bioRxiv preprint doi: https://doi.org/10.1101/541284; this version posted July 9, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The mechanistic basis for chromatin invasion and remodeling by the yeast

pioneer transcription factor Rap1

Maxime Mivelaz!, Anne-Marinette Cao?, Slawomir Kubik?*, Sevil Zencir?, Ruud Hovius?, luliia

Boichenko?!, Anna Maria Stachowicz?, Christoph F. Kurat?, David Shore? and Beat Fierz'*

LEcole Polytechnique Fédérale de Lausanne, SB ISIC LCBM, Station 6, CH-1015 Lausanne, Switzerland
2Department of Molecular Biology and Institute of Genetics and Genomics of Geneva (iGE3), 1211
Geneva 4, Switzerland

$Molecular Biology Division, Biomedical Center, Faculty of Medicine, LMU Munich, 82152 Planegg-

Martinsried, Germany

4 Current address: Sophia Genetics, Campus Biotech, 9 Chemin des Mines, 1202 Genéve

*Corresponding author: beat.fierz@epfl.ch

Keywords: Rap1l, pioneer transcription factor, chromatin structure, single-molecule fluorescence


https://doi.org/10.1101/541284

bioRxiv preprint doi: https://doi.org/10.1101/541284; this version posted July 9, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

SUMMARY

Pioneer transcription factors (pTFs) bind to target sites within compact chromatin initiating
chromatin remodeling and controlling the recruitment of downstream factors. The mechanisms by
which pTFs overcome the chromatin barrier are not well understood. Here we reveal, using single-
molecule fluorescence, how the yeast transcription factor Rap1l invades and remodels chromatin.
Using a reconstituted chromatin system replicating yeast promoter architecture we demonstrate
that Rapl can bind nucleosomal DNA within a chromatin fiber, but with shortened dwell times
compared to naked DNA. Moreover, we show that Rap1 binding opens chromatin fiber structure by
inhibiting inter-nucleosome contacts. Finally, we reveal that Rap1 collaborates with the chromatin
remodeler RSC to displace promoter nucleosomes, paving the way for long-lived bound states on
newly exposed DNA. Together, our results provide a mechanistic view of how Rap1 gains access and
opens chromatin, thereby establishing an active promoter architecture and controlling gene

expression.

Chromatin acts as a barrier for proteins which require access to DNA. Both target search and binding-
site recognition of transcription factors (TFs) are restricted by the presence of nucleosomes and
chromatin higher-order structure (Adams and Workman, 1995; Mirny, 2010). However, a subset of
transcription factors, named ‘pioneer transcription factors’ (pTFs) (Zaret and Mango, 2016), have the
ability to invade compact chromatin domains. This initiates an opening of chromatin structure (Cirillo
etal., 2002; Fakhouri et al., 2010), which can coincide with linker histone loss (Iwafuchi-Doi et al., 2016)
or nucleosome removal (Jin et al., 2009; Knight et al., 2014; Suto et al., 2000). Such remodeled
chromatin is accessible to subsequent non-pioneer TFs (Cirillo et al., 2002), which together produce
changes in transcriptional programs (Soufi et al., 2015; Zaret and Carroll, 2011).

A common feature of DNA binding domains (DBDs) found in pTFs is their ability to bind partial
sequence motifs displayed on nucleosomes (Soufi et al., 2015). The presence of nucleosomes may

therefore have limited effects on both on-rates and residence times of pTFs. Beyond the nucleosome,


https://doi.org/10.1101/541284

bioRxiv preprint doi: https://doi.org/10.1101/541284; this version posted July 9, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

higher-order chromatin structure further constrains DNA conformation and accessibility (Poirier et al.,
2008). High-resolution structural studies on reconstituted chromatin revealed that local structural
elements such as tetranucleosome units form the basis of chromatin fiber organization (Schalch et al.,
2005). Neighboring tetranucleosome units can interact and form fiber segments with two intertwined
stacks of nucleosomes (Li et al., 2016; Schalch et al., 2005; Song et al., 2014). Importantly, genomic
studies have confirmed the prevalence of tetranucleosome contacts in vivo (Hsieh et al., 2015; Risca
et al., 2017). Such higher-order structure may further restrict DNA access.

Itis not well understood how pTFs probe DNA sequences within chromatin and how they invade
and subsequently remodel chromatin structure. The intrinsic dynamics of chromatin itself might
provide a potential mechanism for pTF invasion (Cuvier and Fierz, 2017). Recent studies using force
spectroscopy (Li et al., 2016) or single-molecule FRET (Kilic et al., 2018b) revealed conformational
dynamics in chromatin fibers from microseconds to seconds. It is thus conceivable that pTFs exploit
dynamic site exposure within chromatin fibers to invade compact chromatin, where they then recruit
additional cellular machinery to enact necessary conformational reorganization to alter gene
expression (Figure 1a).

Here, we test this hypothesis and reveal the mechanism of chromatin invasion, target binding
and chromatin remodeling of the pTF Rap1l (repressor activator protein 1). Rapl is an important
general regulatory factor (GRF) of transcription in budding yeast (Knight et al., 2014). It plays multiple
roles in vivo including the transcriptional regulation of around 5% of yeast genes (Lieb et al., 2001),
repression of noncoding transcripts (Challal et al., 2018; Wu et al., 2018) and the maintenance of
telomeric integrity (Wellinger and Zakian, 2012). The Rap1 DNA binding domain (DBD) consists of dual
Myb-type domains which are connected by a short unstructured linker (Konig et al., 1998) (Figure 1b).
The DBD binds a class of 13 bp consensus motifs with high affinity (Figure S1a), only requiring direct
access to one face of the DNA (Figure 1b). Importantly, Rapl can engage a single motif in multiple
binding modes, involving one or both Myb-domains (Feldmann and Galletto, 2014). Moreover, Rapl

has previously been identified as being able to bind nucleosomes in vitro (Rossetti et al., 2001). In the
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cell, Rapl binding sites are located within nucleosome-depleted regions (NDR) upstream of the
transcription start site (TSS), or within the -1 nucleosome at the two most peripheral exposed DNA
major grooves (Koerber et al., 2009). A host of cell-based studies showed that Rapl binding at these
loci results in chromatin opening (Yu and Morse, 1999), nucleosome loss and NDR formation (Badis et
al., 2008; Kubik et al., 2015; van Bakel et al., 2013; Yan et al., 2018). In fact, NDRs are typical for most
active eukaryotic promoters (Jiang and Pugh, 2009), and depend on the action of remodeling factors,
including RSC (Badis et al., 2008; Brahma and Henikoff, 2018; Cairns et al., 1996; Hartley and Madhani,
2009; Kubik et al., 2018; Ng et al., 2002; Parnell et al., 2008), SWI/SNF (Rawal et al., 2018; Yen et al.,
2012) and INOS8O (Krietenstein et al., 2016).

