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Abstract

Pioneer transcription factors (TFs) are a special category of TFs with the capacity to bind to
closed chromatin regions in which DNA is wrapped around histones and often highly
methylated. Subsequently, they are able to modify the chromatin state to initiate gene
expression. In plants, LEAFY (LFY) is a master floral regulator and has been suggested to act
as a pioneer TF in Arabidopsis. Here, we demonstrate that LFY is able to bind both methylated
and non-methylated DNA using a combination of in vitro genome-wide binding experiments
and structural modeling. Comparisons between regions bound by LFY in vivo and chromatin
accessibility data suggest that LFY binds a subset of regions occupied by nucleosomes. We
confirm that LFY is able to bind nucleosomal DNA in vitro using reconstituted nucleosomes.
Finally, we show that constitutive LFY expression in seedling tissues is sufficient to induce
chromatin accessibility in the LFY direct target genes, APETALAI and AGAMOUS. Taken
together, our study suggests that LFY possesses key pioneer TF features that contribute to

launch the floral gene expression program.
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Introduction

Proper gene regulation is essential to all living organisms, controlling processes from basic
development to environmental response. Gene regulation requires the finely orchestrated
activity of transcription factors (TFs) that recognize specific DNA sequences in gene regulatory
regions and activate or repress transcription of their target genes. While the binding of most
TFs to DNA is restricted to accessible regions of the genome, a specific type of TF, called a
“pioneer”, is able to access its cognate binding site even in closed, nucleosome-rich chromatin
regions (Magnani et al., 2011; Iwafuchi-Doi and Zaret, 2014; Iwafuchi-Doi and Zaret, 2016;
Zaret, 2020). The ability to bind nucleosomal DNA in vivo and in vitro is a defining
characteristic of pioneer TFs and has been well-established for diverse mammalian pioneer TFs
(Fernandez Garcia et al., 2019). As DNA in closed chromatin regions is often highly
methylated, another emerging feature of pioneer TFs is their capability to bind DNA in a
methylation insensitive manner (Zhu et al., 2016; Mayran and Drouin, 2018). Some pioneer
TFs are even able to directly recruit DNA demethylases at methylated sites, thereby facilitating
the remodeling of closed regions (Iwafuchi-Doi, 2018).

Pioneer TFs are often master regulators controlling developmental transitions, with the
mammalian pluripotency factors OCT4, SOX2, and KLF4 representing some of the most well-
studied (Soufi et al., 2015). These factors bind to closed chromatin regions and induce their
opening or remodeling, so that genes they contain can be activated by the pioneer TFs
themselves or by other TFs called settlers (Sherwood et al., 2014; Slattery et al., 2014). The
modification of the chromatin landscape by pioneer TF can be accomplished either directly by
triggering DNA detachment from nucleosomes (Dodonova et al., 2020; Michael et al., 2020),
or indirectly by the recruitment of ATP-dependent cellular machineries, such as chromatin
remodelers that remove or modify adjacent nucleosomes in order to prime downstream
regulatory events (Hu et al., 2011; King and Klose, 2017). Such capacity to modify DNA

accessibility is another defining feature of pioneer TFs (Iwafuchi-Doi and Zaret, 2014).

In plants, the only TF reported as pioneer TF so far is LEAFY COTYLEDON1 (LEC1), a seed
specific TF involved in embryonic epigenetic reprogramming (Tao et al., 2017). LEC1 was
shown to promote the initial establishment of an active chromatin state of its target gene in
silenced chromatin and activate its expression de novo. Pioneer TF activity was also suggested

for two types of factors controlling flower development, the MADS homeotic TFs (Pajoro et

al., 2014; Denay et al., 2017) and the master floral regulator, LEAFY (LFY). The MADS TFs,
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69 including APETALA1 (AP1) and SEPALLATAZ3, were shown to be able to access closed
70  chromatin regions to specify floral organs, and were thus postulated to act as pioneer TFs
71  (Pajoro et al., 2014). However, mammalian MADS TFs do not seem to act as pioneer factors
72 and thus the identification of APl and SEP3 as potential pioneers remains speculative
73 (Sherwood et al., 2014). In contrast to the MADS TFs, one previous study suggest that LFY
74  may have pioneer activity (Sayou et al., 2016). LFY is a master regulator specifying the floral
75  identity of meristems. It directly induces the floral homeotic genes AP1, APETALA3 (AP3) and
76 AGAMOUS (AG) (Parcy et al., 1998; Wagner, 1999; Lohmann et al., 2001; Chae et al., 2008;
77  Yamaguchi et al., 2013; Chahtane et al., 2013). AG and AP3 are known to be under the
78  repression of Polycomb repressive complexes in seedlings (Goodrich et al., 1997; Turck et al.,
79  2007; Calonje et al., 2008). This suggests that their activation during flower development
80  requires modifications of their chromatin landscape and that the direct binding of LFY to their
81  regulatory regions might trigger. Consistent with this, LFY was suggested to be able to access
82  closed chromatin regions in vivo (Sayou et al., 2016). Moreover, LFY’s role is not confined to
83  conferring a flower fate to meristems. It can also contribute to meristem emergence (Moyroud
84  etal., 2010; Chahtane et al., 2013; Yamaguchi et al., 2013), and together with its co-regulators
85 such as the homeodomain TF WUSCHEL or the F-Box protein UNUSUAL FLORAL
86  ORGANS, it can even induce meristem formation from root or leaf tissue, respectively (Levin
87  and Meyerowitz, 1995; Gallois et al., 2004; Risseeuw et al., 2013). Taken together, these data
88 indicate that LFY has the full capability of reprogramming cell fate, a property often requiring
89  pioneer activity. However, whether LFY is truly able to directly bind closed chromatin regions

90  and change their status has yet to be demonstrated.

91  Here, we address the pioneer activity of LFY in vitro and in vivo. Firstly, we determined
92  whether LFY binding was sensitive to DNA methylation. For this, we combined in vitro LFY
93  genome-wide binding data using methylated and unmethylated genomic DNA and structural
94  analysis. These experiments demonstrated that LFY binding is only mildly sensitive to DNA
95  methylation. In order to test whether LFY binding was compatible with the presence of
96  nucleosomes, we compared LFY binding data from chromatin immunoprecipitation sequencing
97  (ChIP-seq) and chromatin accessibility data. Based on these comparisons, we found that LFY
98  could access a number of closed chromatin regions and that LFY colocalizes with nucleosomes
99  insome regions in vivo. Using electrophoretic mobility shift assays (EMSA), we further showed
100  that LFY was able to directly bind nucleosomes in vitro. Finally, chromatin accessibility assays

101  demonstrated that LFY constitutive expression was sufficient to increase chromatin
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102 accessibility in genomic regions including its known target genes AP/ and AG. Taken together,
103 these data establish that LFY is able to act as a pioneer TF in the regulation of important target

104  genes critical for the establishment of floral fate.

