomic regions that are actively transcribed by RNA-
PII (Prather ez al., 2005; Mayer et al., 2010; Rossi et al., 2021).
Based on its steady association with the yeast RNAPII elongation
complex during in vitro transcription, ELF1 was designated as
core elongation factor (Joo e al., 2019). Using a combination of
cryo-EM and X-ray crystallography, it recently could be clarified
that ELF1 directly interacts with RNAPII at the DNA entry tun-
nel of downstream DNA (Ehara ez 2/, 2017). Further in vitro
studies demonstrated that ELF1 (particularly in cooperation with

such as mono-
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SPT4-SPT5) promoted progression of RNAPII through the
nucleosomal barrier during transcriptional elongation (Ehara
et al., 2019). The human orthologue ELOF1 can facilitate RNA-
PII ubiquitination and is also involved in transcription-coupled
DNA repair (van der Weegen ez al., 2021). In archaea, ELF1 was
identified as part of the elongation complex, promoting produc-
tive transcript elongation (Blombach ez 4/, 2021).

In plants, various TEFs have been identified and studies pri-
marily in Arabidopsis have demonstrated that by establishing
proper gene expression programmes they modulate growth and
development (van Lijsebettens & Grasser, 2014). A number of
TEFs associate with elongating Arabidopsis RNAPII to form the
active elongation complex that also integrates the cooperation
with cotranscriptional processes (Antosz et al., 2017). Arabidopsis
factors modulating RNAPII properties during elongation (e.g.
TFIIS and SPT4-SPTS5) influence hormone signalling, stress
response and germination (Grasser ez al., 2009; Diirr er al., 2014;
Antosz et al, 2020; Szddeczky-Kardoss er al, 2022), while
transcription-related histone chaperones (e.g. SPT6L, FACT) are
required for normal embryo development, seedling establishment
and developmental transitions (Lolas ez a4k, 2010; Gu
et al., 2012; Chen ez al., 2019). Various factors that affect the
deposition of histone marks over transcribed regions (e.g. PAF1-
C, HUB1/2 and SDG proteins) have profound effects on many
aspects of plant growth and development (He ez al, 2004; Oh
et al., 2004; Fleury et al., 2007; Xu et al., 2008; Berr ez al., 2010;
Fiorucci et al., 2019).

A putative orthologue of yeast ELF1 (and mammalian
ELOF1) is encoded in Arabidopsis (and other plant genomes),
but so far, its molecular function has not been studied. Therefore,
we have characterised ELF1 from Arabidopsis that proved to be a
nuclear protein associated with elongating RNAPII. ELF1 inter-
acts 7 vitro with DNA and histones, and it localises to genomic
regions that are actively transcribed by RNAPII. Examination of
respective mutant plants demonstrated genetic interactions
between ELFI and genes encoding other known TEFs. Taken
together, these findings illustrate that Arabidopsis ELF1 is the
counterpart of yeast ELF1 (and mammalian ELOF1) acting in
RNAPII transcriptional elongation.

Materials and Methods

Recombinant protein production

Using pET24 expression vectors (Supporting Information
Table S1), ELF1 proteins fused to a GB1/6xHis-tag were
expressed in Escherichia coli and bound to Ni-NTA-agarose (Qia-
gen). Full-length and truncated ELF1 proteins were eluted by
cleavage with the HRV 3C protease (Sigma), removing the GB1/
6xHis-tag. Subsequently, recombinant proteins were purified by
ion-exchange FPLC using a Resource S Column (GE Healthcare,
Freiburg, Germany) and proteins were eluted with a linear gradi-
ent 0-1M NaCl in buffer D (10mM sodium phosphate,
pH7.0, 1 mM EDTA, 1 mM dithiothreitol, 0.5 mM PMSF) as
described previously (Grasser et al., 1996). Recombinant Ara-
bidopsis  histones H2A-H2B were prepared as described

New Phytologist (2023) 238: 113-124
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previously (Osakabe ez 4/, 2018). Purified proteins were charac-
terised by SDS-PAGE and mass spectrometry.

Electrophoretic mobility shift assays

DNA-binding of recombinant ELF1 proteins was examined by
electrophoretic mobility shift assays (EMSAs) with Cy5-labelled
DNA oligonucleotides (Table S2) that were either annealed to
linear double strands or to four-way junctions (4wjs). Binding
reactions were analysed in 6% polyacrylamide 1x TBE gels and
DNA was visualised using a ChemiDoc MP Imaging System
(Bio-Rad). Interactions with nucleosomes and the corresponding
nucleosomal DNA were examined as described previously (Pfab
et al., 2018).

Intramolecular crosslinking with EDC

Recombinant ELF1 proteins were incubated for different periods
in buffer D (10 mM sodium phosphate, pH 7.0, 1 mM EDTA,
1 mM dithiothreitol, 0.5 mM PMSF) with a final concentration
of 20mM  l-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC; Sigma) from a freshly prepared stock as described previ-
ously (Thomsen ez al., 2004). Subsequently, samples were anal-
ysed by SDS-PAGE and Coomassie staining,.

GST pull-down assays

Protein interaction assays were essentially performed as described
previously (Michl-Holzinger ez al, 2022), with recombinant
ELF1 proteins fused to glutathione S transferase (GST) mixed
with equimolar amounts of recombinant Arabidopsis H2A-H2B
or with bovine cytochrome C (CytC; Sigma Aldrich) in GST
buffer (0.2-0.35 M NaCl, 25 mM HEPES pH 7.6, 0.05% (v/v)
NP40, 5mM DTT, 10% (v/v) glycerol, 2mM MgCl,). Follow-
ing incubation (30 min at 30°C), glutathione-sepharose beads
were added and the samples were incubated for 3 h on a rotating
wheel at 4°C. Beads were washed three times in GST buffer
before bound proteins were eluted by boiling in protein loading
buffer and analysed by SDS-PAGE.

Affinity purification and characterisation of GS-tagged
ELF1 from Arabidopsis cells

Arabidopsis suspension-cultured PSB-D cells were maintained
and transformed as described previously (van Leene et al., 2015).
Protein isolation, purification of GS-tagged (protein G and
streptavidin-binding peptide-tagged) ELF1 using IgG-coupled
magnetic beads, mass spectrometry and data analyses including
removal of experimental background were performed as
described previously (Diirr ef al., 2014; Antosz et al., 2017).

Plant material

Seeds of Arabidopsis thaliana (L.) Heynh. (ecotype Col-0) were
stratified in darkness for 48 h at 4°C, and plants were grown at
21°C on soil in a phytochamber or on MS medium in plant

© 2023 The Authors
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incubators (PolyKlima, Freising, Germany) under long-day con-
ditions (Antosz et al., 2017; Michl-Holzinger ez al., 2022). Col-0
plants expressing eGFP-NLS were described previously (Pfab
et al.,, 2018).

CRISPR-Cas9-mediated gene editing

CRISPR-Cas9 gene-edited plant lines were generated in the Col-
0 background utilising egg cell-specific promoter-controlled Cas9
vector systems (Wang ez al., 2015). A specific sgRNA sequence
was selected using the tool CRISPR-P 2.0 (Liu ez al, 2017). For
the ELFI sgRNA, complementary oligonucleotides (Table S2)
were annealed and inserted into pHEE401E (Wang et al., 2015)
via Golden Gate assembly using Bsal restriction sites, generating
the transformation vector (Table S1) that was introduced into
Arabidopsis Col-0 by Agrobacterium-mediated transformation as
described previously (Lolas ez al., 2010; Diirr et al., 2014). For
genotyping of CRISPR-Cas9 mutants, genomic DNA was iso-
lated from leaves and used as template for PCR with primers
specified in Table S2, before the amplified fragments were anal-
ysed by DNA sequencing.

Generation and analysis of Arabidopsis double mutants

Arabidopsis double-mutant plants (all ecotype Col-0) were gener-
ated by genetic crossing, as described previously (Lolas
et al., 2010), of gene-edited e/fI-1 and #1ls-1 (SALK_056755;
Grasser ¢t al., 2009), ssp1-2 (SALK_001283; Lolas et al., 2010) or
iws1-1 (SALK_056238; Li et al., 2010). Complementation analyses
were performed with double-mutant plants crossed with elf7-1¢"
(to be described later). Obtained plants were verified by PCR-based
genotyping (using primers listed in Table S2) and DNA sequenc-
ing. Plant phenotypes were generally analysed and documented as
described previously (Lolas et al, 2010; Diirr ez al., 2014), while
leaf serration was determined according to Bilsborough
et al. (2011) and leaf angles according to Hopkins ez a/. (2008).

Confocal laser scanning microscopy

Confocal laser scanning microscopy (CLSM) was performed using
a Zeiss LSM 980 Airyscan2, equipped with a 10x NA 0.3, a2 20
NA 0.3, 240x Oil 1.3 or 63x Oil NA 1.3 objective. eGFP and
propidium iodide (PI) were excited using a VIS Laser at 488 and
561 nm, respectively. The emission of eGFP was detected at 500—
550 nm, while the emission of PI was detected at 570—620 nm.

ChlIP sequencing

Chromatin immunoprecipitation (ChIP) was essentially per-
formed as described previously (Antosz er al, 2020;
Michl-Holzinger ez al., 2022). Arabidopsis plants (14 d after strat-
ification, 14-DAS in vitro grown) were crosslinked with
formaldehyde and used for isolation of nuclei, before chromatin
was sheared using a Bioruptor Pico device (Diagenode, Seraing,
Belgium). Immunoprecipitation was performed using antibodies
directed against GFP (ab290; Abcam, Berlin, Germany) and

© 2023 The Authors
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S2P-modified  (Ser2-phosphorylated heptapeptides of the
carboxy-terminal domain of NRPB1) RNAPII (ab5095; Abcam).
For ChIP sequencing (ChIP-Seq), libraries were generated using
NEBNext Ultra II DNA Library Prep Kit for Illumina (NEB,
Frankfurt, Germany) and the final libraries (four and three repli-
cates each for ELF1-eGFP and S2P-RNAPII, respectively) were
sequenced by the Genomics Core Facility at the University of
Regensburg  (http://www.kfb-regensburg.de/) using NextSeq
2000 (Illumina, San Diego, CA, USA). Reads were aligned to the
TAIR10 genome (https://www.arabidopsis.org/) using BowTIE2
(Langmead & Salzberg, 2012), and coverage tracks were calcu-
lated with DEEPTOOLS ‘bamCoverage’ (Table S3). Downstream
analysis was mainly performed using the DEEPTOOLS2 suite
(v.3.5.0; Ramirez et al, 2016), and quality control was per-
formed at several steps using FAsTQC (Ewels ez al, 2016). In case
of RNAPII-S2P, 12.3-18.8 M reads and for ELF1-eGFP 12.1—
23.1 M reads mapped against the TAIR10 genome. Genomic
regions with aberrant coverage or low sequence complexity were
filtered out, as described previously (Quadrana et al., 2016). After
confirming high pairwise correlations, the biological replicates
were merged and CPM normalised. Macs3 callpeak was used to
call peaks over input as control. Gene Ontology (GO)-term
enrichments have been performed with Shiny GO (Ge
et al., 2020). Expression levels of genes (divided into genes > 28
and <0.01 TPMs) were deduced from RNA sequencing data
(Michl-Holzinger ez al., 2022) of in vitro grown 6-DAS Col-0
plants under standard conditions, which was performed in three
replicates.

Results

ELF1 interacts with DNA, histones and nucleosomes

To identify putative Arabidopsis orthologues of yeast ELF1 and
human ELOF1, we searched the Arabidopsis database (https://
www.arabidopsis.org/) with the BLASTP program using these
amino acid sequences as a query. The search revealed a single
clear hit (AGI locus At5g46030) encoding a 120-aa protein
(13.9 kDa) rich in charged amino acid residues, in the following
termed Arabidopsis ELF1. Alignments revealed that Arabidopsis
ELF1 shares 32.9%, 33.1%, 59.2% and 81.0% amino acid
sequence identity with its orthologues from Saccharomyces cere-
visiae, Homo sapiens, Oryza sativa and Brassica napus, respectively
(Fig. S1). It is comprised of a basic N-terminal region, the central
Zn-finger region, the RNAPII-binding region and an acidic
C-terminal region. A major part of the ELF1 sequences is consid-
erably conserved, but the acidic region is lacking in metazoan
sequences and is quite heterogeneous in plant sequences
(Fig. S1). For some reason, the acidic region appears to be more
extended in ELF1 sequences of Brassicacea.

Recombinant ELF1 proteins were expressed in E. coli and
purified to examine their molecular interactions. In addition to
full-length ELF1, truncated versions lacking the basic N-terminal
region (ELF1AN) or the acidic C-terminal region (ELF1AC)
were produced (Fig. 1a,b). DNA binding of the ELF1 proteins
was analysed using EMSAs with four-way junction (4wj) DNA
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Fig. 1 DNA interactions of ELF1 are inhibited
by the acidic C-terminal region.

(a) Schematic illustration of ELF1 and
truncated versions. N, basic N-terminal
region; zinc-finger region; C, acidic C-
terminal region. (b) Purified recombinant
ELF1 proteins analysed by SDS-PAGE and

Awj - M R e b e et Nl

stained with Coomassie. (c) Electrophoretic
mobility shift assays of increasing
concentrations of the indicated ELF1 proteins
(0,1,2.5,5,7.5,10, 15, 0 uM, from left to
- right) and linear (lin, upper) or four-way

(d)

20 | — ——-

junction DNA (lower). (d) The indicated ELF1
proteins were chemically crosslinked for
increasing periods (0, 5, 10 and 20 min) with
EDC (1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide), before proteins were
separated on tricine polyacrylamide gels and

i bl S — —— ) _ -
15- g f A stained with Coomassie. Intramolecular
{ \ Lo ¥ crosslinking is evident with ELF1 and ELF1AN
10 - ! - from the reaction time-dependent
appearance of an additional, faster migrating
ELF1 ELF1AN ELF1AC

or the corresponding linear double-stranded DNA. Four-way
junction DNA was chosen, since it resembles some features of a
nucleosome, as two juxtaposed DNA duplexes of the junction in
a way mimic the entry/exit point of the nucleosomal DNA (Zla-
tanova & van Holde, 1998).