A particularly important gene family co-regulated by Rap1l are ribosomal protein genes. Rapl
binds to the promoter/enhancer regions of >90% of these genes and initiates the recruitment of
additional TFs, including Hmo1, Fhil and Ifh1 (Knight et al., 2014). In one of the two largest categories
of ribosomal protein genes (category 1), two closely spaced Rapl binding sites are situated in the NDR
upstream of the TSS (Knight et al., 2014). In contrast, when Rap1l is depleted, its binding sites are
covered by a stable nucleosome (Kubik et al., 2015). Digestion of yeast chromatin with limited amounts
of micrococcal nuclease (MNase) followed by sequencing (MNase-seq) (Zentner and Henikoff, 2012)
revealed that many NDRs contain MNase-sensitive particles (Henikoff et al., 2011; Kent et al., 2011;
Weiner et al., 2010; Xi et al., 2011), which may correspond to destabilized promoter nucleosomes
(Brahma and Henikoff, 2018; Chereji et al., 2017; Kubik et al., 2017; Kubik et al., 2015; Kubik et al.,
2018). In category | promoters such MNase sensitive nucleosome-like particles appear upstream of the
+1 nucleosome, co-existing with bound Rap1 (Kubik et al., 2015). In summary, Rapl is a well
characterized factor that directly impacts chromatin organization at key genes. However, the
molecular mechanism by which Rapl finds its target in compacted chromatin and by which it
subsequently acts to open chromatin and displaces promoter nucleosomes is not understood.

To reveal dynamic Rap1 invasion mechanisms, we reconstituted nucleosomes and chromatin

fibers containing Rap1 binding sites in the configuration found in category | promoters. We find that
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the residence times, but not binding rates, of Rapl are strongly reduced by the presence of
nucleosomes and chromatin fiber structure. We show that Rap1 binding does not disrupt or decidedly
alter nucleosome structure. In contrast, single-molecule FRET measurements directly reveal that Rap1l
locally opens chromatin fiber structure. Finally, we demonstrate that Rap1 collaborates with RSC to
displace nucleosomes from their target sites. The remodeled chromatin structure then provides an

opening for stable Rapl binding, access to further transcription factors and finally gene regulation.

RESULTS

Rap1 binds to nucleosomes via non-specific and specific DNA interactions

In a first set of experiments we investigated the mechanism of nucleosome binding by Rap1. We chose
the ribosomal protein L30 (RPL30) promoter (category |) as our target for this study (Figure 1c). Using
MNase-seq under Rapl-depleted conditions, we mapped the position of the -1 nucleosome (Figure
1c), which contains two Rap1l binding sites and which is displaced in vivo upon Rapl binding (Kubik et
al., 2015). Within this nucleosome, Rap1 binding site 1 (S1) is located near super helical location (SHL)
4.5, whereas site 2 (52) resides near the DNA entry-exit site at SHL 6.5 (Figure 1d). Importantly, the
affinity of Rapl for the two sites is distinct with a dissociation constant K4 of ~10 nM for S1 and ~30
nM for S2 (as determined by electromobility shift assays (EMSA), Figure Slc-e). In vivo, both sites
contribute to the expression of the RPL30 gene product (Knight et al., 2014).

To directly observe dynamic Rapl binding to promoter nucleosomes, we used a single-
molecule total internal reflection fluorescence microscopy approach (smTIRFM) that reveals TF binding
to immobilized DNA, nucleosomes or chromatin segments via fluorescence colocalization (Figure 2a)
(Kilic et al., 2015). Several reagents were required: first, we generated a 235 base pair (bp) DNA
template based on the 601 nucleosome positioning sequence (Thastrom et al., 1999), which contained
one or both Rap1 binding sites, S1 or S2, at the same nucleosome position as in the native promoter
(Figure 1d, Figure S1b and Table S2-4). Moreover, the DNA constructs contained a far-red fluorescent

dye (Alexa Fluor 647) and a biotin moiety for immobilization. We then either used this DNA directly or
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reconstituted nucleosomes using recombinantly expressed histones (Figure 2a and Figure S2a-e).
Second, we purified full-length Rapl as a Halo-tag fusion from insect cells and fluorescently labeled
the protein with the highly photostable green-orange dye JF-549 (Grimm et al., 2015) (Figure 2b, Figure
S2f-k). Importantly, labeled Rap1 exhibited similar DNA binding compared to published values (Knight
et al., 2014) (Figure S1c-e).

Having all components in hand, in a first set of experiments we immobilized S1- or S2-
containing naked DNA in a microfluidic channel and determined their position by smTIRFM imaging in
the far-red channel (Figure 2c). We then injected Rap1 at a concentration chosen such that individual,
non-overlapping binding events could be detected as fluorescent spots in the green-orange channel
(usually 50-100 pM). Colocalization of Rapl detections with DNA positions indicated binding (Figure
2c). We then recorded movies which revealed the binding kinetics of Rapl to SI- or S2-containing
naked DNA. For each DNA molecule, extracted kinetic traces allowed us to determine the length of
individual binding events (tprignt) and intermittent search times (tqar). The effect of dye photobleaching
on residence time measurements was reduced by stroboscopic imaging (Figure S3a).