105 Results

106 LFY is weakly sensitive to DNA methylation

107  Inclosed chromatin regions, DNA is packed within nucleosomes (McGinty and Tan, 2015) and
108  its level of methylation is often higher than in open chromatin (Chodavarapu et al., 2010). Both
109  the presence of nucleosome and DNA methylation usually reduce TFs access and their binding
110  totarget DNA (Yinetal., 2017; Klemm et al., 2019). In order to assess the effect of methylation
111  on LFY binding to DNA, we applied DNA Affinity Purification sequencing (DAP-seq)
112 (O’Malley et al., 2016). Similar to ChIP-seq, this technique allows the identification of the
113 genomic regions bound by a TF but using naked DNA and a recombinant TF. We used
114  Arabidopsis genomic DNA extracted from seedlings that was either PCR amplified (ampDAP,
115 DNA cleared of methylation) or not amplified (DAP, DNA retaining methylation). Both
116  experiments were performed in triplicates with high reproducibility (Supplemental Figure 1;
117 Supplemental Table 1). As controls, we used two TFs described as methylation sensitive based
118  on available ampDAP and DAP datasets (O’Malley et al., 2016) (Supplemental Figure 2). For
119  each genomic region bound by a given TF, we plotted the DAP/ampDAP signal ratio as a
120  function of the methylation density in the whole bound region (based on Arabidopsis seedling
121  methylation maps (Zhang et al., 2016)). If the DNA binding of a TF is inhibited by methylation,
122 we expect the DAP/ampDAP ratio to decrease when the methylation level increases. LFY DNA
123 binding was much less affected by increasing methylation density than the two methylation
124  sensitive TFs, (Figure 1A-C). To analyze more precisely the effect of methylation, we tested
125  the correlation between the number of methylated cytosines within the best TF binding (TFBS)
126  site, identified using position weight matrices in each bound region and the DAP/ampDAP ratio
127  of bound regions. Whereas an increased number of methylated cytosines in TFBS strongly
128  decreased the binding for the two methylation sensitive TFs in DAP relative to ampDAP, LFY
129  binding was only mildly affected (Figure 1D-F). Finally, we designed a specific procedure to
130  compute the effect of methylation on each individual cytosine possibly present in the best TFBS
131  (Supplemental Figure 3-5). In the case of LFY, we identified two positions where the binding
132 is increased by cytosine methylation (positions 4 on the forward DNA strand and 5 on the

133 reverse), and other positions (2,3,7,8 on the forward strand and 1,3,4,9 on the reverse) where
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134 the binding is only mildly inhibited (Figure 1G). In contrast, methylation was inhibitory for the
135  two methylation sensitive TFs in most positions where a cytosine can possibly be present
136  (Figure 1H-I). Structural analysis of LFY DNA binding domain in complex with DNA (Hames
137 et al., 2008) provided a biochemical explanation of these positive and negative effects
138 (Supplemental Figure 6). In particular, the hydrophobic contacts between LFY and DNA are
139  likely to be enhanced by the presence of a methyl group in positions 4 and 5 of the LFY binding
140  site (LFYBS), consistent with the DAP versus ampDAP analysis (Figure 1G).

141
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142
143 Figure 1: Cytosine methylation has a mild effect on LFY DNA-binding intensity.

144  Effect of cytosine methylation on DNA binding for three transcription factors: LFY (left),
145  ERFO017 (middle) and a trihelix-domain containing protein (right). (A-C) Biplots between the
146  DAP/ampDAP signal ratio (peak normalized read coverage in the DAP experiment divided to
147  that in the ampDAP experiment) in a logio scale and methylation density (proportion of
148  cytosines with a probability of methylation greater than 0.5) within transcription factor bound
149  regions. The increasing methylation density has weaker effect on LFY than on the two other
150  TFs. (D-F) Violin plots of DAP/ampDAP signal ratio in a logio scale as a function of the number
151  of methylated cytosines in the best TF binding site (TFBS) of each bound region. LFY binding
152  is barely affected by the increased number of methylated cytosines. (G-1) Binding site sequence
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153 motif for each TF and the methylation effect on each individual position. For LFY, a single half
154  of the symmetric motif is shown. Heatmaps show the Pearson's correlation coefficient (7)
155  between the DAP/ampDAP signal ratio in a logio scale and the probability of methylation at
156  each position of the best TFBSs. Blank positions have a high false discovery rate (> 5%) and
157  grey indicates positions with less than ten cytosines in the dataset. Correlation are tested on

158  both sides of a symmetric motif (G) or on both strands for non-symmetric motifs (H-I).

159  LFY binds to a subset of the closed chromatin regions

160  Next, we analyzed how in vivo factors (including the chromatin state) affect LFY DNA binding.
161  For this, we compared LFY binding in vitro and in vivo by plotting the coverage of LFY DAP-
162  seq peaks versus that of LFY ChIP-seq peaks. LFY ChIP-seq was obtained from 35S::LFY
163  seedlings or floral meristems (Sayou et al., 2016; Goslin et al., 2017). This analysis identified
164  genome regions well bound in both experiments (Figure 2A; Supplemental Figure 7A; colored
165  in light purple to red). However, it also highlighted the existence of regions much better bound
166  in vivo (ChIP-specific regions colored in deep purple) or in vitro (DAP-specific regions colored
167  in orange). The existence of ChIP-specific regions indicated that LFY DNA binding might
168  increase due to interactions with in vivo factors. The presence of DAP-specific regions indicated
169  thatthe in vivo context inhibits LFY from binding to some genomic regions despite high affinity
170  LFY binding sites are observed in those regions in DAP-seq.

171  Tounderstand whether chromatin conformation could play a role in this inhibition, we analyzed
172 the chromatin state of each region using DNasel-seq data obtained in two-week-old seedlings
173 (Zhang et al., 2012), a high DNasel-seq signal being indicative of an open region (Figure 2B;
174 Supplemental Figure 7B). We found that many of the DAP-specific regions have a low DNasel
175  signal, typical of closed chromatin regions. This suggests that closed chromatin regions inhibit
176  LFY binding. However, as previously observed (Sayou et al., 2016), a number of regions are
177  bound in ChIP-seq despite low DNasel signal (right panels on Figure 2B and Supplemental
178  Figure 7B). Overall, this analysis suggests that while the closed chromatin context is generally
179  inhibitory for LFY binding, some closed chromatin regions can still be bound. To analyze what
180  type of closed regions are most likely to be bound, we analyzed the upper and lower deciles of
181  regions ranked based on their ChIP-seq signal, the upper decile contains regions well bound in
182  ChIP whereas the lower has regions poorly bound in ChIP (but bound in DAP). The distribution
183  of nine chromatin states (as defined in the literature (Sequeira-Mendes et al., 2014)) changes
184  drastically between the two deciles (Figure 2C; Supplemental Figure 7C). Chromatin states 7,

185 8, and 9 (that is the most compacted and includes heterochromatin) are unlikely to be bound
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186  whereas states 1-5, which represent closed regions but closer to gene units or targets of
187  Polycomb repression (state 5) are more frequently found in LFY bound regions, showing that
188  closed regions are not all equivalently contacted by LFY depending on their functional
189  category.

190  Asclosed chromatin regions are often occupied by nucleosomes, and since in vivo data suggests
191  that LFY might be able to bind some of these regions, we wondered whether LFY binding was
192 compatible with the presence of nucleosomes. To test this, we compared the position of LFY
193  ChIP-seq peaks with that of nucleosomes (based on MNase-seq data (Zhang et al., 2015)). We
194  found that nucleosomes were indeed enriched at the center of LFY ChIP-seq peaks in closed
195  regions (Figure 2D; Supplemental Figure 7D), but not in open ones (Figure 2E; Supplemental
196  Figure 8E), suggesting that LFY might be able to directly bind nucleosomal DNA in vivo. The
197  mapping of LFY TFBS in nucleosome-occupied LFY ChIP-seq peaks show a slight enrichment
198  at the center of the nucleosome, around the dyad position which is a site commonly bound by
199  pioneer TFs (Figure 3A; Supplemental Figure 8) (Zaret, 2020). However, since these genomic
200  data are established on mixtures of tissues, they are not sufficient to firmly establish that LFY

201 1s indeed able to bind nucleosomal DNA.
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202
203  Figure 2: LFY is able to bind nucleosomes in closed chromatin regions.

204  (A) Plots comparing the LFY binding intensities in ChIP-seq vs DAP-seq experiments. Heat
205  map is based on the ChIP-seq/DAP-seq intensity ratio. (B) Overlay of DNasel signal (heat map)
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206  on LFY bound regions, with DAP-seq (X-axis) and ChIP-seq (Y-axis) peak coverages. The two
207  panels on the right show the same regions split into open (upper panel) and closed (lower panel)
208  chromatin states. (C) Distribution of chromatin states 1 to 9 according to (Sequeira-Mendes et
209  al., 2014) for the first and last decile of LFY bound regions based on ChIP-seq signal. (D-E)
210  MNase signal around ChIP-seq peak centers in closed (D) or open (E) chromatin regions. Upper
211  panels show ChIP-seq and MNase-seq coverage for each peak ordered based on MNase-seq

212 signal. Lower panels represent the mean coverage.