Increasing concentrations of the ELF1 proteins were incubated
with the DNA, and the formation of protein/DNA complexes
was examined by electrophoresis. Binding of ELF1 was detectable
only with the 4wj DNA, resulting (relative to the DNA in
absence of protein) in slightly reduced migration of the DNA
band with increasing protein input (Fig. 1c, left). No DNA inter-
action was traceable with ELF1AN (Fig. 1c, middle), whereas
marked binding of ELF1AC to both types of DNA was observed
(Fig. Ic, right). As evident from the disappearance of the free
DNA, ELF1AC interacted with higher affinity with the 4wj
DNA than with the linear DNA, although in both cases the rela-
tively fuzzy migration of the protein/DNA complexes suggests
rather nonspecific interaction. The remarkably increased DNA
interaction of ELF1AC likely is caused by the absence of the
acidic C-terminal region that might interact intramolecularly
with basic parts of the protein. Chemical crosslinking using the
zero-length agent EDC (which cross-links carboxyl and amino
groups) was used to address possible intramolecular interactions
of the acidic C-terminal region in ELF1. Full-length and trun-
cated versions of ELF1 were reacted with EDC for various peri-
ods and subsequently analysed by SDS-PAGE. Intramolecular
crosslinking is evident with ELF1 and ELF1AN from the

New Phytologist (2023) 238: 113-124
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protein band (arrowhead).

reaction time-dependent appearance of an additional, faster
migrating protein band (Fig. 1d). By contrast, ELF1AC lacking
the acidic region could not be crosslinked, suggesting that in
ELF1 and ELF1AN, the acidic region interacts with basic parts
of the protein (basic N-terminal region and/or central region),
thereby reducing the affinity for DNA.

The interaction of ELF1 with histones was studied using GST
pull-down assays. ELF1 and ELF1AC were produced as GST
fusion proteins and immobilised on gluthatione-sepharose beads.
Added H2A-H2B bound to GST-ELF1, but not to GST-
ELF1AC (Fig. 2a), suggesting that the acidic C-terminal region
is required for histone interaction. Similar to the histone interac-
tion of the acidic region of SPT16 (Michl-Holzinger
et al., 2022), the specificity of the ELF1-histone interaction is
evident from the lack of binding of H2A-H2B to unfused GST
and the lack of binding of the small basic protein CytC to GST-
ELF1 in the GST pull-down assay.

Using EMSAs, the interaction of ELF1 proteins with reconsti-
tuted nucleosomes (and the corresponding 147-bp DNA frag-
ment) was examined. No interaction of ELF1 and ELF1AN with
DNA or nucleosomes could be detected, whereas ELF1AC
bound both to DNA and nucleosome particles (Fig. 2b). With
increasing protein concentration, the migration of the nucleo-
some band was gradually more retarded. In conclusion, the
in vitro interaction studies reveal that the acidic C-terminal
region of ELF1 is required for the binding to histones, but it
inhibits the binding of ELF1 to DNA and nucleosomes.

© 2023 The Authors
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interactions with DNA and nucleosomes, but
is required for histone binding. (a) Interaction
of ELF1 with histones analysed by
glutathione S transferase GST pull-down
assays. The indicated GST-ELF1 fusion
proteins (or unfused GST) were incubated

50 kDa

30 kDa

15 kDa

with Arabidopsis H2A-H2B histones (or with
cytochrome C, CytC). Binding reactions were
bound to glutathione sepharose and the
eluates of the affinity purification (AP) were
analysed along with the input samples by
SDS-PAGE and Coomassie staining. Fifty per
cent of each input was loaded on an 18%
SDS gel. (b) Interaction of full-length and
truncated ELF1 proteins with DNA and
human nucleosomes analysed by
electrophoretic mobility shift assays.
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ELF1 is a component of the RNAPII transcript elongation
complex

To investigate the possible association with RNAPII, ELF1 was
expressed as GS-tagged fusion protein in Arabidopsis PSB-D
suspension-cultured cells, an approach that has been used to
study other RNAPII-associated proteins (Diirr er al, 2014;
Antosz et al., 2017). ELF1-GS and interacting proteins were iso-
lated from cell extracts by IgG affinity purification using mild
conditions to preserve protein interactions. SDS-PAGE analysis
revealed the enrichment of the ELF1-GS bait protein along with
a number of copurifying protein bands that were not detected
with the unfused GS-tag (Fig. 3a). Proteins in the eluates were
identified after tryptic digestion by mass spectrometry. Strikingly,
a number of RNAPII subunits were found to robustly copurify
with ELF1 (Fig. 3b). In addition, several TEFs reproducibly co-
eluted efficiently with ELF1 and RNAPII such as FACT (SSRP1
and SPT16), SPT4-SPT5, SPT6L, IWS1 and PAF1C (ELF7,
VIP3, VIP4 and CDC73). These interactors were not identified
in the control experiment with the unfused GS-tag or in compa-
rable IgG affinity purifications of unrelated nuclear proteins
(Municio et al., 2021; Cheng et al., 2022). This result suggests
that Arabidopsis ELF1 along with other TEFs associates with
RNAPII to form the transcript elongation complex in accord
with the situation in yeast (Ehara et 4/, 2017, 2019).

Functional inactivation of ELF7 causes mild effects and
ELF1 localises to cell nuclei

No useful T-DNA insertion mutant could be identified to study

the in planta function of ELF1. Therefore, we generated

© 2023 The Authors
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CRISPR-Cas9-mediated gene-edited lines in the Col-0 back-
ground for that purpose. The gene editing resulted in insertion of
an additional base pair within the coding sequence of exon 1
leading to a frameshift and a premature translational stop codon
(Fig. S2a), hereafter referred to as e/fI-1. The mutant plants are
basically indistinguishable from the Col-0 wild-type, except that
the height of mature plants is slightly increased (Fig. S2b). Like-
wise, the e/fIA mutation caused no significant growth defect in
yeast (Prather e al, 2005). Following transformation of e/fI-1
plants with a complementation construct, the expression of an
ELF1-eGFP fusion protein under control of the ELFI promoter
(c. 4 kb upstream of transcriptional start site (TSS)) in three inde-
pendent plant lines (termed elfi-1", elfi-1<° and elf1-1°%) did
not affect plant phenotype, besides reducing the increased height
of elfi-1 (Fig. S2c—e). Analysis of these plants using CLSM
demonstrated that ELF1-eGFP localises to the cell nucleus
(Fig. 4), as reported for human ELOF1 (van der Weegen
et al., 2021). In addition, the microscopic survey detected ELF1-
eGFP in all analysed Arabidopsis leaf and root cells (Fig. 4), sug-
gesting ubiquitous expression, consistent with publicly available
Arabidopsis mRNA expression data regarding ELFI (Winter
et al., 2007).

Genetic interaction of ELF7 with genes coding for other
transcript elongation factors

To further elucidate the involvement of ELF1 in elongation by
RNAPII, we generated double-mutant deficient in ELF1 and dif-
ferent previously characterised TEFs. Thus, elfI-1 was crossed
with #Is-1 (Grasser ez al., 2009), ssrpI-2 (Lolas et al., 2010) and
iwsI-1 (Li et al., 2010). The obtained double-mutant plants were
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(a) (b) - - - —
Transcript elongation related proteins copurifying
with ELF1-GS
ELF1-GS Empty GS Detected Interactor  AGI Complex
2597.5/3 NRPB1 AT4G35800 RNAPII
AT4G21710 RNAPII Fig. 3 Affinity purification of ELF1 from

100 kDa | S 2616.6/3  NRPB2
1296.3/3  NRPB3
421.813 NRPB5A
50 kDa 340.2/2 NRPB7
o 134.1/2 NRPB8A
181.3/2 NRPB8B
- 131.9/2 NRPB9A
a
132.9/2 NRPB11
" 1355.9/3  SPT16

AT2G15430 RNAPII
AT3G22320 RNAPII
AT5G59180 RNAPII
AT1G54250 RNAPII
AT3G59600 RNAPII
AT3G16980 RNAPII

Arabidopsis cells. (a) Total protein extract of
PSB-D cells expressing ELF1-GS or the
unfused GS-tag (input) was analysed by
SDS-PAGE and Coomassie staining, along
with the eluate of the corresponding 1gG

AT3G52090 RNAPII affinity Puriﬁcations (AP).. (b)_ Transcrip’F

AT4G10710 FACT elongation-related proteins (i.e. transcript
816.3/3 SSRP1 AT3G28730 FACT elongation factors, RNAPII subunits) that

10 kDa 87.2/2 SPT4-1 AT5G08565 SPT4-SPT5 copurified with ELF1-GS, as identified by
1133.2/3 SPT5-2 AT4G08350 ~ SPT4-SPT5  mass spectrometry. Numbers in the left
791.4/3 ELF1 AT5G46030 ELF1 column indicate the respective average
Input AP AP mput o032 sPTeL AT1G65440  SPT6 Mascort scores and the number of times the

359.7/3 IWS1 AT1G32130 IWS1 interactor was detected in three independent
230.5/3 ELF7 AT1G79730 PAF1C affinity purifications; only proteins are listed
343.9/3 VIP4 AT5G61150 PAF1C that were detected at least twice in three
92.3/3 VIPS AT1G61040  PAF1C experiments with significant Mascor scores in
332.7/3 CDC73 AT3G22590 PAF1C the ELF1-GS samples, but not in controls.

Fig.4 ELF1 localises to nuclei of root and leaf cells. Root tips and leaves of
elf1-1 plants expressing ELF1-eGFP fusion proteins under control of the
ELF1 promoter were analysed using CLSM. (a) In root tips of 7-d after
stratification (DAS) plants eGFP fluorescence is visible in cyan, while pro-
pidium iodide (PI) staining is in magenta. (b) eGFP fluorescence in the
abaxial surface of leaves from 10-DAS plants (epidermal cells, guard cells).
Bar, 20 um.

phenotypically analysed to detect possible genetic interactions
between ELFI and the genes encoding other TEFs. Regarding
the first type of double mutant, both the ¢/f7-1 and #1Is-1 paren-
tal plants exhibit essentially wild-type appearance, whereas the
elfl-1 fls-1 double mutant is substantially smaller (Fig. 5a—d).
The reduced growth of the double mutant is efficiendy

New Phytologist (2023) 238: 113-124
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complemented in elfl-1 #IIs1¢ plants by expression of ELFI-
eGFP under control of the ELFI promoter (Fig. 5e), which is
also evident from the measured fresh weight (Fig. 5v) and the
rosette diameter (Fig. S3a,b) of the plant lines. Other determined
phenotypic parameters differ only slightly between the different
genotypes (Fig. S3a,b). Concerning the second type of double
mutant, the e/fI-1 ssrpl-2 plants show striking leaf serration (leaf
margin protrusions; Bilsborough ez 4/, 2011) that is greaty
enhanced compared with the ss7p1-2 parental plants and comple-
mented in elfI-1 ssrpl ¢ plants (Fig. 5f~m,w). Rosette diameter
and bolting time are minimally changed in elfI-1 ssrpl-2 plants
compared with the ss7p1-2 single mutant (Fig. S4a,b). Regarding
the third type of double mutant, when compared to the parental
lines the e/fI-1 iwsI-1 double mutant is very strikingly late bolt-
ing (Fig. S5a,b) and it proved sterile. In addition, the leaf angle/
inclination (angle a leaf deviates from horizontal; Hopkins
et al., 2008) of elfl-1 iwsI-1 plants is notably more erect than
that of the parental lines and this feature is complemented in
elfI-1 iws1-1¢ plants (Fig. 5n—u,x). Compared with the parental
lines, other phenotypic parameters are only mildly affected in the
double mutant (Fig. S5a,b). Together, the genetic interactions of
ELFI with genes encoding the TEFs TFIIS, SSRP1 and TWS1
highlight a role of ELF1 in RNAPII transcript elongation.

ELF1 associates with a subset of regions actively transcribed
by RNAPII

Using the above-mentioned e/fI-1 plants expressing ELF1-eGFP,
ChIP-Seq analyses were performed to examine the genome-wide
distribution of ELF1. To that end, ChIP was carried out with
antibodies directed against eGFP, while as ChIP-Seq controls
served comparable ChIP analyses with plants expressing GFP-
NLS (GFP fused to a nuclear localisation signal) and ChIP input
samples. Analysis of the ChIP-Seq data revealed that biological
replicates yielded robust results that group together and are
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Fig.5 In combination with other transcript elongation factor mutations, e/f7-7 leads to specific phenotypes that can be complemented by pELF1::ELF1-
eGFP. (a-u) documentation of representative individuals illustrating overall and specific phenotypes of the indicated genotypes (Col-0, single- and double
mutants, as well as complemented double mutants indicated by (c)). Compared with the parental lines, tflis-7 elf1-1 exhibits a striking growth defect (d)
and (v), while ssrp7-2 elf1-1 is characterised by a prominent serrated leaf phenotype (j) and (w). The leaf phenotype is illustrated by the overall view of the
rosette in (a, b, f, j, ) and the boxed areas are magnified in (g—i, k, m). Relative to the parental lines, the iws7-7 elf1-1 double mutant exhibits remarkably
more erect leaves (lateral view) due to a greater leaf angle (t, x). (v—x) Phenotypical analyses are visualised by plotting the median in boxplots with hinges
corresponding to the first and third quartile, whisker range is 1.5 inter-quartile range of the respective hinge, and outliers are represented by dots. The out-
come of statistical analysis of the indicated phenotypes using one-way ANOVA followed by Tukey's multiple comparison test is indicated by letters. All pic-
tures have been taken, and statistical analysis has been performed with 28-d after stratification (DAS) plants.

clearly distinct from the controls (Fig. S6). While the controls
did not yield distinguishable enrichment in genomic coverage,
ChIP with ELF1-eGFP exhibited markedly increased coverage
over RNAPII transcribed regions, beginning at TSSs with a dis-
tinctive maximum around transcriptional end sites (TESs;
Fig. 6a). The distribution pattern over the transcribed regions
resembles the profile of elongating RNAPII (Hetzel et al., 2016;
Zhu et al., 2018; Yu et al., 2019; Antosz et al., 2020), and there-
fore, the ChIP coverage of ELF1-eGFP was compared with that
determined for RNAPII-S2P (Fig. S7a). Both ELF1-eGFP and
RNAPII-S2P are enriched over the transcribed regions of highly
transcribed genes (based on RNA-Seq data) with a distinctive
peak around the TES, but only background levels are detected

© 2023 The Authors
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over nontranscribed genes (Fig. 6b). Dividing the genes into four
groups depending on transcript levels demonstrated that
RNAPII-S2P and ELF1-eGFP coverage increases with higher
transcript levels (Fig. S7b), illustrating the correlation of ELF1
occupancy with ongoing RNAPII transcription that is typical of
elongation factors. Interestingly, of the protein-coding genes with
a peak for RNAPII-S2P enrichment (7 = 9969) only ¢ 33%
(n = 3253) of these genes show also a peak for ELF1-eGFP
enrichment (Fig. 6¢).