While dynamic Rapl binding was observed for the medium affinity site S2 (Figure 2d),
individual binding events to the high affinity site S1 were so long (> 40 min) that we were not able to
obtain suitable statistics (Figure S3b). For S2-containing DNA, we then constructed cumulative lifetime
histograms of bright times (turign:) (Figure 2e), which were fitted using a bi-exponential function,
yielding two residence times Tofr1 and Tofr 2 (Figure 2f, see Table S1 for all rate constants). Of all binding
events, 35% exhibited a short residence time (tofr1 = 12.4 £ 4.5 s) whereas the remaining 65% showed
slow Rap1 dissociation kinetics (totf2 = 452 + 115 s). Due to the dual Myb-type DBD, these different
residence times may indicate different binding modes where either the entire or only a partial DNA
binding motif is engaged. Under equilibrium binding conditions, Rap1 thus forms long-lived complexes
with free DNA, resulting in residence times in the minutes to hours range for S1 and S2.

In contrast, the presence of mononucleosomes (MNs) shortened the residence time of Rap1l,

as observed in kinetic traces for MNs containing either S1 or S2 (Figure 2g), and in the corresponding
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lifetime histograms (Figure 2h). Here, a tri-exponential function was required to describe the data
(Figure S3c-e). Around 50% of all detected events were short-lived, with a time constant of 0.2 < Tofro
< 0.7 s. We attribute these fast events to non-specific probing interactions of nucleosomal DNA. Rap1
binding to S1 or S2 further revealed two additional longer time constants Tosr1 and Tofr2: Rapl binding
to the high affinity site S1 was associated with longer residence times (Tofr1 = 18 £ 11 s and Tofr2 > 100
s) compared to S2 (Tofr1 = 8.4 + 1.4 s, Tosr2 = 46 * 3 s) (Figure 2f). This is not necessarily expected, as S1
is located further within the nucleosome structure and thus potentially less accessible than S2, which
resides at the DNA entry-exit site. To test the effect of site positioning on the nucleosome, we moved
S2 from SHL 6.5 to SHL 4.5. This resulted in an additional reduction in Rap1 residence time to Tos1 = 2.4
+ 0.4 s and T2 = 7.7 £ 1.9 s (Figure S3f-h). Of note, having both sites S1 and S2 in the same
nucleosomes resulted in a superposition of the individual binding kinetics under our measurement
conditions (Figure S3i,j).

Specific binding rates (kon) that were obtained from analyzing lifetime histograms of dark times
(tdark) (Figure S3k-m) were comparable for all DNA and nucleosome constructs analyzed (Figure 2i).
This demonstrates that the Rapl target search kinetics are not influenced by the presence of
nucleosomes. Finally, we also probed Rap1 binding to nucleosomes without binding sites (Figure S3n-
p). A majority (83%) of all detected binding events were shorter than a second while the remaining
17% persisted for only 3.5 £ 3 s, consistent with nonspecific nucleosome interactions (Figure 2f,i).
Together, these results indicate that Rapl can bind to nucleosomal DNA, with overall similar on-rates
and with reduced residence times (> 10-fold) compared to free DNA, which depend on the site position

on the nucleosome.

Chromatin structure shortens Rap1 dwell times
In the cell, pTFs have to invade compact chromatin structure, which has been shown to reduce pTF
accessibility (Soufi et al., 2012). We therefore proceeded to investigate the mechanism of dynamic

chromatin structure invasion by Rapl. To this end, we employed a modular system to construct
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chromatin fibers (Kilic et al., 2018b), based on a 12-mer repeat of 601 nucleosome positioning
sequence each separated by 30 bp of linker DNA. We assembled two chromatin fiber types, containing
Rap1l target sites S1 or S2 in their central nucleosome (N6) in the same orientation as within the RPL30
promoter (Figure 3a, Figure S4a-h). The chromatin fibers were then immobilized in a flow cell and Rap1
binding dynamics were determined using smTIRFM (Figure 3b). Importantly, under our measurement
conditions (130 mM KCl), chromatin fibers exist in a compact state (Allahverdi et al., 2015) (see also
below).

Compared to MNs, we observed an increase in short (0.6 s) Rap1 binding events on chromatin
fibers (~70% of all detections, Figure 3c), which can be attributed to non-specific probing interactions.
Rapl thus rapidly samples the chromatin fiber in its search for potential target sites. For fibers
containing Rap1 binding sites (but not for chromatin devoid of such, Figure S4i-k), additional longer-
lived binding events were detected (Figure 3c). This demonstrates that Rapl can indeed invade
compact chromatin fibers. Analyzing the lifetime histograms for S2- (Figure 3d) or S1- (Figure 3e)
containing fibers revealed two time constants for specific interactions (Figure S4l-m). This is similar to
the situation in MNs, reflecting multiple Rap1 binding modes. The Rap1 residence times were however
further reduced in chromatin fibers (Figure 3f), by about 3-fold for S2 (tofr1=2.6 £ 0.6 s, and Tof,2 = 16.8
+ 3 s) and 5-fold for S1 (tor1 = 3.2 £ 0.6 s, and Tofr2 = 25.6 £ 4.0 s). This shortening of Rap1 dwell times
demonstrates that chromatin fiber structure acts as an additional hindrance to Rap1 binding.

