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Summary

¢ Elongation factors modulate the efficiency of mMRNA synthesis by RNA polymerase 1l (RNA-
Pll) 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.

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

Introduction
Production of mRNAs by RNA polymerase II (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 efhi-
cient mRNA synthesis from nucleosomal templates (Sims
et al., 2004; Kwak & Lis, 2013; Chen et a/l, 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 marks such as mono-
ubiquitination or a variety of methylations and acetylations (Sims
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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/fi4
mutant in combination with mutations in genes encoding other
known TEFs (Prather er 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 ez 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 et 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 et al, 2017). Further in vitro
studies demonstrated that ELF1 (particularly in cooperation with
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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 ez al., 2017). Arabidopsis
factors modulating RNAPII properties during elongation (e.g.
TFIIS and SPT4-SPT5) influence hormone signalling, stress
response and germination (Grasser er a/., 2009; Diirr ez al., 2014;
Antosz et al., 2020; Szideczky-Kardoss et al, 2022), while
transcription-related histone chaperones (e.g. SPT6L, FACT) are
required for normal embryo development, seedling establishment
and developmental transitions (Lolas ez al, 2010; Gu
et al., 2012; Chen et 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 4l, 2004; Oh
et al., 2004; Fleury er al., 2007; Xu ez 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 in 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,
pH 7.0, 1 mM EDTA, 1 mM dithiothreitol, 0.5 mM PMSF) as
described previously (Grasser ¢t al., 1996). Recombinant Ara-
bidopsis histones H2A-H2B were prepared as described
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previously (Osakabe ez al., 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
etal., 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  1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC; Sigma) from a freshly prepared stock as described previ-
ously (Thomsen et 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, 2 mM 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 ez 4l, 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 ez 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
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incubators (PolyKlima, Freising, Germany) under long-day con-
ditions (Antosz ez al., 2017; Michl-Holzinger ¢t al., 2022). Col-0
plants expressing eGFP-NLS were described previously (Pfab
etal., 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 er 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 er 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 ez 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 #Ils-1 (SALK_056755;
Grasser ez al., 2009), ssrp1-2 (SALK_001283; Lolas ez 4/, 2010) or
wsI-1 (SALK_056238; Li et al., 2010). Complementation analyses
were performed with double-mutant plants crossed with e/fI-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 @/, 2010; Durr et 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, 2 20x
NA 0.3, 2 40x 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 essentally per-
formed as described previously (Antosz et 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
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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 pEePTOOLS ‘bamCoverage’ (Table S3). Downstream
analysis was mainly performed using the DEEPTOOLS2 suite
(v.3.5.0; Ramirez er al, 2016), and quality control was per-
formed at several steps using FASTQC (Ewels ez 4/, 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 a/., 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
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

] | g ||y e e || e - junction DNA (lower). (d) The indicated ELF1
() EDC EDC EDC proteins were chemically crosslinked for
— —— e e increasing periods (0, 5, 10 and 20 min) with
T 7 EDC (1-ethyl-3-(3-dimethylaminopropyl)
-l S| 7 Ceparated on nine poyacrylamide gls and
15 . e 4 i T — — ) ) -
\ 4 — stained with Coomassie. Intramolecular
‘ | v crosslinking is evident with ELF1 and ELF1AN
10 - f I . 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. lc, left). No DNA inter-
action was traceable with ELF1IAN (Fig. lc, middle), whereas
marked binding of ELF1AC to both types of DNA was observed
(Fig. 1lc, 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 ELFIAN from the
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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-
ELFIAC (Fig. 2a), suggesting that the acidic C-terminal region
is required for histone interaction. Similar to the histone interac-
ton 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 EMSAEs, 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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(a)

Fig.2 ELF1 C-terminal region inhibits

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
with Arabidopsis H2A-H2B histones (or with

50 kDa -

30 kDa -

15 kDa

cytochrome C, CytC). Binding reactions were
bound to glutathione sepharose and the
eluates of the affinity purification (AP) were (b)
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

