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Tandem chromatin affinity purification in plant cell suspension cultures for identification

of transcription factor target genes

The present invention relates to the identification of target genes of transcription factors in
plants. More specifically, it relates to a combination of chromatin immunoprecipitation with
Tandem affinity purification, applied to plant cells.

Regulation of gene expression plays an important role in a variety of biological processes such
as growth, development and responses to environmental stimuli. Many regulatory genes
encode transcription factors (TFs), which modulate gene expression by binding to regulatory
sequences of their target genes. Which genes are directly controlled by these TFs, and the
molecular mechanisms of target gene recognition in vivo are, particularly in plants, however
still largely unexplored.

A common used tool to address these questions is chromatin immunoprecipitation (ChlP)
(Kuo and Allis 1999). In a classical ChIP experiment, DNA fragments associated with a specific
protein are enriched. DNA binding protein complexes are reversibly crosslinked with
formaldehyde, the chromatin is fragmented, and the DNA fraction that interacts with the TF of
interest is isolated by immunoprecipitation with a specific antibody. Finally, DNA sequences
associated with the precipitated protein can be identified by hybridization to tiling arrays (ChIP-
chip) or by direct high-throughput sequencing (ChlP-seq) (Kim and Ren 2006; Park 2009).

In spite of its power, conventional ChlIP has experimental boundaries. Its main
shortcoming, especially in the case of genome-wide applications, is the overall inefficiency of
ChIP enrichment. This drawback, which is a consequence of crosslinking and compromises
the identification of low-abundant TF-DNA interactions, necessitates the requirement for large
cell numbers and the need for high-quality antibodies. Reports of genome-wide ChIP
studies of plant TFs are, in comparison to other eukaryotic systems, still lagging behind.
Although plant-specific ChIP protocols have been successfully developed (Bowler et al. 2004;
Gendrel et al. 2005; Saleh et al. 2008; Kaufmann et al. 2010), plant features, such as rigid cell
walls, large vacuoles, chloroplasts, and the paucity of nuclei in some tissues, combined with
TF tissue and target specificities, all challenge TF-DNA enrichment.

Surprisingly we found that an alternative ChIP protocol relying on Arabidopsis thaliana
cell suspension cultures and TF tandem affinity tagging showed a superior performance in
isolation of the TF target genes. The development of a tandem affinity purification (TAP)
platform in plant cell suspension cultures to study protein interactomes was described
previously (Van Leene et al. 2007; Van Leene et al. 2008). Through combining the TAP
approach with ChIP protocol features, a tandem chromatin affinity purification (TChAP) method

was established for assaying in vivo TF-DNA binding. TChAP circumvents the necessity of
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highly specific antibodies and allows the identification of more and less prevalent TF-DNA
interactions enhancing both data quality and quantity of TF location studies.

A first aspect of the invention is a method for isolating target genes for transcription factors in
plants, comprising (1) transforming a plant cell with an expression vector comprising a
transcription factor fused to at least two tags (2) expressing said transcription factor in the plant
cell (3) crosslinking the proteins with the DNA (4) extracting the proteins and chromatin from the
cell (5) fragmenting the chromatin (6) purifying the chromatin-protein complex using affinity
binding towards the first tag and (7) purifying the fraction comprising the first tag using affinity
binding towards the second tag. A “tag” as used here is a peptide or polypeptide that can bind
another compound in a specific way; said compound can be any inorganic or organic chemical
compound, including but not limited to a metal or another peptide or polypeptide. Tags are
known to the person skilled in the art, and include but are not limited to a polyhistidine tag, FLAG
tag, HA tag, MYC tag, EPAE tag, GST tag, and biotin tag. Preferably at least one of the tags is
selected from the group consisting of a polyhistidine tag and a biotine tag. Even more preferably,
one tag is a polyhistidine tag and one tag is a biotine tag. Most preferably the tags are comprised
in a polyhistidine- biotin-polyhistidine construct. The fusion of the tags to the transcription factor
may be in any way known to the person skilled in the art, at the carboxyterminal end, at the
aminoterminal end, or internally, as long as the transcription factor is still capable of binding its
target DNA. There may be more than two tags, and each of the tags may be used for
purification. Tag may be fused in tandem, or may be separated by non-tag sequences.