To determine if chromatin also inhibits the target search process of Rapl we investigated the
on-rates (kon) in chromatin compared to nucleosomes. Surprisingly, we could not detect any significant
reduction in the Rapl binding rate for chromatin fibers containing S1 or S2 (Figure 3g). It is thus
conceivable that Rap1 can hop or slide along chromatin in search of the appropriate binding site, using
non-specific DNA interactions as a means of chromatin anchoring. Chromatin dynamics on the
millisecond time-scale (Kilic et al., 2018b) will eventually expose internal DNA sites, allowing the factor

to bind to its target sequence with similar kinetics compared to naked DNA.
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Rap1 binding does not evict or distort bound nucleosomes

Having established that Rapl indeed binds to nucleosomes and can invade chromatin structure, we
wondered if the pTF can remodel chromatin, i.e. by directly opening chromatin structure (Zaret and
Carroll, 2011). In cells, Rapl binding results in the destabilization and disruption of promoter
nucleosomes (Knight et al., 2014; Kubik et al., 2015; van Bakel et al., 2013; Yan et al., 2018), thereby
paving the way for binding of subsequent TFs and establishing a chromatin state permissive to
transcription. First, we wondered if Rap1l association directly destabilizes nucleosome structure, and
leads to DNA unwrapping as observed for other TFs (Donovan et al., 2019; Li et al., 2005; Li and Widom,
2004; Luo et al., 2014). We therefore established a FRET-based assay to monitor nucleosomal DNA
unwrapping (Figure 4a, Figure S5a-d). We positioned FRET donor (Alexa568) and acceptor (Alexa647)
dyes within the linker DNA of S1- and S2-containing nucleosomes, such that partial DNA unwrapping
(or nucleosome disassembly) will lead to FRET loss (Figure 4a,b, Figure S5d). Upon Rap1 addition (from
1 to 10 equivalents (eq.)) nucleosomes were bound, as judged by EMSA (Figure 4c). However, no
change in FRET efficiency (Errer) was observed for either S1 or S2 nucleosomes (Figure 4d,e), even at
the highest Rap1 concentrations (Figure 4f). These experiments directly show that Rap1 binding to S1
or S2 does not dramatically affect nucleosome structure and does not result in DNA unwrapping or
histone loss. We further tested if Rapl shows affinity differences for nucleosomes, when its binding
site is moved in 3 bp steps around the DNA helix. Indeed, Rap1 bound to S1 with a Kq of ~80 nM, with
~50 nM for S1 shifted by 3 bp, and ~60 nM for S1 shifted by 6 bp (Figure S5e-g). These rotational affinity
differences are consistent with Rap1 binding on the nucleosome surface.

Importantly, nucleosomes formed using the native RPL30 DNA sequence also remained stable
upon Rap1l binding (Figure S5h-j). Performing ensemble FRET experiments for such RPL30 nucleosomes
yielded overall lower FRET values compared to 601 derived sequences as the nucleosomes were less
well positioned, but Rap1 binding did not result in a loss in FRET (Figure S5k-m). Finally, single-molecule
Rap1l binding experiments using RPL30 nucleosomes containing site S1 revealed comparable residence

times to 601 nucleosomes (Figure S5n-q) and no progressive loss of nucleosomes was observed (Figure
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S5p). Together, these experiments demonstrate that Rap1 binding in itself does not greatly distort or

disrupt nucleosome structure.

Rap1 locally opens chromatin structure
While the structure of individual nucleosomes is not disrupted by Rapl binding, higher-order
chromatin structure might be altered. We thus performed single-molecule FRET (smFRET) experiments
which directly report on nucleosome stacking interactions (Kilic et al., 2018a; Kilic et al., 2018b). We
inserted a Rap1 binding site (52) in the central nucleosome (N6) in a 12-mer chromatin fiber, flanked
by nucleosomes carrying a FRET donor (Cy3B in N5) and acceptor dye (Alexa647 in N7) (Figure 5a,
Figure S6a-g). As a control, we also produced fibers without a binding site (no site, NS).

First, we characterized the conformations exhibited by these chromatin fibers by measuring
Errer, which reports on the inter-nucleosome distance. High Eger values indicate compact chromatin,
whereas a reduction in Eger reveals a loss in higher-order structure (e.g. due to unstacking of a
tetranucleosome unit). We immobilized fibers in a flow channel and recorded movies under smTIRF
conditions (Figure 5b). From the resulting time traces (Figure 5c,d) we constructed FRET histograms
and fitted them using 3 Gaussian functions (Figure 5e,f). At native ionic strength (150 mM KCl), we
observed a major population at high FRET (HF) (Efer ~ 0.5), as well as minor populations at medium
(MF, Errer ~ 0.3) and low FRET (LF) (Efrer < 0.1) (Figure 5c-f). Similar values were obtained in the
presence of divalent cations (4 mM Mg*") which induce compact chromatin (Figure S6h-o) (Dorigo et
al., 2003). In contrast, at low ionic strength (40 mM KCl) where chromatin is open, the HF population
was absent, and only the MF state was observed. Together, these measurements enabled us to assign
the HF state to compact chromatin and nucleosome stacking, whereas the MF state reflects open
chromatin. Finally, the LF state is observed for all fibers and indicates chromatin assembly defects (e.g.
shifted or lacking nucleosomes at dye positions) (Kilic et al., 2018b), and is thus disregarded for the

analysis.
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We could now probe the effect of Rap1 invasion on chromatin fibers. We thus titrated Rap1
onto chromatin fibers with (S2) or without (NS) a Rap1l binding site, using concentrations from 50 —
500 pM. For S2-containing fibers the fraction of tightly compacted chromatin (the HF population) was
reduced, and locally opened chromatin (MF) was populated with increasing Rapl concentration
(Figure 5e,g). In contrast, chromatin lacking Rap1l binding sites was not sensitive to Rapl addition
(Figure 5f,h). Moreover, a subset (~18-25%) of FRET traces exhibited anti-correlated fluctuations in the
donor and acceptor fluorescence channels, indicative of conformational dynamics on the second time-
scale (Figure S6p-q). Rap1l-dependent chromatin opening for S2, but not for NS, was associated by an
increase in the subset of traces exhibiting such conformational fluctuations (31-37%, Figure 5i). This
directly indicates that Rapl samples compact chromatin, and invades chromatin structure, most
probably by exploiting intrinsic chromatin fiber dynamics. Once bound, local higher-order structure is

disrupted by the pTF, thereby enabling chromatin access for subsequent factors.