This is also apparent at the level of individual genes, when
comparing the distribution of the ChIP signals of ELF1-eGFP
and RNAPII-S2P along with the corresponding transcript levels
and controls (Fig. 6d). Here, next to transcribed loci with clear
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Fig. 6 ELF1 is enriched over transcribed regions of a subset of RNAPII transcribed genes. (a) Metagene analysis of ChIP sequencing (ChIP-Seq) data

obtained using a-GFP-specific antibodies with e/f7-7€ plants (expressing ELF1-eGFP) and control plants (expressing GFP-NLS) as well as e/f7-7 input sam-

ples. (b) ELF1-GFP and RNAPII-S2P chromatin immunoprecipitation (ChIP) signals were plotted over highly transcribed genes (> 28 TPM, based on RNA-
Seq analysis) and nontranscribed genes (<0.01 TPM). Mean signals of the biological replicates were averaged (line) and the tracks represent the SEM for
the replicates at each position (shaded area). (c) Number of genes with ELF1-GFP occupancy relative to the number of genes with RNAPII-S2P coverage

and the total number of protein-coding genes. (d) ChIP-Seq profiles of individual genes aligned with RNA-Seq data and controls, illustrating that some tran-
scribed loci exhibit RNAPII-S2P coverage, but no ELF1-GFP enrichment (indicated by closed arrowheads), whereas at other loci, there is a particularly strong
ELF1-GFP signal relative to the RNAPII-S2P coverage (indicated by open arrowheads). Gene models are shown at the bottom. (e) Gene Ontology (GO)-

term analysis of genes showing the highest ELF1-GFP coverage relative to RNAPII-S2P coverage (n = 1000). Gene Ontology terms were sorted as indicated

according to fold enrichment and number of genes per class with ‘R." represe
hypervariable and housekeeping genes (according to Zilberman et al., 2007,

RNAPII-S2P and ELF1-eGFP coverage, there are transcribed loci
with RNAPII-S2P coverage, but without detectable ELF1-eGFP
association (indicated by closed arrowheads). In addition, at few
other loci there are — relative to the RNAPII-S2P coverage —

New /’/{)'l(///;(g/'A'r(2023) 238:113-124
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nting ‘response’. (f) ELF1-GFP and RNAPII-S2P ChIP signals were plotted over
Aceituno et al., 2008).

remarkably prominent ELF1-GFP signals (indicated by open
arrowheads). Loci with high ELF1-eGFP coverage are also appar-
ent from unsupervised k-means clustering analysis (Fig. S8a).
Gene Ontology analysis of genes showing the highest ELF1-
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eGFP coverage demonstrated a clear enrichment for gene classes
that are responsive to various stimuli (Fig. 6e). We further
explored that by comparatively analysing the association of
ELF1-eGFP with hypervariable relative to housekeeping genes
(Zilberman et al., 2007; Aceituno et /., 2008). While 34 out of
123 hypervariable genes are highly enriched in ELF1-eGFP, only
five out of 274 housekeeping genes exhibit prominent ELF1-
eGFP coverage (Fig. S8b). This difference in ELF1-eGFP cover-
age is also evident from plotting the ChIP signals over these two
gene classes (Fig. 6f). We extended this analysis by extracting
genes of the GO terms ‘responsive to stimulus’ from TAIR10
(https://www.arabidopsis.org/). The ChIP signals of RNAPII-
S2P and ELF1-eGFP colocalise over those genes as well as genes
of the subgroups that are responsive to abiotic and biotic stimuli
(Fig. S9). Interestingly, relative to the RNAPII-S2P signal, the
ELF1-eGFP signal is particularly enriched on genes responsive to
biotic stimuli. Sequence motif analysis using HOMER (Heinz
et al., 2010) of the 797 genes with high ELF1-eGFP coverage (cf.
Fig. S8) revealed consistent results, as motifs including those of
WRKY and AP2/ERF factors indicative of biotic and abiotic
stress-responsive genes (Phukan ez al, 2016; Xie ez al., 2019) were
clearly enriched (Fig. S10). Taken together, ELF1 associates over
regions actively transcribed by RNAPII, which represents a char-
acteristic feature of TEFs (Sims et al., 2004; Kwak & Lis, 2013;
van Lijsebettens & Grasser, 2014). Beyond that, ELF1 occupancy
is detected over a subset of transcribed loci with a preference for
inducible rather than for constitutively expressed genes.

Discussion

Besides SPT4-SPT5 and TFIIS, ELF1 is considered a ‘basal’ TEF
that is conserved not only in eukaryotes, but also in archaea
(Ehara & Sekine, 2018). Sequences with similarity to yeast ELF1
(and mammalian ELOF1) are encoded in plant genomes and in
this work, we provide evidence that Arabidopsis ELF1 plays a role
in transcript elongation by RNAPII. Apart from its amino acid
sequence conservation compared with the orthologues from yeast
and metazoa, ELF1 localises to nuclei in Arabidopsis cells. It
prominently copurifies with RNAPII and various TEFs including
SPT4-SPT5, SPTG6L, IWS1, PAF1C and FACT, in line with
results obtained with ELF1 proteins of other organisms (Ehara
et al., 2017, 2019; van der Weegen ez al., 2021). Moreover, char-
acteristic for elongation factors ChIP experiments demonstrated
that ELF1 specifically associates with the transcribed region of
genes actively transcribed by RNAPII, resembling the distribu-
tion of Arabidopsis RNAPII-S2P and that of ELF1 in yeast
(Mayer ez al., 2010; Rossi et al, 2021). Finally, ELFI exhibits
genetic interactions with genes encoding other Arabidopsis elon-
gation factors such as TFIIS, SSRP1 and IWS1. Yeast ELFI
genetically interacted with 7F/IS and genes encoding additional
TEFs such as SPT4-SPT5, SPT6, SPT16 and PAF1C (Prather
et al., 2005), while human ELOFI showed interaction with
SPT4-SPT5, SPT6, CTR9 and LEOI (van der Weegen
et al., 2021).

In agreement with the yeast ¢/f/4 mutation that caused no sig-
nificant growth defect (Prather er al, 2005), Arabidopsis elfl-1
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exhibits basically wild-type appearance. A rice mutant defective
in a possible ELFI orthologue termed OsTEFI showed reduced
tillering capacity and retarded growth of seminal roots (Paul
et al., 2012), while inactivation of a putative wheat orthologue
termed 7aTEF-7A modulates grain number per spike (Zheng
et al., 2014). The observation that the e/fI-1 mutation does not
cause significant growth defects, resembles the situation with #7/s
mutant plants that also grow similar to wild-type under standard
conditions (Grasser ez al., 2009), but exhibit a striking sensitivity
when exposed to elevated temperatures (Szddeczky-Kardoss
et al., 2022). Moreover, Arabidopsis plants defective in PAF1C
subunits display reduced tolerance to increased salt concentra-
tions and are affected in the response to mechanical stimulation
(Jensen et al., 2017; Obermeyer et al., 2022; Zhang et al., 2022).
Likewise, expression of ELF1 may prove relevant under certain
environmental conditions, since ELF1 associates preferentially
with genes that are responsive to biotic and abiotic stress
responses. Combination of the e/f7-1 mutation with genes encod-
ing other Arabidopsis TEFs resulted in distinct phenotypic alter-
ations. Thus, despite the wild-type appearance of the parental
lines the elfl-1 #1ls-1 double mutant exhibits markedly reduced
growth. However, the e/fI-1 ssrpl-2 plants are characterised by
prominent leaf serration, while e/fI-1 iwsI-1 plants are sterile and
display strikingly altered leaf inclination resulting in more verti-
cally oriented leaves. The phenotypes observed with the various
double-mutant combinations suggest that the interaction of
ELF1 with other TEFs may result in (partially) different tran-
scriptional output in Arabidopsis.

Because of its constant association with the elongation com-
plex during transcription, yeast ELF1 is designated as core elon-
gation factor (Joo et al., 2019), and likewise, archaeal ELF1 is a
general part of the elongation complex (Blombach ez al, 2021).
Based on our ChIP-Seq analyses, Arabidopsis ELF1 associates
only with ¢. 33% of the RNAPII transcribed loci. Interestingly,
ELF1 is detected preferentially along inducible genes rather than
at constitutively expressed genes. Generally, the relative magni-
tude of the ELF1 and RNAPII-S2P ChIP-Seq signals appears to
vary considerably, which may suggest that some genes require a
greater amount of ELF1 for proper transcription, while other
genes can be efficiently transcribed in the absence of ELF1. In
addition to increased sensitivity of current mass spectrometry and
the small size of the ELF1 protein, its association with only a sub-
population of RNAPII elongation complexes could account for
the fact that ELF1 was not detected in previous mass spectromet-
ric analyses of the Arabidopsis RNAPII elongation complex
(Antosz et al., 2017).

Recent in vitro transcription experiments on reconstituted
nucleosomal templates and structural cryo-EM analyses indicated
that Komagataella pastoris ELF1 promotes nucleosome transcrip-
tion by RNAPII. Particularly, in combination with SPT4-SPT5,
ELF1 exhibited a strong synergistic effect on RNAPII progression
on the nucleosome (Ehara et 4/, 2019). ELF1 and SPT4-SPT5
together reshape the downstream edge of the RNAPII elongation
complex. In this scenario, the conserved basic N-terminal region
of ELF1 could interact with the nucleosomal DNA, assisting dis-
sociation of histone-DNA contacts, which is favourable for
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RNAPII progression through nucleosomes (Ehara ez al., 2019).
Our in vitro interaction studies demonstrated that Arabidopsis
ELF1 binds to histones via its C-terminal acidic region, while the
N-terminal basic region proved relevant for DNA interactions.
Individual ELF1 appears to exist in an autoinhibited conforma-
tion, in which the acidic C-terminal region can be crosslinked
intramolecularly with basic parts of the protein. This reminds of
chromosomal HMGB proteins, whose acidic C-terminal region
interacts with the basic DNA-binding parts of the protein to
modulate DNA interactions (Thomsen ez al, 2004; Stott
et al., 2014). In case of Arabidopsis ELF1, during chromatin tran-
scription by RNAPII, the acidic C-terminal region could interact
with nucleosomal histones, at the same time releasing the basic
N-terminal region from autoinhibition to interact with the DNA
of the approached nucleosome, facilitating separation of histone—
DNA contacts. According to a current model (Kujirai & Kuru-
mizaka, 2020), ELF1 may contribute to the multiple acidic
regions occurring in various TEFs including ELF1, SPT4-SPTS5,
PAFI1C, FACT and SPT6 that in the RNAPII elongation com-
plex may bind basic regions of the nucleosome exposed by the
remodelling process during ongoing transcription.

Our study has revealed that ELF1 is a component of the RNA-
PII elongation complex in plants. Its role in transcriptional elon-
gation is also evident from genetic interactions of ELFI with
genes encoding other TEFs such as TFIIS, SSRP1 and IWS1, as
well as its association with the transcribed region of active genes.
ELF1 is enriched particularly along inducible RNAPII tran-
scribed genes, basically sharing the genomic distribution with
elongating RNAPII. The molecular analyses presented here pro-
vide a valuable resource and may inspire future studies addressing
the contribution of transcriptional elongation to adjusting plant
gene expression programmes under diverse conditions.
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ABSTRACT

Various transcript elongation factors (TEFs) including modulators of RNA polymerase II
(RNAPII) activity and histone chaperones tune the efficiency of transcription in the chromatin
context. TEFs are involved in establishing gene expression patterns during growth and
development in Arabidopsis, while little is known about the genomic distribution of the TEFs
and the way they facilitate transcription. We have mapped the genome-wide occupancy of
the Arabidopsis elongation factors SPT4-SPT5, PAF1C and FACT, relative to that of
elongating RNAPII phosphorylated at residues S2/S5 within the carboxyterminal domain. The
distribution of SPT4-SPT5 along transcribed regions closely resembles that of RNAPII-S2P,
while the occupancy of FACT and PAF1C is rather related to that of RNAPII-S5P. Under
transcriptionally challenging conditions, mutant plants lacking the corresponding TEFs are
differentially impaired in transcript synthesis. Strikingly, in plants deficient in PAF1C, defects
in transcription across intron-exon borders are observed that are cumulative along
transcribed regions. Instead, FACT is involved in adjusting nucleosomal occupancy upstream
of transcriptional start sites. Moreover, under stress conditions FACT is particularly required
for transcriptional upregulation and to promote RNAPII transcription through +1
nucleosomes. Thus, Arabidopsis TEFs are differently distributed along transcribed regions,
and are distinctly required during transcript elongation especially upon transcriptional

reprogramming.

INTRODUCTION

Protein-coding genes are transcribed by RNA polymerase Il (RNAPII), which plays a
fundamental role in differential gene expression to ensure that appropriate amounts of
MRNAs are produced in a spatially and temporally coordinated manner. Proper mRNA
synthesis is an essential prerequisite for growth, development and response to
environmental conditions. RNAPII transcription is characterised by a cycle of events
including initiation, elongation and termination, and in addition to controlling the initiation
step, the efficiency of mMRNA production is regulated during elongation (1,2). Throughout the
transcription cycle, the carboxyterminal domain (CTD) of the largest subunit of RNAPII is
dynamically phosphorylated within its heptapeptide repeats including S2P and S5P, which
are characteristic of the elongating polymerase (3,4). In the cell nucleus, the DNA template
for transcription is wrapped around histone octamers, forming nucleosomes that represent
obstacles for RNAPII progression. Consequently, the elongation phase of transcription on

chromatin templates is a dynamic and discontinuous process (5,6). Studies primarily in yeast

2
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and mammals demonstrated that transcriptional elongation (and its coordination with co-
transcriptional events) is promoted by a variety of transcript elongation factors (TEFs) to
assist mMRNA synthesis by RNAPII. TEFs serve diverse functions including modulating the
catalytic properties and processivity of RNAPII and relieving progression of the enzyme
through repressive chromatin (2,7-9). During the past few years advances in cryo-electron
microscopy in combination with x-ray crystallography allowed elucidation of many details
regarding the three-dimensional organisation of elongating RNAPII associated with various
TEFs (9-11).

The heterodimeric TEF, SPT4-SPT5, is conserved in eukaryotes and archaea and
associates with RNAPII in a transcription-dependent manner (12). SPT4-SPT5 is involved in
various aspects of transcript elongation including stabilisation of the RNAPII elongation
complex, transcription through nucleosomes, regulation of RNAPII pausing, as well as
transcriptional termination and the coordination with co-transcriptional mRNA processing
(13,14). The multifunctional TEF, PAF1C, in higher eukaryotes consists of six subunits and
associates with RNAPII to stabilise the elongation complex and to promote transcription
(15,16). Furthermore, PAF1C links transcript elongation with post-translational histone
modifications along actively transcribed regions, including H2B mono-ubiquitination and
various histone methylations (i.e. H3K4me2/3, H3K36me3, K3K79me2/3). Therefore, as a
global regulatory factor PAF1C functions at the interface between chromatin and
transcription (15,16). Another factor that is considered to be a TEF is the FACT histone
chaperone consisting of the SSRP1 and SPT16 subunits. FACT can facilitate disassembly
and reassembly of nucleosomes, thus it is effective in various DNA-dependent processes
such as replication, repair and transcription (17,18). The reversible nucleosome
reorganisation is accomplished by multiple contacts of the FACT subunits with histones and
the nucleosomal DNA. During elongation FACT promotes transcription of RNAPII through
nucleosomes, but importantly it also assists reassembly of nucleosomes after RNAPII
passage (17-19).