An “affinity binding” as used here is any kind of specific binding, including, but not limited to
antigen-antibody binding, or protein-chemical compound binding. Preferably, the affinity binding
is carried out by using a binding compound linked to a carrier, such as, but not limited to a
nitrocellulose membrane, a resin, a sepharose bead or an agarose gel. Preferably, said affinity
binding is selected from the group consisting of a nickel chelating carrier and a streptavidine
carrier. Even more preferably said affinity binding is selected from the group consisting of a Ni-
NTA resin and Streptavidin sepharose beads. Most preferably, one affinity binding is carried out

with a Ni-NTA resin and the other with Streptavidin sepharose beads.

BRIEF DESCRIPTION OF THE FIGURES

Figure 1. E2Fa-HBH expression and biotinylation analysis. (A) E2Fa-HBH protein expression
analysis. Immunoblot analysis of wild-type (PSB-D) and E2Fa-HBH overexpressing cell
suspension cultures using anti-E2Fa, anti-His antibodies and a Strep-HRP conjugate. The
arrowhead indicates the endogenous E2Fa and the asterisk the ectopic E2Fa-HBH detected
with the anti-E2Fa antibody. (B) E2Fa-HBH in vivo biotinylation efficiency. Western blotting
with an anti-His antibody to monitor binding of E2Fa-HBH to Streptavidin Sepharose beads.
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Information on the percentage of input and the estimation of the bead bound amount is

indicated.

Figure 2. Comparison of different chromatin isolation methods. (A) E2Fa-HBH protein
purification efficiency. Immunoblot analysis using an anti-His antibody to evaluate the ChlIP,
ChAP and TChAP E2Fa-HBH protein purification yields. Information on the percentage of input
and the estimation of the purification efficiency is given. (B) ChIP, ChAP and TChAP DNA
gPCR analysis. Association of E2Fa with the proximal promoters of negative control genes
CDKA;1 and UBQ710 and of the well established E2Fa target genes, ORC1b, CTF18 and
ETG1, was quantified by gPCR. The enrichment of E2Fa binding was normalized against the
input DNA.

Figure 3. ChIP, ChAP and TChAP E2Fa majority genes. (A) Venn diagrams showing overlap
among all, the E2Fa regulated and the E2F motif majority genes identified through ChIP-,
ChAP- and TChAP-seq. (B) Examples of known E2Fa binding sites identified in the ChIP-,
ChAP- and TChAP-seq data. Visual representation is organized in four tracks. Gene structure
is indicated with cyan rectangles. The normalized coverage for each of the strategies is
displayed as a bar chart around a central axis with coverage on the forward and reverse
shown in green (up) and blue (down), respectively. Total coverage is indicated in yellow. The
coverage scale is the same for all three protocols and each track has been normalized for total
coverage in that protocol, allowing direct comparison. (C) Frequency of E2Fa regulated or E2F
motif genes among the ChIP, ChAP and TChAP identified majority peaks. Peaks are sorted
based on descending MACS confidence peak score. The grey lines depict the random
occurrence of an E2Fa regulated gene in the Arabidopsis genome and the expected frequency

of E2F motif genes based on randomized peak sequences, respectively.

Figure 4. E2Fa TChAP-seq data analysis. (A) Distribution of E2Fa binding sites in the
Arabidopsis genome. (B) Venn diagram showing the overlap of the TChAP E2Fa bound genes
with E2Fa regulated genes and genes containing an E2F motif in their 1-kb promoter. (C)
Overlap of TChAP E2Fa genes with RBR (Gutzat et al. 2011) and E2Fa (Naouar et al. 2009)
regulated genes. (D) Enrichment analysis of the TChAP data for DNA repair, cell cycle, cell
cycle periodic, G1/S-, and G2/M-phase expressed genes. Shown are negative logq values of
the likelihood to obtain an observed fraction of specific genes by change. The vertical line

indicates p-value 0.002 (Bonferroni corrected p 0.05).



10

15

20

25

30

35

WO 2014/019928 PCT/EP2013/065695
Figure 5. Comparison of ChlP, ChAP and TChAP TOP200 genes. Venn diagrams showing
overlap among all, the E2Fa regulated and the E2F motif TOP200 genes identified by ChlIP-,
ChAP- and TChAP-seq.