Rap1 collaborates with RSC to displace promoter nucleosomes
Taken together, our biophysical analyses show that Rapl increases accessibility within compact
chromatin fibers but does not, by itself, shift or evict bound nucleosomes. Moreover, Rapl exhibits
short residence times on nucleosomal DNA, but is much more stably bound when nucleosomes are
removed. The amount of stably-bound Rap1 can be assessed by incubating nucleosomes (containing
binding sites S1 and 52) with Rap1 for increasing amounts of time (0 — 90 min) at 30 °C, followed by
addition of an excess of competitor plasmid that acts as a sink for all dynamically bound proteins.
Following this protocol, no Rapl-bound nucleosomes were detected by native PAGE (Figure 6a).
Thus, another factor is required to enable Rapl-dependent clearing of promoters and the
establishment of stably-bound Rap1l, as observed in vivo. In yeast, the RSC complex is involved in the
formation and maintenance of nucleosome-free regions within promoters (Badis et al., 2008; Brahma
and Henikoff, 2018; Cairns et al., 1996; Hartley and Madhani, 2009; Kubik et al., 2015; Kubik et al.,

2018; Ng et al., 2002; Parnell et al., 2008), and plays an important role in the organization of ribosomal
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protein gene promoters (Kubik et al., 2015; Kubik et al., 2018). We therefore hypothesized that a
remodeler such as RSC could collaborate with Rapl to expose binding sites and enable stable TF
binding.

We used purified RSC complex (Kurat et al., 2017) to perform remodeling assays (Clapier et al.,
2016; Lorch et al., 2006) (Figure 6b). In the absence of Rapl, RSC slid nucleosomes from their central
to a peripheral DNA position (Figure 6¢ and Figure S7a-b). When performing these experiments in the
presence of Rapl, the repositioned nucleosomes were stably bound by Rapl, as judged by the
disappearance of the nucleosomal band (Figure 6d, quantified in Fig. 6e) as well as the appearance of
a new species corresponding to a Rapl-nucleosome complex. These results thus show that
nucleosomes remodeled by RSC provide a stable binding environment for Rap1.

Intriguingly, when RSC remodeling and Rapl binding were performed sequentially, Rapl
nucleosome binding was reduced (Figure S7e). This indicated that Rapl might collaborate with RSC to
displace the nucleosome, e.g. by biasing the directionality of the remodeling reaction. We thus
performed RSC remodeling experiments (with our without Rap1) on both 601-based (S1S2) or RPL30
nucleosomes, and mapped nucleosome positioning using MNase-seq.

In the absence of Rap1, nucleosomes based on 601 DNA (initially positioned in the DNA center)
were primarily shifted by RSC to the DNA end distal to the Rapl binding sites (Figure 6f). In contrast,
RSC shifted RPL30 nucleosomes preferentially towards the Rapl sites (Figure 6g). Such sequence-
dependent remodeling by RSC has been described before and is imparted by Rsc3 binding motifs (i.e.
variants of CGCG), of which several exist within the 601 sequence, and poly-A tracts, which are present
within RPL30 (Badis et al., 2008; Krietenstein et al., 2016; Kubik et al., 2015; Kubik et al., 2018).

Performing remodeling reactions in the presence of Rapl altered the nucleosome
distributions. In the 601 context, Rap1 could stably bind DNA which was liberated by RSC, and further
reduce the nucleosome footprint overlapping with S1 and S2 (Figure 6f). In RPL30 nucleosomes, Rapl

showed a more pronounced effect, reducing RSC-catalyzed nucleosome encroachment over its binding
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motifs (Figure 6g). Together, these experiments show that Rap1 can bias RSC remodeling, resulting in
the clearance of nucleosomes from promoter sequences.

We finally analyzed if such Rap1-coupled dynamic nucleosome repositioning can be observed
in living yeast. We generated a yeast strain carrying a reporter plasmid bearing the RPL30 promoter.
Nucleosome positioning on this test promoter was probed by MNase treatment followed by fragment
mapping using qPCR (Knight et al., 2014). If at least one functional Rapl binding motif was present,
Rap1l was stably bound, the -1 promoter nucleosome was displaced (Figure 6h) and the reporter gene
was expressed (Figure S7g-k). In contrast, if both Rapl binding sites were mutated, a nucleosome
residing in the NDR was detected and reporter gene expression was abolished (Figure 6h and Figure
S7k). Interestingly, when Rap1 was depleted by an “anchor-away” approach (Haruki et al., 2008; Kubik
et al., 2015), the -1 nucleosome was restored for all promoters within 1 h (Figure 6d). Subsequent re-
induction of Rapl finally led to rapid nucleosome displacement (< 2h, Figure 6d). Together, this
demonstrates that Rap1l plays a central role in dynamically altering the local chromatin environment

and determining the fate of bound nucleosomes.

DISCUSSION
Elucidating the mechanism of pTF chromatin invasion and remodeling is important for a detailed
understanding of gene regulation dynamics. Here, we directly observed the chromatin invasion
process of an essential yeast pTF, Rap1, using highly defined reconstituted chromatin systems. The
experiments enabled us to draw the following main conclusions. First, Rapl can bind to both
nucleosomes and compact chromatin fibers, but its local dwell times are reduced by higher-level
chromatin organization. In contrast, for the binding sites that we probed, target search kinetics driven
through nonspecific DNA interactions were not affected by chromatin structure.

Second, we found that Rap1 can access its binding sites S1 and S2 without altering the structure
of the target nucleosome, but, interestingly, chromatin fiber structure is opened. Stacking interactions

between neighboring nucleosomes are disrupted by Rap1, which in turn increases local access.
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Third, in controlled in vitro experiments we showed that while Rapl can bind nucleosomes
dynamically, stable binding requires collaboration with the RSC remodeler. This conclusion is
supported by observations in live yeast cells, where nucleosomes directly targeted by Rapl are
dynamically removed. Together, these data provide a comprehensive view into how the yeast pTF
Rap1l locally remodels the chromatin landscape, sculpting a nucleosome-depleted region. In the
following, we shall discuss several aspects of our results in the context of the current understanding of

pTF function within chromatin.