A number of studies, particularly in the Arabidopsis thaliana model, have revealed
that various TEFs play vital roles in governing plant growth and development (20,21). In
Arabidopsis, each subunit of SPT4-SPT5 is encoded by two genes and the ubiquitously
expressed SPT5-2 proved essential. SPT4-RNAI plants expressing reduced amounts of
SPT4 (and SPT5-2) exhibit growth and developmental defects of which some may be caused
by inadequate auxin signalling (22). Moreover, SPT4-SPT5 modulates plant
thermomorphogenesis and salt tolerance (23,24). Along with other TEFs, SPT4-SPT5
associate with elongating RNAPII, forming the active elongation complex (22,25).
Arabidopsis PAF1C consisting (as in mammals) of six subunits associates with RNAPII (25)

and was initially recognised because of its role in the transition from vegetative to
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reproductive development. The early flowering phenotype of plants deficient in PAF1C
subunits is associated with reduced expression of the floral repressor FLC (26—30). In
addition, PAF1C proved to be involved in plant response to mechanical stimulation inflicted
by repeated touch (31) as well as in the response to elevated salt concentration (32,33). The
FACT histone chaperone composed of SSRP1 and SPT16 associates with transcribed
regions of Arabidopsis genes in a transcription-dependent manner (25,34,35). FACT proved
essential for viability (36,37) and decreased SSRP1/SPT16 expression levels resulted in a
variety of vegetative and reproductive defects including increased number of leaves, early
bolting, reduced seed set and impaired circadian rhythm (37,38). Moreover, FACT is critically
involved in the repression of aberrant transcript initiation from within coding regions of
RNAPII-transcribed genes (39).

While substantial information has been gathered about the role of TEFs in plant
development, knowledge regarding genome-wide impact of TEF function on RNAPII
transcription as well as their contribution to (rapid) transcriptional reprogramming is rather
incomplete. Therefore, we have comparatively analysed three types of Arabidopsis TEF
(SPT4-SPT5, PAF1C and FACT) regarding their genomic distribution relative to elongating
RNAPII. In addition, their involvement in the transcriptional response to challenging
conditions was examined by analysing corresponding mutant plants relative to wildtype. The
comparative analysis uncovered that the three types of TEFs distinctly influence transcript

elongation in the context of plant chromatin.

MATERIALS AND METHODS

Plant material

Seeds of Arabidopsis thaliana Col-0 were sown on solid 0.5x MS medium (40) and after
stratification for 48h at 4 °C in the dark, the plates were transferred to a plant incubator
(PolyKlima) with long day settings with 16h light (110 umol-m2-s1) at 21°C and 8h darkness
at 18°C. For heat stress treatment the plates were transferred to a water bath set to 44°C for
10 min and snap frozen in liquid nitrogen, as previously described (41). Plant lines used in
this study were described before: ssrpl-2, sptl6-1 (37), elf7-3 (26) and SPT4-RNAi line 3
(termed SPT4-R3) (22).

Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChiP) was essentially performed as described previously
(42,43). Arabidopsis plants grown in vitro (14 d after stratification, 14-DAS) were crosslinked
with formaldehyde and used for isolation of nuclei, before chromatin was sheared using a

Bioruptor Pico device (Diagenode, Seraing, Belgium). Immunoprecipitation was carried out
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using magnetic Dynabeads Protein A (Thermo Fisher Scientific). Elongation factor ChlPs
were performed with previously described antibodies directed against purified, recombinant
domains of elongation factors SPT5-2 (aaT792-P1041) (22), ELF7 (aaD401-E589) (25),
SSRP1 (aaV453-N646) and SPT16 (aaE416-M554) (34). RNAPII ChiIPs were performed with
antibodies against RNAPII-S2P (ab5095; Abcam) and RNAPII-S5P (ab5131; Abcam).

Chromatin immunoprecipitation sequencing (ChIP-seq)

Libraries were prepared using the NEBnext Ultrall Library preparation kit with 6bp NEBNext
Multiplex Oligonucleotides for lllumina according to the manufacturer with minor
modifications. ChIP-seq was carried out as described in the lllumina NextSeq 500 System
Guide (Illumina), and the KAPA Library Quantification Kit - lllumina/ABI Prism (Roche
Sequencing Solutions). Equimolar amounts of each library were sequenced on a NextSeq
500 instrument controlled by the NextSeq Control Software (NCS) v2.2.0, using the 75
Cycles High Output Kit with single index, single-read (SR) run parameters. Image analysis
and base calling were done by the Real Time Analysis Software (RTA) v2.4.11. The resulting
.bcl files were converted into .fastq files with the bcl2fastq v2.18 software. ChiPseq was
performed at the Genomics Core Facility “KFB - Center of Excellence for Fluorescent

Bioanalytics” (University of Regensburg, Regensburg, Germany; www.kfb-regensburg.de).

Sequencing resulted in an average of 17.7M reads per library (min 12.8M, max 23.9M) with

an average Phred score >34 (Table S1).

ChlIP-seq data analysis
Reads were trimmed using Trimmomatic (v0.39) (44) followed by alignment to the TAIR10
genome (https://www.arabidopsis.org/) using Bowtie2 (45) using the preset mode --local --

very-sensitive-local. Alignment files were converted to .bam files containing only alignments
with MAPQ score >10, sorted and indexed using the samtools suite (v1.16.1) (46). Coverage
tracks were calculated using deepTools ‘bamCoverage’. Downstream analysis was mainly
performed using the deepTools2 suite (v.3.5.0) (47). Quality control was performed at
several steps using FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
Genomic regions with aberrant coverage or low sequence complexity were filtered out, as
described previously (48). After confirming high pairwise correlations and performing
hierarchical clustering analysis (Supplementary Figure S1, S2), the biological replicates (four
replicates for SPT5, ELF7, SSRP1 and SPT16 and two replicates for RNAPII-S2P and -S5P)
were merged and CPM normalised. Peaks were called using the MACS3 (49) callpeak
function with RNAPII-S2P and RNAPII-S5P as control, respectively, with the following
arguments -g 119481543 -B -q 0.01 --nomodel.
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MNase-seq data analysis

Analyses were performed as previously described (41) and +1 nucleosomal positions were
extracted as the first nucleosomal position after TAIR10 annotated transcription start sites
with a minimal overlap of 140 bp. The following nucleosomal positions were extracted

following the definition of the +1 nucleosome for each gene.

Transcript profiling by RNA-seq

Nuclear RNA isolated from 6-DAS plants using the TRIzol method (Invitrogen) was further
purified and DNase-treated using the Monarch RNA Cleanup Kit (New England Biolabs) as
previously described (41). Library preparation and RNAseq were carried out as described in
the NUGEN Universal RNA-Seq with NuQuant User Guide v2.1 (Tecan Genomics), the
lllumina NextSeq 500 System Guide (lllumina), and the KAPA Library Quantification Kit -
lllumina/ABI Prism User Guide (Roche Sequencing Solutions).

In brief, 25 ng of total RNA isolated from Arabidopsis nuclei were reverse transcribed into
first strand cDNA using a mixture of random and poly-dT primers with an integrated DNase
treatment step. Second strand synthesis, using a nucleotide analogue enabling strand
retention, generated double stranded cDNA (ds cDNA). The ds cDNA was fragmented to a
median size of 200-500 base pairs with a S2 Ultrasonication System (Covaris) using the
following settings: Intensity 5; Duty Cycle 10%; Cycles per Burst 200; Treatment Time 180 s;
micro Tube AFA Fiber Snap-Cap. Next, end repair was performed to generate blunt-ended
ds cDNA, followed by the ligation of the indexing adapters, a strand selection via nucleotide
analogue-targeted degradation and a reduction of the Arabidopsis rRNA content by an
AnyDeplete-mediated adaptor cleavage. Finally, cDNA libraries were created by 18 cycles
PCR enrichment and purified by a magnetic bead clean-up using 0.8 volumes of the bead
suspension. The libraries were quantified using the KAPA Library Quantification Kit.
Equimolar amounts of each library were sequenced on a NextSeq 500 instrument controlled
by the NextSeq Control Software (NCS) v2.2.0 using one 75 Cycles High Output Kit with the
single index, single-read (SR) run parameters. Image analysis and base calling resulted in
.bcl files, which were converted into .fastq files with the bcl2fastq v2.18 software.

Library preparation and RNAseq were performed at the Genomics Core Facility “KFB -
Center of Excellence for Fluorescent Bioanalytics” (University of Regensburg, Regensburg,

Germany; www.kfb-regensburg.de). Sequencing of three biological replicates per genotype

and condition resulted in an average of 8.4M reads per library (min 6.9M, max 14.4M) with

an average Phred score >34 (Table S2).

RNA-seq data analysis
Quality control of raw RNAseq reads was performed with FastQC v0.11.8
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(https://www.bioinformatics.babraham.ac.uk/projects/fastgc/) and MultiQC (50). After the

initial quality assessment, reads with low base quality and adapter

contaminations were removed using Trimmomatic (v0.39) (44). The remaining reads were
aligned to the TAIR10 genome assembly with STAR (v2.7.3a) (51). The resulting alignment
maps were converted to .bam files with Samtools (v1.9) (46). Quality control of the alignment
was performed with FastQC, MultiQC and Qualimap v2.2.1 (52). Read normalisation was
performed with Samtools and Deeptools v3.3.0 (47). Count table was made with subread
package v1.6.3 (53). Consistency of the biological replicates was evaluated by calculation of
pairwise correlations and principle component analyses (Supplementary Figure S3, S4).
Differential expression analysis was performed with DeSeq2 v1.24.0 (54).

Unnormalised .bam alignment files were merged and then indexed with Samtools v1.9.
log2ratios of the HS libraries were calculated using the merged no HS control for each
genotype as control with parallel sequencing depth normalisation with bamCompare
(Deeptools v3.3.0). Internal exons and intron-exon borders were extracted using the R

package TxDb.Athaliana.BioMart.plantsmart28 (version 3.2.2) with R (version 3.6.1).

RESULTS

Differential distribution of TEFs over transcribed regions

Chromatin immunoprecipitation combined with high throughput sequencing (ChlP-seq) was
used to map the distribution of TEFs and RNAPII genome-wide. To detect native SPT4-
SPT5, PAF1C and FACT, antibodies directed against Arabidopsis SPT5-2, ELF7 (orthologue
of PAF1) and SSRP1/SPT16 (22,25,34) were used. To detect elongating RNAPII,
commercial antibodies were used that are directed against the phosphorylated residues S2P
and S5P of the heptapeptide repeats occurring in the CTD of the NRPB1 subunit (55).
Analysis of the ChlP-seq data obtained with 14 days after stratification (DAS) Col-0 plants
demonstrated that expectedly elongating RNAPII and TEFs are detected over RNAPII-
transcribed regions (Fig. 1A-C). RNAPII-S2P and S5P show a divergent pattern with the S2P
signal gradually increasing from the transcriptional start site (TSS) towards the transcriptional
end site (TES) and exhibiting a prominent peak just downstream of the TES, while S5P is
more evenly distributed throughout the gene body. The distribution of RNAPII-S2P and S5P
over transcribed regions (Supplementary Figure S5) is essentially in agreement with earlier
studies in Arabidopsis (42,56). Moreover, as recently discussed (21), the result confirms the
different genomic distribution of S5P in Arabidopsis in comparison to that observed in yeast
and mammals, which exhibits maximum enrichment around the TSS with markedly declining
coverage over the transcribed region towards the TES. The profile of SPT5 closely

resembles that of S2P (Fig. 1A), also evident from the high Pearson correlation of 0.95
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(Supplementary Figure S6). ELF7 is spread over the transcribed region and no clear
enrichment is seen at the TES (Fig. 1B). The FACT subunits, SSRP1 and SPT16, share a
highly similar distribution (Fig. 1C) with a Pearson correlation of 0.99 (Supplementary Figure
S6), which also illustrates the robustness of the analysis. The FACT occupancy over the
transcribed region is shifted towards the TSS (relative to that of RNAPII) and more closely
resembling the distribution of S5P rather than S2P. In line with their concerted involvement in
transcriptional elongation the analysed TEFs and RNAPII-S2P/S5P share relatively high
pairwise correlations (Supplementary Figure S6). Further analysis of the distribution patterns
by hierarchical clustering confirmed the more pronounced conformity of SPT5 with S2P, and
the higher conformity of FACT and ELF7 with S5P (Fig. 1D). Next the analysed genes were
divided into quartiles depending on the corresponding transcript levels. SPT5 shows a very
clear linear correlation with S2P, while ELF7 shows a marked correlation with S5P and it is
somewhat overrepresented in the gene body of very highly transcribed genes (Fig. 2). Both
SPT16 and SSRP1 exhibit striking similarity with each other and are (compared to S2P and
S5P) overrepresented in the gene body of genes dependent of transcriptional activity (Fig.
2). To identify regions of TEF enrichment relative to RNAPII, the ChlIP-seq signals were
analysed by differential peak calling of SPT5/ELF7/FACT relative to RNAPII-S2P/S5P. This
analysis revealed that in line with the above results SPT5 largely shared the distribution of
RNAPII-S2P, but (other than ELF7 and FACT) was enriched upstream of the TSS relative to
RNAPII-S5P (Fig. 3A). Consistently, relative to S5P, SPT5 is enriched mostly outside
transcribed regions (Fig. 3D,E). The enrichment of ELF7 is essentially restricted to the gene
body (Fig. 3B), where it co-localises with S5P rather than S2P (Fig. 3D,E). For FACT a
characteristic accumulation is detected downstream of the TSS (Fig. 3C). This prominent
promoter-proximal accumulation is seen both relative to S2P and S5P (Fig. 3D,E). Taken
together, these analyses illustrate that over transcribed Arabidopsis genes SPT4-SPT5,
PAF1C and FACT are differently distributed relative to each other and relative to RNAPII.