Figure 6. Validation of unique TChAP majority genes. Binding of E2Fa to twelve TChAP
unique identified binding regions, having different confidence scores, was checked by
quantitative TChAP-PCR. Besides known E2Fa target genes (right) also new identified E2Fa

bound genes (left) were selected. Two negative controls were included (CDKA;1 and UBQ10).

Figure 7. Validation of new E2Fa targets. Expression levels of TChAP identified potential new
E2Fa target genes were examined by qRT-PCR in both wild-type (Col-0) and E2Fa-DPa

overexpressing seedlings. The dots indicate genes validated in ChIP and/or ChAP.

EXAMPLES

Materials and methods to the examples

Constructs, plant material, transformation and growth conditions

The HBH tag sequence was amplified by PCR using the pFA6HBH-KanMX6 plasmid as
template (Tagwerker et al. 2006) and cloned into the pPDONRP2RP3 ENTRY vector by a BP
recombination reaction according to the manufacturer's instructions (Invitrogen). The
P35S:E2Fa-HBH-containing plant transformation vector was obtained by a Multisite Gateway LR
reaction between pEntryL4R1-P35S, pEntryL1L2-E2Fa, and pEntryR2L3-HBH and the

destination vector pK7GW43D (Van Leene et al. 2007). The construct was transferred into the

Agrobacterium tumefaciens C58C1RifR strain harboring plasmid pMP90 for transformation of
Arabidopsis cell suspension cultures. Maintenance and stable transformation of Arabidopsis
thaliana PSB-D cell suspension cultures was done according to Van Leene et al. (2007).

Arabidopsis thaliana (L.) Heyhn. (ecotype Columbia-0) plants were grown under long-day
conditions (16 h of light and 8 h of darkness) at 22°C on 0.5x Murashige and Skoog (MS) agar
plates (Valvekens et al. 1988). The E2Fa-DPa overexpressing plants have been described

previously (De Veylder et al. 2002).

Protein extraction, SDS-PAGE and immunoblotting

Two-day-old PSB-D cell suspension cultures were harvested, used immediately or snap-frozen
in liquid nitrogen, and stored at -70°C. Proteins were extracted after grinding in liquid nitrogen in
homogenization buffer (25 mM Tris-Cl, pH 7.6, 75 mM NaCl, 15 mM MgCl,, 15 mM EGTA,
15 mM p-nitrophenylphosphate, 60 mM (-glycerophosphate, 1 mM DTT, 0.1% Nonidet P-40,
0.1 mM NazVOs4, 1 mM NaF, and protease inhibitor cocktail P9599 (Sigma-Aldrich)).
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Proteins were separated by 10% SDS-PAGE and blotted onto Immobilon-P membranes
(Millipore, Bedford, MA). Filters were blocked in 3% (v/v) milk powder in 25 mM Tris-Cl (pH 8),
150 mM NacCl, 0.05% Tween 20 for at least 1 h at room temperature and incubated overnight at
4°C with E2Fa (1/2500) (Takahashi et al. 2008), His (1/2000)(Qiagen), or Streptavidin-HRP
(1/4000) (Amersham Biosciences) antibody in blocking buffer. Antigen-antibody complexes were
detected with horseradish peroxidase-conjugated 1gG diluted 1/10000 (Amersham Biosciences)
with a chemiluminescence system (Perkin Elmer, Norwalk, CT). Purification efficiency or bait
recovery was estimated from western blot signal intensities using the Biorad Image Lab 3.0

software.

RNA isolation, cDNA preparation and qRT-PCR

RNA was extracted using the RNeasy Plant Mini Kit (Qiagen) and DNase | treated (Promega)
prior to cDNA synthesis. cDNA was prepared from DNase | treated total RNA with the iScript
cDNA Synthesis Kit (Biorad) according to the manufacturer's instructions. Relative transcript
abundance of selected genes was determined using the Roche LightCycler 480 system and
the LC480 SYBR Green | Master kit (Roche Diagnostics). Measurements were taken for two
biological and three technical repeats. The amplification data were analyzed using the second
derivative maximum method, and resulting Cp values were converted into relative expression

values using the comparative Ct method.