Multimodal DNA interactions guide Rap1 nucleosome invasion

Several features enable Rap1 to rapidly sample the chromatin landscape and bind to nucleosomal DNA.
First the Rap1 DBD is embedded in flanking basic regions which in other TFs have been shown to enable
nonspecific DNA binding (Raccaud et al., 2019; Raccaud and Suter, 2018). In our single-molecule
studies, we observed frequent short-lived interactions, directly revealing the search process driven by
nonspecific DNA contacts within chromatin. Second, Rap1 binds to consensus sequences with very high
affinity, ranging in K4 from low pM (e.g. in telomeric motifs (Vignais et al., 1990)) to low nM for various
binding motifs (Williams et al., 2010). We observed residence times on the minute to hour time-scale
on naked DNA. Third, the Rapl dual Myb-domains do not completely envelop the target DNA when
bound (Konig et al., 1998). Together, this allows Rapl chromatin binding with similar on-rates as
compared to naked DNA and does not require unwrapping of nucleosomal DNA. In contrast, we found
that Rap1 residence times on nucleosomes were reduced, albeit not nearly as much as for other TFs
(Luo etal., 2014), and that they were dependent on both the nature of the target site and the rotational
positioning of the sites on the nucleosome. The reduction in dwell times most probably arises from a
combination of partial binding site occlusion and from the highly bent DNA structure on the
nucleosome, both known mechanisms that affect TF affinity and sequence specificity (Zhu et al., 2018).
Still, due to the flexibility of the Rapl DBD to engage nucleosomal DNA Rap1 still shows significant

chromatin binding, consistent with its role as a pioneer factor. This binding mechanism is similar to
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mechanisms observed for mammalian pluripotency factors, such as Sox2 (Soufi et al., 2015), which also
bind partial DNA motifs without requiring nucleosome unwrapping. In contrast, two other budding
yeast pTFs, Rebl and Cbfl, have been shown to access nucleosomal DNA by partial nucleosome
unwrapping (Donovan et al., 2019). Interestingly, both Reb1 and Cbfl compensate a reduction in on-
rate by increased residence times on nucleosomal substrates. In yet another interaction mode, the
mammalian pTF FoxA contains a core-histone binding motif (Cirillo et al., 2002) as well as a DNA-
binding domain with similarities to the linker histone H1 (Clark et al., 1993; lwafuchi-Doi et al., 2016).
These motifs thus provide additional stability on chromatin substrates (Cirillo and Zaret, 1999) and
open chromatin by linker-histone displacement. Similarly, the related factor FoxO1l can bind to
nucleosomes and open linker-histone compacted chromatin (Hatta and Cirillo, 2007). Thus, multiple

mechanisms have evolved that allow different pTFs to engage chromatin.

Rap1 passively alters local higher-order chromatin structure
Higher-order chromatin structure reduces Rap1 dwell times but does not preclude binding. Chromatin
fibers are conformationally heterogeneous, as exemplified by structural studies (Ekundayo et al., 2017;
Garcia-Saez et al., 2018; Routh et al., 2008) or crosslinking experiments (Grigoryev et al., 2009). We
and others have previously shown that chromatin fiber contacts are highly dynamic (Kilic et al., 2018b;
Li et al., 2016; Poirier et al.,, 2009). Importantly, the basic units of chromatin organization,
tetranucleosome units, exhibit dynamics on a millisecond timescale (Kilic et al., 2018b). This exposes
all internal DNA sites over time, yielding opportunities for protein factors to gain access. Here, our data
suggest that such local conformational fluctuations enable Rapl, which is retained on chromatin
through nonspecific DNA interactions, to access its target sites.

Early experiments based on endonuclease digestion of chromatin fibers indicated that pTFs can
increase local chromatin access (Cirillo et al., 2002). Here, we directly observe chromatin fiber
structure as a function of pTF invasion using smFRET between neighboring nucleosomes. This provides

a molecular view of pTF function, as we could directly observe Rapl opening local chromatin fiber
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structure. Mechanistically, our results suggest that bound Rap1 reduces or blocks the reformation of
a closed tetranucleosome unit, as exhibited by the reduction in the high-FRET (HF) state. This not only
increases the accessibility for other TFs but also enables binding of remodeling factors that establish a

nucleosome-depleted region at promoters.

RSC is required for NDR generation and stable Rap1 binding

Extended NDRs are a prominent feature of active yeast promoters, and Rapl is a key driver of
nucleosome displacement (Ganapathi et al., 2011; Knight et al., 2014; Yu et al., 2001). Chromatin
opening in vivo has been shown to require the Rap1 DNA binding domain (Yu et al., 2001), but is not
reliant on other TFs also found at Rapl-regulated promoters (Ganapathi et al., 2011). However, in our
studies we found that Rap1l, by itself, is not sufficient to clear a promoter region of nucleosomes.
Remodeling factors play a key role in promoter organization (Yen et al., 2012), and have been shown
to be important for the activity of multiple pTFs, for example Oct4 or GATA3, which both rely on BRG1
(King and Klose, 2017; Takaku et al., 2016) or INO80 (Wang et al., 2014). Moreover, the synthetic TF
Gal4-VP16 was shown to recruit SWI/SNF to open chromatin (Gutierrez et al., 2007).

Here, we show that the yeast remodeling complex RSC displaces nucleosomes and therefore
enables stable Rapl binding and NDR formation. For the RPL30 promoter, mapping experiments in
yeast showed that NDR formation is dependent on both RSC and Rapl, with the latter factor
dominating (Kubik et al., 2018). Moreover, the presence of RSC at the RPL30 promoter is influenced by
Rapl, further indicating a collaborative function (Kubik et al., 2018). In contrast to mammalian
examples that indicate direct remodeler recruitment (King and Klose, 2017), no direct interaction
between RSC and Rapl is described to date. However, RSC might be recruited indirectly or as a result
of increased chromatin accessibility upon Rap1 binding.

The directionality of RSC remodeling is controlled by DNA sequence, in particular by poly-dA
tracts and GC-rich motifs (Badis et al., 2008; Krietenstein et al., 2016; Kubik et al., 2018). We found

however that Rapl can modulate DNA sequence-directed RSC activity and limit RSC-dependent
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encroachment of nucleosomes onto its binding sites. This allows Rap1l to bias the direction of RSC
remodeling and to stabilize an open NDR. An attractive mechanistic model for this observation is that
Rapl may act as a "backstop" for RSC activity (Figure 7).