Transcriptional reprogramming is distinctly affected in plants lacking different TEFs
To further elaborate the function of the TEFs in transcriptional elongation, in vitro grown
plants deficient in TEFs were exposed to heat stress (HS) to prompt transcriptional
reprogramming. SPT4-RNAi plants (termed SPT4-R3, also depleted in SPT5, (22)), elf7-3
(no full-length ELF7 mRNA is detectable (26)), ssrpl1-2 (substantially decreased expression
of SSRP1 (37)) and for comparison Col-0 wildtype plants were exposed to a rapid HS of
10min at 44°C (using a water bath to achieve fast temperature change). Sublethal HS
treatment of that kind evoked altered expression of hundreds of genes (41,57) and we
presumed that this scenario may assist identifying whether/which transcriptional impairments

occur in the different mutants. To examine genome-wide transcriptional changes of the
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plants deficient in TEFs relative to Col-0 upon exposure to heat, nuclear RNA was isolated
from untreated plants (no HS) and plants exposed to HS. We intended to generate
information on transcriptional output (freshly synthesised unspliced/spliced mRNAs including
nascent transcripts) rather than steady-state mRNA levels obtained with total poly(A) mMRNA
enrichment (58,59). Therefore, we (1) isolated nuclear RNA (rather than total RNA), (2) used
rRNA depletion (rather than poly(A) enrichment) and (3) made use of low RNA size cut-off
(=25 nt). Isolated RNAs were assayed by high throughput sequencing and the reads were
mapped to the Arabidopsis genome. Under standard conditions relatively mild changes in the
transcript patterns are observed for the mutants deficient in the three TEFs relative to Col-0
plants and the defects are increased with higher transcript levels (Fig. 4A-C, top panels).
Upon HS, however, pronounced and distinct defects are detected for the three genotypes. A
common feature evident from the metagene profiles is a transcript level-dependent shift of
the mapped RNA-seq reads towards the TSS (Fig. 4A-C, bottom panels). In parallel, the
transcript reads decrease along the transcribed region towards the TES, indicating
decreased RNAPII processivity. This effect is most pronounced with elf7, while with ssrpl a
prominent peak just downstream of the TSS becomes apparent upon HS. In case of SPT4-
R3 the drop in transcript reads over the transcribed region is less pronounced than with elf7.
The relative shift of the RNA-seq reads towards the TSS and the decrease over the
transcribed regions upon HS among the expressed gene groups is obvious over a large set
of genes (Fig. 4D-F). Thus, the transcript profiling analysis highlights that the depletion of
TEFs distinctly impairs transcript synthesis at different genomic regions, particularly under

conditions of massive transcriptional reprogramming.

In addition to transcribed regions SPT5 localises to a region upstream of TSSs

SPT5 mainly localises to the transcribed region, closely resembling the distribution of
RNAPII-S2P (Fig. 1). Differential ChlP-seq peak calling revealed that relative to S5P, SPT5
is also enriched upstream of the TSS (Fig. 3). When summarising the differentially called
ChiP-seq peaks over closely spaced genes (<500 bp distance) and more distant genes
(>500 bp distance), it became clear that a notable SPT5 peak upstream of TSSs is detected
only at closely spaced genes (Fig. 5A). Unlike SPT5, independent from the gene distance,
FACT and ELF7 exhibit no considerable enrichment in this region flanking the TSS
(Supplementary Figure S7A-C). The SPT5 peak adjacent to transcribed regions reminded of
the genomic distribution of BORDER proteins (BDR1-3) that were reported to prevent
transcriptional interference of closely spaced downstream genes in Arabidopsis. BDR1/2
occupied regions just upstream of the TSS and/or downstream of the TES, while BDR3
showed a strong preference for the TES (60). Reanalysis of the BDR1 ChlP-seq data

demonstrated a more pronounced enrichment at closely spaced genes (<500 bp distance)
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when compared to more distant genes (>500 bp distance) (Supplementary Figure S7D).
Because of the prevalent presence of BDR1 at TSSs, peaks of SPT5 enrichment relative to
RNAPII-S5P were centred over BDR1 ChlIP-seq summits (60). This analysis demonstrated
that SPT5 co-localises with BDR1 upstream of TSSs, whereas SSRP1 and ELF7 do not
share this genomic distribution (Fig. 5B). The heatmap shows a relative accumulation of
SPT5 over the centre of BDR1 peaks while ELF7 and FACT are not enriched (Fig. 5C).
Therefore, unlike PAF1C and FACT, SPT5 associates with BDR1 target sites upstream of

TSSs of some closely spaced genes.

ELF7 is required for RNAPII to transcribe efficiently over splice sites

ELF7 was detected over transcribed regions and its distribution showed a lower correlation
with RNAPII than that of SPT5 (Fig. 1). Furthermore, ELF7 exhibits differences in the
distribution compared to S2P but almost no difference to S5P (Fig. 3B), and compared to
Col-0 in elf7 mutant plants, transcript reads decreased along transcribed regions, particularly
upon HS-induced transcriptional reprogramming (Fig. 4). In search of gene characteristics
that may be related to ELF7-dependent transcriptional defects, genes up- and downregulated
in elf7 relative to Col-0 upon HS were analysed for the length of their transcribed regions. For
downregulated genes a median length of 2532 bp was determined, whereas upregulated
genes were shorter (median: 1787 bp) (Supplementary Figure S8A), suggesting that PAF1C
is particularly required for transcription of longer genes. Moreover, downregulated genes
contained ~8.8 exons and upregulated genes contained fewer exons (~6.2 exons), while
exon length differed only slightly (160 vs. 185 bp) between the two groups of genes
(Supplementary Figure S8B,C). Genes downregulated in elf7 show an increased transcript
coverage throughout the gene body in Col-0, while this upregulation cannot be seen in elf7.
However, this difference between Col-0 and elf7 is only apparent downstream of the
promoter-proximal region. Therefore, genes downregulated in elf7 are downregulated due to
defective elongation beyond the promoter-proximal region (Fig. 6A). For genes upregulated
in elf7 only minor differences are seen over the transcribed region (Fig. 6B). This indicates a
distinctive reduction of transcription along transcribed regions in ELF7-dependent genes. As
genes downregulated in elf7 contained a higher number of introns (Supplementary Figure
S8C), RNA-seq data of intron-less genes were compared with those of intron-containing
genes. Intron-less genes showed a similar pattern in elf7 and Col-0, whereas for intron-
containing genes transcript reads were reduced in elf7 along the transcribed region (Fig.
6C,D). Plotting the relative transcript coverage over intron-exon borders along protein coding
genes showed only minor differences under standard conditions (without HS) (Fig 6E). In elf7
and SPT4-R3 a slight reduction of mapped reads can be seen across intron-exon borders.

However, upon HS a pronounced drop of transcripts is detected in elf7 over intron-exon

10
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borders that is cumulative over successive intron-exon borders along genes (Fig. 6F). These
effects are clearly weaker for SPT4-R3 and not discernible for ssrpl plants. Plotting the
distribution of RNA-seq reads over ELF7 ChlP-seq peaks shows that this transcriptional
defect is also present over ELF7 enriched regions (Supplementary Figure S8D, top). At the
same time these ELF7 enriched sites exhibit accumulation of S5P (Supplementary Figure
S8D, bottom). This suggests that ELF7 enriched regions in Col-0 coincide with sites of
transcription defects in elf7 plants upon HS. Genes downregulated in elf7 were additionally
searched for the occurrence of prominent sequence motifs. The two most strikingly identified
motifs represent recognition sites for the spliceosomal factors SRSF2 and SNRNP
(Supplementary Figure S8E), while no significantly enriched motifs were detected with genes
upregulated in elf7 or with the other analysed mutants (ssrpl, SPT4-R3). Hence, our
analyses highlight that the transcriptional elongation defects observed with elf7 plants

correlate with the exon-intron structure of affected genes.

FACT localises to nucleosomes, modulates the access to NDRs and is required to
promote transcription over +1 nucleosomes upon HS

The distribution of FACT over transcribed regions also showed a lower correlation with
RNAPII than that of SPT5 (Fig.1) with a prominent promoter-proximal enrichment relative to
RNAPII downstream of TSSs (Fig. 3). Upon HS, transcript coverage accumulates in ssrpl
plants just downstream of the annotated TSS (Fig. 4). In view of the function of FACT as a
histone chaperone, its genomic distribution was superimposed with nucleosome positions
derived from MNase-seq data (41). This dataset was obtained by H3 immunoprecipitation
after MNase digestion, ensuring that only DNA protected by histones is sequenced (61). Both
the SSRP1 and SPT16 ChlIP-seq coverage is enriched over nucleosomal positions, while the
nucleosomal pattern is markedly less pronounced with ELF7 and SPT5 (Fig. 7A) and RNAPII
(Supplementary Figure S9A). Comparison of the FACT enrichment relative to RNAPII-S2P
revealed that in general, the SSRP1 coverage correlates positively with the transcript level
(Fig. 7B). The accumulation of FACT at highly transcribed genes is in line with the analyses
above (Fig. 2). FACT (both SSRP1 and SPT16) and RNAPII are particularly enriched at
genes that are downregulated in ssrpl plants relative to Col-0 upon HS, while the coverage
is clearly lower at upregulated genes (Supplementary Figure S9B). With genes that are
differentially expressed dependent on ELF7, the differences in ELF7 and RNAPII occupancy
between up- and downregulated genes are comparatively clearly lower (Supplementary
Figure S9C). This suggests that compared to PAF1C, FACT is particularly required for
transcriptional upregulation in response to HS. Genes downregulated in ssrpl (relative to
Col-0) in fact fail to be upregulated upon HS, while the genes differentially expressed in elf7

show comparable S2P/S5P coverage in Col-0 (cf. Supplementary Figure S9B,C). Consistent
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with earlier studies (62,63), along transcribed regions of genes with high or medium
expression, a notable, phased nucleosome pattern is evident that is not well discernible with
low- or non-expressed genes (Fig. 7B). Strikingly, high FACT occupancy is associated with a
clearly more pronounced nucleosome-depleted region (NDR) upstream of the TSS. Using
unsupervised k-means clustering, two gene clusters were identified according to high and
low FACT occupancy relative to RNAPII-S2P based on the ChlP-seq data. Genes of both
clusters were intersected with nucleosomal positions, and centring SSRP1/SPT16 ChIP-seq
peaks to the +1 nucleosomal position of those genes demonstrated a distinctive
accumulation of SSRP1 and SPT16 just downstream of the +1 nucleosome of FACT
enriched genes (Fig. 7C). Centring MNase histone H3 ChiP-seq data (41) over the +1
nucleosomal position of the FACT enriched gene cluster revealed a striking depletion of
nucleosomes upstream of the TSS, while there is no marked change in the nucleosomal
pattern downstream of the TSS (Fig. 7D). The depletion of the NDR is considerably less
pronounced with the FACT non-enriched gene cluster. The mean transcript levels of FACT
enriched genes are higher than those of ELF7- and SPT5-enriched genes, suggesting that
FACT is especially associated with high expression levels (Supplementary Figure S9D). In
addition, the transcript levels of FACT non-enriched genes are lower, but still those genes
are transcribed, although there is a relatively high nucleosome occupancy at the NDR.
Centring the relative fold-change in transcript coverage (cf. Fig. 4) over the two gene clusters
highlighted a clear accumulation of transcripts just upstream of the +1 nucleosome in the
FACT enriched gene cluster after HS (Fig. 7E). The accumulation of transcript reads is
distinctly weaker for the FACT non-enriched gene cluster or without HS treatment. The
maximum accumulation of transcripts maps ~40 bp upstream of the centre of the +1
nucleosome, while the peak centre of FACT enrichment maps ~110 bp downstream of the +1
nucleosome (Fig. 7F-H). Centring the FACT ChlP-seq coverage and the RNA-seq reads to
the +1 to +5 nucleosomal positions illustrates that the distinctive FACT occupancy as well as
the accumulating RNA-seq reads upon HS occur exclusively at the +1 nucleosome
(Supplementary Figure S10A,B). Furthermore, we plotted FACT ChlP-seq peaks centred to
the +1 nucleosome over FACT enriched/non-enriched, ELF7 enriched/non-enriched and
SPT5 enriched/non-enriched gene clusters. The specific enrichment of FACT downstream of
the +1 nucleosome is only detected in the FACT enriched cluster, but not in the other gene
clusters (Supplementary Figure S11A-C). The corresponding MNase H3 ChIP-seq patterns
reveal that the distinctive cleared NDR upstream of the TSS is obvious in the FACT enriched
cluster, but clearly less marked in the other gene clusters (Supplementary Figure S11D-G).
Finally, by plotting the MNase H3 ChIP-seq signal centred to the +1 nucleosome of genes
up- or downregulated in ssrpl, the cleared NDR is quite evident for the downregulated

genes, but markedly less discernible for the upregulated genes (Supplementary Figure
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S11H). Thus, the genes that exhibit particularly increased FACT coverage (Supplementary
Figure S9B) are characterised by a prominent NDR upstream of the TSS (Supplementary
Figure S11H) and require FACT for transcriptional upregulation. Apart from its influence on
the promoter-proximal NDR our results imply that FACT is required under HS conditions for
RNAPII to efficiently transcribe through +1 nucleosomes of a number of genes. Recently, the
elongation factor TFIIS was found to be critically involved in plant HS response, in part also
by promoting transcription through the +1 nucleosome (41,57). Therefore, we examined
whether the expression of a common set of genes is affected in tflls and ssrpl upon HS.
However, comparison of the genes downregulated upon HS revealed only a minor overlap
between the genes affected in tflls and ssrpl (Supplementary Figure S12A). TFIIS-
dependent stalling of RNAPII at the +1 nucleosome under HS conditions is associated with
eviction of the histone variant H2A.Z from the +1 nucleosome (41). Hence, we examined
H2A.Z occupancy in absence/presence of HS, derived from H2A.Z ChlP-seq data (64) over
genes that were up- or downregulated in ssrpl relative to Col-0. No change in H2A.Z
coverage at the +1 nucleosome was apparent in the analysis (Supplementary Figure S12B).
Consequently, both FACT and TFIIS influence RNAPII transcription at the +1 nucleosome

upon HS, but in different ways.

DISCUSSION

Eukaryotic organisms vary substantially regarding genomic features that most likely influence
the process of transcript elongation by RNAPII. Besides distinctions in chromatin
characteristics this includes genome size and in part related to that enormous differences in
the common length of transcribed regions, on the one hand in mammals (e.g. ~66.6 kb in
human, (65)) and on the other hand in Arabidopsis or yeast (e.g. ~2.2 kb in Arabidopsis,
(66)). Still, the majority of TEFs are conserved among eukaryotes indicating that they may be
adapted to the respective genomic context and consequently to the specific requirements for
efficient transcription. Here we have examined the genomic distribution of three different
types of TEFs in Arabidopsis and investigated their role in transcriptional reprogramming by
analysing the respective mutant plants under stress conditions.

Our ChlP-seq analysis revealed that SPT5 associates with transcribed regions and its
occupancy correlates with that of RNAPII, closely resembling the distribution of S2P. The
enrichment of SPT5 at the TES (along with S2P) suggests that it remains associated with
RNAPII until termination. Moreover, the SPT5 profile resembles that of the elongation factor
ELF1 in Arabidopsis (67), which is in line with the synergistic action of yeast SPT4-SPT5 and
ELF1 on in vitro transcript elongation on nucleosomal templates (68). In mammals, there is a
prominent promoter-proximal SPT5 peak close to the TSS at the same position as that of
another TEF termed NELF (69), consistent with the role of SPT4-SPT5 and NELF in

13
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establishment/release of RNAPII promoter-proximal pausing immediately down-stream of
TSSs (13,14). Yeast and plants do not encode NELF and supposedly do not make use of
stable, regulated promoter-proximal pausing of RNAPII the way mammals do (21,70) and in
agreement with that no promoter-proximal SPT5 peak is observed in yeast (71,72) and
Arabidopsis (Figs. 1,2). In mammals and yeast, SPT4-SPT5 stabilises the elongation
complex and increases RNAPII processivity (73,74) consistent with its strategic position on
the elongating polymerase (75). In line with that we observed upon exposure to HS
decreased mapping of transcript reads along the transcribed region towards TES in SPT4-R3
plants. Apart from its predominant association with transcribed regions, a peak of SPT5 was
detected upstream of TSSs of some closely spaced genes. There it co-localises with BDR1
that has been reported to prevent transcriptional interference with closely spaced
downstream genes (60). While the SPT5 peaks co-localise with BDR1 summits, it is
uncertain whether the accumulation close to TSSs might be an interference with peaks at
TESs of neighbouring genes. The functional implication of SPT5 localising upstream of TSSs
is unclear, but it may be related to a possible involvement in transcriptional initiation as
proposed for mammalian SPT5 (76).