Chromatin immunoprecipitation (ChIP), chromatin affinity purification (ChAP) and tandem
chromatin affinity purification (TChAP)
Two-day-old exponentially growing cell cultures were treated with 0.75% formaldehyde for 10
min. Crosslinking was stopped by addition of 0.25 M glycine during 10 min. Cells were filtered
and washed with PBS pH 7.2 (0.14 M NaCl, 2.7 mM KCI, 10 mM PO,*). The harvested
material was ground in liquid nitrogen and solubilized in NLB buffer (60 mM HEPES pH 7.5,
150 mM NacCl, 0.5 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, 1
Mg/ml pepstatin A, 1 pg/ml aprotinin, 1 pg/ml leupeptin, 1 mM PMSF) with an Ultra-Turrax T25
mixer. Chromatin was fragmented on ice with a probe sonicator to obtain ~200-800-bp
fragments. After sonication, the suspension was centrifuged twice for 20 minutes at 16000
rpm, the protein concentration was determined by using the Bio-Rad protein assay kit, and the
extract was used for chromatin precipitation.

For traditional ChIP, extract containing 200 mg protein was precleared with 100 pl
salmon sperm DNA/protein A agarose beads (Millipore) for 1h. The precleared supernatant
was incubated overnight with 12 pl anti-E2Fa-antibody (Takahashi et al. 2008) or no antibody

(control). Afterwards, the supernatant was mixed with 100 pl salmon sperm DNA/protein A
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agarose beads and incubated for 3 h on a rotating wheel. Finally, the beads were washed with
10 ml NLB buffer, 1 ml low salt buffer (20 mM TrisCl pH 8, 150 mM NaCl, 2 mM EDTA, 1%
Triton X-100, 0.1% SDS), 1 ml high salt buffer (20 mM TrisCl pH 8, 500 mM NaCl, 2 mM
EDTA, 1% Triton X-100, 0.1% SDS), and 1 ml LiCl buffer (10 mM TrisCl pH8, 0.25 M LiCl, 1
mM EDTA, 1% sodium deoxycholate, 1% NP-40).

For ChAP, wild-type and E2Fa-HBH overexpressing extract containing 200 mg protein
was adjusted to 10 mM imidazole and incubated overnight on a rotating wheel with 100 pl
Streptavidin Sepharose (GE Healthcare). Beads were washed with 10 ml NLB + 10 mM
imidazol and three times with 1ml NLB containing 750 mM NaCl and increasing SDS
concentrations (0.1%, 0.5% and 1%).

For TChAP, extract containing 200 mg protein was adjusted to 10 mM imidazole and
incubated overnight on a rotating wheel with 300 pl Ni-NTA Superflow (Qiagen). The NiNTA
resin was washed three times with 10 ml NLB + 10 mM imidazole and complexes were eluted
with two times 1.5ml NLB + 150 mM imidazole. Next, the eluates from three NIiNTA
purifications were pooled on 100 pl Streptavidin Sepharose. After 3-h incubation on a rotating
wheel, the Streptavidin Sepharose beads were washed with 10 ml NLB + 10 mM imidazol and
three times with 1ml NLB containing 750 mM NaCl and increasing SDS concentrations (0.1%,
0.5% and 1%).

Finally, the ChIP, ChAP and TChAP beads were washed with 15 ml TE buffer (10 mM
TrisCl pH8, 500 mM NaCl, 1 mM EDTA) and the bound E2Fa-DNA complexes eluted and
reverse crosslinked by incubation overnight at 65°C on a rotating wheel in 1 ml 10 mM TrisClI
pH8, 1 mM EDTA, 0.5 M NaCl, 1% SDS + 0.5 yl RNAse A (100 mg/ml). Next, the eluates were
incubated with 100 pg Proteinase K for 2 h at 42°C on a rotating wheel and the DNA extracted
by phenol/chloroform/IAA followed by purification using Qiaquick PCR purification kit and DNA
quantification by the Quant-iT dsDNA High Sensitivity kit (Invitrogen).

llumina sequencing

ChIP DNA was end-repaired and A-tailed as described in the lllumina ChlP-seq standard
protocol. It was then ligated to customized adapters, which contain a 5-base barcode, before
the final library was obtained by PCR amplification with the standard lllumina primers. The
library was verified by cloning and sequencing of a few constructs, then quantified by Qubit
(Invitrogen). The run was performed for 38 cycles on an lllumina Genome Analyzer IIx using
10 pM final concentration of DNA. The sample sequences are attributed to each sample
according to their bar code (first 5 bases) with one mismatch allowed. For pooled samples with
only two different bases in their bar code, the selected reads in the datasets are screened for

shared read (attributed to both samples at first). They are then removed from both datasets.
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Therefore, the datasets provided contain only sequences attributed without ambiguity to only

one sample.