The positioning of the Rapl binding sites relative to the nucleosome dyad might play an
important role in determining remodeling direction. Sliding nucleosomes over the Rap1 binding sites
might be more energetically disfavored than moving them in the opposite direction. Indeed, this model
is supported by nucleosome positioning data for RPL30 and related yeast promoters (Figure S71) (Kubik
et al., 2018). Moreover, RSC- and Rap1-bound remodeling intermediates may provide an explanation
for the observation of MNase sensitive fragile nucleosomes at Rap1 bound promoters (Brahma and
Henikoff, 2018; Kubik et al., 2015). Finally, upon displacing promoter nucleosomes, Rap1 bound to free
DNA sites is no longer impaired by chromatin structure, which results in the long residence times
observed for specifically bound Rap1l in vivo (Lickwar et al., 2012). Together, our studies thus provide
a mechanistic model of how Rapl accesses chromatin and establishes an active promoter

conformation (Figure 7).
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Figure 1: Rap1 as a pioneer factor in budding yeast. a) Scheme of pTF function: After a target search
(1) for its cognate binding site, the pTF invades compact chromatin structure (2), followed by local
chromatin opening and recruitment of the transcription machinery (3). b) Domain organization of
budding yeast Rap1 (above) and X-ray crystal structure of Rap1 in complex with its cognate DNA motif
(PDB code 3ukg, (Matot et al., 2012)). Rap1l is constituted of several regions including a BRCA 1 C-
Terminus (BRCT), DNA Binding Domain (DBD), Toxicity region (Tox), Transcription Activation domain
(Act) and the Rapl C-Terminus (RCT). c) The organization of the RPL30 promoter. Grey: MNase-seq
profile (Rapl depleted by anchor-away) (Kubik et al., 2015) reveals nucleosome positions in the
absence of Rap1 (black dotted circles). Plotted is nucleosome occupancy reads, normalized to 107 total
reads. The Rapl binding site 1 (S1, high affinity) and site 2 (S2, medium affinity) fall on the -1
nucleosome. d) Promoter -1 nucleosome, showing Rap1 binding sites S1 and S2 mapped on the DNA
(PDB code 1AOI, (Luger et al.,, 1997)). The numbers indicate super helical locations (SHL) of the
nucleosomal DNA.
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Figure 2: Rap1 recognizes target sites within nucleosomal DNA. a) Schematic view of the smTIRFM
experiment, probing Rapl binding to immobilized DNA or nucleosomes (bt-NA: biotin-neutravidin),
containing either S1 or S2 and labeled with AlexaFluor 647. b) Expression of JF-549 labeled Rap1, using
Halo-tag. Lanes: 1. Purified MBP-Rap1-Halo construct; 2. MBP cleaved; 3. Before JF-549 labeling; 4.
After JF-549 labeling; 5. Purified, labeled Rap1 construct. ¢) Representative smTIRF images showing
nucleosome positions in the far red channel (left, red-circles) and Rap1 interaction dynamics in the
green-orange channel (right). Scale bar: 5 um; ex, excitation wavelength; em, emission wavelength. d)
Representative fluorescence time trace of Rapl binding events to S2 containing free DNA, detected by
JF-549 emission. The trace is fitted by step function (red) and tgercand tpign: were determined by a
thresholding algorithm. e) Cumulative histogram of Rap1 binding intervals (turight) on S2 DNA fitted by

2
a 2-exponential function y=ZAi exp(—t/7,, ;) (solid line). For all fit results, see Table S1. f)
i=1
Specific dissociation time constants (7o > 1 s) of Rapl for S2 DNA, SI and S2 containing
mononucleosomes (MN) or nucleosomes lacking a binding site (601), uncorrected for dye
photobleaching. The width of the bars indicate the percentage of events associated with the indicated
time constants (i.e. amplitudes A; of the multi-exponential fits shown in e,h). N = 4-5, error bars: s.d.
g) Representative fluorescence time trace of Rapl binding events to S1I (bottom) and S2 (top)
containing MNs. The data was analyzed as in d. h) Cumulative histogram of Rapl binding intervals

2
(toright) on S1 and S2 containing MNss fitted by a 3-exponential function y = Z A exp(—t/ Ty ;) (solid
i=0 ‘
line). i) Specific on-rates (kon = 1/Ton), for all species obtained from a single-exponential fit to cumulative
histograms of tsn values, and corrected for the contribution from non-specific interactions

(Supplementary information).
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Figure 3: Chromatin higher-order structure reduces Rapl dwell time. a) Schematic view of DNA
preparation to introduce Rap1 target sites S1 and S2 into the central nucleosomes (N6) of a chromatin
fiber (CH). b) Scheme of the smTIRFM experiment to measure Rapl binding kinetics in a chromatin
fiber context. c) Representative fluorescence time trace of Rapl binding events to S1-containing
chromatin arrays. The trace is fitted by a step function (red) and tgark and turight Wwere determined by a
thresholding algorithm. d) Cumulative histogram of Rap1 binding intervals (turight) to chromatin fibers,
containing S1 fitted by a 3-exponential function (solid line). For all fit results, see Table S1. e)
Cumulative histogram of Rapl binding to chromatin arrays, containing S2 fitted by a 3-exponential
function (solid line). f) Specific binding time constants (7o > 1s) of Rap1 for S1 in a nucleosome (MN)
vs. chromatin fiber (CH) and S2 MN vs CH. The width of the bars indicate the percentage of events
associated with the indicated time constants (i.e. amplitudes A; of the multi-exponential fits shown in
d,e). N = 4-5, error bars: s.d. g) Specific on-rates (kon = 1/Ton), for mononucleosomes (MN) and
chromatin fibers (CH) containing SI and S2, obtained from a single-exponential fit to cumulative
histograms of tu« values, and corrected for the contribution from non-specific interactions
(Supplementary information).
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Figure 4: Rapl does not open nucleosome structure. a) Scheme of a FRET approach to probe
nucleosome structure as a function of bound Rap1. b) Nucleosome structure (PDB code 1A0l) showing
attachment points of FRET probes. ¢) EMSA showing Rap1l binding to SI and S2 nucleosomes at
indicated concentration equivalents (eq.). d) Fluorescence spectra for S2 nucleosome in complex with
indicated equivalents of Rapl. e) Fluorescence spectra for S1 nucleosome in complex with indicated
equivalents of Rapl. f) FRET efficiency calculated for S2 and SI nucleosomes as a function of
equivalents added Rap1. Error bars: s.d., n = 2.

22


https://doi.org/10.1101/541284

bioRxiv preprint doi: https://doi.org/10.1101/541284; this version posted July 9, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

a site 2 b N5
N1 - N4 N5 \/ N6 N7 N8 - N12 Cy3B
[ ]/\ 5 N /\[ ]/\ bt Alexabd7 —
o 5 N
Cy3B Alexa647
Rap1 site !
3 [ 40 mM g
I1500 3] S2 OLF @mMF mHF
u? 08 E 150 mM o 801
0.0 N X 60 1
= 2000} g 3
g sty PPN IOV c 40 1.~ .
L4
o oo : 320$$?éa
@ — o 1
W 0.0
3 1500} g 0
£ 1500, B 0 50 100 200 500
. 08 ) = Rap1 concentration (pM)
W gob¥ - = h NS OLF EMF mHF
0 10 20 30 40 50 80 -
time (s) *
X 60 !
no site 3
d NS & 40 é
=4000 o}
> [ o 20 1 é éé é a
N Sanel - 5 0 G
, 08 'z A o
o5 O.OW S < 0 50 100 200 500
i Rap1 concentration (pM)
51500 g ms2
S jpeosstiytonsditasediymesimnrivey
< 08 £ §6° mNS
5 et ari iyt u07 E
U:ILE 0.0 = «; 40 x
51500 § £ L L
reg WW%_ - _% 20 # $ E
& O'BM ‘E’_; ] = N " .
W 0.0 ¥ e 0
0 10 20 30 40 50 0.0 0.4 0.8 0 50 100 200 500
time (s) Eter Rap1 concentration (pM)

Figure 5: Chromatin remodeling induced by Rap1 invasion as observed by smFRET. a) Scheme of
chromatin DNA assembly to introduce a Rap1 site at nucleosome N6, as well as a FRET donor (Cy3B,
yellow) and acceptor (Alexa647, red) at nucleosomes N5 and N7. b) Scheme of a smFRET-TIRF
experiment. ¢) Individual kinetic traces of donor (orange) and acceptor (red) fluorescence emission,
and FRET efficiency (Errer, blue) for chromatin fibers containing S2 at the indicated KCl and Rapl
concentrations. All Rap1 experiments were performed at 150 mM KCI. d) Similar to c) but for chromatin
lacking Rap1 binding sites (NS). e) Histograms of Egzer of S2-containing chromatin fibers at the indicated
KCl and Rap1 concentrations. All Rapl experiments were performed at 150 mM KCI. Histograms were
fitted by Gaussian functions, revealing a low-FRET (LF, grey), medium-FRET (MF, green) and high-FRET
(HF, red) population. Error bars are s.e.m., for the number of traces and parameters of Gaussian fits
see Tables S5 & S6. f) Similar to e) but for chromatin lacking Rap1 binding sites (NS). g) Percentage of
each FRET sub-population, low-FRET (LF), medium-FRET (MF) and high-FRET (HF) for chromatin
containing S2. Box: 25-75 percentiles, whiskers: outliers (factor 1.5), line: median, open symbol: mean.
For number of experiments see Table $6. h) Similar to g) but for chromatin lacking Rap1 binding sites
(NS). i) Percentage of dynamic traces for S2 and NS chromatin. Box: similar to h). For the identification
of dynamic traces see Supplementary information).
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Figure 6: RSC enables stable Rap1 binding by exposing binding sites. a) Native PAGE analysis of Rap1
binding for indicated times followed by incubation with competitor plasmid DNA (PL). L1, L2-L5: Lanes
in panels a) and c,d). b) Scheme of RSC remodeling assay. Note that Nap1 is not strictly required in
these experiments (Figure S6c). ¢) Native PAGE analysis of remodeling assays; MN*: remodeled
mononucleosome. d) Native PAGE analysis of remodeling assays in the presence of 10 eq. of Rap1l. e)
Integrated unbound nucleosome bands from d) (n = 3, error bars s.d.). f) MNase-seq results from RSC
remodeling assays for 601 nucleosomes (P3_S1S2). Grey: nucleosome start position, blue: RSC
remodeling for 90 min in absence of Rap1l, red: RSC remodeling for 90 min in presence of 10 eq. Rap1.
Shown are reads normalized to number of total reads. g) Same as in f) but for RPL30 nucleosomes
(P3_RPL30). h) Effect of Rapl binding on nucleosome stability at the RPL30 promoter in yeast.
Nucleosome positions were determined using qPCR after MNase digestion of chromatin. Promoters
analyzed contained both Rap1 binding sites (5152), S1 mutated (S1mtS2), S2 mutated (S152ut) or both
binding sites mutated (S1mutS2mut). Data shown are for cells where Rap1 is present (Rap1+, red), Rapl
has been depleted from the nucleus for 1 h by anchor-away (Rap1-, blue), and where Rap1 has been
re-introduced for 2h following depletion by expressing a RAP1 construct from an inducible promoter
(Rap1ind, green).
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Figure 7: A dynamic model for Rapl mediated promoter chromatin remodeling. Rapl searches
chromatin (step 1) and its dynamic binding (2-25 s) to a promoter site results in local chromatin
opening (step 2), where Rap1 remains dynamically bound. RSC mediated nucleosome sliding opens the
NDR and exposes the DNA containing Rap1 binding sites (step 3). The fully exposed binding sites allow
stable Rap1 binding (step 4) with long residence times (compare free DNA T.s > 450 s), and prevent
further nucleosome encroachment.
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