213 LFY binds nucleosomal DNA at specific sites in vitro

214  Next, we tested whether LFY has the capacity to bind nucleosomal DNA in vitro. We first
215  assembled nucleosomes using the Widom 601 strong nucleosome positioning sequence
216  (Lowary and Widom, 1998; McGinty and Tan, 2015), in which a LFY binding site (LFYBS)
217  was inserted at different positions (C1-C7 around the dyad and E1-E7 farther away) (Figure
218  3B; Supplemental Table 2). Nucleosomes assembled with a LEYBS at position C2 and C7 were
219  shifted upon addition of LFY, whereas no shift was observed for nucleosomes with a LFYBS
220  atpositions C1, C3-C6, E1-E7 or with no LFYBS, demonstrating that LFY binds nucleosomal
221  DNA in a sequence specific manner and only with a LFYBS present at specific positions (C2,
222 located around the dyad, and C7, located one helix turn apart from C2, with the LFYBS exposed
223 to the outer nucleosome surface (Figure 3B and C; Supplemental Figure 9)). Using the same
224  methodology, as a negative control, we tested nucleosomal DNA binding of the TF
225 REGULATOR OF AXILLARY MERISTEMS 1 (RAX1), a direct downstream target of LFY
226  (Chahtane et al., 2013). We found that RAX1 cannot associate with nucleosomes even when its
227  binding site is exposed to the outer nucleosome surface and at the dyad (Supplemental Figure
228  10), suggesting that RAX1 is unlikely a pioneer TF. We also assembled nucleosomes with two
229  regions of the AP1 gene, a known early activated LFY target (Parcy et al., 1998; Wagner, 1999;
230  Benlloch et al., 2011). These regions were taken from AP/ first intron and AP/ promoter
231  (annotated as AP/ intron and AP pro, respectively, in Figure 3D). They are both bound by
232 LFY in vivo (ChIP-seq (Moyroud et al., 2011; Winter et al., 2011; Sayou et al., 2016; Goslin et
233 al.,2017)) and in vitro (DAP-seq in Figure 3D), and with well-defined nucleosome signals from
234  MNase-seq in both seedlings and flower tissues (Zhang et al., 2015) (Figure 3D). We observed
235  that LFY was able to bind to these nucleosomes (Figure 3E and Supplemental Figure 11),

236  showing that LFY nucleosomal DNA binding also occurs within Arabidopsis genomic regions.
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Figure 3: LFY binds nucleosomes in vitro

(A) Density plot of the LFY best binding site along a canonical 147-bp nucleosomal sequence
in open and closed chromatin contexts for flower tissues. An enrichment for LFY binding sites
(LFYBS) around the dyad position (the center of the nucleosomal DNA) is observed in closed
chromatin regions. C2 (at dyad) and C7 positions are indicated. Alternative plots for different
thresholds for binding sites selection are reported in Supplemental Figure 8. (B) Design of
Widom 601 sequences (yellow orange) with a LFYBS (warm pink) inserted at different
positions (central C1-C7 (top) and external E1-E7 (bottom)) on nucleosome (PDB: 3UT9 (Chua
et al., 2012). * indicates the dyad. (C) Representative EMSA showing LFY binding to 601
nucleosomes with a LFYBS at positions C2 (labelled C2-Nuc) and C7, but not at E2, C4 or 601
nucleosome without a LFYBS (refer to Supplemental Figure 9 for the screening of LFY
nucleosomal DNA binding at all other positions). Free DNA (C2 in the first 2 lanes, or present
in the nucleosomal preparations) is shifted at the very top of the gels. 601-Nuc is made with
wild-type 601 sequence (without a LFYBS): only free DNA is shifted due to non-sequence
specific interactions with LFY. Cartoon on the side from bottom to top are free DNA,

nucleosome alone, LFY-nucleosome complex and free DNA-LFY complex. (D) Genomic
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snapshots of LFY DAP-seq, ChIP-seq (seedlings tissue), and MNase-seq (seedlings and closed
flower buds) at the AP1 loci. AP intron and AP pro sequences used to assemble nucleosomes
in (E) are highlighted in grey. Both regions are bound in DAP and ChIP, and with well-defined
nucleosome signals, lower in floral tissue than in seedlings. (E) EMSA showing LFY binding
to nucleosomes assembled with AP/ intron and AP pro sequences. AP1-intron-Nuc and AP1-
pro-Nuc are longer than 601 due to the presence of amplification primers. Note some free 601
DNA is shifted despite the absence of LFYBS in the last lane. The hollow and solid arrows
indicate the position of reconstituted nucleosomes and the shifted nucleosomes signals,

respectively.

LFY constitutive expression induce changes in nucleosome position

One key characteristic feature of a pioneer TF is to be able to modify the status of closed
chromatin regions (Iwafuchi-Doi and Zaret, 2014). To test whether LFY is able to do so, we
examined whether it could alter nucleosome positions when ectopically expressed in seedlings.
We selected regions that are closed in wild-type seedlings and with a mapped nucleosome
(Zhang et al., 2015) and bound by LFY in ChIP-seq and DAP-seq (Figure 4) (Sayou et al.,
2016). Among these regions, we focused on the three floral regulators, AP/ and AG (two
established LFY targets), and ULTRAPETALA 1 (ULTI), another floral regulator involved in
AG activation (Moreau et al., 2016). Using Formaldehyde-Assisted Isolation of Regulatory
Elements (FAIRE)-qPCR that identifies nucleosome depleted regions, we tested whether
ectopic LFY expression (35S::LFY) could alter the local chromatin as compared to two-week-
old Col-0 seedlings where endogenous LFY is not yet highly induced. We found that LFY
ectopic expression induced nucleosome depletion in these regions (Figure 4A). Interestingly,
in the AP1 intron, a region strictly inaccessible in Col-0 seedlings according to DNAsel signal,
LFY expression triggers a strong depletion (3-fold, position P1 in Figure 4A). In the AP!
promoter, a region already largely accessible, LFY induced depletion is more moderate (P2,
P3; Figure 4A). As controls, we tested three regions (Actin2, AT2G38220 and AT4G22285)
where LFY does not bind in vivo and in vitro and with poor accessibility in seedlings. We found
that their nucleosome status was not altered by LFY ectopic expression (Figure 4B). Taken
together, our data suggests that LFY ectopic expression in seedling tissues is sufficient to trigger
nucleosome depletion in regulatory regions of some key floral regulators including two LFY

target genes.
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Figure 4: LFY constitutive expression increases chromatin accessibility.

(A) (Top) Genomic snapshots of chromatin accessibility (DNasel-seq from 2-week-old Col-0
seedlings (Zhang et al., 2012)), LFY binding in vitro (DAP-seq using genomic DNA from 2-
week-old 35::LFY seedlings), in vivo (ChIP-seq of 2-week-old 35::LFY seedlings (Sayou et al.,
2016)) at AP1, AG and ULT1 loci. The regions tested in FAIRE-qPCR are indicated by triangle
arrows. (Bottom) FAIRE-qPCR of the indicated regions are performed in 2-week-old seedlings
of Col-0 (pale gray) and 35S::LFY (dark gray), respectively. Error bars represent means =+
standard deviation. Significance test is performed by one-tailed students’ t-test, *p<0.05,

*#p<0.01, ***p<0.001, n.s, not significant. (B) (Top) genome browser snapshots of three
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genomic regions devoid of LFY binding and poorly accessible in 2-week-old seedlings.
(Bottom) FAIRE-qPCR on the indicated regions. Significance test is performed as per (A). The
FAIRE-qPCR is performed by two biological replicates, with three technical replicates for each.

The enrichment is normalized by input DNA in each experiment.