Data analysis

Read mapping was done with BWA (Li and Durbin 2009) using default settings. Reads that did
not map uniquely to one of the five chromosomes were discarded from further analysis.
Mapping was done against the TAIR9 version of the A. thaliana genome
(http://arabidopsis.org).

Peak calling was performed using MACS (Zhang et al. 2008) with default setting,
except the MFOLD parameter, which was lowered to 6, and the effective genome size, which
was set to 90 Mb. The MACS confidence value is defined as -10*log10(p-value). Sub-sampling
was done without replacement from the set of reads uniquely mapping to the five
chromosomes. The target ratio between IP and control reads is 3:1. The ratio 3:1 was derived
as the closest ratio to all of the complete sequencing sets. The datasets were downsampled to
600,000 reads total (150,000 control reads, 450,000 IP reads) to accommodate the smallest
dataset.

Peak annotation was performed by overlapping the peak summits reported by MACS
with the TAIR9 annotation. To define majority genes, the peak annotations from the different
sub-samples were combined and only those genes, together with their maximum peak score,
recovered in 50% or more of the samples were retained. E2F motif analysis was performed
with dna-pattern using the motif consensus sequence TTTSSCGC (SEQ ID NO: 1) defined by
Naouar et al. (2009).

Based on Naouar et al. (2009), 9287 genes contained an E2F motif (TTTSSCGC) in
their 1-kb promoter region (Figure 4). To calculate the E2F motif enrichment in the E2Fa bound
regions (Figure 3), the background motif frequency (4.34%) was estimated using reshuffled
sequences with the same length and nucleotide composition as the bound regions defined by
MACS.

Functional Gene Ontology enrichment analysis was performed using PLAZA 2.0
(Proost et al. 2009).

Quantitative ChIP/ChAP/TChAP-PCR

gPCR experiments were performed on total, ChlP, ChAP and TChAP isolated genomic DNA
from wild-type and E2Fa-HBH overexpressing PSB-D cultures. gPCR experiments were done
as technical triplicates on equal concentrations of input, ChlP, ChAP or TChAP DNA using the
Roche LightCycler 480 system and the LC480 SYBR Green | Master kit (Roche Diagnostics).
Primers used for PCR amplification were designed surrounding the position of maximum

height in the corresponding peak (i.e., the peak center) identified in the sequencing
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experiments, using Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast/).

Normalization of enrichment relative to total input DNA was calculated as 2(Ctinput-Ctipuriied))

Example 1: Establishment of tandem chromatin affinity purification (TChAP) in
Arabidopsis cell suspension cultures

Although ChIP has been applied to a wide range of model organisms, including Arabidopsis, it
remains a challenging technique with the quality of specific antibodies greatly influencing
genomic ChIP outcomes. Chromatin affinity purification (ChAP) methods, with different generic
tags, are commonly used as an alternative, but also these approaches often suffer from low
signal-to-noise ratios. To overcome this problem and to reduce nonspecific background we
developed a two-step tandem chromatin affinity purification (TChAP) strategy. In addition,
Arabidopsis cell suspension cultures, rather than plants, were utilized in order to have an
unlimited supply of cell numbers.

Previous reports described a tandem affinity tag system, based on a biotinylated peptide
flanked by two hexahistidine tags (HBH tag), compatible with TAP purification of formaldehyde
crosslinked protein complexes in yeast (Guerrero et al. 2006; Tagwerker et al. 2006). To
evaluate the suitability of this HBH tag for chromatin isolation in plants, we C-terminally tagged
the well characterized Arabidopsis E2Fa TF and expressed the E2Fa-HBH fusion under control
of the constitutive Cauliflower Mosaic virus (CaMV) 35S promoter in Arabidopsis cell suspension
cultures. E2Fa-HBH expression in transgenic lines was determined by protein blot analysis
with both an anti-His and an anti-E2Fa antibody (Takahashi et al. 2008)(Fig. 1A). Despite
constitutive overexpression, E2Fa-HBH protein accumulation was close to the endogenous
E2Fa protein level (Fig. 1A).