147 bp -
electrophoretic mobility shift assays. P

ELF1
4

bt bt bt bt

ELF1AN

ELF1AC
e ——————

bnd bt bl | SRR W S R -

Increasing concentrations of the indicated
ELF1 proteins (0, 1,2.5,5,7.5, 10 and

15 uM, from left to right) were incubated
with 147-bp DNA (upper) or a mixture of
147-bp DNA and reconstituted human
mono-nucleosomes containing the 147-bp
DNA (lower).
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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 et 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 PAFIC (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 ez al., 2021; Cheng ez 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
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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 er 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
(¢. 4 kb upstream of transcriptional start site (T'SS)) in three inde-
pendent plant lines (termed e/f] 14 elfl-1 © and elfl-1 ) did
not affect plant phenotype, besides reducing the increased height
of elfl-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, e/fI-1 was crossed
with #Ils-1 (Grasser et al., 2009), ssrp1-2 (Lolas ez 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
100 kDa ; 2616.6/3  NRPB2 AT4G21710  RNAPII Fig. 3 Affinity purification of ELF1 from
1206.3/3 NRPB3 AT2G15430 RNAPII Arabidopsis cells. (a) Total protein extract of
50 kDa - 421.8/3 NRPBSA  AT3G22320 RNAPII PSB-D cells expressing ELF1-GS or the
; 340.2/2 NRPB7 AT5G59180 RNAPII .
unfused GS-tag (input) was analysed by
— 134.172 NRPBEA  AT1G54250 RNAPII SDS-PAGE and Coomassie staining, alon
181.3/2 NRPB8B AT3G59600 RNAPII ith the eluate of th d.g' | Gg
131.912 NRPBO9A  AT3G16980  RNAPII with the eluate ot the corresponding 1g
20 kDa 132.9/2 NRPB11 AT3G52090 RNAPII affinity purlﬁcatlons (AP)_. (b)_ Transcrlp’F
— 1355.9/3 SPT16 ATAG10710 FACT elongat!on-related proteins (i.e. tr.anscrlpt
: 816.3/3 SSRP1 AT3G28730 FACT elongatlon factors, RNAPII SLIbLInItS) 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 Input 1040.3/2 SPT6L 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 Mascot 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 e/f7-1 and #1Is-1 paren-
tal plants exhibit essentially wild-type appearance, whereas the
elfl-1 tfls-1 double mutant is substantdially smaller (Fig. 5a—d).
The reduced growth of the double mutant is efficientdy

New Phytologist (2023) 238: 113-124
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complemented in elfl-1 lﬂ[slc plants by expression of ELF1-
eGFP under control of the ELFI promoter (Fig. Se), 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 elfl-1 ssrp1-2 plants show striking leaf serration (leaf
margin protrusions; Bilsborough ez al, 2011) that is greatly
enhanced compared with the ss7p1-2 parental plants and comple-
mented in eff1-1 s:rp]—ZC plants (Fig. 5f~m,w). Rosette diameter
and bolting time are minimally changed in e/fI-1 ssrp1-2 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 eff1-1 fwsI-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 elfI-1 iwsI-1 plants is notably more erect than
that of the parental lines and this feature is complemented in
elfl-1 iwsl-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 IWS1
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-1 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 elf1-7 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 ¢t al., 20165
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 (72 = 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." representing ‘response’. (f) ELF1-GFP and RNAPII-S2P ChIP signals were plotted over
hypervariable and housekeeping genes (according to Zilberman et al., 2007; Aceituno et al., 2008).

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 —

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-

© 2023 The Authors
New Phytologist © 2023 New Phytologist Foundation

New Phytologist (2023) 238: 113-124
www.newphytologist.com

85U8017 SUOLILLOD BATea1D [edlidde aup A pausenob afe sejoie YO ‘88N JO S8|nJ oy A%eiq1T8UlUO A8]IM UO (SUOTIPUOD-PUB-SWLRI WD A8 | 1M AeIq 1 U1 |UO//SdNL) SUORIPUOD PUe SWB | 8L 885 *[£202/20/90] Lo Ariqiauliuo A(in ‘Bingsusiey BeseAIUN Ad vZ.8T Udu/TTTT'OT/10p/w00" A8 M Are.q i puluo yduy/:sdny wo.y pepeojumoq ‘T ‘€202 ‘LET869T



New
Phytologist

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 al., 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
(hetps://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 archaeca
(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 RNAPIIL. 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, PAFIC and FACT, in line with
results obtained with ELF1 proteins of other organisms (Ehara
et al., 2017, 2019; van der Weegen et 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 et al., 2010; Rossi et al., 2021). Finally, ELFI exhibits
genetic interactions with genes encoding other Arabidopsis elon-
gation factors such as TFIIS, SSRP1 and IWSI1. 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 ¢/fI4 mutation that caused no sig-
nificant growth defect (Prather er al, 2005), Arabidopsis elfl-1

© 2023 The Authors
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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 727EF-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 #fs
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/fI-I 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 elfI-1 #1Is-1 double mutant exhibits markedly reduced
growth. However, the elfI-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 ez 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 RNAPIIL. Particularly, in combination with SPT4-SPT5,
ELF1 exhibited a strong synergistic effect on RNAPII progression
on the nucleosome (Ehara et /., 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 et 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-SPT5,
PAF1C, 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.

Odur 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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