Discussion

LFY is a master regulator of floral development able to induce the expression of floral organ
identity genes that are known to be under repression of Polycomb repressive complex
(Goodrich et al., 1997; Turck et al., 2007; Calonje et al., 2008; Kaufmann et al., 2010). In a
previous study (Sayou et al., 2016), ChIP-seq data suggested LFY could bind to closed
chromatin regions and possibly act as a pioneer factor, although a mechanism was never fully
described. By analyzing seedlings constitutively expressing LFY, it was suggested that LFY
wild type could bind to regions with a closed chromatin status and that this capacity was
strongly impaired upon mutation of the LFY oligomerization sterile alpha motif (SAM) domain
(Sayou et al., 2016). Oligomerization would likely increase the DNA-binding affinity of LFY,
as has been shown for other TFs able to multimerize (Lai et al., 2020). This increase in DNA
binding affinity may be critical for the efficient binding to partially occluded sites in closed
chromatin regions, however an increase in binding affinity alone is likely not sufficient to
enable recognition of a TFBS in a closed region of chromatin. Insensitivity to methylation state
and the presence of nucleosomes are prerequisites to pioneer function, which we investigated

here.

Given the high level of DNA methylation found in closed chromatin, it has been hypothesized
that some pioneer TFs would be able to bind DNA independently of its methylation status (Zhu
et al., 2016; Mayran and Drouin, 2018). Indeed, pioneer TFs from animals, such as Pax7
(Mayran et al., 2018, 7), OCT4 (Yin et al., 2017) and KLF4 (Hu et al., 2013; Liu et al., 2014),
are either insensitive or even prefer methylated DNA. The DNA binding of most TFs is
inhibited by DNA methylation because the 5-methyl group of methylcytosine often clashes
with protein residues that are involved in specific base readout (Yin et al., 2017). Some TFs,
however, are not sensitive or even favor methylated DNA because direct hydrophobic
interactions form between the methyl group and the TF, as it is the case for homeodomain TFs
(Yin et al., 2017) or for some basic leucine zipper TFs (Weber et al., 2019). In this study, we
showed that LFY is only mildly sensitive to methylation. We further dissected how methylation
impacts LFY binding for each individual position of a canonical LFY binding site (Figure 1).
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Consistent with our structural analysis, we showed that the key protein-DNA interactions are
not affected by cytosine methylation (Supplemental Figure 6), and even that, at two positions,
a methyl group might enhance LFY binding. This computational analysis has the potential to
be generalized to all TFs for which DAP and ampDAP data are available. It represents a
powerful complement to methylation-sensitive SELEX (systematic evolution of ligands by
exponential enrichment) analysis which was used to detect the effect of methylation to TF-

DNA binding using randomized DNA sequences (Yin et al., 2017).

Next, we examined whether LFY could bind nucleosomal DNA in vivo. Overall, for the
majority of regions, a closed chromatin state has inhibitory effect on LFY binding. This is
particularly true for heterochromatin regions likely because their high level of compaction
totally prevents TF access. However, a subset of closed regions present in the vicinity of genes
showed a LFY binding signal in ChIP-seq both in seedlings and floral tissues, consistent with
previous observations (Sayou et al., 2016). The limitation of such prior analysis is the
heterogeneity of the tissue used: it is conceivable that the observed LFY binding signal would
come from the subset of cells where the regions are open. Using in vitro reconstituted
nucleosomes, we show here that LFY has the capacity to bind nucleosomal DNA. This property
is consistent with structural data showing that LFY binds a single side of the DNA and with
assays where LFYBS position was either exposed to the outer surface (like C2 or C7) or
partially hidden by histones (C1, C3 to C6). Moreover, we found that LFY ectopic expression
was able to increase nucleosome depletion at several target loci. We examined in particular the
AP]I gene, a known direct target of LFY (Parcy et al., 1998; Wagner, 1999) that is induced
immediately after LFY during flower development. LFY binds to two AP/ regions, its promoter
and its first intron. According to DNAsel signal, AP/ promoter is a region already open in
seedlings and with two nucleosomes detected by MNase-seq. This observation likely explains
that AP/ promoter can be induced by LFY already in seedlings and independently of flower
formation (Parcy et al., 1998). Here, we observe that LFY ectopic expression is able to induce
a mild nucleosome depletion on AP promoter (Figure 4A). The effect on AP/ intron is more
pronounced. This region is closed in seedlings according to DNAsel signal and opens in the
flower. Consistently, we observed a strong nucleosome depletion following LFY constitutive
expression (Figure 4A). It is thus likely that LFY pioneer property is essential to trigger AP/

activation through the opening of its closed intronic regulatory region.

Our in vitro experiments using reconstituted nucleosomes and LFYBS in various positions

further supports LFY’s ability to bind nucleosomal DNA, near the dyad as observed for a subset
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of animal pioneer TF (Zaret, 2020). Interestingly, LFY binding appears to be fully compatible
with the presence of histones, suggesting that LFY may require additional factors for histone
displacement. The change in chromatin status following LFY binding might be due to LFY’s
capacity to recruit chromatin remodelers such as BRAHMA (BRM) and SPLAYED (SYD)
(Wu et al., 2012). These remodelers have been shown to have a very general role (Archacki et
al., 2016) and specific mutations altering LFY-BRM or LFY-SYD interactions are needed to
fully test this hypothesis.

Our chromatin accessibility assay by FAIRE-qPCR suggests that constitutive LFY expression
is sufficient to induce accessibility for a few key floral genes. To fully validate LFY pioneer
activity, it would be essential to test its ability to alter chromatin states in the context of floral
meristem cells, where the role of LFY is the most prominent and ideally using single cell
isolation and next generation sequencing techniques. However, pioneer activity is likely a
spectrum of activity in which TFs that play central roles in developmental transitions, such as
LFY, are able to fulfill a pioneer role under certain chromatin conditions, in the presence of
specific cofactors (Zaret, 2020) and/or for a few distinct loci (Li et al., 2019). Taken together,
our in vitro and in vivo results demonstrate the essential properties of pioneer TFs- the
competence to bind closed chromatin and the ability to trigger subsequent opening of these
closed regions- are properties of LFY in the context of at least a few key floral regulatory
targets. While this manuscript was in preparation, a preprint also describing LFY as a pioneer

TF was made available on the bioRxiv server (Jin et al., 2020).

Materials and methods

DAP-seq and ampDAP-seq

Plasmid construction

Full-length LFY (AT5G61850.1, 420 residues) coding sequence was PCR amplified and cloned
into pTnT vector (Promega) with an N-terminal 5XMyC tag to generate construct pTnT-5MyC-
LFY.

Construction of input libraries for DAP-seq and ampDAP-seq

The input library of ampDAP-seq was PCR amplified from Col-0 genomic DNA (sheared to
average size of 200-500 bp by sonication) and constructed according to published protocol
(O’Malley et al., 2016; Bartlett et al., 2017; Lai et al., 2020). For input library of DAP-seq, the

genomic DNA that retains native methylation pattern was extracted using phenol—chloroform
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from 2-weeks-old seedlings of p35S.:LFY line (pCA26 #15) (Sayou et al., 2016) grown on 0.5x

Murashige and Skoog medium in long-day conditions.