In vivo biotinylation of the HBH tag was initially assayed in total protein extracts using a
Streptavidin-HRP conjugate detecting a biotinylated protein corresponding to E2Fa-HBH in
transgenic extracts (Fig. 1A). In addition, biotinylation efficiency, as evaluated by incubating
E2Fa-HBH protein extracts with Streptavidin Sepharose beads, was estimated at 85% when
comparing the E2Fa-HBH amount in the bound versus the total fraction (Fig. 1B, see
Methods).

While establishing the TChAP procedure, several aspects of the assay were optimized.
Crosslinking stringency was evaluated to ensure good extraction and isolation of TF-DNA
complexes; the suitable sonication condition was determined to obtain fragment lengths
between 200-800 bp; and a purification strategy was set up to obtain a purification efficiency
comparable with that of traditional TAP purifications, resulting in an E2Fa-HBH protein bait
recovery of 2-5% (Fig. 2A).

Eventually TChAP was performed by combining the HBH purification method of Tardiff et
al. (2007) with ChIP protocol de-crosslinking, de-proteinization and DNA purification (Kim et al.
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2008). Briefly, E2Fa-HBH and its crosslinked proteins and DNA were first bound on NiNTA
beads, specifically eluted with imidazole, and then bound to Streptavidin Sepharose under high
stringency conditions. E2Fa-HBH-DNA complexes were subsequently eluted and reverse
crosslinked and the DNA was purified.

Final evaluation of the TChAP procedure occurred by analyzing the TChAP DNA sample
by quantitative PCR. The proximal promoters of the well known E2Fa target genes ORC1b,
CTF18 and ETG1 (Vandepoele et al. 2005) were found to be highly enriched in comparison
with the promoter regions of the control genes CDKA;71 and UBQ170 (Fig. 2B), illustrating the
suitability of our TChAP approach for the isolation and identification of TF-DNA binding sites.

Example 2: Evaluation of alternative chromatin isolation methods

To further validate the TChAP strategy, we performed, in parallel, ChlP and single chromatin
affinity purification (ChAP) reactions on the E2Fa-HBH expressing Arabidopsis cell suspension
culture. Using a specific anti-E2Fa antibody (Takahashi et al. 2008), both endogenous E2Fa
and E2Fa-HBH crosslinked DNA elements were precipitated. Biotin-tagging in combination
with Streptavidin-based chromatin affinity purification (ChAP), which had been already
reported to be a suitable ChlP alternative (de Boer et al. 2003; Kim et al. 2008), was also
performed on E2Fa-HBH.

Analysis of the E2Fa-HBH protein purification by protein blotting demonstrates a higher
recovery of bait protein using these one-step purification methods (Fig. 2A). As expected, the
very high affinity of biotin for streptavidin (10"° M Ky) is more efficient in isolating tagged E2Fa
(40-50% estimated recovery of bait) than the traditional immuno-affinity approach using the
E2Fa antibody (10-15%), whereas two-step affinity purifications in general result in low yields
(2-5%). In concordance, quantification of the E2Fa bound co-isolated DNA measured the
highest DNA vyield in ChAP (120 ng), an intermediate amount in ChIP (30 ng) and the lowest
concentration in TChAP (5 ng).

Quantitative PCR evaluation of the three methods shows that TChAP however gives the
highest relative enrichment of selected E2Fa target gene promoters (Fig. 2B), suggesting a
considerable better signal-to-noise ratio. In conclusion, these comparisons demonstrate that
the TChAP procedure offers an excellent alternative to isolate TF bound chromatin, omitting
the need for high quality antibodies and utilizing biotin-tagging, which enhances ChIP

sensitivity, in combination with a second tandem purification to further improve enrichment.