The Arabidopsis PAF1C subunit ELF7 is almost exclusively distributed over the
transcribed region of protein-coding genes and shows a higher correlation with S5P rather
than S2P. Thus, the genomic distribution largely resembles that of the yeast orthologues,
which are detected along the gene body with declining occupancy at the TES (71,72). In
mammals, PAF1C exhibits a notably different distribution, as in addition to its occupancy
over the transcribed region, remarkable enrichment of PAF1C is detected at TSSs and
downstream of TESs (77). We noticed in elf7 plants a striking decline of transcript reads
along the transcribed region towards TES after exposure to HS that was more pronounced
with longer genes, suggesting reduced processivity. PAF1C has the capacity to stabilise the
elongation complex, which facilitates transcript elongation on chromatin templates resulting
in enhanced processivity (78—81). Our analyses of the transcriptional defects observed in
elf7 plants revealed a link with the occurrence of introns. Metagene profiles over genes with
introns show decreased transcript coverage in elf7 downstream of the promoter-proximal
region and the effect was cumulative over consecutive intron-exon borders. The sites of
impaired transcript mapping are also characterised by elevated ELF7 occupancy and are
enriched in RNAPII-S5P, which is linked to co-transcriptional splicing (82,83). Ongoing
transcription and co-transcriptional intron splicing are closely coupled, which is manifested by
physical interactions between the RNAPII elongation complex and the splicing machinery
that has been also demonstrated in Arabidopsis (25). In various organisms including plants,
transcriptional elongation and splicing were found to influence each other in complex and not

completely clarified manners (82—85). In this scenario, PAF1C could facilitate recruitment of
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splicing factors such as NTC, facilitating intron splicing (86,87) and/or SRSF2/SNRNP,
whose recognition motifs were markedly enriched in genes downregulated in elf7. As a
consequence of splicing defects transcriptional elongation may be indirectly impaired. Just as
well the above-mentioned stabilisation of the elongation complex by PAF1C (78-81) could
promote RNAPII transcription across exon-intron borders, resulting in enhanced processivity.
The FACT subunits, SSRP1 and SPT16, co-localise over transcribed regions and
compared to RNAPII-S2P/S5P are shifted towards the TSS particularly at highly transcribed
genes. The distribution of Arabidopsis FACT is similar to that observed in yeast, while in
metazoa FACT is even more enriched downstream of the TSS, which may be related to the
regulated RNAPII promoter-proximal pausing (71,88). Beyond that FACT displayed a
nucleosomal periodicity over transcribed genes, corresponding to that of yeast FACT. There,
the periodicity was interpreted as preferential binding of FACT to nucleosomes partially
unwrapped by transcribing RNAPII (89-91). This is in agreement with recent structural
studies, demonstrating that upon unwrapping DNA from the TSS-proximal side of the
nucleosome by the approaching RNAPII elongation complex and exposure of the proximal
H2A-H2B dimer, FACT is recruited to assist further nucleosome transcription (92,93). Upon
HS in ssrpl plants (in which SSRP1 is downregulated to <50%, (37)) transcript reads
accumulated just upstream of the +1 nucleosome, close to the site of FACT enrichment (Fig.
7). This suggests that under HS conditions FACT is required for early transcript elongation,
particularly for efficient transcription through the +1 nucleosome. Since there is only minor
overlap between differentially expressed genes in tflls (41) and ssrpl relative to Col-0 upon
exposure to HS, it is likely that TFIIS and FACT distinctly affect transcription through the +1
nucleosomes. Consistently, the maximum accumulation of transcripts upon HS map ~40 and
~20 bp upstream of the +1 nucleosome centre in ssrpl and tflls, respectively. Similar to
yeast FACT (91), Arabidopsis FACT accumulates downstream of the +1 nucleosome. Early
transcript elongation appears to be remarkably responsive to altered temperatures in
Arabidopsis, as promoter-proximal accumulation of RNAPII downstream of TSS occurs both
upon exposure to cold and heat (41,94,95). Another striking feature related to FACT was the
occurrence of a prominent NDR upstream of the TSS at FACT enriched genes that is not
seen with FACT non-enriched genes or with genes enriched in ELF7 or SPT5. Depletion of
FACT from mouse cells leads to a loss of promoter-proximal nucleosomal occupancy
resulting in a NDR upstream of TSSs that is associated with increased transcription (96). As
in our experimental setup, the MNase cleavage was followed by H3-ChIP before sequencing,
we conclude that the highly MNase sensitive region upstream of TSSs of FACT enriched
genes is depleted in nucleosomes. This is consistent with earlier experiments that revealed
that at a subset of genes phosphorylation of Arabidopsis SPT16 is required to establish or

retain a NDR upstream of the TSS (43). NDRs play important roles in regulating RNAPII
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transcription as they are sites of transcription factor binding, preinitiation complex assembly
and RNAPII loading (97,98). Thus, in Arabidopsis and mouse the histone chaperone FACT
modulates nucleosome occupancy upstream of TSSs and in Arabidopsis FACT is particularly
required upon HS for the efficient upregulation of genes. The applied rapid HS results in a
massive transcriptional reprogramming of hundreds of genes (41,57), hence apparently
necessitating FACT activity to adapt to the altered conditions.

Our study analysing the genomic occupancy of three types of RNAPII elongation
factors in plants revealed that SPT4-SPT5, PAF1C and FACT predominantly localise to
transcribed regions, albeit with distinct distribution patterns. Examination of corresponding
mutant plants under acute HS conditions highlighted that different TEFs are diversely
required to elicit an appropriate transcriptional response. These insights into post-initiation
regulation of gene activity in Arabidopsis will serve as a foundation for future studies
addressing transcript elongation also in other plant species. Moreover, it represents a
starting point for comparative studies to unveil the similarities and dissimilarities of RNAPII

transcriptional regulation relative to yeast and metazoan models.
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FIGURE LEGENDS

Figure 1. Elongation factors exhibit distinct distribution over transcribed regions relative to
each other and relative to RNAPII. A-C, Metagene profiles of TEFs and elongating RNAPII
(S2P and S5P) distribution based on ChlP-seq data (based on four replicates for SPT5,
ELF7, SSRP1, SPT16 and two replicates for S2P, S5P). TEF and RNAPII ChIP-seq
coverage (normalised to counts per million reads) was plotted over TAIR10 annotated, non-
overlapping, protein coding genes (n= 24474). Lines are colour-coded as indicated and
represent the accumulation of RNAPII and elongation factors, while the shaded area
indicates the standard error of the mean. For comparison input samples of the respective
TEF ChIPs are shown. Genes were scaled over the annotated region and 500bp upstream
and downstream of TSS and TES are shown unscaled. D, Pearsson correlation together with
hierarchical clustering illustrates the differential distribution of TEFs and RNAPII. Pairwise
correlation was calculated over all TAIR10 annotated, non-overlapping, protein coding genes
(n=24474) divided into 10 bins per gene.

Figure 2. RNAPII and elongation factor occupancy increases with transcript levels. A,
Enrichment of elongating RNAPII (S2P, S5P) and elongation factors (SPT5, ELF7, SSRP1,
SPT16) along transcribed regions depicted as metagene plots based on ChlP-seq data.
Genes were divided into four groups according to transcript levels (logTPM, transcripts per
million) based on RNA-seq data of Col-0 plants (h=6177 in each group with quartile “low Tx":
logTPM 0.0 to -1.9; quartile “mid Tx": logTPM 0.6 to 0.0; quartile “high Tx”: logTPM 0.9 to
0.6; quatrtile “very high Tx": logTPM 3.4 to 0.9). Lines are colour-coded as indicated and
represent the normalised coverage of RNAPII and elongation factors, while the shaded area
indicates the standard error of the mean. B, Differential occupancy of RNAPII and elongation
factors along transcribed regions dependent on transcript levels shown as heatmaps. Genes
were are divided in four groups depending on transcript levels (as in A; n=6177) and they are
sorted from high expression (top) to low expression (bottom) as indicated on the left as color-

coded logTPMs (transcripts per million) of genes in Col-0 (no HS).

Figure 3. Genomic distribution of the TEFs relative to RNAPII-S2P and -S5P. A-C,
Metagene profiles of differential calling of ChlP-seq peaks obtained for SPT5, ELF7 and
FACT (SSRP1, SPT16) relative to those obtained for RNAPII-S2P (TEF/S2P) and S5P
(TEF/S5P). Lines are colour-coded as indicated and represent the accumulation of

elongation factors relative to RNAPII, while the shaded area indicates the standard error of
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the mean. Please note the different scale of the y-axes. D, Number of detected, differential
peaks relative to S2P and S5P. E, Genomic distribution of the detected differential peaks.
Schematic diagram on top depicting the proximal region (0-300 bp downstream of TSS) and
gene body (transcribed region without 0-300 bp). Bottom scheme depicts the distribution of
the differential peaks relative to S2P and S5P in the promoter proximal region, gene body
and outside of transcribed regions. For comparison, the distribution of randomly called peaks

within the genome is shown (random).

Figure 4. Mutants deficient in elongation factors exhibit distinct transcriptional defects. RNA-
seq data (based on three replicates per genotype and condition) of mutants deficient in
elongation factors (A, SPT4-R3; B, elf7; C, ssrpl) relative to Col-0 wildtype plants after 10
min HS (HS) or without HS (no HS). TSS-centred metagene profiles of the sequencing data
split according to expression level of genes after HS into four groups as indicated (low Tx,
mid Tx, high Tx and very high Tx with n=6177 genes for each group). Replicates were
merged and the log-fold changes (LFC) between mutant and Col-0 of no HS vs. HS were
calculated with TPM normalisation. E-F, Heatmaps illustrate the shift of mapped RNA-seq

reads of the transcribed gene groups (n=6177) towards the TSS upon exposure to HS.

Figure 5. Beyond its prevalent coverage over transcribed regions, ChlP-seq peaks of SPT5
enriched relative to RNAPII-S5P are detected upstream of TSSs of closely spaced genes
and correlate with BDR1 peaks. A, TAIR10 annotated, non-overlapping, protein coding
genes were divided into two classes according to their distance to the next annotated gene.
Genes with less than 500bp distance to the TSS or TES of the next annotated gene were
classified as closely spaced (<500bp; n=9544), while genes with more than 500bp distance
were classified as not closely spaced (>500bp; n=7668). SPT5 ChIP-seq peaks were centred
to the TSS. B,C, ChIP-seq peaks of SPT5, ELF7 and FACT were centred over ChIP-seq
summits (n=21334) of BDR1 (60). Lines (in A,B) are colour-coded as indicated and represent
the accumulation of elongation factors, while the shaded area indicates the standard error of

the mean.

Figure 6. The transcription defects observed in elf7 plants over transcribed regions are
correlated with intron/exon borders. A, RNA-seq data of HS relative to no HS (LFC) for elf7
and Col-0 plants plotted over genes downregulated in elf7 compared to Col-0 (n=290),
centred to the TSS (position of TSS is indicated by a dotted line). B, RNA-seq data of elf7
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and Col-0 plants of HS relative to no HS (LFC) plotted over genes upregulated in elf7
compared to Col-0 (n=129), centred to the TSS. C, RNA-seq data of elf7 and Col-0 plants of
HS relative to no HS (LFC) plotted over genes highly expressed upon HS containing =10
introns (n=290), centred to the TSS. D, RNA-seq data of elf7 and Col-0 plants of HS relative
to no HS (LFC) plotted over genes highly expressed upon HS containing no introns (n=355),
centred to the TSS. E,F, RNA-seq data of the respective mutant relative to Col-0 with no HS
(E) and upon HS (F) over TAIR10 annotated intron-exon borders (I| E) of non-overlapping,
protein-coding genes (n=24474) starting from left to right consecutively with I| E2 to I| E10.
Dotted line indicates intron-exon borders.

Figure 7. FACT is enriched over nucleosomal positions, modulates the accessability of the
promoter-proximal NDR and upon HS is required for efficient transcription through +1
nucleosomes. A, SSRP1 and SPT16 exhibit a more pronounced nucleosomal pattern than
ELF7 and SPT5. The respective TEF ChlP-seq coverage was centred over nucleosome
positions (+1 to +5) from MNase H3 ChiIP-seq data (n=26295 for +1 nucleosome) (41). B,
Transcriptional activity (Tx, orange), SSRPL1 relative to RNAPII-S2P enrichment (red) and
mononucleosomal coverage (grey) over all TAIR10 annotated, non-overlapping, protein-
coding genes sorted by mean SSRP1 signal intensity (n=24474 ). C-H Peaks called from
FACT (SSRP1 and SPT16) relative to RNAPII-S2P ChlP-seq data were divided into two
clusters according to high FACT occupancy (FACT enriched; n=10360) and low FACT
occupancy (FACT non-enriched; n=13901) using unsupervised k-means clustering. C,
Genes from both clusters were intersected with +1 nucleosomal positions. Called peaks from
SSRP1 and SPT16 ChIP-seq data were centred to the +1 nucleosomal position in the
respective cluster. D, MNase H3 ChlIP-seq data was centered to the +1 nucleosomal position
in the respective cluster. E, Based on the RNA-seq data, LFC of ssrp1/Col-0 without HS and
after HS was centred over the +1 nucleosomal position in the respective cluster. F, Mean
density of FACT/S2P ChIP-seq peaks, G, mean MNase H3 ChIP-seq coverage (NDR seen
with the FACT enriched cluster indicated by an arrow) and H, LFC of ssrp1/Col-0 based on
RNA-seq after HS centered to the +1 nucleosomal position in the two above-mentioned gene

clusters.
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Figure 1. Elongation factors exhibit distinct distribution over transcribed regions relative to each other and relative
to RNAPII. A-C, Metagene profiles of TEFs and elongating RNAPII (S2P and S5P) distribution based on ChIP-seq
data (based on four replicates for SPT5, ELF7, SSRP1, SPT16 and two replicates for S2P, S5P). TEF and RNAPII
ChIP-seq coverage (normalised to counts per million reads) was plotted over TAIR10 annotated, non-overlapping,
protein coding genes (n= 24474). Lines are colour-coded as indicated and represent the accumulation of RNAPII
and elongation factors, while the shaded area indicates the standard error of the mean. For comparison input
samples of the respective TEF ChlPs are shown. Genes were scaled over the annotated region and 500bp
upstream and downstream of TSS and TES are shown unscaled. D, Pearsson correlation together with hierarchical
clustering illustrates the differential distribution of TEFs and RNAPII. Pairwise correlation was calculated over all
TAIR10 annotated, non-overlapping, protein coding genes (n= 24474) divided into 10 bins per gene.
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Figure 2. RNAPII and elongation factor occupancy increases with transcript levels. A, Enrichment of elongating
RNAPII (S2P, S5P) and elongation factors (SPT5, ELF7, SSRP1, SPT16) along transcribed regions depicted as
metagene plots based on ChlP-seq data. Genes were divided into four groups according to transcript levels
(logTPM, transcripts per million) based on RNA-seq data of Col-0 plants (n=6177 in each group with quartile “low
Tx”: logTPM 0.0 to -1.9; quartile “mid Tx”: logTPM 0.6 to 0.0; quartile “high Tx”: logTPM 0.9 to 0.6; quartile “very
high Tx”: logTPM 3.4 to 0.9). Lines are colour-coded as indicated and represent the normalised coverage of
RNAPII and elongation factors, while the shaded area indicates the standard error of the mean. B, Differential
occupancy of RNAPII and elongation factors along transcribed regions dependent on transcript levels shown as
heatmaps. Genes were are divided in four groups depending on transcript levels (as in A; n=6177) and they are
sorted from high expression (top) to low expression (bottom) as indicated on the left as color-coded logTPMs
(transcripts per million) of genes in Col-0 (no HS).
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Figure 3. Genomic distribution of the TEFs relative to RNAPII-S2P and -S5P. A-C, Metagene profiles of
differential calling of ChlP-seq peaks obtained for SPT5, ELF7 and FACT (SSRP1, SPT16) relative to those
obtained for RNAPII-S2P (TEF/S2P) and S5P (TEF/S5P). Lines are colour-coded as indicated and
represent the accumulation of elongation factors relative to RNAPII, while the shaded area indicates the
standard error of the mean. Please note the different scale of the y-axes. D, Number of detected, differential
peaks relative to S2P and S5P. E, Genomic distribution of the detected differential peaks. Schematic
diagram on top depicting the proximal region (0-300 bp downstream of TSS) and gene body (transcribed
region without 0-300 bp). Bottom scheme depicts the distribution of the differential peaks relative to S2P
and S5P in the promoter proximal region, gene body and outside of transcribed regions. For comparison,
the distribution of randomly called peaks within the genome is shown (random).
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Figure 4. Mutants deficient in elongation factors exhibit distinct transcriptional defects. RNA-seq data
(based on three replicates per genotype and condition) of mutants deficient in elongation factors (A, SPT4-
R3; B, elf7; C, ssrp1) relative to Col-0 wildtype plants after 10 min HS (HS) or without HS (no HS). TSS-
centred metagene profiles of the sequencing data split according to expression level of genes after HS into
four groups as indicated (low Tx, mid Tx, high Tx and very high Tx with n=6177 genes for each group).
Replicates were merged and the log-fold changes (LFC) between mutant and Col-0 of no HS vs. HS were
calculated with TPM normalisation. E-F, Heatmaps illustrate the shift of mapped RNA-seq reads of the
transcribed gene groups (n=6177) towards the TSS upon exposure to HS.
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Figure 5. Beyond its prevalent coverage over transcribed regions, ChlP-seq peaks of SPT5
enriched relative to RNAPII-S5P are detected upstream of TSSs of closely spaced genes and
correlate with BDR1 peaks. A, TAIR10 annotated, non-overlapping, protein coding genes were
divided into two classes according to their distance to the next annotated gene. Genes with less
than 500bp distance to the TSS or TES of the next annotated gene were classified as closely
spaced (<500bp; n=9544), while genes with more than 500bp distance were classified as not
closely spaced (>500bp; n=7668). SPT5 ChlP-seq peaks were centred to the TSS. B,C, ChIP-seq
peaks of SPT5, ELF7 and FACT were centred over ChlP-seq summits (n=21334) of BDR1 (60).
Lines (in A,B) are colour-coded as indicated and represent the accumulation of elongation factors,
while the shaded area indicates the standard error of the mean.
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Figure 6. The transcription defects observed in elf7 plants over transcribed regions are correlated with
intron/exon borders. A, RNA-seq data of HS relative to no HS (LFC) for elf7 and Col-0 plants plotted over
genes downregulated in elf7 compared to Col-0 (n=290), centred to the TSS (position of TSS is indicated
by a dotted line). B, RNA-seq data of elf7 and Col-0 plants of HS relative to no HS (LFC) plotted over
genes upregulated in elf7 compared to Col-0 (n=129), centred to the TSS. C, RNA-seq data of elf7 and
Col-0 plants of HS relative to no HS (LFC) plotted over genes highly expressed upon HS containing =10
introns (n=290), centred to the TSS. D, RNA-seq data of elf7 and Col-0 plants of HS relative to no HS
(LFC) plotted over genes highly expressed upon HS containing no introns (n=355), centred to the TSS.
E,F, RNA-seq data of the respective mutant relative to Col-0 with no HS (E) and upon HS (F) over
TAIR10 annotated intron-exon borders (| | E) of non-overlapping, protein-coding genes (n=24474) starting
from left to right consecutively with || E2 to || E10. Dotted line indicates intron-exon borders.
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Figure 7. FACT is enriched over nucleosomal positions, modulates the accessability of the promoter-proximal
NDR and upon HS is required for efficient transcription through +1 nucleosomes. A, SSRP1 and SPT16 exhibit a
more pronounced nucleosomal pattern than ELF7 and SPT5. The respective TEF ChlP-seq coverage was
centred over nucleosome positions (+1 to +5) from MNase H3 ChlP-seq data (n=26295 for +1 nucleosome) (41).
B, Transcriptional activity (Tx, orange), SSRP1 relative to RNAPII-S2P enrichment (red) and mononucleosomal
coverage (grey) over all TAIR10 annotated, non-overlapping, protein-coding genes sorted by mean SSRP1 signal
intensity (n=24474 ). C-H Peaks called from FACT (SSRP1 and SPT16) relative to RNAPII-S2P ChlP-seq data
were divided into two clusters according to high FACT occupancy (FACT enriched; n=10360) and low FACT
occupancy (FACT non-enriched; n=13901) using unsupervised k-means clustering. C, Genes from both clusters
were intersected with +1 nucleosomal positions. Called peaks from SSRP1 and SPT16 ChlP-seq data were
centred to the +1 nucleosomal position in the respective cluster. D, MNase H3 ChlP-seq data was centered to the
+1 nucleosomal position in the respective cluster. E, Based on the RNA-seq data, LFC of ssrp1/Col-0 without HS
and after HS was centred over the +1 nucleosomal position in the respective cluster. F, Mean density of
FACT/S2P ChlP-seq peaks, G, mean MNase H3 ChlP-seq coverage (NDR seen with the FACT enriched cluster
indicated by an arrow) and H, LFC of ssrp1/Col-0 based on RNA-seq after HS centered to the +1 nucleosomal
position in the two above-mentioned gene clusters.



119

SPT5
rep1

0.99 099
T F ¢ |0e8
SPT5
rep2 /

SPT5

rep3

2

input

“lo3s

2.0

15

10

0.5

ELF7
rep1

S2p
rep1

029

O’L. Q‘b
input

po3 P22
D97 D.14
T 2 099 0.07
S5P Pk
rep1 /" '
T 1 10.10
S5P |
rep2

iﬁput ’

Supplementary Figure S1. Pairwise Pearson correlation of TEF ChlIP-seq replicates (SPT5, ELF7, SSRP1, SPT16) and
RNAPII ChlP-seq replicates (S2P, S5P). In addition, the respective input samples are included over all TAIR10 annotated
non-overlapping protein-coding genes (n=24474).
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RNAPII ChiIP-seq data as well as input samples. A, Heatmap depiction of hierarchical clustering of the pairwise correlations
obtained for all the ChlP-seq replicates and input samples. B, Principal component analysis of all ChlP-seq replicates and
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Supplementary Figure S4. Hierarchical clustering of pairwise correlation and principal component analysis of
all RNA-seq data. A, Heatmap depiction of hierarchical clustering of the pairwise correlations obtained for all
the RNA-seq replicates. B, Principal component analysis of all RNA-seq replicates over all TAIR10 annotated
non-overlapping protein-coding genes (n=24474).
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Supplementary Figure S5. Comparison of RNAPII-S2P and S5P distribution datasets from different studies.
Metagene profiles of RNAPII (S2P and S5P) distribution based on ChIP-seq data (A,B) and NET-Seq data
(C). A, RNAPII ChIP-Seq coverage (this work) was plotted over highly expressed non-overlapping, protein
coding genes (n=6177). B, ChIP-seq data (SRA-accession PRINA527114) from (42), and C, NET-Seq data
(SRA-acccession PRINA480966) from (56) over the same set of genes. Lines show the accumulation of
RNAPII, while the shaded area indicates the standard error of the mean. Genes were scaled over the
annotated region.
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Supplementary Figure S6. Scatterplots and Pearson correlation of ChIP-seq data of TEFs and RNAPII.
Pairwise correlation was calculated over all TAIR10 annotated non-overlapping protein-coding genes
(n=24474). Genes were split into 10 bins per gene using the bedtools ,makewindows* function.
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Supplementary Figure S7. Genomic distribution of TEFs and BDR1 depending on the distance between
genes. ChlP-seq peaks of SPT5 (A), ELF7 (B), FACT (C) and of BDR1 (Yu et al., 2019) (D) were plotted
over genes divided according to the distance to the next gene. Distribution of peaks over TAIR10 annotated,
non-overlapping, protein coding genes with more than 500 bp distance (n=7668) from the TSS to the next
gene and more than 500 bp from the TES to the next gene are indicated in black, while distribution of peaks
over genes with less than 500 bp distance (n=9544) to the next gene is color coded as indicated.
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Supplementary Figure S8. Genes downregulated in elf7 are longer and contain a higher number of introns
than upregulated genes. A, Genes downregulated (n=290) in elf7 relative to Col-0 upon HS are longer than
upregulated (n=129) genes. Differentially expressed genes for elf7 vs Col-0 upon HS were identified using
Deseq?2 (log-fold change cutoff of 2 and adjusted p-value < 0.05). The median gene length (TSS to TES) was
determined for up- and downregulated genes and statistical significance was calculated using unpaired t-test
resulting in a two-tailed P value of 0.0001. B, The median exon length in up and downregulated genes was
determined and statistical significance was calculated using an unpaired t-test resulting in a two-tailed P value
of 0.0150. C, The number of exons in downregulated genes is greater than in upregulated genes. The plot
shows the mean number of exons per gene and the standard error of the mean. D, Upon HS, in elf7 transcript
reads accumulate upstream of peaks of ELF7 enrichment relative to S2P. LFC of transcripts in elf7 relative to
Col-0 (with/without HS), plotted over the center of ELF7/S2P peaks in non-overlapping protein-coding genes
(n=2687; top). ChlP-seq coverage of S2P and S5P over the same areas (bottom). E, Motif search in genes
downregulated in elf7 (n=290) using the HOMER software revealed three significantly enriched motifs:
recognition sites for the spliceosomal factors SRSF2 (1) and SNRNP (2), and an unknown Arabidopsis
promoter (3).
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Supplementary Figure S9. FACT is markedly enriched at genes that are downregulated in ssrp7. A, S2P and
S5P coverage centered over nucleosome positions (+1 to +5; n=26295 for +1 nucleosome) from MNase-seq
data (cf. Fig 7A). B, SSRP1, SPT16 and RNAPII-S2P/S5P are enriched at genes downregulated in ssrp7.
ChIP-seq coverage was plotted over genes upregulated (n= 306) or downregulated (n=367) in ssrp7 relative to
Col-0 after HS. C, Comparatively smaller fluctuation of ELF7 and RNAPII at genes differentially expressed in
elf7. ChlP-seq coverage of ELF7 and RNAPII-S2P/S5P was plotted over genes upregulated (n= 750) or
downregulated (n=981) in elf7 relative to Col-0 after HS. The SEM is indicated as shaded area. D, Transcript
levels of genes enriched or non-enriched in the indicated TEFs (according to ChlP-seq data) based on RNA-
seq data, depicted as mean log TPM with p-values determined by unpaired t-test.



128

+1 Nuc +2 Nuc +3 Nuc +4 Nuc +5 Nuc
pri B = T 1.0
2
[ 0.8
<
E o 0.6
= 0
= oo 0.4
Qa
< 0.2
(&]
0.0
-1.0 center 1.0Kb -1.0 center 1.0Kb -1.0 center 1.0Kb -1.0 center 1.0Kb -1.0 center  1.0Kb
B 15
1.0
(2]
25 o
o L
L c 0.5
o O
>0
9=
Sa 0.0
8 ¢
5o
g 8 o F=0.5
£- I
F-1.0
—- -1.5

-1.0 center 1.0Kb -1.0 center 1.0Kb -1.0 center 1.0Kb -1.0 center 1.0Kb -1.0 center 1.0Kb

Supplementary Figure $10. FACT peaks and enrichment of RNA-seq reads at the position of the +1 nucleosome.
A, FACT peaks (SSRP1 and SPT16, relative to RNAPII) over nucleosomal positions (+1 to +5) defined by MNase
H3-ChIP-seq of all protein-coding genes (cf. Fig. 7). B, Relative enrichment of transcript reads in ssrp1 relative to
Col-0 plotted over nucleosomal positions (+1 to +5) of all protein coding genes defined by MNase H3-ChlP-seq.
Replicates were merged and the log-fold change (LFC) between ssrp1 and Col-0 was calculated with TPM
normalisation.
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Supplementary Figure S11. FACT enriched genes are charcterised by a remarkable NDR upstream of TSSs.

Unsupervised k-means clustering was used to identify gene clusters enriched or non-enriched in FACT, ELF7 or SPT5
relative to RNAPII-S2P and data are centred to the position of the +1 nucleosome (A-G). A, Distribution of SSRP1 and

SPT16 ChIP-seq peaks over FACT enriched (n=10360) and non-enriched (n=13901) genes. This data is almost identical
to that shown in Fig. 7C, and is shown here for comparison with the ELF7/SPT5 datasets. B, Distribution of SSRP1 and

SPT16 ChIP-seq peaks over ELF7 enriched (n=12710) and non-enriched (n=11551) genes. C, Distribution of SSRP1

and SPT16 ChIP-seq peaks over SPT5 enriched (n=10713)) and non-enriched (n=13548) genes. D-F, MNase H3 ChlIP-

seq coverage plotted over the same gene clusters analysed in A-C. G, Metagene profiles of MNase H3 ChIP-seq

coverage over the gene clusters analysed in A-C with an arrow indicating the NDR apparent with FACT enriched genes.

H, MNase H3 ChIP-seq tracks were plotted over +1 mononucleosomal positions of genes upregulated (n=306) or

downregulated (n=367) in ssrp1 relative to Col-0.
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Supplementary Figure S12. Comparison of genes downregulated upon HS in ssrp7 and tflls. A, Number of
genes downregulated after 10 min HS at 44°C (padj < 0.05) in tflls (Obermeyer et al., 2023) and ssrp1 (this
work). B, H2A.Z ChIP-Seq coverage (Cortijo et al., 2017) without and with 37°C HS centred to the +1
nucleosomal position of ssrp7 up- and downregulated genes. Lines represent the mean coverage and the
standard error of the mean is indicated as a shaded area.
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Supplementary Table S1. Sequencing statistics of ChlP-seq analysis

sample_name total reads unique reads duplicate remaining
reads after QC

RNAPILINPUT 19142506 18501842 640664 19080686
S2P_rep1 15644840 14653870 990970 12783373
S5P_rep1 15480110 14572446 907664 13221695
S2P_rep2 18310469 16947896 1362573 15646322
S5P_rep2 17327828 16533110 794718 15887063
SPT5_INPUT 20872903 15513775 5359128 20767919
SPT5_rep1 20286505 16109828 4176677 19575088
SPT5_rep2 23915710 18641063 5274647 23327232
SPT5_rep3 16718785 13036488 3682297 16179688
SPT5_rep4 18795229 16110548 2684681 12433360
ELF7_INPUT 18125511 12218169 5907342 18082698
ELF7_rep1 17457860 13271762 4186098 16930063
ELF7_rep2 17076862 13736967 3339895 16277265
ELF7_rep3 15536223 12666837 2869386 14818365
ELF7_rep4 17848064 15145309 2702755 12998707
SSRP1_INPUT 19690725 13340212 6350513 19642872
SSRP1_rep1 12988748 10932962 2055786 12393081
SSRP1_rep2 14936663 12425218 2511445 14449437
SSRP1_rep3 13840059 11719581 2120478 13127933
SSRP1_rep4 15925350 13397869 2527481 14981822
SPT16_INPUT 20686963 13426258 7260705 20634971
SPT16_rep1 17659216 14473482 3185734 16954657
SPT16_rep2 14830451 12474221 2356230 14054897
SPT16_rep3 18586399 15304790 3281609 17728575
SPT16_rep4 16539079 13279976 3259103 16045037
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Supplementary Table S2. Sequencing statistics of RNA-seq analysis

sample_name total uniquely multimapped remaining
reads mapped after QC
Col0_10min-HS_rep1 8350443 7163100 1114696 3534298
Col0_10min-HS_rep2 7769978 6618164 1010969 3107837
Col0_10min-HS_rep3 8160252 7021234 978289 3551508
Col0_no-HS_rep1 8305868 5145756 1271404 3161915
Col0_no-HS_rep2 8015992 6239835 1635909 2404824
Col0_no-HS_rep3 7766473 6139680 1466453 2247738
elf7-3_no-HS_rep1 7886048 6016090 1578012 1971501
elf7-3_no-HS_rep2 8313749 6771157 1400874 2173056
elf7-3_no-HS_rep3 8304892 4411155 1390833 2884158
elf7-3-10min-HS_rep1 8202507 6896661 1227444 3111895
elf7-3-10min-HS_rep2 8614288 7329671 1179023 3425400
elf7-3-10min-HS_rep3 8195811 6775868 1223958 3617307
spt4-R3_10min-HS_rep1 | 8411616 6924934 976045 3817226
spt4-R3_10min-HS_rep2 | 7696034 6485708 1065880 3172680
spt4-R3_10min-HS_rep3 | 8702015 7338323 1235536 3478978
spt4-R3_no-HS_rep1 8121972 6050334 1554804 2136885
spt4-R3_no-HS_rep2 6882077 4977204 1494305 1975339
spt4-R3_no-HS_rep3 7237295 5328737 1520498 1939883
ssrp1-2_10min-HS_rep1 | 8668808 7193684 1275091 3859923
ssrp1-2_10min-HS_rep2 | 8599635 6994247 1294709 3734123
ssrp1-2_10min-HS_rep3 | 8311354 6706343 1425706 3252333
ssrp1-2_no-HS_rep1 7057409 5017764 1272026 1836949
ssrp1-2_no-HS_rep2 11879224 8595952 2115469 2703888
ssrp1-2_no-HS_rep3 7935765 6079895 1666628 2027584
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Chapter 8

General Discussion

8.1 Comparative co-localisation of transcript elongation

factors

Chromatin immunoprecipitation followed by deep sequencing has been shown to be a pow-
erful tool to map the distribution of transcript elongation factors in a genome wide manner.
Comprehensive studies in model organisms are still rare, though. In 2021 such a study was
published for budding yeast (Rossi et al., 2021). In Arabidopsis, such comprehensive data were
not available. This thesis is a first step to compare the genome wide distribution of several
transcript elongation factors in A.thaliana as a model organism for higher eukaryotes. To this
end, robust data could be obtained for the factors ELF1, ELF7, SSRP1, SPT16 and SPT5.
While this is far from the amount of factors mapped in yeast, obtaining high quality antibodies
is still a rate limiting step in plants. Whenever possible, antibodies directly raised against
epitopes of the respective transcript elongation factors were used rather than tagging of proteins.
Therefore the risk of altering the function or distribution of the factors due to the addition of
tags is reduced. The data shows specific differences for three types of transcript elongation
factors. The histone chaperone FACT shows an accumulation close to transcriptional start sites
and, in line with its role in remodelling histones, is enriched over nucleosomal positions. This is
also highly reflective of the distribution of FACT in yeast (Rossi et al., 2021).

ELF7, as part of the PAF1 complex, is almost exclusively present in the gene body and is very
highly correlated with the positioning of S5 phosphorylated RNAPII, again resembling the
positioning in yeast. In combination with the observed changes in transcription this shows the
role of the PAF1 complex to stabilise the transcript elongation complex after the initial phase.
Mapping of SPT5 to the genome showed a very high correlation with the distribution of S2
phosphorylated RNAPII, indicating a very strong connection with elongating RNAPII until
transcription termination. Again, this is more reflective of the situation in yeast, as a notable
accumulation of SPT5 as well as RNAPII is absent shortly after transcriptional start sites.
Finally, it was possible to identify ELF1 as a component of the Arabidopsis transcript elongation
complex and its distribution on the genome could be mapped in high resolution. While its
overall distribution is highly reflective of the distribution of S2P, it is notably absent over a
subset of genes linked to several stress responses. If and how ELF1 could have an additional

function for the transcription of stress response genes remains to be further studied.
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A drawback of ChIP-sequencing is the limited resolution, which depends on the fragment size of
the DNA during the ChIP protocol, especially comparing the average length of transcripts in
A.thaliana (~2.2 kb/transcript) with that of other higher eukaryotes (~66.6 kb/transcript in
H.sapiens). One way to increase the resolution to nucleotide level could be the use of native
elongating transcript sequencing (NET-Seq). While this method is not well established in plants,
it could provide a highly detailed map for the distribution of the RNAPII depending on different
phosphorylation states within its C-terminal domain, allowing even more detailed insights into
the interplay between the polymerase and additional factors contributing to the normal function

of transcript elongation.

8.2 TFIIS is crucial for transcriptional reprogramming

to enable thermotolerance

TFIIS is an RNAPII associated factor which has been shown to stimulate transcript cleavage
activity when the polymerase is stalled at certain transcription barriers. In plants, a previous
study has shown how expression of a mutated version of TFIIS leads to promoter proximal
stalling of RNAPII. This mutation inhibits the cleavage activity of RNAPII (Antosz et al.,
2020). In this study, it was possible to show that the Arabidopsis tflls-1 mutant line exhibits a
comparable molecular behaviour upon heat stress. While the lack of TFIIS does not have a
strong phenotypic or molecular defect compared to wild type plants at perfect growth conditions,
after acute stress TFIIS is necessary for proper transcription of genes needed under these
conditions. RNAPII in ¢fIIs-1 mutants could not transcribe through heat shock induced genes
and this defect was linked to an increased accumulation of the polymerase and transcripts at the
+1 nucleosomal position. Finally, it was also possible to connect the stalling of the polymerase
to a depletion of H2A.Z at the +1 nucleosome. The exact consequences of including or removing
H2A.Z at this site to regulate transcription is still under debate (Probst et al., 2020). However,
the conclusion that this barrier is a potential stalling point for the RNAPII, requiring TFIIS to
overcome the barrier, can be drawn. In conjunction with the comparable molecular phenotype
described by Antosz et al., 2020, this might offer an intriguing model how TFIIS is required to
cleave RNA in order to enable backtracked RNAPII to continue transcribing over nucleosomal

barriers.

8.3 PAF1C enables proper transcript elongation

PAF1C is a protein complex that regulates transcript elongation and modifies the chromatin
structure of transcribed regions by traveling with RNAPIIL. In plants, the role of PAF1C
in developmental processes has been studied, and mutant phenotypes have been linked to
misexpressed target genes, such as the expression of the FLOWERING LOCUS C (Yu and

Michaels, 2010). In yeast and mammals, PAF1C subunit mutants exhibit various defects in the
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tolerance to environmental stress conditions and inactivation of PAF1 and CTR9 resulted in
severe mutant phenotypes (Francette et al., 2021). In chapter four of this thesis it is shown that
Arabidopsis mutant lines deficient in PAF1C subunits ELF7 and CDC73 show differential gene
expression, and several hundreds of differentially expressed genes were observed in these mutant
lines after stress induction. PAF1C subunit mutants were exposed to elevated concentrations
of NaCl to provoke a transcriptional response, and ELF7 and ELF8 deficient mutant lines
displayed a more severe decrease in growth of the aerial parts than Col-0. Root growth of ELF7
and ELF8 deficient lines was also considerably more strongly reduced upon NaCl exposure.
Transcriptomic analysis of elf7-3 and cdc73-2 in comparison to Col-0 after 3h of NaCl exposure
showed a decreased response to NaCl in elf7-3, indicating that ELF7 plays an important role in
the response to elevated NaCl concentrations.

In chapter seven the global distribution of ELF7 within the genome was mapped using antibodies
raised against this PAF1C subunit. As expected, it was possible to show that ELF7 is
highly associated with RNAPII. However, the association of ELF7 is significantly higher
with S5 phosphorylated RNAPII compared to S2 phosphorylated RNAPII. By comparative
transcriptional analysis it was shown that transcript elongation in the elf7-% mutant line exhibits
defects located at intron-exon borders. A conclusion about the exact mechanism how the PAF1
complex is required for transcription over these barriers would be speculative. However, a direct
or indirect role of the PAF1 complex is supported by the fact that elf7-3 downregulated genes

have more intron-exon borders and are enriched in binding sites for spliceosomal factors.

8.4 FACT modulates transcriptional start sites

Chapter five describes in detail how phosphorylation of the SPT16 subunit of FACT impacts
transcriptional start sites of RNAPII transcribed genes. Phosphorylation of SPT16 is required
for efficient binding of histones. In agreement with this, a non-phosphorylatable mutant line
showed changes in the occupancy of histone H3 directly upstream of RNAPII transcriptional
start sites. This region, often termed NDR (nucleosome depleted region) usually has to be
depleted of histones to enable binding of transcription initiation components. A comparable
retention of histones in this region after altering SPT16 function has been described in yeast
(Jeronimo et al., 2019). Although the binding of the FACT complex is downstream of this region,
the observed pattern is highly reflective of the function of FACT in yeast (Vinayachandran et
al., 2018). In this thesis it was shown that FACT is partially recruited to nucleosomes and
is required in particular for very highly transcribed genes. It was also possible to show that
expression of a non-phosphorylatable version of SPT16 results in a lack of depletion of the
NDR. If this is a direct effect remains speculative. A possible explanation could be a defect
in the recruitment of CK2, as discussed in detail by Michl-Holzinger, 2021. To draw further
conclusions, differential MN Ase-sequencing would be a highly promising method in order to
connect the function of FACT to nucleosome stability. This method, which uses different

time points or protein concentrations to stop digestion of chromatin with micrococcal nuclease
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(Wernig-Zorc et al., 2022) could deliver in-detail information in changes in nucleosome stability
using our established FACT mutant lines. Preliminary results, described by Stoeckl, 2021,

yielded promising results but are not sufficient to draw further conclusions.

8.5 [ELF1 is a transcript elongation factor associated with
a subset of RNAPII transcribed genes

ELF1 comprises a basic N-terminus, a defined Zn-Ribbon, and an acidic C-terminus only present
in higher eukaryotes (Prather et al., 2005). In chapter six the first study characterising the
function of ELF1 in A.thaliana is described. It was possible to show that ELF1 co-purifies with
components of the transcript elongation complex and genetic interaction with genes encoding
other transcript elongation factors was proven. Purified domains of ELF1 interacted with
histones, specifically via its C-terminal acidic region. Finally, it was possible to prove nuclear
localisation and, on a genome wide scale, co-localisation with S2 phosphorylated RNAPII at
transcribed regions. The distribution of ELF1 in Arabidopsis is similar as reported in yeast (Rossi
et al., 2021). Interestingly, compared to the distribution of other TEFs, ELF1 is overly enriched
at a subset of genes. As these genes are almost exclusively linked to stress response reactions,
this might indicate a more selective role of ELF1 for certain targets or certain conditions. In
agreement with this, there were no significant changes in growth or notable phenotypic changes
under standard conditions. Therefore it is possible that ELF1 acts in conjunction with other
parts of the transcript elongation complex to regulate proper transcription, especially under

certain challenging conditions.
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Chapter 9

Summary

Transcript elongation in Arabidopsis thaliana is regulated by a variety of factors interacting with
RNA polymerase II (RNAPII) during transcription. Recruitment or activation of those factors
at barriers during transcription enables the polymerase to properly transcribe through genes
in the context of chromatin in vivo. In this thesis the genome wide distribution of members
of the transcript elongation complex in Arabidopsis thaliana was elucidated. Using chromatin
immunoprecipitation in conjunction with deep sequencing, the distribution of ELF1, subunits of
the FACT complex (SSRP1, SPT16), a subunit of the SPT4-SPT5 dimer (SPT5), a subunit of
the PAF1 complex (ELF7), RNAPII S2P and RNAPII S5P was mapped in wild type plants. In
addition, functional implications on gene expression were investigated using respective mutant
lines. Finally, mutant lines were exposed to different stress conditions to change the expression
of a defined subset of genes. Specific phenotypes and/or transcriptional defects could be detected
for lines lacking TFIIS, ELF1, subunits of the PAF1 complex, SPT4-SPT5 and subunits of
FACT. In case of TFIIS, we could connect the defect to a point mutation in the acidic loop
of the C- terminal domain, previously described by Antosz et al., 2020. For FACT we could
show that expression of a non-phosphorylatable variant of SPT16 changes the nucleosome
occupancy at transcriptional start sites. Finally, we could determine ELF1 as a newly described
transcript elongation factor in Arabidopsis thaliana with histone binding capability and possible

implications in the correct regulation of expression of a subset of genes.
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