DAP-seq and ampDAP-seq

LFY protein was produced using an in vitro transcription/translation system, TnT® SP6 High-
Yield Wheat Germ Protein Expression System (Promega [.3260), according to the
manufacturer’s instructions. In brief, 2 pg input plasmid (pTnT-5MyC-LFY) was used in a 50
ul TnT reaction with 2-hr incubation at 25 °C. DAP-seq was carried out according to published
protocol with minor modifications (O’Malley et al., 2016; Bartlett et al., 2017). Briefly, the 50
ul TnT reaction producing LFY was combined with 50 pl IP buffer (20 mM Tris, pH7.5, 150
mM NaCl, 1mM tris(2-carboxyethyl)phosphine, 0.005% NP-40, and proteinase inhibitor
(Roche)) and mixed with 20 pL anti-MyC magnetic beads (Merck Millipore). Following 1 hr
incubation at 4 °C, the anti-MyC magnetic beads were immobilized and washed three times
with 100 pL IP buffer. While the protein was still bound on anti-c-Myc magnetic beads, 50 ng
DAP-seq or ampDAP-seq input library pre-ligated with Illumina adaptor sequences was added.
The DNA binding reaction was incubated at 4 °C on a rotor for 90 mins, and then washed 6
times using 100 puL IP buffer. The bound DNA was heated to 98°C for 10 min and eluted in 30
ul EB buffer (10 mM Tris-Cl, pH 8.5). The eluted DNA fragments were PCR amplified using
[llumina TruSeq primers for 20 cycles, and purified using AMPure XP magnetic beads
(Beckman). The libraries were quantified by qPCR using NEBNext Library Quant Kit for
[llumina following manufacturer’s instructions. Individual libraries were pooled with equal
molarity, and sequenced on Illumina HiSeq (Genewiz) with specification of paired-end
sequencing of 150 cycles. Each library obtained around 10 to 20 million raw reads. Both DAP-

seq and ampDAP-seq were performed in triplicates.
Bioinformatic analyses

Reads processing and peak calling

DAP-seq and ampDAP-seq read processing and peak calling was performed as previously
described (Lai et al., 2020). Briefly, reads were checked and cleaned using FastQC
(http://www .bioinformatics.babraham.ac.uk/projects/fastqc/), and NGmerge (Gaspar, 2018)
and mapped with bowtie2 (Langmead and Salzberg, 2012) onto the TAIR10 version of the 4.
thaliana genome (www.arabidopsis.org), devoid of the mitochondrial and the chloroplast
genomes. The duplicated reads were removed using the samtools rmdup program (Li et al.,
2009). The resulting alignment files for each sample were input to MACS2 (Zhang et al., 2008)

to call peaks using the input DNA as control. Consensus peaks between replicates (when



424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457

available) were defined using MSPC (Jalili et al., 2015) (P-value cutoff = 10~%) for each
experiment (DAP-seq, amplified DAP-seq and ChIP-seq from (Goslin et al., 2017)). Each
consensus peak was scanned for possible subpeaks, split into several peaks if needed and the
peak widths were then normalized to + 200 bp around the peak maximum. For all the resulting
consensus peaks, a normalized coverage was computed as the mean of the normalized read
coverage for each replicate (when replicates were available). Because the DAP-seq and
ampDAP-seq experiment had different signal-to noise ratio (Supplemental Table 1) we used
the total number of reads in consensus peaks for normalization. This normalized coverage
(averaged across replica) defines the binding intensity of a TF at a bound region. The ratio of
the binding intensity between DAP and ampDAP defines the DAP/ampDAP signal ratio.
Measuring the effect of methylation on TF binding

To measure the effect of cytosine methylation on the TF binding affinity, we tested the
correlation between the DAP/ampDAP signal ratio and the methylation levels at 1) the whole
bound regions, 2) at the TF best binding site (TFBS) in the bound region and 3) at each position
of the TFBS. This approach markedly differs from previous analyses (O’Malley) where the
change in binding affinity averaged across all binding sites was contrasted at methylated versus
non-methylated regions in DAP and ampDAP experiments separately. By using the
DAP/ampDAP signal ratio as a function of methylation levels at a same locus, our approach
account for the variability across binding sites and better controls for differences in signal-to-
noise ratio between ampDAP and DAP experiments. TFBSs were searched in bound regions
using a position weight matrix (PWM) constructed for each TFs using MEME (Machanick and
Bailey, 2011). The probability of cytosines methylation was taken from (Zhang et al., 2016).
Methylation density (the number of methylated cytosines in a bound region) was defined as the
number of cytosines with a probability of methylation greater than 50%. Association between
the relative binding intensity and methylation levels was assessed using Pearson’s correlation
tests from R package. The effect of methylation on LFY binding was compared to that of two
others TFs (AT1G19210 and AT3G10030) for which DAP-seq and ampDAP-seq samples were
available from (O’Malley et al., 2016).

ChIP-seq versus DAP-seq binding affinity comparison

The ChIP-seq datasets used were obtained from (Sayou et al., 2016) (1,954 peaks, two-week-
old seedlings 35S:LFY tissue) , or re-computed (see above) from (Goslin et al., 2017) (884
peaks, inflorescence tissue of 35S:LFY-GR apl cal). Only the first 3,000 DAP-seq bound
regions with lowest p-value were considered. Regions bound either in DAP-seq or in ChIP-seq

were merged in a single bed file. When peaks overlapped for more than 80% of their respective
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length, they were considered as “common’ and resized to create a common peak. Coverages of
pooled bound regions were retrieved for both datasets.

DNA accessibility

Closed and open chromatin regions were defined according to leaf DNasel-seq dataset from
(Zhang et al., 2012). DNasel-seq coverage was computed on the DAP and ChIP pooled peaks
and a peak was classified as open or closed following DHs regions from Zhang et al.
Chromatin state

9 chromatin states was taken from (Sequeira-Mendes et al., 2014). Those chromatin states were
then crossed with our pooled peaks from ChIP-seq and DAP-seq and separated in deciles along
the ChIP-seq to DAP-seq coverage fold ratio (CFR).

Nucleosomes

MNase-seq defined genomic positions of nucleosomes in leaf were retrieved from (Zhang et
al., 2015). Custom python scripts were used to compute MNase-seq coverage for DNase-
defined closed and open bound regions. Peaks were then extended to 800 bp, around the
maximum, and sorted on their center (+/-100 bp around the center).

Position of LFYBS on nucleosomes

LFY ChIP-seq bound regions were considered to be in an open chromatin state if they overlap
by more than 50% with a DNase peak in flower tissues, else they were considered to be in
closed chromatin. MNase data from flower tissues was crossed (using bedtools intersect —f 0.8
(Quinlan and Hall, 2010)) with ChIP-seq peaks to retain nucleosomes that are 80% within a
LFY bound region. The resulting nucleosome sequences, plus half of a LFYBS (i.e. 9bp) at
both sides, were screened for LFYBS using a custom LFY position weight matrix (Sayou et al.,
2016). We then counted the number of LFYBS, taking the center of the motif as reference,

present along the 147 bp sequence of canonical nucleosome.
Protein structural analysis

The structure coordinates of LFY (accessions of 2vyl and 2vy2 (Hames et al., 2008)) are taken
from protein data bank (https://www.rcsb.org). The cytosine methylation mutation was done
using “Builder" option from the PyMOL GUI (www.pymol.org), all visualization was prepared
using PyMOL.

Protein purification

The protein AtLFYA40 was produced in E. coli Rosetta2 (DE3) strain (Novagen). Cells were

grown in Luria-Bertani medium supplemented with Kanamycin (50 ug/ml) and

Chloramphenicol (34 pg/ml) at 37 °C under agitation up to an optical density of 600 nm of 0.6.
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Betaine (2 mM) was added and cultures were shifted to 18 °C for 1 h before addition of 0.4 mM
isopropyl B-D-1-thiogalactopyranoside. After overnight growth at 18 °C, cells were pelleted by
centrifugation. Pellets corresponding to 0.51 culture containing the recombinant protein were
sonicated in 50 ml of lysis buffer (20 mM Tris—HCI pH 8.5, 1 mM TCEP) supplemented by one
protease inhibitor cocktail tablet Complete EDTA-free (Roche) and centrifuged for 30 min at
20,000 g 4°C. The clear supernatant was transferred on a column containing 1 ml Ni-Sepharose
High Performance resin (GE Healthcare), washed two times with lysis buffer containing 20
mM and 40 mM imidazole, respectively, and eluted with lysis buffer containing 300 mM
imidazole. Eluted fractions were immediately diluted three times in buffer without imidazole
and dialysed overnight. Protein concentrations were determined by SDS-PAGE, using a BSA
standard curve run on the same gel.