EXAMPLE 3: Genome-wide comparison of ChlP, ChAP and TChAP
To further benchmark the alternative chromatin isolation methods, we analyzed their DNA
samples by high-throughput sequencing. The different isolated DNA samples and their

corresponding negative controls, namely DNA samples of ChAP and TChAP performed on
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wild-type cultures and a no antibody ChIP on the E2Fa-HBH expressing culture, were
processed by standard lllumina ChlP-seq barcoded library generation protocols and
sequenced by multiplexing on an lllumina GAIl. For the different samples, between 161,071
and 2,178,951 sequencing reads were uniquely mapped to the five chromosomes of the TAIR9
genome.

E2Fa-HBH enriched binding sites were identified with the MACS peak calling tool (Zhang
et al. 2008). To eliminate possible bias in peak calling outcome caused by the variable
amounts of read data of the different samples, we used a random sub-sampling strategy, fixing
the number of reads in the datasets and repeating the peak calling analyses 100 times, to
establish the stability of the peak calling algorithm in detecting the same enriched locations.
Starting with the same number of reads (see Methods) 4161, 2221 and 8365 enriched regions
were identified and linked to nearest neighbor/closest annotated genes for ChIP, ChAP and
TChAP, respectively (Table 1). Among these, only majority peaks/genes, which are
peaks/genes detected in at least half of all sub-samples, and the 200 best peaks/genes, as
reported by MACS, were retained as high-confidence E2Fa bound genes in subsequent
analyses. Overall, the TChAP method yielded more peaks and more majority genes compared
to the other methods (Table 1). Additionally, the MACS peak score, which is a measure for the
confidence level of the called peaks, is on average the highest for TChAP (Table 1, Table 3).
By selecting only the 200 best peaks of each chromatin isolation procedure, in order to remove
the different number of called peaks, the difference in score and confidence level becomes
even more pronounced in favor for TChAP (Table 1). When all mapped reads are used for
MACS peak calling analysis, a similar trend is obtained with TChAP delivering more

peaks/genes with better peak scores.

Table 1. Number of peaks called over 100 sub-samplings of the complete datasets.

Total # peaks | Average # peaks # Majority Median peak score
(all samples) (per sample) genes majority genes
(TOP200 peaks)
ChiP 4161 624 415 229 (410)
ChAP 2221 997 921 126 (394)
TChAP 8365 2975 2598 313 (2263)

The top 200 genes (TOP200) identified by ChIP, ChAP and TChAP of E2Fa-HBH display

a very big overlap (Figure 5). Comparison with previous datasets obtained by transcriptome
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and cis-regulatory element analysis (Vandepoele et al. 2005; Naouar et al. 2009)
demonstrates high enrichments for E2Fa regulated genes and genes containing an E2F motif
in the bound regions (E2F motif genes). Together, the high overlap and enrichments support
the correctness of the datasets and prove the quality of the three different chromatin isolation
methods used (Figure 5).

When examining the ChIP, ChAP and TChAP majority genes, 98% (410/415) ChIP and
78% (724/921) ChAP genes are also present in the TChAP majority dataset (Fig. 3A).
However, 1779 genes (68%) of the much larger group of TChAP majority genes is unique. The
average confidence level (MACS scores) of this specific group of genes is higher than those of
respectively all and common identified ChIP or ChAP genes, suggesting that the unique
TChAP genes are bona fide E2Fa bound genes that are missed by ChIP and ChAP because
of the lower specificity of these methods. Comparison of the read coverage between the
methods, as visualized by GenomeView (Abeel et al. 2012), at the ORC1b and CTF18
promoter E2Fa binding sites, confirms this asset of TChAP-seq (Fig. 3B). As a consequence,
both E2Fa regulated (164 genes, 3-fold enrichment) and E2F motif genes (439 genes, 6-fold
enrichment) are found among the TChAP specific majority genes (Fig. 3A). Moreover, plotting
the ChIP, ChAP and TChAP majority peaks/genes in function of the MACS confidence score
and measuring the fraction of E2Fa regulated and E2F motif genes reveals that, despite the
pattern that lower confidence levels correlate with lower overlap scores, all TChAP genes
retain enrichment for these gene sets (Fig. 3C). As an additional validation, E2Fa binding
specificity to several genes, uniguely identified with TChAP, was confirmed by quantitative
PCR after TChAP (Figure 6).

In summary, above results show that, although many E2Fa target genes are identified by
all three methods, much more E2Fa bound genes are found in the TChAP-seq dataset
because TChAP is more specific, allowing the identification of less prevalent E2Fa binding

sites.

EXAMPLE 4: Validation of TChAP-seq E2Fa target genes

Detailed analysis of the distribution in the Arabidopsis genome of the TChAP-seq identified
E2Fa binding sites and their annotation to genes is summarized in Table 2. Peak locations
were determined in relation to the nearest annotated gene (TAIR9). 63% of all peaks were
located 5’ (intergenic or UTR), 24% resided in coding exons or introns, and 13% overlapped
with 3" UTR or 3’ intergenic regions (Fig. 4A, Table 2). Considering 5 promoter peaks, the
median distance from a peak to the transcription start site was 236 bp, which is consistent with
the role of E2Fa in classical transcriptional regulation. Of all peaks, 94% was assigned to a
protein-coding gene and 91% had annotated features within 1000 bp of the E2F bound region.

Overall, 2598 E2Fa bound majority genes were annotated.
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Table 2. Summary of E2Fa TChAP-seq peak location and gene annotation.

Distribution # Majority genes # E2Fa regulated genes # E2F motif genes
intergenic &' 1229 266 338

coding 5' 363 44 107

UTR 5' 412 86 91

intron 58 9 21

coding 3' 193 9 56

UTR 3 76 2 21
intergenic 3' 266 17 96

Total 2598 433 730

Combining this annotation with the transcript profiling data of E2Fa-DPa overexpressing plants
(Naouar et al. 2009) indicates that 433 (17%) E2Fa bound genes show obvious E2F regulation
(5-fold enrichment compared to the expected number of genes) (Table 2, Fig. 4B). 730 of all
E2Fa bound regions (28%) contain an E2F motif (6-fold enrichment, Table 2) and a high-
confidence set of 196 E2Fa TChAP target genes contain both genomic properties of E2Fa
regulation and motif presence (Fig. 4B). Comparison of the TChAP dataset with expression
profiling data of RBR mutant plants (Gutzat et al. 2011), another component of the E2F/DP/RBR
pathway, also displays a big overlap with 371 of the 600 shared genes being new TChAP
genes (Fig. 4C). In addition, gRT-PCR analysis of the expression level of several putative E2Fa
targets, not identified in any of these transciptome studies, demonstrates transcriptional
regulation in E2Fa-DPa overexpressing Arabidopsis plants (De Veylder et al. 2002)(Figure 7).

Further validation of the TChAP datasets came from GO enrichment analyses. In
agreement with E2Fa function, cell cycle (Van Leene et al. 2010), cell cycle periodic expressed
(Menges et al. 2003) and DNA repair (GO:0006281) genes are strongly represented in the
total E2Fa TChAP dataset. When subtracting known E2Fa targets (Naouar et al. 2009), cell
cycle related retain less, but still significant, enriched among the new TChAP identified genes
(Fig. 4D).

Taken together, these analyses demonstrate the quality of the E2Fa TChAP-seq dataset
and emphasize its strength. Not only many known E2Fa regulated genes got identified as
direct targets, but many relevant new E2Fa bound genes point to possible additional functions

of the E2Fa transcription factor.
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CLAIMS

1. A method for isolating target genes for transcription factors in plants, comprising (1)
transforming a plant cell with an expression vector comprising a transcription factor fused
5 to at least two tags (2) expressing said transcription factor in the plant cell (3) crosslinking
the proteins with the DNA (4) extracting the proteins and chromatin from the cell (5)
fragmenting the chromatin (6) purifying the chromatin-protein complex using affinity
binding towards the first tag and (7) purifying the fraction comprising the first tag using
affinity binding towards the second tag.
10 2. The method according to claim 1, wherein at least one of the tags is selected from the
group consisting of a polyhistidine tag and a biotine tag.
3. The method according to claim 2, wherein one tag is a polyhistidine tag and one tag is a
biotine tag.
4. The method according to claim 2 or 3, wherein said affinity binding is selected from the

15 group consisting of a nickel chelating carrier and a streptavidine carrier.
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