Recombinant histones were produced according to published protocols (Shim et al., 2012). The
coproduction of the Xenopus laevis four core histones was done using a pET29a polycistronic
plasmid containing the four core histones. The histoneH2A was tagged with N-terminal
hexahistidine (his6)-tag with a thrombin cleavage site. Histone H4 was tagged with a C-
terminal His6-tag preceded by a thrombin cleavage site. This plasmid was transformed in
BL21(DE3)pLysS bacteria. Cells were grown in Luria-Bertani medium supplemented with
Kanamycin (50 pg/ml) and Chloramphenicol (34 pg/ml) at 37 °C under agitation up to an
optical density of 600 nm of 0.6. were shifted to 18 °C for 1h before addition of 0.4 mM
isopropyl B-D-1-thiogalactopyranoside. cells were pelleted by centrifugation. Pellets
containing the recombinant protein were sonicated in 50 ml of lysis buffer (20 mM Tris—HCI
pH 7.5, 2 M NaCl 1 mM TCEP) supplemented by one protease inhibitor cocktail tablet
Complete EDTA-free (Roche) and centrifuged for 30 min at 18,000g 4°C. The clear
supernatant was transferred on a column containing 3 ml Ni-Sepharose High Performance resin
(GE Healthcare), washed two times with lysis buffer containing 30 mM and 50 mM imidazole,
respectively. Elution was performed with lysis buffer containing 300 mM imidazole. Fraction
were analyzed on 18% SDS-PAGE. Thrombin digestion was carried out by adding purified
thrombin in 25:1 mass ratio and incubating the samples at room temperature for 4 hours. The
digestion was confirmed by SDS-PAGE. Digested histones were then concentrated by
centrifugation using amicon membrane (MW50KDa) at 4°C et 4,000xg during 20 min intervals,
with gentle mixing between each centrifugation. The concentrated sample was then injected
onto a Superdex 200 10/300 column in lysis buffer. The histone octamer peak was eluted at an
elution volume of 12.8 ml. the peaks fractions were pooled and concentrated at a concentration

of 1.84 mg/ml and aliquoted flash-frozen in the presence of 50% glycerol.



525

526
527
528
529
530
531
532
533
534
535
536
537
538

539
540
541
542
543
544
545

546

547
548
549
550
551
552

553

554

555
556

Nucleosome reconstruction

DNA sequences used for nucleosome reconstruction

To test the interaction between AtLFYA40 and nucleosomes we reconstituted nucleosomes
with the 601 sequences and different 601 sequences containing a LFY binding site at different
positions (C1-C7 and E1-E7, Figure 3B). As a control, we also tested RAX1 nucleosomal DNA
binding using 601 sequence containing a RAX1 binding site (C1-C7, Figure 3B). All cloned in
a pUCS57 plasmid (sequences see Supplemental Table 2 and 3). Sequences of an AP/ intronic
region and API promoter region (Figure 3D) were also cloned in pUC57 and used for
nucleosomal reconstitution (sequences see Supplemental Table 2).

All fragments used for nucleosome reconstruction were amplified by PCR using Invitrogen
primer labelled with CY5 fluorophore. The resulting fragment was then checked by 1% agarose
gel and purified with the Monarch® DNA Gel Extraction Kit (New England Biolabs). The
purified fragment was precipitated by ethanol precipitation and resuspended in buffer (25 mM

Tris, pH 7.5, 2 M NaCl and 1mM TCEP) and adjusted at a concentration of 200 ng/ul.

Nucleosome reconstruction

The nucleosomes assembly was performed by salt dilution method (Okuwaki et al., 2005).
Briefly, DNA of interest and recombinant histone octamer were mixed at a molar ratio (DNA /
histones) between 1/1 and 1/1.2 in a solution of 25 mM Tris pH 7.5 2M NaCl 1mM TCEP. This
mix was incubated at 30°C for 20 min. The reaction was serially diluted to 1.5, 1, 0.8, 0.6, 0.5,
0.4, 0.3, and 0.2 M NaCl using buffer 25 mM Tris pH7.5 1mM TCEP with 20 min incubation

at 30°C for each dilution step. The reconstitution was confirmed by native gel analysis.
Electrophoretic Mobility Shift Assay

Nucleosomes of interest were incubated with 500 uM AtLFYA40 in buffer (25 mm Tris pH7.5
200mM NaCl ImM TCEP 10% glycerol 0.1 mg/ml BSA 0,12 mg/ml herring and salmon sperm
DNA for 1 hour at room temperature. The different complex was separated on 5% non-
denaturing polyacrylamide gels run in 0.5X Tris-borate -EDTA (TBE) buffer. Gels run for one
hour at 4°C at 120 V. Complexes were visualized with Cy5 — exposition filter (ChemiDoc MP
Imager; BIO-RAD).

Formaldehyde-Assisted Isolation of Regulatory Elements (FAIRE)-qPCR
Site selection for FAIRE-qPCR

To test the effect of LFY binding on nucleosomes, LFY ChIP-seq peaks (Sayou et al., 2016)

with a nucleosome in leaf tissue (overlap >= 50%) and no nucleosomes in floral tissue were
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selected (Zhang et al., 2015). Selected peaks were then attributed to nearby genes (peaks within
3 kb upstream and 1 kb downstream; overlap >= 80%). In those regions, we selected two known
LFY targets, API (AT1G69120) and AG (AT4G18960), and ULTI (AT4G28190), another
floral regulator. We applied a similar method to select three control regions that are not bound
by LFY and are occupied with nucleosomes in leaf and floral tissue (AT3G18780 (Actin2),
AT2G38220 and AT4G22285).

FAIRE-gPCR

FAIRE assays were performed on two-week-old seedlings of Arabidopsis thaliana ecotype
Columbia (Col-0) background and 35S::LFY. Seeds were surface-sterilized by treatment with
bayrochlore, washed, then sown in sterile half-strength MS medium and placed for 2—4 days at
4 °C to obtain homogeneous germination. Plants were grown in square petri dishes in growth
chambers at 20 °C under long-day (16 h of light) conditions. 1g of plant material was then
crosslinked in 1% (v/v) formaldehyde at room temperature for 15 min using vacuum
infiltration. Crosslinking was quenched by adding glycine solution to a final concentration of
0.125M under vacuum infiltration for 5 minutes. The crosslinked plantlets were ground into
powder using liquid nitrogen and nuclei were isolated using Nuclei Isolation Buffer (0,25M
Sucrose, 10mM Tris-HCI pH8, 10mM MgCl2, 1% Triton X-100, SmM B-mercaptoethanol, and
proteases inhibitors) and then resuspended in 1ml of FAIRE Lysis Buffer (0,1% SDS, 50 mm
Tris-HCI pH 8, 10 mm ethylene diamine tetraacetic acid (EDTA) pH 8). The crosslinked DNA
was sheared to an average size of 200 - 300 bp using a Covaris S220 (Peak Power: 175W,
cycles/burst: 200, Duty Factory: 20, 4min). Samples were centrifuged for 15 min and 13,000 x
g at 4 °C and the supernatant was transferred into new tubes. A 100ul aliquot was used as
control DNA and directly treated with 1ul of RNAse A+T1 cocktail enzyme mix (Thermo
Fisher Scientific) for 1h at 37°C followed by proteinase K treatment for 4h at 37°C and 6h at
65°C to reverse the crosslinks. The non-de-crosslinked samples were RNAse A+T1 treated as
for control DNA and a phenol:chloroform:isoamyl alcohol (25:24:1) extraction was performed
to purify DNA and control DNA in a final volume of 100 pL TE buffer (10 mM Tris pH 8,
ImM EDTA). The non-de-crosslinked free DNA samples were then incubated overnight at 65
°C to remove inter-DNA crosslinks. DNA was quantified using Qubit ds DNA HS kit (Thermo
Fisher Scientific) and the ratio between nucleosome-free DNA versus total DNA was

determined by qPCR analysis using 20ng of template DNA for each reaction.
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LFY DAP-seq sequencing data from this article can be found in the NCBI GEO data libraries

under accession numbers GSE160013 (token afwnayckrrajfev for reviewers).
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829  Supplementary Figure 1: Replicate reproducibility of LFY DAP-seq experiments.

830  Scatter plots of coverage, normalized by the total number of reads in peaks, between three
831 replicates (a,b,c) of DAP-seq (first row) and amplified DAP-seq (second row) experiments, with
832  Pearson’s correlation at top.

833
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Supplementary Figure 2: Relative binding intensity for ampDAP-seq and DAP-seq
experiments for LFY (A), ERFO7(AT1G19210) (B), and a trihelix-domain containing protein
(AT3G10030) (C).

The relative binding intensity is expressed as the number of reads in the bound region
normalized by its length and by the total number of reads in all bound regions. Black and grey
separate bound regions with a difference in relative binding intensity of ampDAP versus DAP-
seq experiment greater and less than 3-fold. Variability across replicates (available for LFY

only) is represented by error bars.
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Supplementary Figure 3: Effect of methylation of each individual position on LFY binding.

Relation between methylation probability at a single site in the predicted best LFY binding

site and the logio-scaled relative binding site intensity of a DAP-seq versus an ampDAP-seq

experiment for LFY on the forward (A) and reverse (B) strand.



857

858
859

860
861

862
863
864
865
866
867
868

>

DAP/ampDAP signal ratio

DAP/ampDAP signal ratio

DAP/ampDAP signal ratio

DAP/ampDAP signal ratio

C1G13 r: -0.23 P: 0.0536 N: 74

-1.0 0.0

probability of cytosine methylation

C7G7 r: -0.47 P: 0 N: 351

probability of cytosine methylation

G1C13 r: -0.24 P: 0.04921 N: 67

e . .
-, .

0.0
1

probability of cytosine methylation

GIC5 r: -0.54 P: 0 N: 769

probability of cytosine methylation

DAP/ampDAP signal ratio DAP/ampDAP signal ratio DAP/ampDAP signal ratio

DAP/ampDAP signal ratio

C2G12r: -0.21 P:0.02588 N: 114

-1.0 0.0

probability of cytosine methylation

C8G6 r: -0.48 P: 0 N: 670

probability of cytosine methylation

G2C12r: -0.25 P: 0.08934 N: 47

probability of cytosine methylation

G10C4 r: -0.46 P: 0.00135 N: 45

-0.5

-1.5

probability of cytosine methylation

DAP/ampDAP signal ratio DAP/ampDAP signal ratio DAP/ampDAP signal ratio

DAP/ampDAP signal ratio

C3G11 r: 0.4 P: 0.00736 N: 44

probability of cytosine methylation

C11G3 r: -0.24 P: 0.00012 N: 256

probability of cytosine methylation

G3C11 r: -0.37 P: 0.00013 N: 105

probability of cytosine methylation

G12C2 r: -0.64 P: 0.00031 N: 27

-06 00

-1.2

probability of cytosine methylation

DAP/ampDAP signal ratio DAP/ampDAP signal ratio DAP/ampDAP signal ratio

DAP/ampDAP signal ratio

C4G10 r: -0.04 P: 0.74226 N: 88

0.0 02 04 0.6 08

probability of cytosine methylation

C12G2r: -0.26 P: 4e-05 N: 239

probability of cytosine methylation

G4C10 r: -0.51 P: 3e-05 N: 62

probability of cytosine methylation

G13C1 r: -0.15 P: 0.42548 N: 32

o _|%- Lo
3 1= L
R —

i e
° .
T T T T

0.0 0.4 0.8

probability of cytosine methylation

DAP/ampDAP signal ratio

DAP/ampDAP signal ratio

DAP/ampDAP signal ratio

C5G9 r: -0.47 P: 0 N: 260

probability of cytosine methylation

C13G1 r: 0.07 P: 0.76917 N: 22

o d e
=R .
i T
S
T .
T T T T
0.0 0.2 0.4 0.6

probability of cytosine methylation

G6C8r: -0.68 P:ON: 116

probability of cytosine methylation

Supplementary Figure 4: Effect of methylation of each individual position on ERF017

binding.

Relation between methylation probability at a single site in the predicted best binding site

and the logio-scaled relative binding site intensity of a DAP-seq versus an ampDAP-seq

experiment for ERFO17 (At1g19210) on the forward (A) and reverse (B) strand.
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Supplementary Figure 5: Effect of methylation of each individual position on trihelix-

domain containing protein (AT3G10030) binding.

Relation between methylation probability at a single site in the predicted best binding site

and the logio-scaled relative binding site intensity of a DAP-seq versus an ampDAP-seq

experiment for trihelix-domain containing protein (AT3G10030) on the forward (A) and

reverse (B) strand.
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Supplementary Figure 6. Structural features suggesting that LFY is intrinsically only mildly
sensitive to cytosine methylation.

(A) Overview of LFY-DBD dimer (Chain A and B) bound to DNA sequence from AP1 promoter
(PDB 2vy1); Residues involved in base readout are highlighted in pink. LFY binding sequence
is pseudo-palindromic and composed of two half-sites. One half-site is numbered from 1 to
10 with position 10 being the center of the pseudo-palindrome. The two DNA strands are
designated as strand A and strand B (underlined), respectively. The highly conserved CG base
pairs in both strands are annotated (bases from strand B are underlined). (B) Base readout
residue R233 interacts with bases from position 2 and 3 in the minor groove. C3 is mutated to
methylated cytosine, designated as “mC3 (# stands for mutation). Its methyl group facing the
major groove, thus would not interfere with R233 base readout interactions. (C) Methylation
of cytosine in position 4 (strand A) or position 5 (strand B) helps LFY binding by forming
hydrophobic interaction between methyl groups and CB of P308; The methyl groups are in
close proximity to P304. Distances are measured based on mutation done in the model of PDB
2vyl. (D) C7, C8, and C9 are mutated to mCs. Their methyl groups are distant from N287 and
K303 (>8 A), thus are unlikely to interfere with the base readout interactions. The base readout

interactions are indicated by black dash lines. Methyl groups are indicated by *. A base marked
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with # stands for a mutated base relative to the native structure. It has to be noted that the
methylation pattern in the figure is to visualize their relative position to key base readout

residues, they might not occur in vivo, e.g., the three continuum mcC in (D).
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Supplementary Figure 7: Interaction between LFY and closed chromatin regions in

inflorescence tissues

(A) Plots comparing the LFY binding intensities in ChIP-seq (inflorescence tissue of 35S::LFY-
GR ap1 cal; Goslin et al., 2017) vs DAP-seq experiments. The heatmap is based on the ChIP-
seq/DAP-seq intensity ratio. (B) Overlay of DNasel signal (heat map) on LFY bound regions,
with DAP-seq (X-axis) and ChlP-seq (Y-axis) peak coverages. The two panels on the right show
the same regions split into open (upper panel) and closed (lower panel) chromatin states. (C)
Distribution of chromatin states 1 to 9 according to (Sequeira-Mendes et al., 2014) for the first
and last decile of LFY bound regions based on the ChIP-seq signal. (D-E) MNase signal around
ChlP-seq peak centers in closed (D) or open (E) chromatin regions. Upper panels show ChlIP-
seq and MNase-seq coverage for each peak ordered based on the MNase-seq signal. Lower

panels represent the mean coverage.
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918 Supplementary Figure 8: Density plots of LFY binding sites (BS) central position on
919 nucleosomes in open and closed chromatin for flower tissues.

920  Plots are shown for BS with a score greater than -15 (left), -20 (middle), and -25 (right), for
921  best-scoring BS only (top), and all BS above the score threshold (bottom).
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Supplementary Figure 9: LFY nucleosomal DNA binding assayed by EMSA using 601
sequences with a LFYBS inserted at different positions.

The positions of LFYBS in the 601 sequence are illustrated in Figure 3B and their sequences
are given in Table S2. Two concentrations of LFY (250 nM and 1 uM) were used. LFY binds to
nucleosomes with a LFYBS at C2 and C7 positions; There is also weak binding at E2 but it is

weak and less reproducible.
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Supplementary Figure 10: EMSA testing RAX1 nucleosomal DNA binding on 601 sequence

with a RAX binding site inserted at different positions.

(A) EMSA with different concentrations of RAX1 (250 nM and 1 uM) and free 601 DNA with a
RAX1 binding site showing that recombinant RAX1 protein is active. (B) EMSA with RAX1 (250
nM and 1 uM) and 601 nucleosomes without or with a RAX1 binding site inserted at different
positions), showing that RAX1 has no nucleosomal DNA binding activity. RAX1 binding site
insertion in 601 sequences follows the same principle as for LFYBS illustrated in Figure 3B.

DNA sequences are given in Table S3.
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Supplementary Figure 11: LFY binds nucleosomes assembled with AP1 intron and promoter
sequences (related to Figure 3E).

Free DNA or reconstructed nucleosomes are indicated on top of the lanes. The mention extra
indicates that the sequence used is longer due to the presence of the amplification primers
used for AP1 sequences (see table 2). The last two lanes are controls showing that these extra
sequences do not bind to LFY. Arrows and drawings on the side indicate from bottom to up

are free DNA, nucleosome alone, LFY nucleosome complex, and free DNA LFY complex.



956  Supplementary Table 1.
957  Mapping and peak calling statistics of DAP-seq and ampDAP-seq experiments
958

Mappi #Consensus #RCin
Transcription Read #Raw IS #Mapped #Filtered | #Peaks Filtered
Study Library DNA ng rate peaks filtered
factor type = reads reads reads | (MACS2) peaks”
(%) (MSPC) peaks
Ampli 48
Control LiB1-1 PE |22535270] 249 |10850451 9449616 NA NA NA NA NA
fied
21094694 36 146722[0.23
LIB11-13 PE 171 | 7515152 6266961 8692
6
Ampli 16661008 36 4791 1145540.23
LIB11-14 fied PE 194 | 6005517 5059651 7656
6
This work LIB11-15 pe |15667010f 197 [ 5132035 | 33 | 4480885| 5553 83504210.19
LFY
9116
74147498 44 747496|0.36
(AT5G61850) 2LIB11-20 PE 170 |32781695 20940972 29365
9
Non
42482466 43 420823]0.31
2LI1B11-21 |ampli| PE 180 |18406436 13795444| 29641 20760
2
fied
29556830 46 313440(0.29
2LIB11-22 PE 203 |13689955 10729125| 29910
3
Non 8482778 4002772 47 586857
Control SRR2926068|ampli| PE NA NA NA NA NA NA
fied
Ampli 3628476 1432383 39 1432383 | 4786 NA 5266 |253696]0.18
SRX1412012 SE NA
Re- fied
ERFO17
mapping Non 8258696 674974 8 674974 8959 NA 4286581 0.64
(AT1G19210)
of SRX1412013|ampli| SE NA
O'Malley fied
etal 2016 Ampli 1327104 490155 37 490155 1762 NA 1653 | 90280 [0.18
SRX1412646 SE NA
fied
Trihelix
Non 998448 352811 35 352811 806 NA 88665 10.25
(AT3G10030)
SRX1412647|ampli| SE NA
fied
*Peaks with RPKM>3 (all transcription factors) and maximum height greater than 10 (LFY) in the consensus DAP-seq or amplified DAP-seq
lexperiment were merged. PE, paired-end. SE, single-end. IS, mean insert size. FRIP, the fraction of filtered reads in peaks. NA, not
applicable.

959
960
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Supplementary Table 2.

DNA sequences used for nucleosome reconstruction with LFY binding site underlined

DESCRIPTIO
]

Widom 601

sequence

SEQUENCE

ATCGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGCGGGGGACAG
CGCGTACGTGCGTTTAAGCGGTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTGAT

LFY-C1 (LFY
binding site
is

underlined)

ATCGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACATTGACCAGCG
GGTAATTGTGCGTTTAAGCGGTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTGAT

LFY-C2

ATCGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGCATTGACCAg
CGGGTAATTGCGTTTAAGCGGTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTGAT

LFY-C3

ATCGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGCGCATTGACC
[AgCGGGTAATTGTTTAAGCGGTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTGAT

LFY-C4

ATCGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGCGGGCATTGA
CCAgCGGGTAATTGTAAGCGGTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTGAT

LFY-C5

ATCGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGCGGGGGCATT
GACCAgCGGGTAATTGAGCGGTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTGAT

LFY-Cé

ATCGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGCGGGGGACCA
TTGACCAgCGGGTAATTGCGGTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTGAT

LFY-C7

ATCGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGCGGGGGACAG
CATTGACCAgCGGGTAATTGGTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTGAT

LFY-E1

ATCGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGCGGGGGACAG
CGCGTACGCATTGACCAgCGGGTAATTGTCTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTGAT

LFY-E2

ATCGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGCGGGGGACAG
CGCGTACGTGCATTGACCAgCGGGTAATTGTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTGAT

LFY-E3

ATCGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGCGGGGGACAG
CGCGTACGTGCGCATTGACCAgCGGGTAATTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTGAT

LFY-E4

ATCGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGCGGGGGACAG
CGCGTACGTGCGTTCATTGACCAgCGGGTAATTGTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTGAT

LFY-E5

ATCGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGCGGGGGACAG
CGCGTACGTGCGTTTACATTGACCAgCGGGTAATTGCGACCAATTGAGCGGCCTCGGCACCGGGATTCTGAT

LFY-E6

ATCGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGCGGGGGACAG
CGCGTACGTGCGTTTAAGCATTGACCAgCGGGTAATTGACCAATTGAGCGGCCTCGGCACCGGGATTCTGAT

LFY-E7

ATCGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGCGGGGGACAG
CGCGTACGTGCGTTTAAGCGCATTGACCAgCGGGTAATTGCAATTGAGCGGCCTCGGCACCGGGATTCTGAT

AP1 intron*

ATGAAAATAAACAATTTGATAAAAGAAAAAAAAAAAAAGAAGAACAGCTGTTGCTTGTTGGAGCTAAGTTTGA
CCATCGGTAAGAAGCCGATTTTAGGATGGAGTTAATTCTTTTTATGGATCCCCAGAGGTCAAAGACTCCCTAC
TCAGATTTGACATCTTTGTTTCAGTTTTAATTTCTAAAGTCTTCAGATTTTGTTTCGTAGA
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AP1 pro* [ATGAAAATAAACAATTTGATACTTAAAAATATGAAAATAAACAATTTGATTATCGACGTCTCGTGAAGAGAAA
TGGGTAAGTAACATTGTACGGACCACTGGTCCTTCCCCAAGTGTCACCTTCGCTTTGCATTGACGGCGGAGAT
TTCCCTGTAGATCTACGAAACAAAATCTGAACCAACCAAAATTCAGATTTTGTTTCGTAGA

601 extra* |ATGAAAATAAACAATTTGATATCGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGCGGTTA

AAACGCGGGGGACAGCGCGTACGTGCGTTTAAGCGGTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTCGGCACCG
GGATTCTGATTTCAGATTTTGTTTCGTAGA

* indicates sequences for nucleosome reconstruction with extended 5’ and 3’ ends (italicized)

originating from amplification primers.
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Supplementary Table 3. DNA sequences used for nucleosome reconstruction

with RAX1 binding site underlined

DESCRIPTION

RAX1-C1 (RAX1

SEQUENCE

ATCGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGCGGTTAAAATTGGGTACCTAACTTTCT
[AATGCGTTTAAGCGGTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTGAT

binding site is

underlined)

RAX1-C2 ATCGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGTTGGGTACCTAACTTT
CTAACGTTTAAGCGGTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTGAT

RAX1-C3 ATCGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGCGTTGGGTACCTAACT
TTCTAATTTAAGCGGTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTGAT

RAX1-C4 ATCGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGCGGGTTGGGTACCTAA
CTTTCTAATAAGCGGTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTGAT

RAX1-C5 ATCGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGCGGGGGTTGGGTACCT
[AACTTTCTAAAGCGGTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTGAT

RAX1-C6 ATCGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGCGGGGGACTTGGGTAC
CTAACTTTCTAACGGTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTGAT

RAX1-C7 ATCGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGCGGGGGACAGTTGGGT

[ACCTAACTTTCTAAGTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTGAT




