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ABSTRACT

Gene expression is a complex set of events coordinated by a plethora of sequence-specific
transcription factors (ITFs) that bind and recognise regulatory elements of genes in a combinatorial
fashion, and interface with chromatin structures. NF-Y is an ubiquitous eukaryotic TF composed by
evolutionary conserved subunits (NF-YA, NF-YB and NF-YC), all necessary for specific binding of the
CCAAT box, a widespread element occurring in 30% of genes promoters. NF-Y binding is critical in
transcriptional regulation, establishing a permissive chromatin conformation and enabling master TF
binding. Genome-wide analyses of TF locations 7 vivo unveiled NF-Y partnership with a defined set of
TFs, some of them with precise binding-site (TFBS) arrangements with respect to the CCAAT box.
Analysis of promoters of cancer “signature” genes pointed toward NF-Y and E2F TFBSs as the most
enriched motifs in genes overexpressed in human tumours. Their significant co-localization 7 vivo
further suggests NF-Y and E2Fs might functionally interact by building a landing platform for co-
activators. With the long-term goal of controlling such TF interactions in cancer, in this thesis we initially
focused on E2F structure, and then extended our studies to NF-Y interactions on DNA.

The E2F family of TFs, originally identified with E2F1 as master regulators of cell-cycle
progression, bind DNA as heterodimers with the structurally related DP subunits. Their hallmark
features consist of a DNA Binding Domain (DBD) connected through a short linker to the Coiled-
Coil-Marked Box (CC-MB) dimerization domain, also involved in Rb tumour suppressor proteins
interactions. As structural information is only available for the separated domains, we set out to obtain
a coherent view of the linked domains on DNA, and produced the ensembles of DBD-CC-MB portions
of E2F1/DP1. To structurally characterise the E2F1°“Y/DP1°™/DNA complex we applied an
integrated approach that combines in-solution (SAXS) analyses with Molecular Dynamics simulations.
We provide evidence for a high level of flexibility in the overall relative topology of the heterodimer,
including in a newly identified part stabilizing DNA contacts.

Next, we applied EMSA experiments to characterise DNA binding of the CDC2 cell-cycle
promoter, shown to be functionally dependent from both E2F and NF-Y. While results obtained
indicate non-cooperative DNA association of NF-Y and E2F1, suggesting alternative mechanisms to
elicit transcriptional synergy, we observed efficient assembly of stable ternary complexes. Together, our
results and tools obtained in this work will be instrumental for future structural studies involving
multiprotein complex assembly on DNA, and for defining the molecular bases of TFs interactions

involved in architectural organization of gene promoters.



1. INTRODUCTION

Multi-cellular organism begins as a single fertilised cell that repeatedly divides and proliferates in a
final pattern of spectacular precision and complexity to produce different cell types with the same genetic
template. During development, the genetic information contained within genomic DNA determines the
cell identity and function through selective gene expression programs regulated by thousands of
transcription factors (ITT), chromatin regulators and cofactors. To maintain the integrity of all eukaryotic
cells and organisms, gene expression must be finely regulated during different biological processes,
including cell differentiation and metabolism, and its mis-regulation causes various human diseases and
disorders. The basis of the central dogma of molecular biology explains the biological information flow,
whereby the DNA is transcribed into an intermediate RNA and translated into protein. Transcription is
the first step in decoding the DNA sequence, in which genetic information from a gene is used to
synthesize a functional gene product, namely protein-coding and noncoding RNA species. The gene
expression pattern of a specific cell state, also defined as its transcriptome, includes the entire RNA
species from genes that are expressed constantly in all cells and genes that are active predominantly in a
particular developmental pathway. The transcription is regulated at two interconnected levels: the first
involves TFs and the transcription machinery; and the second involves chromatin and its regulators.
Human genome contains ~35,000 genetic loci among which more than 2,000 loci are likely to encode
DNA-binding regulatory factors. TFs typically regulate gene expression by specifically recognising and
binding short DNA sequences within regulatory regions, and recruiting the transcription apparatus to
target genes [1]. The cooperation of multiple cis-acting regulatory elements is required to achieve maximal
levels of transcription. In complex genomes, transcriptional regulatory elements are key players in the
dynamic usage of the genome during responses to external stimuli, development, cell and tissue

homeostasis and disease [2].

1.1 The functional basis of transcription

In eukaryotes, the temporal and special expression of ~20,000 protein-coding genes is primarily
regulated at the transcriptional level and is central to many biological processes such as differentiation,
development and homeostasis [3]. Three structurally and functionally distinct nuclear RNA polymerases
(Pol) were identified that independently control the synthesis levels of the major classes of RNAs. While
Pol I and Pol I1I specifically transcribe large ribosomal subunits tRNA and transfer tRNA, respectively,
required for protein synthesis, Pol 11 is responsible for transcribing all protein-encoding and many non-
coding genes [4]. Because Pol Il-transcribed genes are highly heterogenous with respect to context

specificity and expression level, transcriptional control need to be highly dynamic and specialised [5].



Typically, transcription starts at a defined position, the transcription start site (TSS), embedded
within a core promoter at the 5' start of genes (Figure 1). The core promoter is a short sequence of ~100
bps encompassing several interchangeable sequence elements surrounding the TSS, which assists the
assembly of the pre-initiation complex (PIC), consisting of Pol II and its accessory general transcription
factors (GTFs) and guides transcription initiation from accurate position. Several core-promoter motifs
have been identified with fixed positioning relative to a well-defined TSS, including the conserved TATA
box positioned ~30 bps upstream the TSS [6] and the Initiator (Inr) motif which directly overlap the TSS
[7]. The Inr motif is not universal but is more abundant than the TATA-box found only in a minority of
core promoters [8]. In TATA-less promoters, the Inr element is often accompanied by the downstream
promoter element (DPE) located downstream of the TSS [9]. Core promoters possess low basal activity,
which can be activated either by TFs and cofactors bound at proximal elements within several hundred
base pairs of the TSS or at distal regulatory elements located thousands of base pairs away, termed
enhancers [5][10][11]. Independent of their relative distance and orientation, enhancers can increase
transcription from a core promoter by binding regulatory proteins and recruiting transcription cofactors

[10].
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Figure 1. Gene promoter architecture. Nucleosome is the basic unit of chromatin, consisting of a histone core around
which DNA is wrapped. Chromatin states (tightly wrapped ot accessible) may be marked by insulators. The core promoter is
a small region surrounding the TSS, while the larger proximal promoter is present upstream TSS. Sequence-specific TFs bind
to specific sites, either in the promoter region (namely, transcription factor binding sites TFBSs) or further away at distal
enhancers. Cis-regulator modules (CRMs) ate clusters of TFBSs (adapted from [5]).

1.1.1 Nucleosome landscape and its dynamic regulation in human genome

To fit within the small confines of a nucleus, negatively charged DNA polymer is neutralised and
compacted through the binding of highly basic histone proteins, forming chromatin. Although wrapping
DNA around histones limits access to most genomic DNA, the ubiquity of the histones bound at all

chromosomal regions direct enzymes that read, replicate and repair DNA to the appropriate entry sites.
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The DNA is wrapped around histone octamers core forming nucleosomes, which constitute the basic
unit of chromatin. Each core nucleosome includes approximately 147 bps DNA wrapped 1.65 times
around compact protein core composed of two copies of each histone proteins, H2A, H2B, H3 and H4

in a left-handed toroid (Figure 2A).

H2A.Z

Linker histone

Histone tail modifications

Figure 2. Nucleosome structure. (A) Front and side view of nucleosome core particle structure [12][13]. Histones, DNA
helix and backbone are depicted in light grey, datk grey and pink respectively. Electrostatic contacts between the DNA
phosphates and histones mediated by basic amino acids (lysine and arginine) are highlighted in blue. (B) Schematic
representation of DNA wrapped around a nucleosome. Histone tail modifications are indicated (Me, methylation; Ac,
acetylation). Histone variants (H2A.Z and H3.3) that replace canonical histones H2A and H3 at active genes are shown

(adapted from [14]).

The protein octamer is constituted by two H3/H4 pairs and two H2A/H2B dimers, exposing an
extended positively charged interface for DNA binding. Core histone proteins are characterised by a
conserved Histone-Fold Domains (HFD) that share a highly similar structural motif composed by three
a-helices connected by two loops, forming compact dimers through extensive hydrophobic interactions
between HFDs that assemble in a head-to-tail fashion. The N-terminal histone tails that emanate from
the nucleosome core are subjected to covalent modifications, including methylation and acetylation
(Figure 2B) [12][14]. The core nucleosomes are arranged as “beads on a string” along the DNA spaced
with short stretches of linker DNA of variable length among species (~38 bps linker in human) [15][16]
(Figure 1).

Through specific positioning of nucleosome core particles, they can limit DNA accessibility to
cellular machinery [17]. Nucleosome positioning (NP) is dynamically influenced by TFs bound to specific
DNA sequences, chemical and compositional modifications, as well as chromatin remodelling or spacing
complexes. Chromatin remodelling complexes that selectively organise and position nucleosomes are
required to regulate DNA accessibility to gene promoters and regulatory regions, influencing gene
expression. Since many PIC components, including TFIID and SAGA complex possess nucleosome-
binding subunits, specific positioning of nucleosomes might determine the TSS location by positioning
the PIC [14]. Many models have been proposed to explain how positioned nucleosome can be disrupted

or displaced to regulate DNA accessibility to transcription machinery, and therefore gene expression.
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The model proposed by Widom and colleagues is based on the intrinsic dynamic structures of
nucleosomes that transiently expose DNA-binding sites for transcriptional regulators through thermal
fluctuation of DNA on the nucleosome surface (Figure 3A) [18][19]. Binding of one regulatory factor
to its cognate site might stabilise a partially disassembled state, alleviating the nucleosome-mediated
inhibition of other TTFs binding to internal sites on the same nucleosome [20]. Transcription might be
regulated by ATP-dependent chromatin remodelling complexes and histone modifying enzymes. ATP-
dependent remodelling complexes, including SWI/SNF use the energy of ATP hydrolysis to create supet-
helical torsion into DNA leading to translational repositioning (nucleosome sliding) and exposing DNA
regulatory sites [14][21] (Figure 3B). In addition to nucleosome sliding, eviction of a nucleosome from

a particular genomic location promotes TSS access and gene activation (Figure 3C).
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Figure 3. Mechanisms that control DNA accessibility. (A) Nucleosome sliding; (B) Nucleosome remodelling; (C)
Nucleosome eviction. Red, green and blue indicate three TFBSs. The green site is always accessible, while the red and blue
sites become accessible during nucleosome remodelling. The nucleosome sliding is indicated by the arrows. Ac, acetylation

(adapted from [14]).

1.1.2 Transcription initiation at gene promoters

Transcription from gene core promoters is a stepwise process mainly composed of three phases:
initiation, elongation and termination, resulting in a defined transcriptional output. Despite the enormous
complexity, RNA polymerases are unable to accurately initiate transcription on defined core promoter
elements without their accessory factors. The C-terminal domain (CTD) of Pol I integrates dynamic and
regulated interactions with initiation, capping, elongation, chromatin remodelling, termination and
mRNA export regulatory factors [22]. Indeed, for individual RNA polymerases, specific general initiation
factors were identified, including SL1/TIF-1B for Pol I, TFIIIC and Pol III, and several general
transcription factors (GTFs) for Pol I, including TFIID, TFIIA, TFIIB, TFIIE and TFIIH [23][24].
RNA polymerase and these specific initiation factors jointly form a large functional pre-initiation complex
(PIC) that assembles at the core promoter. Particularly, the recruitment of TFIID, TFIIA and TFIIB to
the core promoter promotes correct loading of the Pol II-TFIIF complex, and subsequent assembly of
the remaining cognate factors (TFIIE and TFIIH) into the PIC (Figure 4A) [25][20]. After PIC assembly,

the melted single-stranded DNA template is inserted into the Pol II-active site forming an open complex,
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allowing Pol 1II to initiate transcription at the TSS. To continue transcribing, Pol II and the associated
GTFs are released (promoter escape) from the core promoter through phosphorylation of Pol II-CTD
by TFIIH (Figure 4B) [27]. After escaping from the TSS, Pol II transcribes a short stretch of nascent
RNA (30-50 nucleotides) and then undergoes promoter-proximal pausing downstream of the TSS. Pol
II pausing is promoted by the binding of DRB sensitivity inducing factor (DSIF) and negative elongation
factor (NELF) to Pol II and nascent RNA. Paused Pol II is rapidly released into productive elongation
by cyclin-dependent kinase 9 (CDKDY), subunit of the positive transcription elongation factor b (P-TEFb),
that phosphorylates NELF, DSIF and Pol II CTD (Figure 4C) [28]—[30].

Active promoter is in spatial proximity to transcriptional enhancer engaged in physical contacts
with their target-gene promoters, often bridging considerable distances. Enhancers promote PIC
assembly, promoter escape and Pol II promoter-proximal pausing by recruiting TFs and cofactors
(COFs) such as Mediator complex (MED) that bridges enhancer-bound regulatory factors and the

general transcription machinery bound at the core promoter (Figure 4; right panel) [31].

A
Pre-initiation complex assembly
and Pol Il recruitment
enhancer
TFs or COFs promote
PIC assembly and
m Pol Il recruitment
g Bl
(TFIIR
TSS (+1) TSS (+1)
core promoter core promoter
B .
Initiation by activated Pol Il
and “promoter escape” enhancer
@ COFs promote
@ activation of Pol Il to
@ — initiate transcription
°&a o
TSS (+1) TSS (+1)
core promoter core promoter
C

Pol Il promoter-proximal pausing
and pause-release
enhancer

COFs trigger pause-
release and Pol Il
entry into productive

SIF) elongation
TSS(+1)  pausesite TSS(+1)  Ppause site
~30-50b) ~30-
core promoter ( P) core promoter (~30-50bp)

Figure 4. Regulation of different steps of transcription from core promoters (left panel) and enhancers (right panel).
(A) PIC assembly and Pol II recruitment; (B) Initiation by Pol II and promoter escape. (C) Pol 11 promoter-proximal pausing
( Adapted from [10]).



1.2 The molecular basis of recognition of specific DNA motifs by TFs

In contrast to prokaryotic TFs that regulate gene expression through recognising long DNA
motifs, eukaryotic TF repertoire recognise short core-DNA motifs with low sequence-based information
content and require clustering of sites in regulatory region to achieve specificity. In eukaryotic genomes,
the low intrinsic information content required in DNA recognition and the degeneracy of the motifs
have suggested low intrinsic specificity of eukaryotic TFs to bind to cognate sites exclusively, instead TFs
can partially share their binding motifs due to their common binding preferences.

Cooperativity, which is an inherent feature of mammalian TFs, occurs promiscuously between
different TF structural families and is usually mediated by direct or indirect protein-protein interactions.
In the biology of protein-DNA recognition, cooperativity is referred as the facilitation effect that a TF
bound to DNA provides for the subsequent binding of a second TF. Active cooperative binding of TFs
is important in defining the mammalian gene regulatory lexicon [32]. The significant effect of such
cooperativity is to facilitate a synergistic transcriptional response. Transcriptional synergy refers to a
multiplicative effect given by concerted action of multiple factors that synchronously bind the
transcriptional machinery, promoting a strengthened transcriptional response [32][33].

Different mechanisms of cooperativity with specific features have been documented [32][34].
Some modes of cooperativity act locally, while others act more distally. In addition, some modes are very
sensitive to changes in spacing and orientation of the single binding sites, whereas others allow more
promiscuous pairings between TTs in a space-independent manner. The simplest mechanism is mediated
by direct protein-protein interaction between TFs in the absence of DNA, and together bind DNA with
enhanced affinity than separately. In a related phenomenon, cooperativity can be directed by DNA,
meaning that the interaction between two TFs is not sufficient to form stable dimer in solution. Binding
induces changes in DNA conformation, triggering favourable arrangement of the corresponding TFBSs
and bringing the TFs close together. In the absence of interactions between TFs, cooperativity can be
achieved entirely by DNA. Such cooperativity can be achieved by binding of one TF that induce DNA
bending and exposing other TFs recognition sites [32].

The classical mechanism of TF cooperativity, where direct protein-protein interaction is required
for stabilization and transactivation potential of the DNA-bound complex, is constrained by the precise
arrangement of the cognate TFBSs in gene regulatory regions, thus requiring the correct orientation and
the precise spacing between TFBSs. However, genomic and functional studies have reported a significant
degree of flexibility and promiscuity in the arrangements of TEFBSs, while retaining regulatory
functionality 7z vivo [34]. An alternative mechanism of cooperativity that allows significant flexibility in
arrangements of TEFBSs is based on synergistic binding of non-interacting TFs mediated by a nucleosome
[19] [35]. Nucleosome-mediated cooperativity could enhance the binding of disparate TFs to promoter
elements, requiring only the minimal DBD of the proteins and that a sufficient number of binding sites
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are deeply located in the nucleosomal core. Whereby, the binding of an activator to its cognate site on a
nucleosome can alleviate the nucleosome-mediated inhibition of an adjacent internal site by disrupting
or displacing the nucleosome structure, creating a nucleosome-depletion region, thus making the site of

the second TF more accessible, resulting in co-occupancy [32][34][35].

1.3 The CCAAT-Binding Factor NF-Y

NF-Y has long been a topic of interest since it is first identified in mice in 1987 as a nuclear protein
that specifically binds the conserved Y-box transcriptional regulatory element in the major
histocompatibility complex class II (MHC-II) gene, thus named Nuclear Factor-Y [36]. Over the past
three decades, many aspects of this ubiquitous TF have been extensively scrutinised and multiple lines
of evidence have established the crucial role of NF-Y in many biological processes in yeast, plants and
animals. Particularly, NF-Y represent the major asset of our focused research programme, which aims at
characterising the molecular mechanisms of this striking TTF.

In this chapter, I mainly summarise the research progress related to the biology of NF-Y,
describing features that was the starting point of my thesis project, including the unique structural
characteristics, the potentially diverse biological features and the co-association pattern with a defined set

of TFs that make NF-Y a fundamental TF for transcriptional activation.

1.3.1 The CCAAT-box is a widespread feature of eukaryotic promoters

Regulation of gene expression is achieved by gene-specific #ans-acting factors that recognise a
combinatorial puzzle of short cis-acting elements within regulatory regions of genome and operating in
the context of high order chromatin structures. Some, such as CCAAT, GC and TATA elements, are
frequently encountered. The first identified CCAAT box, is a widely distributed regulatory element
located at a conserved distance of around -80 bps away from the TSS in either forward or reverse
orientation, and occurs at ~30% of eukaryotic promoters and enhancers [37][38]. This occurrence,
particularly in the reverse ATTGG orientation appears to be more frequent in TATA-less promoters
[37]. Beside the binding to proximal promoter elements, CCAAT motifs are found distally at inactive
chromatin and repetitive loci and to a lesser extent at active enhancers [39][40]. A survey of 178 NF-Y
binding sites confirms that most, if not all, of the CCAAT boxes are regulated by NF-Y [37]. In vitro
saturation mutagenesis and SELEX studies have clearly demonstrated that NF-Y strictly requires all
invariably conserved five nucleotides and pointed also at flanking nucleotides as important too for high
affinity interactions, as further confirmed by genome-wide studies of 7z vivo bound NF-Y loci (Figure 5)
[37], [39]—[41]. In particular, at positions -2 and -1 there is a clear prevalence for purines, while at the 3-
end CAG nucleotides are overrepresented [37][39]. The resulting optimal recognition site encompasses

13 nucleotides devoid of any recognisable symmetry axis [37]. Interestingly, the presence of multiple bona
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fide CCAAT boxes with precise spacing and organisation within human promoters has been previously
reported [38][42]. Bioinformatic analyses of ChIP-seq data evidenced a co-association pattern of NF-Y
and other sequence-specific TFs that show global enrichment of CCAAT and significant overlap with
NF-Y, including FOS, IRF3, Spl and Sp2 bind together with NF-Y specific promoter regions
characterised by twin CCAAT boxes spaced by 24-28 and 35-37 bps [40].

m [

AW CAG_

Bits

PN

Figure 5. Sequence Logo of NF-YA consensus motif optimised with ChIP-seq data from JASPAR database (Matrix ID:
MA0060.1) [43].

1.3.2 The ubiquitous CCAAT-binding NF-Y transcription factor

Nuclear factor Y (NF-Y), also known as the CCAAT-binding factor (CBF) exists in almost all
higher eukaryotes. It is a ubiquitously expressed heterotrimeric TF composed of three subunits, namely
NF-YA, NF-YB and NF-YC all required for stable DNA binding and share high sequence homology to
the yeast HAP2/3/5, respectively. The formed complex recognises and avidly binds the functionally
important CCAAT element, frequently present in promoters of cell cycle and growth-regulated genes
[38]. In vive, the HFD subunits are more abundant and NF-YA is considered the limiting subunit of the
trimer [44][45].

In eukaryotic genomes, NF-Y subunits are usually encoded by a single copy gene, usually with
alternative splicing events that generate NF-Y variants (Figure 6) [44][46]. NF-YC locus involves the
combinatorial usage of alternative promoter and alternative splicing, increasing the post-transcriptional
regulation complexity. Particularly, alternative splicing of exons 9 and 11 which reside within the C-
terminal glutamine-rich (Q-rich) domain give rise to three nonredundant splicing isoforms that are
translated into different proteins of 37, 48 and 50 kDa, with the 37 kDa isoform being the most abundant.
Instead, alternative promoter located within the first intron downstream to the canonical promoter
position generates a product with different 5-UTR, affecting the mRNA stability. Noteworthy, NF-YB
gene does not involve alternative splicing events, generating a unique translated mRNA with a product
of 32 kDa [47]. Instead, NF-YA gene undergoes alternative splicing of exon-3 giving rise to two major
protein isoforms, the long isoform (NF-YA/, 43 kDa) and the short isoform (NF-YAy, 41 kDa), lacking
a 28-amino acid encoding exon within the N-terminal Q-rich transactivation domain [48]. Although the

two isoforms are considered functionally equivalent, growing evidences suggest different expression
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levels that depend on the cell type, developmental stage and differentiation level. Particularly, the NF-
YA/ and NF-YAys isoforms are preferentially expressed in fibroblasts and lymphocytes, respectively.
Several evidences concerning mouse embryonic (mESCs) and human hematopoietic stem cells (hHSCs)
have considered the NF-YAs isoform as a regulator of stemness and proliferation [49]-[51].
Overexpression of NF-YAys in HSCs led to an increased expression of many HOX genes, as well as
multiple TFs notably crucial in HSC maintenance [50]. In addition, retroviral infections of the short
isoform in HSCs enhanced their ability to repopulate the bone marrow of immunocompromised mice.
Previous study has shown that the NF-YA alternative splicing differentially affects muscle cell fate, where
the overexpression of NF-YAs boosts cell proliferation, while the long isoform enhances differentiation.
They further shown that NF-Y specifically binds active enhancer regions in ESCs where its binding site

is overrepresented and is essential for ESC proliferation [48], [51]—[54]

NE-YA :—-—

1 2 3 4 5 6 7 8 9 10

NF-YB :—- — i — - — - I
1 2 3 4 5 6 7 8

NF-YC ;—;——-—-—_—-—-—-——-— — i .
P1 P2 2 3 4 5 6 7 8 V9 10 1

Figure 6. Genomic structure of human NF-Y subunit genes. Arrows indicate the TSS and exons that undergo alternative

splicing are striped. Grey boxes indicate the position of the a-helices of the core domains while black boxes indicate the 5'-
and 3-UTRs [44] (adapted from [55]).

Because of its ubiquitous expression, NF-Y has been implicated in regulating a myriad of critical
cellular and organismal functions including cell cycle progression, differentiation, development and
tumorigenesis. Indeed, knockout of NF-YA is lethal during early mouse embryonic development due to
a severe defects of cell proliferation and massive apoptosis [56]. Recently, conditional inactivation of NF-
YA alleles after birth in a tissue-specific manner led to a complete block in cell cycle progression,
confirming the essential role of NF-Y in maintaining basal tissue homeostasis, metabolic function and
cell survival [57]. Functional silencing of NF-Y transcripts by an inducible short-hairpin RNA (shRNA)
system revealed that while inactivating NF-YA caused a delay in S-phase progression followed by
apoptosis in a p53-dependent manner, targeting the histonic subunits induced G,/M-specific depletion
and subsequent caspase-dependent apoptosis [45][58].

Although the ubiquitous tissue expression pattern of NF-Y subunits in most human and murine
cell types, certain type of post-mitotic cells lack NF-YA. Particularly, in circulating monocytes, the NF-
YA binding activity is barely detectable at the protein level on the CCAAT-containing gene promoters
including class II MHC, mig and fibronectin, however, an increased expression levels is observed on
these promoters during macrophages differentiation, with the expression of surface antigens [59]. A
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similar pattern of NF-YA involvement has been reported in the muscle system. They have shown that
the levels of NF-YA is high in proliferating cells, and drops after differentiation; inactivation of NF-YA
in mouse myoblasts drastically affects cells proliferation and differentiation [51].

In vivo findings from Drosophila models have indicated an established roles of NF-Y in various
human diseases, including neurological and developmental disorders, cardiovascular, metabolic and
storage diseases and cancer [60]. Indeed, several observations highlighted the role of NF-Y in the
regulation of cell cycle and apoptosis in many tumour cell lines, mainly by regulating the expression of
cancer-related genes [61]-[63]. Recent studies revealed that ectopic expression of NF-YA promotes a
malignant phenotype in osteosarcoma cells [64]. It was previously reported that suppression of NF-YA
in mouse brain neurons induced progressive neurodegeneration characterised by abnormal co-
accumulation of p62/ubiquitin accompanied with drastic ER disorganisation [65]. Recently, inactivation
of NF-Y in different sets of neurons caused a cell type-specific neuropathology and gene downregulation
in mouse Central Nervous System (CNS), suggesting a key roles of NF-Y in neuronal maintenance and

protein homeostasis in the CNS [60].

1.3.3 The structure of NF-Y subunits

In this paragraph we will address the considerable progress made towards understanding the
structural basis for the fascinating biology of NF-Y during the past years.

Sequence alignments revealed that each subunit holds an evolutionary conserved core domain
sufficient for subunit trimerization and CCAAT-binding (Figure 7). The core domain of NF-YA subunit
is <60 amino acids (aa) long and is located at the C-terminal region of the protein. It is composed by two
extended a-helices (Al and A2) separated by a ~12-aa linker loop (A1A2). The 20-aa N-terminus Al
contacts extensively the NF-YB/NF-YC dimer, whereas the 21-aa C-terminus A2 provides exquisite
sequence-specificity for recognition and binding of the CCAAT «is-element. The A1A2 linker adopts an
elongated structure that contributes to hetero-trimerization by providing the conformational flexibility
necessary to direct the A2-helix toward DNA and optimizing the electrostatic interactions at the created
subunits interface [67][68]. NF-YB and NF-YC core regions consist of histone-fold domains (HFDs)
which closely resemble the H2B and H2A core histones, respectively, and function in protein-protein
and protein-DNA interactions. Beside these conserved core domains, NF-YA and NF-YC subunits hold
a Q-rich domain at the N- and C-terminal ends, respectively, with transactivation potential [42]. The
activation function in yeast and fungi where no Q-rich domains are present is encoded by an additional

subunit, with no clear homologues in other species [69]—[71].
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The first crystal structure of the conserved core regions of human NF-YB/NF-YC subcomplex
[72] and the subsequent crystallisation of human and fungal heterotrimeric NF-Y/CCAAT complexes
firmly confirmed the histone-like architecture of the HFD-pair with common and unique features
[67][71]. Similar to the typical H2B/H2A and NC2B/NC2a subunits, NF-YB/NF-YC HFD is minimally
formed by three a-helices (namely a1, a2 and a3) separated by linker loops (L1 and L2), with al and
a3 are orthogonal to a2. The structural homology of the HFDs of NF-YB/NF-YC and H2B/H2A is
clear from the superimposition of the respective structures (Figure 8A). Outside the HFD, the similarity
extends to an additional C-terminal loop-short helix secondary structure element (called a.C) found in
both pair. Instead, the N-termini markedly differ, with an additional extension present in H2A and H2B,
that is absent in NF-YB and NF-YC HFDs [72]. In fungi, the HapE subunit (homologous to NF-YC)
holds also an extended N-terminal region, named aN, that adopts different orientation compared to the
core histones. A characteristic intra-chain Arg-Asp bidentate salt bridges linking I.2 to a3 in each subunit,
further stabilise the NF-YB/NF-YC HFD [68][71]. In their tertiary structure, the HFD modules of NF-
YB and NF-YC typically assemble in a head-to-tail fashion, creating a compact heterodimer stabilised by
extensive hydrophobic interactions and exposing an extended basic surface, allowing favourable non-

specific contacts with the negatively charged DNA sugar-phosphate backbone.
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Gly-loop

Figure 8. Three-dimensional structure of NF-Y. (A) Structural superimposition of coil representations between NF-YB
and NF-YC (PDB ID 4CSR) and the core histones H2B and H2A (PDB ID 1AO1, chains C/D, respectively). The N-terminal
histone tails are highlighted in grey. (B) Ribbon representation of NF-Y heterotrimer in complex with a 25 bp-CCAAT box
oligo derived from HSP70 promoter (PDB ID 4AWL). The secondary structure elements are labelled. (C) Electrostatic
surface of HFD NF-YB/NF-YC heterodimer in complex with NF-YA and DNA illustrated as ribbon and stick diagrams.
Red and blue colours indicate negatively and positively charged regions, respectively. The insertion of NF-YA A2-helix in the
minor groove is highlighted. (D) Sequence-specific interactions in NF-YA/CCAAT box recognition. The CCAAT DNA and
the complementary strands are coloured in magenta and grey, respectively. Dashed lines indicate the hydrogen bond
interactions between the NF-YA residues belonging to the Gly-loop and the A2-helix with the DNA. Important residues are
labelled [67][68].

The unique structural feature of NF-YB/NF-YC HFD dimer compated to other HFD-containing
proteins is a wide negatively charged surface groove formed by NF-YC aC and al, and NF-YB a2
offering docking sites for NF-YA, the regulatory subunit that confer sequence-specificity to the formed
histone-like pair. Interestingly, the additional a.C of NF-YB and NF-YC have an established role in NF-
Y trimerization and targeting regulatory proteins. Particularly, the aC helices of NF-YB/NF-YC have
been shown to interact with the TATA-binding protein (TBP), while NF-YC a.C can associate with the
proto-oncogene c-MYC and the tumour suppressor p53 [72].

The crystal structure analysis of mammalian NF-Y/CCAAT complex highlights important
structural features that account for specific DNA recognition of NF-Y at the CCAAT box (Figure 8B).
Unlike HFD subunits which interact with DNA zia nonspecific-DNA contacts, NF-YA docks into the

groove on the NF-YB/NF-YC subcomplex and deeply inserts an o-helix in the DNA minor groove and
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specifically contacts the CCAAT nucleotides, thus providing NF-Y a sequence-specific targeting
capability. Trimerization occurs mainly through the docking of the positively charged side-chains of Al-
helix in the extended acidic groove of the HFD-pair. NF-Y binding results in a nucleosome-like global
DNA bending of about 80°. The CCAAT-binding specificity is achieved by inserting deeply into the
DNA minor groove the A2-helix and the following Gly-loop motif (GxGGRF with x = any residue),
resulting in a strong widening of the minor groove of about 19 A at the first adenine of the CCAAT box,
providing a means to induce a significant bend in the DNA (Figure 8C). Particularly, the Arginine and
Histidine residues of the A2-helix that contact specific atoms in the CCAAT box, together with the
kinked backbone of the Gly-loop that allows close proximity of the two Gly-Gly carbonyl oxygen atoms
to the two guanines of the CCAAT complementary DNA strand, are extremely crucial for CCAAT-
sequence specificity. Importantly, the binding of NF-YA does not affect the adjacent major grooves,
promoting the potential binding of other TFs that can synergize with NF-Y, whose recognition motifs
remain accessible. The NF-YA-mediated DNA interactions are further stabilized by several additional
contacts with the DNA phosphate backbone and the insertion of a Phe residue belonging to the Gly-
loop between the two consecutive C and A bps within the CCAAT box (Figure 8D). As a result, NF-Y
combines the ability of the HFD to form compact but non-specific complexes with DNA, together with
the unique DNA-reading mode of NF-YA to form stable and highly selective complex [67], [68], [72].
These structural observations offer useful starting points to rationalise the fine molecular crosstalk
associated with the wide combinatorial association of NF-Y and other TFs that act in concert for
transcriptional activation and unravel the 3D structure of such higher order complexes using integrative

structural biology techniques.

1.3.4 The Pioneering role of NF-Y in transcription activation

In view of its unique DNA-binding mode, NF-Y is an established paradigm of pioneer TT.
Through its ability to bend DNA together with the sequence-specific recognition by NF-YA, NF-Y acts
as an organiser TT, shaping the promoter architecture and distal regulatory regions [67][68]. Additionally,
genome-wide mapping of NF-Y binding landscape from the ENCODE (Encyclopaedia of DNA
Elements) consortium revealed high degree of complexity, were NF-Y has been shown to be associated
with regions containing negative histone marks [73].

Pioneer TFs possess a unique property of binding specific DNA motifs within compacted or
“closed” heterochromatin where genomic DNA is not readily accessible and elicit remodelling or
“opening” of the chromatin, thus providing accessibility to non-pioneer TFs for cellular reprogramming
implementation [74]—[76]. Pioneer’s binding is distinguished by a higher residency period, suggesting
stable chromatin-TT interactions that lead to a long-term maintenance of cell identity [77]. In light of

their chromatin remodelling properties, pioneers have the potential for high epigenetic perturbations that
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dysregulate the genome, thus altering the transcriptional pattern as seen in cancer cells. Therefore, pioneer
factors can be used as prognostic biomarker and drug targets in cancer [73][76].

To orchestrate nucleosome removal/displacement, NF-Y can recruit a bona fide ATP-dependent
chromatin remodeler to the promoter of target genes. Mechanistically, through its nucleosome-like
structural features and its distinct DNA-binding mode which induces an ~80° bend in the DNA , NF-Y
can independently facilitates a permissive chromatin conformation, promoting master TF binding [78]—
[80]. Several lines of evidence have pointed toward a dual role of NF-Y in regulating both genes with
housekeeping functions and genes required for cell-cycle identity through its binding to cell type-invariant
proximal promoters [80] and cell type-specific enhancers [79], respectively.

Besides the first genomic and structural observations, further evidences supported the pioneering
role of NF-Y: (i) 7z vivo functional assays coupled with unbiased machine-learning techniques were applied
to differentiating mESCs to analyse genome-wide DNasel-hypersensitivity sites (IDHSs) profile to predict
TF-binding sites from the magnitude and shape of DNase footprints [81]; (if) genomic profiling in
mESCs revealed that NF-Y facilitates a permissive chromatin conformation at distal regulatory elements
of developmentally regulated genes for the master pluripotency factors including Sox2, NANOG and
Oct4 [79]; (iil) genome-wide mapping of DHSs was applied to understand how the chromatin regulatory
landscape is dynamically established during the zygotic to preimplantation development of mouse
embryos. Consistent with the fact that DHSs are often occupied by TFs, TF-binding motif enrichment
analysis was performed using 2-cell DHS map and identified the CCAAT box as the most
overrepresented motif. In this study, they firmly identified NF-YA as one of the key TTFs responsible for
the zygotic genome activation [82]; (iv) siRNA-mediated knockdown of one of NF-Y subunits or
overexpression of a dominant-negative NF-YA mutant unable to bind DNA is deleterious for
recruitment of several TFs and cofactors, suggesting NF-Y-dependent tethering events [40][83]; (v) in
the latest study aimed to investigate NF-Y’s function and mechanism of action at proximal promoter
regions in mESCs, they used siRNA to generate NF-YA null mice coupled with DHSs-profiling.
Examination of the nucleosomal landscape at NF-Y-bound promoter regions revealed a striking well-
defined nucleosome-depleted regions (NDRs), suggesting a steric anti-correlation between NF-Y and
nucleosome occupancy. NF-YA knockdown exhibits a reduced promoter accessibility through the
accumulation of ectopic nucleosomes over the TSS. They conclude that NF-Y has an established role in
safeguarding the integrity of the NDR, correct TSS selection and PIC localisation by occluding

nucleosome encroachment at its binding sites, thus ensuring faithful transcription initiation [80].

1.4 NF-Y and fellow TFs
Owning to its intrinsic ability of accessing to chromatin, influencing local chromatin environment,

bending DNA and physically interacting with many TFs, NF-Y behaves as an “architectural organiser”
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that shapes the three-dimensional arrangement of the promoter, as well as a “facilitator” of transcription
that brings distal TFs closer the transcription machinery [40][45]. NF-Y collaborates and acts in concert
with several TFs to exert accurate regulation of their target genes.

Opver the past years many individual examples of NF-Y-mediated DNA binding cooperativity with
several TFs have been established. Starting by the MHC-II system where NF-Y was originally
characterised, NF-Y bound to the Y-box and RFX bound to an adjacent X-box cooperatively interact to
form a functional unit in enhancers [84]. A subsequent well-characterised paradigms are represented by
NF-Y combined with SREBP [85], SP1 [86], C/EBPu [87], ATF6 [88] and USF [89] to elicit synergistic
transcriptional activation of specific set of promoters, typically through adjacent binding sites.
Interestingly, several TFs are found to bind DNA regions devoid of their respective consensus binding
motifs but possess a CCAAT-box bound by NF-Y, suggesting NF-Y-mediated recruitment. Numerous
examples have been previously reported, including the tumour suppressor p53 [90], FOS [73], IRF3 [40]
and SP2 [91].
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Figure 9. Classification of factors that co-associate with NF-Y locations in three groups, considering the combination of
CCAAT enrichment and peak overlap analysis. Group 1 TFs showing global enrichment and genome-wide overlap with the
CCAAT motif; Group 2 limited enrichment and ovetlap with NF-Y; Group 3 TFs with significant overlap with NF-Y, but
with no relevant CCAAT enrichment [40].

Starting by a comparison of NF-Y ChIP-Seq dataset derived from the ENCODE consortium with
available experimental data for other TFs, several TFs that show genome-wide co-localisation with NF-
Y have been identified. Particularly, a notable co-association peaks were found for FOS, USF2 and E2F4
[73]. Additionally, several bioinformatic studies have shown that the functional CCAAT elements bound
by NF-Y are among the most frequent motifs enriched in ChIP-seq peaks for TFs different from NF-Y
[92](93]. Further studies aimed to characterise those TFs binding DNA in the neighbourhood of NF-Y,
by assessing the enrichment for the CCAAT box and the overlap with NF-YB peaks in the genomic loci
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bound by 154 TFs from a complete set of 380 ENCODE ChIP-seq experiments. For sequence-specific
TFs, they were able to identify three main different levels of co-association with NF-Y (summarised in
Figure 9). The first group, is the most relevant one that represents TFs that show a significant genome-
wide overlap and enrichment for CCAAT boxes in their DNA binding loci, including FOS, RFX5, IRF3,
SP1/2, PBX3 and CHD2. Some of these factors show precise arrangement of their DNA-binding sites
with respect to the CCAAT box, while others appear to be bound to genomic regions that lack their
canonical target motif, suggesting NF-Y-dependent recruitment. The second group includes TFs with
limited enrichment and overlap, while the third group represents TFs for which the overlap is still

significant, but with no significant CCAAT enrichment [40][93].
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Figure 10. NF-Y global interactors. (A) The TTF, its family, the binding motifs enriched on NF-YB loci, the number of co-
bound sites in active regions (TSS), enhancer (ENH), transcribed (TX) and other genomic location are indicated from left to
right. For each chromatin region, the heatmap shows if the overlap with NF-Y sites is above (red) or below (green) the
expected value. The numbers indicate the log2 of the observed/expected number of regions ratio [93]. (B) Citcos plot
illustrates motif pairs connected by an arch with significant preferential distances between their binding sites. The thickness
of the connection is proportional to the frequency of the pair. Red, black and blue connections indicate that the motif pair is
discovered in multiple, same or different datasets, respectively [94] (C) Distribution of the relative position of the binding
sites for TFs that show a positional bias with tespect to the CCAAT motif (MAX, USF1/2 and ZNF143) in co-bound regions
in K562 cell line [40].

TF's belonging to the group 1, considered as “global” interactors, are further classified by analysing
at the single base pair level the occurrence of a preferential positioning on DNA of their binding sites
with respect to the CCAAT motif (Figure 10A). An interesting observation is that the regions bound by
NF-Y together with the TFs that lack their canonical binding sites contain a twin CCAAT-box
configuration, usually with 24-28 and 35-37 bps distance. On the other hand, the E-box binding TFs
(USF1/2 and MAX, but not MYC) and Znf143 show predominant and almost exclusive distance biases
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of 12 and 36 bps, respectively in the NF-Y loci with respect to the CCAAT box as shown in Figure 10B,
C [40][93]]94]. Chromatin state annotations were further investigated to assess possible bias for given
genomic location or chromatin states. Beside USF1 and USF2 found enriched at distal enhancer and
repetitive regions, most TFs show a bias towards binding with NF-Y at active TSS (Figure 10A) [93].
E2F family members belonging to the global NF-Y interactors without a positional bias of its canonical
binding site, correlate with NF-Y to regulate genes with different functional outcomes, suggesting
possible NF-Y-mediated tethering on DNA. The most striking co-localisation was found for E2F4, that
depends on NF-Y for efficient promoter association [40][93].

Genome-wide co-association of NF-Y with the most global partners on human promoters
characterised by twin CCAAT boxes with preferred distances is summarised in Figure 11, showing a
gapless alignment of zinc finger genes promoters bound by NF-Y in K562 cell line and containing two

CCAAT elements separated by 24 bps [93].
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Figure 11. Logo illustrating the gapless multiple alighment of human zinc finger genes promoters that contain two CCAAT
boxes separated by 24 bps. Light blue boxes indicate the localisation of the recognisable binding motifs. According to
ENCODE ChIP-Seq dataset, green and red ovals (GTFs and co-factors) and boxes (TFs) indicate the approximate

localisation, along the promoters, of the TFs bound in K562 cell line. Factors belonging to group 1 are depicted in red [93].

1.4.1 NF-Y and E-box transcription factor USF1

The Upstream Stimulatory Factor (USF) 1 and 2 belong to the basic helix-loop-helix leucine-zipper
(bHLH-ZIP) family of TFs that bind to the E-box (CACGTG); this family includes also MAX and MYC.
The structural hallmark of this family is an evolutionary conserved bHLH C-terminal domain divided
into two functionally distinct regions: the basic region that directly contacts DNA connected through a
stabilising loop to the leucine-zipper region that provides the potential for homo-and heterodimerization.
Upstream of the basic region, a predicted disordered region termed USF-Specific Region or USR essential
for USF-dependent promoter activity [95]—[97]. In addition to these conserved regions, these factors
often contain a leucine-zipper region involved in protein-protein interaction (Figure 12) [98]. NF-Y and
USF were shown to co-regulate different gene promoters in a synergistic fashion [99][100]. It was

previously demonstrated that the precise spacing between the E-box and the CCAAT-box of 10-12 bps
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is critical to achieve DNA-binding cooperativity and a synergistic transcriptional activation [101][102].
The ENCODE analysis previously desctibed confirmed the co-localisation of USF1/2 and MAX (but
not MYC) with NF-Y [40][73]. Interestingly, USF1 is one of the few TFs that co-associates with NF-Y
in the long terminal repeats (LTR)/nonmodified repressed chromatin (Figure 10) [73].

1 USR bHLH ZIP 310

Figure 12. Schematic representation of USF1 protein. The main functional domains are indicated as coloured boxes

(adapted from [55]).

1.5 The adenoviral Early region 2 binding Factor

In the late ‘80s, characterisation of the adenovirus E2 promoter led to the identification of cellular
factor with functions important for early events in viral replication, named the adenoviral early region 2
binding factor E2F [103][104]. In mammals, the E2F family of TFs consists of eight members (E2F1-

E2F8) with unique and overlapping functions, each with the characteristic hallmark of a conserved DBD
that directly binds the consensus E2F-response elements (TTTC/GG/CcCGC) [105]. The complexity of

this family has further increased by the discovery of numerous E2F isoforms that arise from alternative
splicing and multiple TSSs [100]. In particular, the E2F3a and E2F3b are different isoforms of the E2F3
gene locus that share similar DBD, dimerization and TADs but are regulated by distinct promoters [107].
E2F proteins are generally sorted into two different classes on the basis of sequence homology (Figure
13A) [108]. Typical E2Fs (E2F1-E2F06) contain a conserved dimerization domains and associate with the
differentiation-regulated transcription factor-1 polypeptide (DP1-3) family of genes, which are distantly
related to the E2F family [109]. Interestingly, the heterodimeric E2F/DP1 and E2F/DP2 complexes
bind DNA in a sequence-specific manner and regulate E2F target genes similarly, while E2F/DP3
complexes fail to bind efficiently the E2F consensus site [110][111]. While DP1 is ubiquitously expressed,
DP2 has a restricted expression level and many isoforms [112]. E2F6 protein has been isolated in
complexes with polycomb-group (PcG) proteins and seems to function exclusively as a repressor [113].
The “atypical” E2F7 and E2F8 contain two tandem repeats of the E2F DBD that associate to form a
unique DNA binding surface that binds the E2F consensus sequence in a DP-independent manner
[114][115]. Homodimers and heterodimers of E2F7 and E2F8 negatively regulate cell cycle progression

by directly suppressing the transcription of a subset of E2F-activated target genes [116][117].
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Figure 13. The mammalian E2F family members. (A) E2F and pRb protein families. E2F family is divided into two
subclasses: activators (E2F1-3a) and repressors (E2F3b-8). Typical E2F1-6 bind DNA as heterodimers with the structurally
related DP1-3 subunits. The pocket proteins (pRb, p107 and p130) associate and inhibit different subset of E2F proteins
[117]. (B) The expression of E2F proteins throughout the cell cycle [118].

E2F proteins ensure correct timing expression of cell-cycle genes by sequential binding of E2F
activators and repressors to target promoters. Therefore, individual E2F shows distinct activity and
expression level during the cell cycle (Figure 13B). While the canonical repressors (E2F3b-E2F6) are
constitutively expressed throughout the cell cycle, activator protein (E2F1-E2F3a) levels increase at the
Gi-S phase transition, and the atypical E2F7 and E2F8 repressor levels peak in the late S-phase [118].
Recent study has found that in differentiating cells, activator E2Fs can switch roles from activators to
repressors [119]. Acting through association with other TFs, E2F4 may stimulate proliferation during
development [120][121]. Beyond cell cycle regulation, E2Fs play roles in apoptosis, metabolism,
angiogenesis and maintenance of genomic stability. Activator E2Fs act redundantly to promote cell
proliferation, increasing the complexity of this family. Several studies have shown that while loss of one
E2F is generally tolerated in mouse, combinatorial loss of all E2F activators is embryonic lethal by
abolishing progression through the cell cycle and proliferation [122][123].

Within the contexts of the cell cycle and oncogenesis, E2F activity is tightly regulated at multiple
levels, including expression, mRNA stability, PTMs, protein degradation, subcellular localisation and
binding to regulatory proteins [122]. The best mode of regulating E2F activity is by the retinoblastoma
protein (pRb) and the homologous pocket proteins p107 and p130, which directly bind and inhibit
different subsets of E2F proteins by masking their TADs and recruit transcriptional repressive factors to
E2F-responsive promoters [117][122]. Although the C-terminal binding domain of pocket proteins is
highly conserved, they show clear preferences for distinct E2Fs. While the activating E2Fs associate

exclusively with pRb, repressors are found associated primatily with p107/p130, suggesting important
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distinct functions. Structural, biochemical and phylogenetic analysis reveal that pRb evolved specific
structural motifs that make it uniquely able to bind and regulate the activating E2Fs [124]. Consistent
with these observations, sequence alignment revealed that E2F1-3 are highly related to each other
compared to E2F4-5. Pocket protein-E2F dissociation are tightly regulated by cyclin-dependent kinase
(CDK)-mediated phosphorylation or binding of viral oncoproteins including the SV40 T-antigen [125],
releasing of active E2Fs [126]. Alterations in the E2F-Rb-CDK axis either by deletion or mutation of
pRb, or by perturbations in the upstream CDK pathways lead to aberrant proliferation that occurs in
virtually all cancers, underscoring the vital role of this pathway in the determination of cell fate [122].
Interestingly, the transcriptional potential of E2F is tightly regulated by cell cycle-dependent changes in
subcellular localisation. While E2F1-3 contain nuclear localisation signals and are localised exclusively in
the nucleus, the nuclear localisation of E2F4 and E2F5 is restricted to certain cell cycle stages and
dependent upon specific association with a subset of nuclear factors, including their DP partners or the
pocket proteins [127].

E2F1 is known as the founding member of this family, that is endowed with contradictory
functions, being able to promote cell-cycle progression and therefore is potentially oncogenic and induce
apoptosis. DNA damage and mitogenic signals trigger multiple signalling pathways that direct E2F1 to
proliferation or cell death (Figure 14) [128]. Consistent with the dual role of E2F1 as an activator and a
repressor of transcription, knockout of E2FF1 in mice lead to dysplasia and tumours in some tissues, and
to atrophy in other tissues [129][130]. Most E2F genes, specifically E2F1, are significantly upregulated in
different types of cancer [131]. In a mouse model of metastatic breast cancer, recent work has uncovered
new function for the activator E2Fs in promoting tumour development and metastasis by regulating the
expression of genes critical for angiogenesis, extracellular matrix remodelling, tumour cell interactions

with endothelial cells and tumour cell survival [132].
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1.5.1 The structural basis of E2F and DP proteins

From the structural viewpoint, the canonical E2Fs have similar arrangement of functional domains
and share 20%-55% sequence identity. The DP proteins share high sequence homology (70%) but are
distantly related to the E2F proteins [133]. Similar to the DP proteins, E2F1 through E2F6 are
characterised by a conserved DNA-binding domain (DBD), coiled-coil (CC) and marked box (MB)
domains (Figure 15). The DBDs of E2F and DP proteins are homologous and consist of ~70 and 90-
residue domains, respectively that bind as heterodimer similar DNA sequences [133]. In particular, the
DBD of DP proteins contains a 30-residues region that resembles that of E2F, termed the DEF box
[134]. The subsequent CC-MB domains of E2F and DP heterodimerise, and the formed heterodimers
bind other TFs as a mechanism that explains how specific E2Fs that recognise the same consensus motif
can activate distinct genes [135][136]. The transactivation domain (TAD) is unique for E2F1-5 and
consists of ~60 amino acids located near the C-terminus, harbouring the binding sites of positive
regulators including TBP, p300/CBP and the MDM2 oncoprotein and negatively acting proteins such as
p53 and pRb proteins [133]. Interestingly, in E2F1 promoters, E2F recognition motif possesses an
intrinsic DNA bend of ~40° that is reserved upon binding of E2F1 but in the opposite orientation. They
also found that this DNA-bending is critical in the activation of the E2F1 promoter. Mutational analysis
identified the MB domain as critical to reverse the inherent bending of E2F site. On the other hand, the

binding of Rb inhibits the ability of E2F1 to reverse the bent DNA [137].

Rb | RbN Pocket
Figure 15. Schematic representation of

A><}t‘"”“g interactions E2F, DP and Rb domains. The conserved

domains are indicated as coloured boxes. The

E2F DBD cC MB | TAD ‘ E2F TAD interacts Wlth the Rb pOCkCt

domain, and the CC-MB domains of E2F and
DP bind the RbC [133].

DP DBD

The crystal structure of the ternary complex harbouring the DBDs of E2F4 and DP2 bound to a
15 bps DNA derived from the adenovirus E2 promoter revealed a winged-helix DNA-binding motif
composed by three a helices (a1, 02 and a3) and three B sheets (B1, B2 and B3) allowing the formation
of a compact hydrophobic core through extensive protein-protein hydrophobic interactions (Figure
16A) [133]. The DBDs are structurally homologous and bind to and transactivate at the consensus
TTTC/GG/CcCGC E2F-site [124][133]. The structural homology of E2F4 and DP2 is evident from the
superimposition of the respective quaternary structures, except that E2F4 is characterised by a shorter
a2 and a3 and an extended N-terminal helix (aN) (Figure 16B). The recognition of the palindromic

CGCGCG sequence is fundamentally a symmetrical arrangement, where E2F4 and DP2 each contact
22



half of the sequence through the conserved RRXYD DNA recognition motif on their a3-helices.

Interestingly, the aN helix is deeply inserted in the minor groove near the T-rich stretch to contact an
invariant arginine residue (Argl7) among E2F family members, orienting the E2F-DP heterodimer on
the promoter (Figure 16C). This heterodimer is further stabilised by an extensive hydrophobic
interaction formed by the a1-03 helix packing from both E2FF4 and DP2. Although the DBDs of E2F
and DP proteins have limited homology across-family, most of the E2F4 and DP2 residues that contact
DNA and that create the heterodimerisation interface are invariant within their respective families,

suggesting that other combinations of E2F and DP proteins would create similar contacts and structural

folding [133].

Figure 16. Ribbon representation of human E2F/DP three dimensional structures. (A) DBDs of E2F4/DP2
heterodimer in complex with a 15 bps oligonucleotide from the adenovirus E2 promoter (PDB-code: 1CF7 [133]). E2Fs and
DPs ate depicted in yellow and violet, respectively, with DNA nucleotides highlighted in orange. The secondary structure
clements are indicated. (B) Structural superimposition of E2F4 and DP2 winged helix DBDs. (C) Close-up on the E2F-aN
helix inserted in the DNA minor groove near the T-rich stretch. The conserved Argl7 is indicated in green. (D)
E2F16M/DP1¢M in complex with RbC peptide (blue) (PDB-code: 2AZE [138]). (E) Ovetlay of the CC-MB domain structures
of E2F1/DP1 (grey; PDB-code: 2AZE), E2F5/DP1 (ted and purple; PDB-code: 5TUV), and E2F4/DP1 (pink; PDB-code:
5TUU). (F) Consetved residues among E2F paralogs are mapped and highlighted in yellow on E2F4M/DP1EM structure.
Most of these residues form the last B5 strand and the preceding loop [124].
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The retinoblastoma tumour suppressor (Rb) is a large and multifunctional protein that regulates
diverse cellular pathways, including cell cycle and apoptosis through the activation/inhibition of
interacting proteins. The structure of Rb is organised in multiple domains, referred as RbN, pocket and
RbC, connected by intrinsically disordered regions (Figure 15) [139]. The pocket domain is highly
conserved throughout Rb paralogs and is necessary for E2F binding, but is not sufficient for maximal
growth suppression, which in addition requires RbC. Different crystal structures of various domains have
been solved [138], [140]—[142]. In particular, the crystal structure of the CC-MB domains of E2F1/DP1
(hereafter E2F1™/DP1™) in complex with the RbC¥*** peptide demonstrated that the MB domains of
the formed heterodimer associates with RbC and the involved contacts are conserved across E2F and
DP families. Although the RbC domain is intrinsically disordered, ~30 residues undergo disorder-to-
order transition, adopting a strand-turn-helix conformation upon binding to E2F1°Y/DP1
heterodimer. The structure of the overall complex is asymmetric and reveals an intertwined heterodimer

composed of an intermolecular CC and B-sandwich subdomains bridged by two small a-helices and two-

stranded short B-sheets (Figure 16D). The requirement for DP to complete the hydrophobic core shed
light on the importance of heterodimerisation for E2F stability, DNA binding and transcription
activation [124][138].

The structures of E2F™/DP™ are conserved, where the crystal structures of E2F4°M/DP1
alone and E2F5™/DP1“™ bound to C-terminal domain (CTD) of p107 reveal similar overall secondary
structure topology compared to the previously determined E2F1“Y/DP1°M structure with a notable
variation in the orientation of the CC domain relative to the B-sandwich domain. Structural alignment of
the overall structures supports the conclusion that the CC domain is flexible and can rotate around a
fixed contact point made with a2-helix in DP1 bridging the interaction with DNA and with other TFs
bound to the MB domain or C-terminal regions in E2F (Figure 16E). Sequence and structural
comparisons clarify the generality of the pocket protein CTDs to associate with E2F CC-MB domains
and reveal molecular basis that explain the respective preferences of Rb for activating E2Fs and
p107/p130 for repressive E2Fs. Particularly, sequence alignment of the human E2F“" reveals a potential
protein interaction surface common to all E2F paralogs and formed by the last E2F strand (35) and the
preceding loop. The most notable divergent region which account for differences in specificity for

different pocket proteins includes the end of 3 and the preceding loop (Figure 16F) [124].

1.6 Interplay between NF-Y and E2F1
It is well established that NF-Y plays a pivotal role in the activation of “cancer” genes.
Transcriptome profiling of commonly up-regulated genes in tumour vs. normal cells and e #ovo motif

discovery identified “signature” genes whose CCAAT, GC-rich and E2F-motifs are statistically enriched
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in their promoters [143]. RNA profiling of patients with Diffuse Large B-cell Lymphoma (DLBCL), an
aggressive progression of Follicular Lymphomas (FL), identified functional drivers of the FL
transformation, including NF-YB and DP1 [144]. I vivo independent studies and ChIP-seq analysis using
tiled ENCODE arrays identified frequent co-occupancy of E2F1/4 and NF-Y on gene promoters with
wide-ranging functions in proliferation, cell cycle and metabolism, suggesting possible cooperative
binding in the activation of the aforementioned promoters. Despite co-occupancy, genome-wide
unbiased search for binding sites of NF-Y and E2Fs 7z vzvo has not revealed a preferential positional-bias
between the respective binding-motifs [40][73][145]. Genome-wide mapping of E2F1-binding sites from
the ENCODE project from distinct cell lines revealed that ~90% of bound sites lack the consensus 7
vitro-derived motif, often absent, or retrieved at tens of bps distance from peak summits, suggesting
tethered/assisted recruitment of E2F1 to core promoters lacking the E2F-consensus site [140].

Strikingly, the E2F1 promoter is regulated by NF-Y [147], and E2F1 regulates the NF-YB
promoter [148]. Two independent studies have investigated the functional interplay between E2F1 and
NF-Y. In the first study, ectopic expression of NF-Y A in mouse quiescent fibroblasts induces an increase
in E2F1 levels leading to apoptosis in an E2F1-and p53-dependent manner, impaired in cells lacking
E2F1 and p53. In particular, unrestricted NF-Y activity utilises the E2F1-mediated phosphorylation of
p53 pathway to trigger p53 activation and promotes NF-Y-dependent apoptosis [149]. In the second
study, they identified an inverse relationship, where E2F1 increases the NF-YB levels, and jointly regulate
a large group of anti-apoptotic genes that are usually overexpressed in sarcomas and are associated with
chemotherapy resistance, limiting the pro-apoptotic functions of E2F1. They also provided evidence that
NF-YB inactivation enhances E2F1-mediated apoptosis [148].

Notwithstanding, better understanding of the interplay between NF-Y and E2Fs at the molecular
and structural level which represent the main topic of my thesis possibly will explain the coordinate

overexpression patterns and the co-occupancy observed 7z vivo.
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2. AIMS OF THE THESIS

My doctoral thesis aims, in general, to characterise at the biochemical, structural and functional
levels the co-association patterns of NF-Y and some of its partners observed 7z vivo, including E2F1 and
USF1. The unifying theme of this thesis is to uncover the molecular details of the crosstalk between NF-
Y and bona fide interacting partners on DNA. With the long-term goal of controlling such TTF interactions,
we first focused on characterising single TF, and then extending our study to NF-Y interactions to

construct a complete picture of the promoter architecture.

2.1 Interplay between NF-Y and E2F1

Given the abundance and functional importance of NF-Y and E2F sites in promoter of cancer
signature genes, and the overlap of NF-Y and E2Fs genomic locations suggest that they potentially
mutually interact [45][143]. Instead, no distance bias between CCAAT and E2F sites are found [40]. With
the aim of controlling such TF interactions, we focused first on E2Fs, in particular E2F1 and its

functional partner DP1, and then we extended our understanding to NF-Y interactions on DNA.

* Characterisation of E2F1/DP1 using an integrated biochemical/structural approach

The structural hallmarks of E2F and DP proteins consist of a DBD connected through a short linker to
the CC-MB dimerization domain. The available 3D structures refer to the separated domains from
distinct E2F and DP family members. To have a coherent view of the relative topology of the linked
domains, the full conserved regions of E2F1 and DP1 are co-produced as soluble heterodimer, and
characterised using integrative structural biology techniques, including X-Ray crystallography, SAXS and

Molecular Dynamics simulations.

= Dissect synergistic and functional interactions between NF-Y and E2F1 on DNA

With the aim of dissecting synergistic binding between NF-Y and E2F1 on DNA , we utilised the human
CDC2 promoter, shown to be functionally dependent from both CCAAT and E2F-binding sites [150].
We applied EMSA experiments using purified recombinant proteins to (1) quantitatively and qualitatively
measure the binding of single proteins and complexes, (2) determine synergistic binding by comparing
the stability of single TF vs. multi-TFs complexes, (3) identify stable higher-order complexes that could
be assembled and isolated 7z witro for further structural characterisation to analyse TFs-contacting

interfaces.

2.2 Uncovering novel structural information of NF-Y using X-Ray crystallography and Cryo-EM
* Design optimised NF-Y constructs for structural and TFs partnership analyses
Beside the previously crystallised NF-YB/NF-YC minimal core domains [67][72], and to possibly gain

novel structural information on additional portions, we setup co-expression screening tests with different

26



combination of NF-YB and NF-YC deletions maintaining the conserved regions to improve protein
folding and solubility. Among the designed and produced constructs, we have chosen the largest proteins
suitable for Cryo-EM analysis, holding the TADs that could be involved in possible protein-protein
interaction and DNA-binding cooperativity, while constructs encompassing predicted structured and
ordered regions were used in crystallisation screening. As attempts to obtain protein crystals using
traditional crystallisation trials failed, we applied 7 situ proteolysis, a rescue strategy based on crystallising
protease-resistant polypeptide fragments on the timescale of crystal formation. We started by a pilot
screening to identify the optimal conditions to yield a stably truncated form of the protein. To increase
the likelihood of successful structure determination, we have combined limited proteolysis and mass

spectroscopy to generate optimal constructs for subsequent crystallisation trials.

* Analysis of NF-Y/USF1 contacting surfaces using Cryo-EM

Preliminary biochemical, structural and functional data on USF1 and NF-Y from our lab provide the first
look at the region involved in the protein-protein interaction [151][152]. To possibly gain defining details
on the specific protein interfaces involved in this interaction, we set up new approach to assemble and
isolate ternary complexes on different DNA configurations harbouring full-length proteins, suited to be
visualised using single-particle Cryo-EM. My contribution to the project aimed to (1) co-produce soluble
full-length NF-YB and NF-YC subunits, (2) set-up and optimise new approach to assemble and isolate
multimeric complexes on DNA together with 4. Bermardini. This approach consists of defining an
efficient co-expression strategy for high throughput recombinant protein production in E. co/, and then
passing through sequential chromatography steps to ensure high degree of sample purity and

homogeneity, followed by functional characterisation using EMSA assays.
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3. RESULTS, DISCUSSION AND FUTURE PERSPECTIVES
PART I

Interplay between NF-Y and E2F1

The main project consists of an integrated biochemical/structural approach targeting the interplay
between NF-Y and E2F1. We started by characterising E2F1 and its functional partner DP1 and then
we extended our approach to NF-Y and E2F1 partnership on natural promoter. The main findings of

this part are included in the attached manuscript which has been recently submitted for publication.

1. Characterisation of E2F1/DP1 using integrative structural biology techniques
The evolutionary conserved domains of the canonical E2F and DP family members consist of a
winged-helix DNA Binding Domain (DBD) and a Coiled-Coil-Marked-Box (CC-MB)
heterodimerization domain tethered by a short linker (Figure 17A). So far, the structural information of
the separated domains from distinct E2F and DP family members have been determined by X-ray
crystallography [133][138]. To further characterise the global structure, dynamics and the relative
orientations of the linked system, we applied an integrated approach that combines SAXS experiment

and molecular dynamics (MD) simulations.

1.1 Main Results

1.1.1 Co-expression of E2F1 and DP1yields a soluble heterodimer that binds efficiently the DNA

We started to produce recombinant E2F1 and DP1 proteins that include the full conserved DBD-
CC-MB domains (here-after E2F1°™ and DP1°M). Because singularly, DP1°™ is insoluble and
E2F1P“ is soluble (data not shown), proteins were co-expressed in E. co/i and purified to homogeneity
by exploiting a N-terminal 6xHis-tag fused to the DP1 subunit, yielding soluble heterodimer (Figure
17B). As observed in Figure 17C, the purified E2F1°?'/DP1°™ binds efficiently DNA as assessed by
EMSA on the canonical E2F site of the human E2F1 promoter, while E2F1°™ alone binds DNA,
probably as homodimer [114][153], with extremely low affinity.

Next, a set of preliminary crystallisation trials were conducted on ternary complexes with a 15-mer
DNA oligo of the same length as the one used to obtain the E2F4°"?/DP2"" /DNA crystals [133]. The
trials were not successful, also with the use of longer DNA and in the presence of RbC peptide used to
crystalize the E2F1Y/DP1“/RbC complex [138]: quasi crystals that are not suitable for X-Ray
diffraction were obtained. Because using single structural technique to characterise the structure of
macromolecule complexes is a very arduous task, we tried to combine experimental SAXS analysis with

computational modelling to characterise such challenging complexes.
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Figure 17. Characterisation of purified recombinant E2F1PCM and DP1PCM proteins. (A) Schematic representation of
E2F1 and DP1 domain organisation with their respective amino acid sequence numbering, and recombinant protein
constructs used in this work. The conserved domains of E2F1 and DP1 are depicted in blue and grey, respectively. The 6xHis-
tag is indicated as a red sphere. The RbC peptide used is indicated. (B) Coomassie stained gel of co-expression and IMAC
putification of recombinant E2F1PCM /DP1PCM heterodimer. Total extracts of the induced culture (IND), the soluble fraction
(SF), Flow through (FT) and elution (E1-6) samples wete loaded. Molecular weight (Mw) markers (kDa) and bands identity
are indicated on the left side of the gel. (C) Dose response EMSA experiment performed with recombinant E2F1PM alone
and in the presence of DP1P on the E2F1 probe. The proteins were incubated at increasing concentrations (4, 8, 16, 20,
64, 128 nM) with the probe (20 nM). Arrowhead: E2F1PCM/DP1PCM and E2F1PM complexes; fp: Free probe. (-) probe alone,
without protein additions.

1.1.2 Solution structural analysis of E2F1/DP1 complexes reveals high conformational flexibility

Solution-based Small-Angle X-Ray Scattering (SAXS) is an established method that utilises the
scattering of X-Ray beams to investigate the overall dimension, low-resolution shape and dynamics of
biomolecules in solution at the nanometric scale. Expanding the investigation range of high-resolution
structural techniques, SAXS analysis directly provide useful information on flexible regions. To overcome
sample polydispersity in SAXS data analysis that can easily lead to data misinterpretation, we performed
Size-Exclusion Chromatography (SEC) in-line with X-Ray data collection, providing both a more
homogenous sample and a continuous set of data as the concentration is extrapolated to zero. Two data
sets were collected of E2F1P“M/DP1°/DNA with and without the RbC peptide [138] in collaboration
with M. Nardini and A. Chaves at the Diamond Synchrotron. The values of the radius of gyration (Ry), the
maximum diameter (Dm.) and the molecular weight (MW) derived from the scattering curves are
represented in Table 1. The R, and the forward scattering intensity I(0) traces as a function of
measurement frame show that the samples are monodispersed (Figure 18A, B). Data frames under the
elution peaks centred on the maximum in I(0) where the R, values were the same within error and
statistically identical as assessed using CorMap goodness-of-fit test and reduction y’-test (p-value > 0.01)

[154] were selected and averaged for subsequent analyses. The log I(q) vs. scattering angle (q) plots
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provide clear representation of the buffer-subtracted data over the entire q range, with the Guinier plots
(n 1(q) vs. ¢ [155]) shown as inset (Figure 18C, D). The minimum q measured (0.008 A™") is well below
the recommended q of =7/Dma for accurate assessment of the particle size and shape. Indeed, the
Guinier analysis show linearity in the small q regions (qR; < 1.3) and the double logarithmic plots (Figure
19C) show zero slopes at low q values, indicating that the solutions contained monodisperse particles
with similar size. Overall, these measurements provide confidence that the selected frames are free of

significant aggregation.
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Figure 18. SEC-SAXS data reduction. SEC-SAXS chromatograms of E2F1/DP1/DNA complexes in the absence (A) and
presence (B) of RbC peptide, showing the average scattering intensity (blue line) and the radius of gyration (black squares) as
a function of measurement frame for the SEC-SAXS run. The frames corresponding to the buffer and sample are marked by
red and green, respectively. Data frames between the two arrows were selected and averaged for subsequent analyses with the
insets showing the results of two-dimensional correlation maps (CorMap) for frames in the region of interest where green and
red squates stand for matching (p = 0.9) and non-matching frames (p < 0.1), respectively, and yellow squares correspond to
all other cases [154]. (C) and (D) ate plots showing I(q) vs. q as semi-logatithmic scale for E2F1/DP1/DNA complexes in
the absence (red curve) and presence (orange curve) of the RbC peptide, respectively, with Guinier fits (grey line) for qR, <
1.3 are shown as insets. For better visualisation, the profiles have been displaced along the ordinate.
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Figure 19. Experimental SEC-SAXS profiles for E2F1/DP1/DNA complexes. (A) Kratky plots for the SAXS data
represented as 1(q) * g2 vs. q (A1), (B) Porod plots of SAXS data transformed as I(q)* q* vs. q (A-1). Trend lines are given as
a guide to the eye. (C) Double logarithmic scale showing near zero slope at low angle. (D) P(x) distance distribution functions
vs. t profiles. Colour key is as in figure: +RbC (orange) and -RbC (red).

To qualitatively evaluate the protein compactness and the presence of disordered regions, Kratky
plot analysis was employed [1506]. Typically, for a compact and well-folded single-domain protein, the
Kratky plot displays a bell-shaped curve, with a well-defined maximum [157]. The generated plots
obtained from SEC-SAXS data (Figure 19A) have distinct profiles, where the maximum is shifted
upwards and right indicating an anisotropic shape. The shallow oscillation reflects the well-folded two-
domain structure connected by a flexible linker [158]. At large q values, the intensity rises increasingly
indicating significant flexibility. In SAXS experiment, the Porod-Debye low is an alternative powerful
tool for assessing macromolecule flexibility [159]. While Kratky analysis relies on the measurements at
high q which are exponentially more sensitive to noise and buffer subtraction, the Porod-Debye region
resides near the Guinier region that is not prone to buffer subtraction issues [160]. For most folded
proteins, Porod curve displays a defined plateau indicating that the scattering particles exist with an
homogenous electron density contrast between the solvent and particle [159]. As observed in Figure
19B, for both states, Porod-Debye plots (q* * 1(q) vs. q) exhibit shape-dependent oscillation features.
Significant flexibility is indicated by the continuous increase in intensity at high q values that is similar in

the presence of the RbC peptide, indicating that the peptide used has no impact on protein flexibility.
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Using both Kratky and Porod analyses, similar conclusions can be drawn regarding flexibility. The P(r)
distance distribution function vs. r profile are well behaved (Figure 19D), showing a peak at low r values,
corresponding to the intradomain distances, and a long trailing tail approaches zero gently with
pronounced shoulder corresponding to the interdomain distances, expected for an elongated dumbbell-
shaped structure [161]. For both complexes, the estimated MW values [162]—[164] are within the expected
range based on the chemical composition (Table 1).

The scattering profiles of E2F1/DP1/DNA and E2F1/DP1/RbC/DNA complexes are
superimposable, suggesting a marginal influence of the RbC peptide on the overall shape and flexibility
of the E2F1/DP1 heterodimer (Figure 18, 19 and Table 1).

Table 1. SEC-SAXS data collection and analyses.

Data collection parameters

Beamline Diamond, B21

SEC system/column Agilent 1200 HPLC system/Superdex 200 Increase 3.2/300 (GE Healthcare Life Sciences)
Sample Volume (L) 45

Sample concentration (mg mLD 4

Sample buffer 50 mM Tris-Cl pH 8.0, 150 mM NaCl and 2 mM DTT
Flow rate (mL min-") 0.075

Beam defining slits size (mm) 46x1.1

Sample- Detector Distance (mm) 3718.9376

Wavelength (A) 0.94644433

q measurement range (A D) 0.0032-0.3800

Beam size 1 x 0.25 mm (at sample)/50 x 50 pm (at detector)
Exposure time 20 exposures per second

Temperature (K) 293

Sample cell size (quartz capillary) 1.5 mm in diameter (10 um thick walls)

Structural parameters

E2F1/DP1/DNA E2F1/DP1/DNA/RbC
Guinier analysis
1(0) (em™) 0.014 + 6.2¢0> 0.02 £ 6.2¢
R, (A) 37.15+0.25 38.18 £ 0.18
Qmin (A1) 0.0083 0.0075
qRg range 0.31-1.28 0.29 — 1.30
p(r) analysis
1(0) (em™) 0.01392 0.01976
R, (A) 38.85 39.86
Dinax (A) 123.81 123.86
Total-quality-estimate (GNOM estimate) 0.7273 0.79
Volume, shape, and molecular weight (MW) analysis
Porod volume (A’) 77314 80648
MW calculated from chemical composition (Da) 59150 64290
MW from Ve (Da) (ratio to predicted)® 58334 (0.98) 61097 (0.95)
MW from SAXSMoW (Da) (ratio to predicted)® 62400 (1.05) 66400 (1.03)
MW from consensus Bayesian assessment 59500 62350
Credibility Interval [Da] [57500, 63100] [61600, 69650]
Credibility Interval Probability [%] 94.28 95.46

“ ATSAS-3.0.1-1 version [165] employed for SEC-SAXS data reduction and analyses.

b . . . . .
The experimental MW ratio relative to the calculated MW from the amino acid sequences.

1.1.3 SAXS-restrained MD simulations generate reliable conformational ensembles

SAXS experiments together with preliminary MD simulations highlight the dynamic nature of this
system. As conformationally flexible protein cannot be represented as single protein structure, SAXS-
guided MD simulations were performed in collaboration with C. Pazssoni and C. Camilloni to generate a

conformational ensemble that better describe this dynamic system. The method and the strategy
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employed are detailed in the attached manuscript. Briefly, using homology modelling, initial tentative
models of E2F1°™/DP1°™ complexes were built from the available separate structures of
E2F4°"°/DP2°"® on DNA (PDB ID: 1CF7 [133]) and E2F1°/DP1“/RbC (PDB ID: 2AZE [138))
(Figure 20A). Representative models with good agreement with experimental data were obtained by
employing SAXS-guided Metadynamics, an extensive and enhanced conformational sampling. The
generated models were then refined against SAXS data through SAXS-driven MD simulations (Figure
20B, 21A). Remarkably, models suggest a preferential orientation of the CC-MB domains with respect
to the DBDs, with the CC bent toward the DP1-bound side of the DNA.

< 2AZE
CC and MB domains of E2F1/DP1

Figure 20. Building a representative
structural models of E2F1/DP1/DNA
complexes. (A) Building a tentative
starting model with homology modelling
based on the available PDBs (1CF7 [133]
and 2AZE [138]). (B) Refined models with
(right panel) and without the RbC peptide
(left panel) obtained with SAXS-driven
MD simulations. E2F1, DP1 DNA and
RbC peptide are depicted in blue, grey,
orange and yellow, respectively.

<— ICF7
DBDs of E2F4/DP2 bound to 15mer DNA

E2F1/DP1/DNA E2F1/DP1/Rb/DNA

Representative structural ensembles with reasonable agreement with experiments were generated
by performing metainference MD simulations (Figure 21A). Simulations unveil the inherently flexible
and heterogenous nature of this system and point toward multiple regions with high conformational
freedom (Figure 21B): the inter-domain linkers, the DP1 a2-a.3 loop (aa 148-161), the DP1 N-terminal
tail and to lesser extent the E2FF1 N-terminus. Particularly, the unstructured linker regions confer great
flexibility between domains, allowing the CCs to adopt various relative orientations with respect to the
DBDs. In spite of this significant inter-domain flexibility, the CC-MB domains adopt a preferential spatial
orientation on DNA toward the region occupied by DP1. As observed in Figure 21A, SAXS profiles of
the generated ensembles agree with the experimental data and SAXS-refined single structure within the
estimated experimental errors. Additionally, the N-terminal tail of the DP1 DBD which displays poor
secondary structure content exhibits increased mobility. Considering the numerous basic residues, longer
DNA could induce a stronger binding, facilitating DNA recognition outside the conventional RRXYD
motif.
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All these procedures were applied in parallel for the E2F1°™/DP1°™/RbC/DNA complex,
yielding superimposable conclusions regarding flexibility (Figure 20B and 21C). In line with the first
SAXS observation, MD simulations confirm that the RbC peptide has negligible influence on the overall
structure, the efficiency of DNA-binding, or on the flexibility of the CC-MB portion of the complex.
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Figure 21. SAXS-driven MD simulations of E2F1/DP1/DNA complexes. (A) Conformational ensembles of
E2F1/DP1/DNA complex (left panel), with SAXS cutves (right panel) showing the agreement of the ensembles (blue dots)
with the experimental SAXS data (grey dots) and SAXS-refined single model (orange dots) within the experimental errors.
(B) Zoomed-in view showing the flexible regions of E2F1 and DP1 according to simulations. (C) The
E2F1/DP1/RbC/DNA model (left panel), with the volume occupied by the RbC peptide shown as violet cloud. The
negligible role of the RbC peptide on the structure and dynamics of the dimer is illustrated in the overlaid models (middle and
right panels).

1.1.4 DNA length defines extended contacts on the DP1 side of the bound DNA motif
Simulations analyses indicate that the N-terminal tail of DP1 is highly flexible and disordered. In
view of the numerous exposed basic residues, an extended DNA on the DP1 side could induce stronger

binding by facilitating DNA recognition and binding beyond the conventionally defined RRXYD motif.
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To define whether extension of DNA may support the predictions of MD simulations, we assayed by
vitro competition EMSA experiments the affinity of E2F1/DP1 for unlabelled oligos of different length.
In particular, we assessed the ability of each oligo to compete for protein binding to a 25-mer labelled
probe derived from the human E2F1 promoter, as compared to the WT 15-mer E2F1 oligo. Given that
the probe used is essentially symmetrical, in order to discriminate among the E2F1 and DP1
contributions, we started with the defined non-symmetrical E2FF DNA element of 15 bps (oligo 1; Figure
22A) used to crystallise the E2F4/DP2/DNA complex (PDB entry 1CF7; [133]). Five bps extensions
with a random sequence on either side of the oligo were designed, and unlabelled competitors were used
to challenge E2F1/DP1 binding on the 25-mer probe (Figure 22A). The competition rate of the 15-mer
WT oligo derived from the probe was set as 1. The unlabelled 25-mer oligo, used as a positive control,
showed higher competition rates, i.e., higher affinity, indicating that regions outside the 15-mer oligo
indeed contribute to stabilize E2F1/DP1 binding on DNA. When the Oligo 1 (15-met) was used,
possibly also due to the asymmetrical nature of competitor, a substantial decrease in competition rates
were observed (Figure 22B). However, both (20-mer) 5 bps-extended versions of this oligo, on either
DP1 or E2F1 sides (oligos 3 and 4, respectively) compete extremely well, showing an increased
competition rate as compared to the WT oligo, which was more pronounced using oligo 3 (on the DP1
side), and also evident for the 18-mer oligo with a 3 bps extension (oligo 2). To evidence the contribution
of both E2F1 and DP1 to the DNA binding affinity, we designed an optimised competitor (oligo 5)
where one and four bps were added at the E2F1 and DP1 sides, respectively. As observed, an enhanced
binding affinity was gained compared to the previous extensions, indicating that the base pairs flanking
the core DNA element modulate the affinity of the protein-DNA complex. In particular, the effect of
the flanking sequences is asymmetric, with a stronger effect for the bases flanking the DP1 side. The
DNA sequence on the 3’ extension did not influence competition rates, as a 20-mer oligo in which the
five additional bases on the DP1-side were all substituted to introduce transitions from A/T to G/C
competed in levels similar to that obtained for the “wild-type” oligo 3 (1.27 and 1.30 competition rates,
respectively).

To further investigate whether the binding of DP1 to the core element flanking region displays
sequence-specificity, we designed a set of unlabelled oligos in which the three nucleotides at the 3’
flanking core motif were mutated (oligo A-D; Figure 23), based on the 18-mer oligo (oligo 2) that was
sufficient to retain high competition rates. All mutations in the downstream flank show a negligible effect

on complex formation (similar competition rates), indicating no sequence preference (Figure 23).
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Figure 22. In vitro validation of DP1 stabilisation by competition EMSA experiments. (A) Sequence details and the
alighment of the probe and the designed unlabelled oligonucleotides -centred on the core CG bases (undetlined)- annealed
with their complementary sequences and used in competition EMSA. The two-potential binding-orientations for the WT
oligo (sense and antisense strands) are shown. The 5' or 3' sequence extensions are highlighted in bold letters. The DNA bases
contacted by E2F and DP proteins [133], and corresponding positions on the E2F1 probe, are highlighted in violet and cyan,
respectively. Mutant nucleotides are indicated in lowercase. (B) Direct competition EMSAs quantification. The indicated
unlabelled competitors were incubated at increasing concentrations (5x, 25x, 100x fold excess) with the E2F1-25 bps probe
(20 nM), with the addition of recombinant E2F1/DP1 heterodimer (15 nM) and loaded for electrophotesis. The bound DNA
was quantified in each dose curve data point as described in Materials and Methods. Competitor efficiencies (competition)
displayed in the bar graph are the mean of at least three independent experiments & SD (error bar). The data are plotted
setting as 1 the WT (15mer) oligonucleotide competition slope. (C) Representative gel of direct competition EMSA
experiment. As positive control, the wild-type 25-mer E2F1 unlabelled oligo (Probe) was used as competitor. Lane 2:
E2F1PCM/DP1PM was incubated alone with the probe. Lane 1: probe alone, in the absence of E2F1PCM/DP1PCM addition.
On the left side of the gel, an arrowhead indicates the E2F1P¢™/DP1P™M/DNA complex migration; fp: Free probe.
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Figure 23. Competition EMSA to dissect a preference for specific sequences. (A) The probe and unlabelled
oligonucleotide sequences centred on the core CG bases (undetlined) used in competition EMSA with mutated bases are
denoted by lower case letters. (B) Direct competition EMSAs quantification. (C) Representative gel of direct competition
EMSA experiment, refer to Figure 22B for more details.

1.2 Discussion and Future Perspectives

In cells, proteins frequently consist of multiple domains joined with flexible inter-domain linkers,
whose composition, length and conformational preferences allow them to execute tailored and specific
biological functions [166][167]. Due to the inherent freedom of interdomain linkers, deciphering the
structural characteristics of these macromolecule assemblies has been challenging by traditional structural
biology approaches. Instead, integrative structural biology techniques, which combine low-resolution
data and sophisticated computational procedures represent powerful tools to reveal, at high resolution,
the conformational dynamics of such challenging macromolecules [168]. Illustrative of this are the E2F
and DP family members that share an evolutionary conserved DBD bridged to the CC-MB
heterodimerization domains through short disordered linkers. While the available structures refer to the
separated domains, the three-dimensional organisation of the tethered module has remained elusive. In

this work, we have relied in a combination of homology modelling, enhanced sampling MD and an
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integrative modelling approach based on SAXS recently developed by [169] to characterise the structural
dynamics of E2F1°™/DP1”*""/DNA complex. MD-refined structural ensembles, fitting SAXS data,
highlight high conformational freedom with pronounced conformational fluctuations in the following
regions: (1) the inter-domain regions, (2) the region encompassing residues 148-161 of DP1 a2- a3 loop
and (3) the N-terminal tails of the DBDs. This dynamic system behaved evenly in the presence of the
RbC peptide, giving essentially superimposable results, indicating marginal impact of the RbC peptide on
the overall topology, flexibility and the relative orientation.

Despite the high inter-domain freedom, likely due to the flexibility of the linker regions, we found
a precise directionality and a preferential orientation of the CC domains relative to the DBDs toward the
DNA side occupied by DP1, potentially facilitating interactions with neighbouring binding partners
and/or coactivators. Regarding potential interaction partners of EF/DP, bioinformatic analysis of E2F1
RNA-seq data from ENCODE unveiled a global enrichment of E2F1 sites with AP1 sites of b-ZIP TFs
and E-box motif of b-HLH TFs [170]. These observations fit with detailed functional studies that have
investigated the functional interplay between the proto-oncogene Myc, belonging to the b-HLH family
members, and E2F1-3 in regulating cell cycle progression [171]. Indeed, the Myc promoter is regulated
by E2F1-3 [172], and Myc binds and regulates the E2FF1-3 promoters [106]. Nevertheless, the precise
mechanism of the E2F-Myc functional interplay awaits further studies, providing new opportunity for
cancer therapies.

Our data have shown that the lateral flexibility of the CC-MB moiety of the dimer is centred upon
the flexible linkers joining the structured domains. Remarkably, sequence alignments of human E2F and
DP proteins (Figure 24) show that the linker region is highly conserved throughout the DP proteins.
Instead, for canonical E2Fs, the linker region is divergent in both length and amino acid content,
suggesting that flexibility is possibly governed by the E2F protein partner while DPs appear to limit this
flexibility. To investigate the functional implications of this aspect, we will pursue studies on E2F/DP
mutants, carrying relevant point mutations in the linker regions (Figure 24, 25), and we will evaluate
whether the E2F subunit (i.e. E2F4) may differently contribute on the overall flexibility of the complex
in future SAXS-structural studies.

In addition to the inter-domain movement, the DP1 loop between @2 and @3 is considered a
highly dynamic region, displaying poor propensity to stabilise secondary structure according to
simulations (aa 148-161, Figure 25B, lower panel). Herein, we noted that this region shows a relatively
low degree of sequence similarity to the homologous DP2 protein (Figure 24), suggesting possible
docking sites for DP1-specific partners. We noticed that the corresponding area in E2Fs is shorter and
highly conserved (aa 162-166, Figure 24A, lower panel), with no detectable flexibility according to our

simulations, suggesting little flexibility in all E2F members.
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Figure 24. Alignment of the canonical E2F and DP sequences, including the DBD (blue), linker region (violet) and the CC-
MB domains (green). The a2-a3 loops and the flexible N-terminal tails, belonging to the DBDs are highlighted in yellow and
red, respectively. Dark shading indicates identical residues.

Additional dynamics are observed at the DP1 N-terminal region of the DBD, and to lesser extent
the E2FF1 counterpart, showing poor secondary structure content (Figure 25, lower panels). We noticed
that the highly dynamic N-terminal tail of DP1 (residues 105-113; RNRKGEKNG, plus five residues
derived from thrombin cleavage) contains numerous basic amino acids, which could make additional
DNA contacts to longer DNA, boosting the affinity of E2F1/DP1 for DNA. This was expetimentally
verified by competition EMSAs, showing that DNA oligos extended on the DP1 side substantially
facilitate DNA recognition and binding outside the conventional motif, and indeed addition of
nucleotides on the E2F1 side had less effect on DNA-binding stabilisation. We further employed binding
assays to investigate whether the binding of DP1 to the region adjacent to the core-recognition site (DP1
side) is sequence specific: in these experiments, no significant sequence preference was observed.
Moreover, we could identify an optimal 20-mer DNA sequence that can be used to increase the likelihood
of obtaining diffraction-quality crystals. Notably, the CC-MB domains incline in the same direction of
the flexible DP1 N-terminus and a2-a3 loop, suggesting that this arrangement could facilitate
intermolecular interactions on this side of the complex.

The dynamic flexibility has emerged as a compelling strategy that confer greater adaptability for
proteins to interact with numerous molecular partners and to exert their manifold cellular functions in a
strictly regulated manner. Typical of this is the intricate relationship between E2F/DP and the
CCAAT/enhancer-binding protein a (C/EBPa), family of b-ZIP TFs and a key regulator of cell
proliferation and arrest differentiation of neutrophils and adipocytes [173]—[175]. Previous studies have

shown that the C/EBPa interacts with the conserved N-terminal region contained in DP1 and DP2

39



(corresponding to aa 105 to 127), abrogating the binding of C/EBPa to DNA and transactivation of
C/EBP—target genes [175]. Strikingly, as both the DP1 N-terminal residues (105-127) and the bZip
C/EBPa are highly basic, we could suggest that binding of C/EBPa and E2F/DP to their cognate sites
is competitive and mutually exclusive. This suggestion is in agreement with previous findings, showing
that the reduced affinity toward DNA observed for the C/EBPa BRM2 mutant, associated with acute
myeloid leukemia (in which residues of the basic region are mutated) was restored upon E2F1 or DP1
knockdown [175].

Although the E2F pathway is frequently deregulated in cancer, E2F1 and DP1 are rarely mutated
in tumour cells, and few somatic mutations have been described in literature [176][177]. Here, we
explored and mined the currently available databases derived from large-scale exome sequencing of
human tumours that enable the identification of putative cancer drivers. In particular, somatic mutations
in the evolutionary conserved regions of E2F1 and DP1 were retrieved from BioMuta v4.0, a cancer-
associated single-nucleotide variations public database compiled from various sources, including
COSMIC, CCLE, TCGA and ICGC [178]-[182]. As observed in Figure 25, mutations in DP1 are more
numerous than those of E2F1, reflecting the vital role of E2F1, and the inability of cells to tolerate either
loss or gain-of-function mutants. By virtue of its role as a predominant E2F partner under both normal
physiological conditions and in tumours, mutations in DP1 could impact on and deregulate E2F activity,

1DCM and

contributing to human cancer [177]. The location of the mutations occurred throughout DP
E2F1P although were particularly prevalent in the DBDs. Notably, many of the affected residues are
located within or flanking the described flexible and unstructured regions, including residues belonging
to the flexible linkers (T1951 and G201V in E2F1 and T196 in DP1); the N-terminal tails (S121F, E124Q),
R127H/L in E2F1 and R105C/H, K108N, G113D/S, G115D, R117W in DP1); and the flexible DP1
a2-03 loop (D150N/Y, I153T, P155Q), A159S). In light of the essential role of dynamics in protein
function, any molecular change caused by mutations might drastically distort protein’s intrinsic dynamics,
therefore the protein functional activity [183]. As flexible regions in E2F1/DP1 contain vatious motives,
allowing multiple interactions with TF partners (some of them are listed in Figure 25) and contributing
to DNA binding outside the common RRXYD recognition motif, the presence of pathological mutations
in these regions could lead to distorted protein dynamics that plausibly affect protein function. This
observation highlights and rationalises the functional importance of somatic mutations on dynamics-
neighbouring residues in cancer. In order to investigate the molecular mechanisms underlining these
mutations, we will analyse the impact of putative cancer-driver mutations in dynamics-neighbouring
residues on the properties of E2F/DP heterodimers, including stability, interaction, and conformational

dynamics.
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Taken together, our results provide insight into the full-length structure of the conserved E2F and

DP regions, a crucial step toward elucidating their functions and exploiting druggable protein sites to

regulate these functions.
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Figure 25. Schematic diagrams showing the somatic mutations in E2F1PM (A) and DP1PM (B) identified from the BioMuta
database and mapped onto the corresponding domains. Mutations in the interested flexible regions are labelled, with black
and red colours indicate probably damaging and likely benign mutations, respectively, according to the PolyPhen score. The
length of the bars indicates the mutation frequency according to BioMuta. In the lower panels, Per-residue secondary structure
(SS) content of E2F1PM (blue, A) and DP1PCM (grey, B) according to the SAXS-driven multi-replica simulation are illustrated,
with light and dark shades indicate 3-sheet and a-helical content, respectively. Orange rectangles highlight the flexible DBDs
regions. The locations of protein interactors reported in literatures are shown [175], [184]—[191].
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2. Characterisation of NF-Y and E2F1 partnership on human CDC2 promoter

In this chapter, first I will provide a brief background on results published in literature that
represent a starting point of this part of my research. Second, I will present the main results obtained,
aimed to assess the question concerning possible DNA-binding cooperativity between NF-Y and E2F1
on the CDC2 promoter, shown to be functionally dependent both from E2F and CCAAT sites [150].

2.1 Introductory overview on the framework of the project

The eukaryotic cell cycle is a precisely regulated process that relies on alternating phases that must
be carefully controlled to ensure faithful duplication and maintenance of the genomic integrity. Cell cycle
progression is mainly regulated by a set of cyclin-dependent kinases (CDKs), a family of serine/threonine
protein kinases that associate with a regulatory subunit known as cyclin that provides essential domain
for enzymatic activity and specificity [192]. The CDKs have an established role in promoting and
coordinating transitions through the cell cycle with the periodic expression of critical gene clusters
required for the transition. The evolutionary conserved CDKI1 (also termed CDC2) is the predominant
member of this kinases family which plays a central role in cell cycle progression [193][194]. The CDC2
promoter is extremely regulated in a growth-dependent manner. In particular, the Rb gene product has
an established role in the repression of this promoter through direct interaction with E2F1 protein.
Mutational analyses have clearly shown that intact E2F sites are required for optimal Rb-mediated
repression [195].

To further investigate CDC2 transcriptional regulation throughout the cell cycle, the human gene
has been sequenced in its entirety along with the 5'-flanking sequences in the late 80s [196][195]. Next,
genomic footprinting along 800 bps of the promoter coupled with functional analysis have identified
potential upstream cell-cycle regulatory elements, including Myb binding sites, two Sp1 sites, two inverted
CCAAT boxes, ETS-2 site, CFR element and both positive-and negative-acting E2F-elements. These
findings are consistent with subsequent ChIP assays that have demonstrated that the CCAAT, SP1 and
ETS-2 elements are occupied constitutively throughout the cell cycle, while the E2Fs interactions are
highly dynamic. ChIP approaches have identified that activator E2Fs bind the distal positive-acting
element located at -128 bps, while a subset of E2F4-p130 complexes are bound at the -20 element in
proximity of the TSS, suppressing the promoter activity at inappropriate phases of the cell cycle
[197][150].

Interestingly, sequences recognised by the activator and repressor E2Fs are quite similar,
suggesting that other aspects, beyond a simple DNA sequence recognition, determine the specificity of
promoter interaction and explain the dynamic nature of the E2F interactions. The specificity of the
activator and repressor E2Fs to interact with distinct E2F-binding sites in the CDC2 promoter would be

dictated by the presence of nearby TFs that could stabilise the binding, either directly through physical
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interaction or indirectly by shaping the promoter architecture. This observation well fits with detailed
functional studies on CDC2 promoter that highlighted the strict requirement of a nearby CCAAT
element bound by NF-Y for the binding of E2F1, while the binding of E2F4 is dependent on an adjacent
CHR element, suggesting a role for cooperative interactions to elicit both transcriptional activation and
repression. Particularly, they have shown that mutation of the distal CCAAT element inhibits the binding
of E2F1 to the CDC2 promoter and completely abolishes promoter activation [150]. Indeed, compelling
evidences demonstrated that an intact E2F site is required for optimal B-Myb-mediated transcriptional
activation of G2-regulated genes. Given the apparent cooperative role of NF-Y and E2F1 in the
activation of CDC2 transcription, we have investigated whether this synergy observed 7 vivo is mediated
through “assisted DNA-binding”. To evaluate possible DNA-binding cooperativity, we further

characterised 7z vitro this promoter by gel shift assays using purified recombinant proteins.

2.2 Main Results

2.2.1 E2F1/DP1 and NF-Y bind 7z vitro the CDC2 promoter elements with sequence-specificity

To investigate whether the transcriptional synergy observed zz vivo between NF-Y and E2F1 on
the CDC2 promoter is mediated through “assisted binding” and to identify stable higher order complexes
that could be assembled and isolated 7 vztro for further structural characterisation, we purified a 100 bps
probe derived from the CDC2 promoter, holding the two inverted CCAAT elements and the canonical
E2F-site bound by E2F1 (Figure 26A).

First, we used the purified recombinant proteins: NF-Y minimal domain (NF-Ymd), which only
includes the core DNA-binding domains used in the published crystallised complex [67] and
E2F1P™/DP1P“M (previously described) to assess DNA-binding and complex formation in simple dose-
response EMSAs (Figure 26B). Indeed, these assays show binding to the Cy5-labeled CDC2-100 bps
probe, confirming that either TF efficiently binds the purified probe, forming retarded mobility DNA
complexes. In particular, at low molar ratio with respect to DNA, one complex is observed consistent
with the occupancy of one (high affinity) binding site. Increasing the molar ratio, a super-shifted complex
is also observed, indicating co-binding on a second (low affinity) site. We used the mammalian Position
Specific Frequency Matrix (PSFM) derived from the analysis of NF-Y locations from ChiP on ChiP data
to verify the predicted “quality” of the two CCAAT elements within the CDC2 probe in order to explain
the different DNA-binding affinities of NF-Y to these sites [38]. Interestingly, the distal CCAAT box to
TSS is considered optimal in nucleotides flanking CCAAT pentanucleotides with respect to the

mammalian matrix compared to the proximal CCAAT (see paragraph 1.3.1).
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Figure 26. The identity of the protein-DNA complexes at the human CDC2 promoter. (A) Schematic of human CDC2
promoter indicating CCAAT elements, CHR element, E2F, SP1 and MYB binding sites previously identified [197]. The
purified 100 bps probe is indicated. (B) Dose-response EMSA experiment was performed with the recombinant NF-Ymd
and E2F1PCM/DP1DCM proteins where the probe concentration was kept constant at 20 nM. The proteins were incubated at
increasing concentrations (10, 20, 40, 60 nM) with the probe. (C) Representative gel of direct competition EMSA. The
indicated unlabelled competitors were incubated at increasing concentrations (5x, 25x, 50x fold excess) with the CDC2-100
bps ptobe (20 nM), with the additdon of E2F1/DP1 (30 nM) or NF-Ymd (40 nM). As negative controls mutated and non-
specific (NS) oligos were used. As positive control, the proteins were incubated alone with the probe (Lane 2 and 10). (D)
Fixed NF-Ymd concentrations (20 nM; lanes 5-8, 40 nM; lanes 9-12, 60 nM; lanes 13-16) were incubated with the probe (20
nM) with the addition of an increased concentrations of E2F1/DP1 (20, 40, 60 nM). Lane 1: free probe. Bands identity ate
schematised on cither sides of each gel, where high and low affinity E2F1 sites are indicated by dark and light blue boxes,
respectively, and CCAAT elements by yellow boxes. Occupied sites by E2F1/DP1 and NF-Y ate depicted by blue triangles
and orange ovals, respectively.

Next, the DNA binding specificity of the observed NF-Y and E2F1/DP1 complexes was assessed
by direct competition assays. The specificity of the formed complexes was verified by challenging with
unlabelled oligos. Patticularly, E2F1/DP1/DNA and NF-Y/DNA complexes were challenged with the
respective bona fide E2F or NF-Y consensus site (22 bps and 31 bps competitors, respectively) derived
from the human CDC2 promoter (oligo sequences are listed in Table 2). Figure 26C shows that either
specific oligo competes TF-binding efficiently. The specificity of the formed complexes was further
confirmed by challenging with competitors containing mutations in the central bps of the canonical E2F
and NF-Y sites. As expected for sequence-specific binding of each of the NF-Y or E2F-bound shifted
complexes, with mutated oligos no competitions were observed (lanes 6-8 and lanes 14-16). We can
conclude that the human CDC2 promoter contains at least two E2F sites and two CCAAT elements

specifically bound by the relative TF with different affinities.
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Having established that NF-Y and E2F1/DP1 bind specifically the CDC2 promotet iz vitro, we set
out to dissect whether the two proteins can bind DNA in a cooperative manner. To this aim, we assessed
the binding affinity of E2F1/DP1 in the presence of NF-Y. As shown in Figure 26D, at low molar ratio,
the high affinity sites are equally occupied (lane 6), while at higher molar ratio all possible combinations
of higher order complexes are formed (lane 16). Although the pattern of banding is too difficult to
interpret, we can observe somewhat reassuringly that concomitant binding of E2F and NF-Y is possible
at multiple sites. Indeed, multiprotein complexes are stable and we can exclude in this case (at least for
the employed protein constructs) possible negative interactions between these TFs on the CDC2

promoter.

2.2.2 Dimerization of E2F1 and DP1 is required for efficient binding to the CDC2 promoter

Considering its potential homodimeric DNA-binding properties, we wanted to establish whether
the E2F1 protein can bind the CDC2 promoter in the absence of its partner. We assayed a purified
recombinant E2F1°® and compared it to E2F1°™/DP1”M heterodimer in a dose-response EMSA
(Figure 27A). Under standard gel shift conditions, i.e. with 30 min binding reactions incubated at 30°C
(see Methods section), E2F1 alone was not sufficient to bind efficiently the CDC2 promoter (lanes 2-7).
In contrast, interaction of E2F1 with the DNA was significantly increased when dimerised with DP1
(lanes 8-13). Next, we assessed whether the presence of nearby bound NF-Y could enhance the binding
of E2F1 in the absence of DP1 by dose response EMSA (Figure 27B). Also, with two CCAAT elements
occupied by NF-Y, E2F1 alone was not able to bind efficiently the DNA, as no further shifted complexes
are formed by addition of the E2F1 protein. We can conclude that, DP1 is an obligate partner of E2F1
for efficient DNA binding to the CDC2 promoter.
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2.2.3 E2F1/DP1 and NF-Y bind the CDC2 promoter simultaneously, forming stable higher
order complexes

Due to the complexity of the banding pattern using a 100-bps probe, we therefore trimmed down
the target DNA, to one (distal) CCAAT and the E2F sites (Figure 28A). As illustrated in Figure 28B,
dose-response EMSA confirms the presence of at least two specific E2F-sites with different degree of
affinity and one CCAAT box bound by NF-Y.

The synergistic activation of the CDC2 promoter by E2F1 and NF-Y observed 7z vivo, combined
with the vicinity of the two binding sites, suggested that the two TFs might simultaneously bind the
promoter to cooperatively activate transcription. To test this hypothesis, EMSAs were performed in
which increasing amounts of E2F1/DP1 were added to a constant amount of NF-Y and DNA. Figure
28C shows that E2F1/DP1 binds the DNA in the absence of NF-Y (lanes 2-5). Addition of NF-Y to
the binding reactions resulted in the presence of DNA bound solely by NF-Y or E2F1/DP1 and in the
formation of a complexes of E2F1/DP1, NF-Y and DNA. The slower mobility bands suggest that NF-
Y and E2F1/DP1 form a ternary and quaternary complex that requite both proteins and DNA. These
complexes increase in abundance with increasing quantities of NF-Y relative to E2F1/DP1 (lanes 12-
15). These results support the notion that NF-Y and E2F1 co-occupy the CDC2 promoter
simultaneously and suggest that both proteins may function together as part of multimeric complex to
synergistically activate transcription. In addition, we could select promising candidates corresponding to
co-binding of the two TFs (lane 15) for subsequent stability/cooperativity analyses and iz vitro multimeric

complex assembly.
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Figure 28. E2F1/DP1 and NF-Y form stable higher order complexes on the purified CDC2-84 bps probe. (A)
Schematic of the putified probe encompassing one CCAAT element and at least two E2F-sites. Dose-response EMSAs were
petformed to assess DNA binding and complex formation of recombinant proteins on the CDC2-84 bps probe. (B)
E2F1/DP1 and NF-Y were incubated at increasing concentrations (10, 20, 40 nm.) with the probe (20 nM). (C) Fixed NF-Y
concentrations (40 nM; lanes 5-8, 60 nM; lanes 9-12) were incubated with the probe (20 nM) with the addition of an increased
concentrations of E2F1/DP1 (20, 40, 60 nM). Lane 1: free probe. Bands identity ate indicated on the side of each gel. Bands
corresponding to co-binding of the two TFs are highlighted by a red bracket.
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2.2.4 Characterisation of an E2F-like binding site on the CDC2 promoter

To localise the additional E2F binding site(s) that were revealed by our dose-response analyses on
the CDC2 promoter, we designed a set of oligos spanning the probe, centred upon sequences containing
the minimal E2F consensus site that were used in direct competition EMSA (Figure 29). As expected,
only one of the designed oligos (E2F-Likel), whose sequence is located in the vicinity of the canonical
binding site could compete E2F binding on the CDC2 probe. Although the putative E2F-like site partially
deviates from the canonical motif (ACCCGGGAA), E2F1/DP1 is bound (thus compete) with lower

affinity as compared to the canonical site (lanes 6-8 vs. lanes 3-0).

E2F-WT E2F-Like2 E2F-Like3

[ 1 [ 1 [ 1
TCTTTCTTTCGCGCTCTAGCCACCCGGGAAGGCCTGCCCAGCGTAGCTGGGCTCTGATTGGCTGCTTTGAAAGTCTACGGGCTACCCG
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Figure 29. Mapping the E2F-like binding sites on the CDC2 promoter by EMSA competition analysis. The 22-mer
E2F oligonucleotides’ sequences spanning the CDC2-100 bps DNA are indicated on the top of the gel. The indicated
competitors were incubated at increasing concentrations (5x, 25x, 50x fold excess) with the CDC2-84 bps probe (20 nM),
with the addition of E2F1/DP1 (15 nM). The wild-type canonical E2F1 site (E2F-WT) was used as a positive control. Mutated
E2F (E2F-Mut) oligo was used as negative control. Lane 1: free probe. Bands identity are indicated on the left side of the gel.

To investigate whether the presence of NF-Y bound nearby could stabilise E2F1/DP1 at the low-
affinity site and to better characterise the E2F-like site, we purified an 84 bps probe mutating the
canonical E2F site (Figure 30A). From a comparison between WT and mutated probes, we can make
the following observation: (i) mutating the canonical site, E2F-like site is bound at higher affinity,
suggesting negative interaction with the WT' (canonical) site (lanes 3 vs. 13); (i) E2F1/DP1 prefers to
bind the E2F-like site when DNA already occupied by NF-Y compared to free DNA (compare the
abundance of the binary and ternary complexes in lanes 17 and 18).

In conclusion, with these set of experiments we could set up the conditions in terms of protein
concentrations allowing the proper detection of the selected higher order complexes for subsequent
stability assays. We further confirmed the location of the E2F-like site by direct competition EMSA using
mutated E2F-likel oligo (Figure 30B).
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Figure 30. Characterisation of the E2F-like site on the CDC2 promoter. (A) Comparison between the WT and mutated
CDC2-84 bps ptrobes. The ptobe concentration was kept constant at 20 nM. Increased E2F1/DP1 concentrations (2, 10, 20,
30 nM) were added to the reaction mix contained fixed amount of NF-Ymd (10 nM) or dilution buffer used as control (ctr).
(B) The indicated unlabelled oligos were incubated at increasing concentrations (5x, 25x, 50x fold excess) with the mutated
CDC2-84 bps probe (20 nM), with the addition of E2F1/DP1 (15 nM). The wild-type canonical E2F1 site (E2F-WT) was
used as a positive control. Mutated E2F (E2F-Mut) oligo was used as negative control. Lane 1: free probe. Bands identity of
relevant complexes are indicated on the left side of the gel.

2.2.5 E2F and NF-Y do not display cooperative DNA binding on the CDC2 promoter % vitro
Next, considering that our analyses were performed on the NF-Y construct only composed of the
homology regions of the protein, an important passage was the use of larger protein constructs in order
to check whether stability/cooperativity of complexes could be enhanced or modified by additional
regions of the protein. In particular, we used the assembled NF-YA/NF-YB AQ/NF-YC, NF-YA/NF-
YB AQ/NF-YC AQ, NF-YAmd/NF-YB AQ/NF-YC AQ and NF-Ymd heterotrimers (AQ: truncated
constructs lacking the Q-rich domain; md: minimal domain, for more details refer to part II, chapter
1.1.1). As shown in Figure 31A, all NF-Y forms are proficient in DNA binding with relatively similar
affinities for the CCAAT-containing probe. To simplify data analyses of NF-Y/DNA complexes with
E2F, we started with the mutated CDC2-84 bps probe and we selected the best protein concentrations

allowing efficient detection of the ternary complexes for subsequent stability analysis (Figure 31B).
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Figure 31. Different NF-Y construct combinations bind DNA with similar affinity. (A) The indicated assembled NF-
Y trimers (NF-Ymd in orange while AYBC/YA in red) were incubated at increasing concentrations (2, 10, 20 nM) with the
mutated CDC2-84 bps probe (20 nM). On the side of the gel, an atrowhead indicates the formed NF-Y/DNA complex. (B)
Increasing amounts of E2F1/DP1 (2, 4, 8, 16, 32 nM) were added to a constant amount of NF-Y (15 nM) incubated with the
probe (20 nM). Lane 1: free probe. Bands identity are indicated on the side of the gel. FP: free probe.

We then assayed cooperativity with E2F1/DP1 for both NF-Ymd and NF-YA/NF-YB AQ/NF-
YC AQ by assessing the stability of the ternary complexes vs. binary complexes in parallel reactions over
time using E2F and CCAAT competitors in off-rate EMSAs (Figure 32A, B). Quantitatively,
cooperative DNA-binding is characterised by slower dissociation rate of the protein from the multimeric
complexes compared to the binary complexes bound by a single TF. Regarding the analysis of the NF-Y
complexes, the high affinity binding observed on the CDC2 probe was not informative as the equilibrium
of DNA binding complexes was reached at rates too slow using different CCAAT competitors with
different length and origin (HSP70-25, HSP70-31 and CDC2-31) (data not shown). Concerning binding
kinetics on the E2F side, off-rate experiments revealed instead high dissociation rates, as the equilibrium
of DNA-binding complexes was reached at rates too fast to measure using the E2F competitor (even
with immediate gel loading, decreasing the working temperature and using different E2F competitors
with different origin, length and composition).

Off-rate experiments performed in the presence of two different NF-Y constructs showed similar
behaviout, indicating that neither the homology domains nor the regions included in the AYBC/YA

protein could enhance stability of E2F on DNA. Using this strategy, we could not detect an evident
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DNA binding cooperativity zz vitro, suggesting that further mechanisms underlie the transcriptional

synergy observed i vivo.
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Figure 32. Representative off-rate competition EMSAs used to evaluate the cooperativity between E2F1 and NF-Ymd (A)
or NF-YA/NF-YB AQ/NF-YC AQ (B) on the mutated CDC2-84 bps probe. In each gel, the reaction devoid (left) and
including (right) NF-Y construct is present. DNA-bound complexes were challenged with an excess (25-fold) of unlabelled
E2F-likel competitor and loaded on a running acrylamide gel at different time points for electrophoresis. Loading time (after
addition of the unlabelled competitor) is indicated.

Table 2. EMSA probes and unlabelled competitors used in this project. The canonical motifs
are indicated in bold; mutant nucleotides are highlighted in lowercase; unmodified oligo (na).

Name Sequence (5'-3') Label

CDC2-100 bps TCTTTCTTTCGCGCTCTAGCCACCCGGGAAGGCCTGCCCAGCGTAGCTGG 5-Cy5
GCTCTGATTGGCTGCTTTGAAAGTCTACGGGCTACCCGATTGGTGAATCC

CDC2-84 bps WT TCTTTCTTTCGCGCTCTAGCCACCCGGGAAGGCCTGCCCAGCGTAGCTGG 5-Cy5
GCTCTGATTGGCTGCTTTGAAAGTCTACGGGCTA

CDC2-84 bps Mut TCTTTCTTTCGtaCTCTAGCCACCCGGGAAGGCCTGCCCAGCGTAGCTGG 5-Cy5
GCTCTGATTGGCTGCTTTGAAAGTCTACGGGCTA

CCAAT-WT CAGCGTAGCTGGGCTCTGATTGGCTGCTTTG na

E2F-WT TCTTTCTTTCGCGCTCTAGCCA na

E2F-Mut TCTTTCTTTCGtaCTCTAGCCA na

E2F-Likel CTCTAGCCACCCGGGAAGGCCT na

E2F-Like2 GAAGGCCTGCCCAGCGTAGCTG na

E2F-Like3 TTGAAAGTCTACGGGCTACCCG na

HSP70 CCAAT-25 bps TTCTGAGCCAATCACCGAGCTCGAT na

HSP70 CCAAT-31 bps CTTCTGAGCCAATCACCGAGCTCGATGAGGC na

2.3 Discussion and Future Perspectives

Despite the ability of TFs to execute distinct functions zz vive, often tend to bind similar DNA

sequences. To solve this specificity paradox, eukaryotes have exploit combinatorial strategies to better
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distinguish between similar TFs, increasing genomic target specificity. These strategies include the
cooperative binding between TFs and the use of functional low affinity sites [198].

In this part of my work we aimed to analyse whether NF-Y and E2F1 have synergistic interaction
on DNA that might provide important cues on different unsolved aspects of their functions, including:
(1) the transcriptional synergy observed 7z vivo on the CDC2 promoter [150]; (2) the sequence-specificity
paradox between E2F-activators and repressors; (3) the flexible behaviour of E2F1/DP1/DNA
complex; (4) the abundance of CCAAT and E2F-binding sites in the promoter of cancer genes with a
robust overlap between NF-Y and E2F genomic location, despite the absence of precise distance between
their respective sites [45]. For this aim, we used the well-characterised CDC2 promoter, shown to be
functionally dependent from both E2F and CCAAT sites [150]. Starting by better characterising the
promoter 7z vitro using different probes derived from the CDC2 promoter, we have shown that
recombinant E2F1/DP1 and NF-Y proteins bind the CDC2 promoter simultaneously with high
specificity, forming stable higher order complexes.

Our EMSA experiments reveal that E2F1/DP1 binds with lower affinity to an E2F-like site that
deviates from the canonical motif and is composed solely of GC repeats, lacking the T-rich extension.
This observation fit with the genome-wide mapping studies of E2F1 bound loci, unveiling low
enrichment for the iz vitro-derived consensus motif (TTTSSCGC), but rather E2F1 binds to a GC-rich
motif that is common to most human promoters [199]. From this work, beyond a simple DNA
recognition code, it become apparent that E2Fs use a variety of mechanisms to recognize their cognate
sites in the genome. Three models were proposed for binding of E2Fs to core promoters lacking a
canonical motif (Figure 33). The first mechanism is through indirect recruitment, without contacting
DNA directly. This view has been excluded through ChIP-Seq assays using mutated E2F1 in the DBD,
confirming that DBD is indeed indispensable. The second mechanism is 7z looping to the core promoter
mediated by an E2F bound to distal motif. However, no evidences were obtained which could support
this hypothesis. The third model includes TF-mediated tethering and cofactor assisted/facilitated DNA
association, where the presence of other site-specific TF bound nearby could stabilise E2F-binding to
the DNA either directly through protein-protein interactions or indirectly by shaping the architecture of
promoters [200]. Indeed, previous studies have shown that “tethered” recruitment of E2F1 to genome
could be mediated by the occupancy of an adjacent SP1-consensus site [201]. In addition, the binding of
an activator E2F to the CDC2 promoter is dependent on a nearby CCAAT motif bound by NF-Y, while
the binding of a repressor E2F is dependent on an adjacent CHR element [150]. Genome-wide
observation of NF-Y co-association with other TFs unveiled the involvement of NF-Y in the tethering
recruitment of many TFs to a DNA regions that lack their respective canonical sites, but display nearby
a CCAAT-box occupied by NF-Y, including FOS, IRF3, p53, Sp2 and SOX9 [73]. Additionally, E2F
family members belonging to the NF-Y interactors without a positional bias of its canonical binding site,
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correlate with NF-Y to regulate genes with different functional outcomes, suggesting a possible NF-Y-
mediated tethering on DNA. The most striking co-localisation was found for E2F4, that depends on

NF-Y for efficient promoter association [40][93].

[ A. Non-DNA binding / B. Looping /C Assisted binding\ Figure 33. A speculative model for possible
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cooperatively with other TF bound nearby [200].
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Herein we noted that by mutating the canonical site, the E2F-like site is bound more efficiently.
Several hypotheses can be proposed: (1) the binding of E2F1/DP1 to both sites is competitive but not
mutually exclusive; (2) the binding of E2F1/DP1 to the E2F-like site depends on the regions flanking
the recognition site and changing the flanked nucleotides could alter E2F1 selectivity; (3) the binding of
E2F1/DP1 to the canonical site could alter the local DNA topography, hindering the binding to the
E2F1-like site. Previous studies have demonstrated the importance of low-affinity sites to finetuning the
expression of important developmental genes both spatially and temporally [202], and to distinguish
between activation and repression [203]. However, the functional relevance of the E2F-like element
remained elusive and requires further investigation.

The results obtained from off-rate EMSA experiments point toward a non-cooperative DNA
binding between NF-Y and E2F1, were the binary and ternary complexes behave similarly over time
(also using larger NF-Y constructs). Beside the classical model of cooperativity that requires direct
protein-protein interactions and precise arrangement of TEFBSs in the regulatory regions, cooperativity
between TFs can be indirectly manifested in the context of chromatin [20]. Given the NF-Y’s distinct
DNA-binding mode that promotes chromatin accessibility, one possible mechanism that could explain
the transcriptional synergy between NF-Y and E2F is that the binding of NF-Y leads to nucleosome
destabilisation or repositioning, facilitating the binding of E2F1 to a nearby site. One of the prominent
examples is the role of NF-Y to promote the binding at enhancers of key pluripotency factors, including
Sox2 and Oct4 by facilitating a permissive chromatin conformation [79]. Alternatively, cooperativity
between E2F1 and NF-Y may involve additional co-factors that are present in the cell context.

Given that the binding kinetics (K, and K,j) for E2F1/DP1 and NF-Y are too fast to be measured
by EMSA, other quantitative methods must be applied to ascertain this hypothesis. One method could

be the use of Reflective Phantom Interface (RPI), a novel technology for label-free biosensing to measure
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equilibrium and kinetics constants [204]. Alternatively, single-molecule fluorescence imaging (FRAP) can

be applied to capture the binding dynamics of these TFs in living cells [205].
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PART II

In this part, I briefly introduced the side/collaborative projects that I was involved in, reporting

the main results obtained from our experiments.

Uncovering novel structural information of NF-Y using X-Ray crystallography
and Cryo-EM

So far, the only structural information of NF-Y refers to the evolutionary conserved minimal core
domains [67][71][72]. To gain novel structural information on the additional structured regions, we
applied X-ray crystallography on NF-Y constructs lacking the predicted disordered regions, while full-
length proteins were used in multimeric complexes and analysed by single particle Cryo-EM for both

structural and USF1 partnership analyses.

1. Design optimised NF-Y constructs for structural and TFs partnership analyses

1.1 Main Results

1.1.1 Production of NF-Y: HFD recombinant heterodimers

Because of the size of the complexes using minimal domains apparently limit the use of Cryo-EM,
we set out to produce the full NF-Y trimer. NF-YA (45 kDa) subunit is successfully produced as soluble
protein by A. Bernardini. For NF-YB and NF-YC subunits, a serial deletion analysis is performed
maintaining the conserved regions previously crystallised [67][72] (Figure 34A) . Because the subunits
are insoluble singularly, we set up co-expression screening tests with the full-length proteins and with
different combination of deletions to possibly improve solubility and protein folding using different .
coli strains (Figure 34B). In particular, we co-produced NF-YC full length protein (37 kDa), together
with NF-YB construct lacking the last 42 amino acids (19 kDa, hereafter NF-YB AQ) and NF-YC
construct lacking the predicted disordered Q-rich domain (16.5 kDa, hereafter NF-YC AQ) together with
NF-YB AQ. We optimised co-expression and purification steps: the process was efficient, and the
obtained yields are summarised in Table 3. Co-expression and putification of the selected NF-YB/NF-
YC heterodimers during the various steps are evaluated by Coomassie-stained gels as shown in Figure
34C, D. We then started two types of experiments: NF-YB AQ/NF-YC AQ was subjected to preliminary
crystallisation tests/trials; NF-YB AQ/NF-YC was used to assemble and isolate multimeric complexes
that were then analysed by Cryo-EM. Additionally, these constructs were used in different EMSA
experiments conducted to evaluate the effect of the additional NF-Y portions on the DNA-binding

stability/cooperativity (Part I, chapter 2.2.5).
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Figure 34. Co-production of NF-YB and NF-YC recombinant heterodimers. (A) Schematic representation of the series
of NF-YB and NF-YC constructs used in this project. Evolutionary conserved core HFDs are indicated as orange and blue
boxes for NF-YB and NF-YC, respectively. The Q-rich domains are highlighted in grey. The 6xHis-tag is represented as a red
sphere. (B) Summarty of co-expression screening tests conducted using full length recombinant HFD proteins and different
construct combinations. N'T: Not Tested, and * tested in different E.co/ stains, including ROSETTA, PlySE, GroEL/GroES
and BL21(DE3). Coomassie-stained gels of IMAC putifications of NF-YB AQ/NF-YC used to assemble multimeric
complexes visualised by Cryo-EM (C), and NF-YB AQ/NF-YC AQ heterodimer used in ctystallisation trials (D). The
arrowhead indicates the identity of each band.

Table 3. overview of recombinant protein constructs used in this thesis.

Construct Molecular weight Yield (mg/L culture) Comments
(XDa)
6x His-NF-YC/NF-YB AQ 41.6+19.8 ~4.5 mg AQ: deletion of small Q-tich domain at the C-terminus
6x His-NF-YC/NF-YB AC 41.6 +17 ~7 mg AC: deletion of the entire C-terminus
6x His-NF-YC AQ/NF-YB AQ 21+ 19.8 >10 mg Subunits seem unbalanced
6x His-NF-YC AQ/NF-YB AC 21+ 17 >10 mg Subunits seem unbalanced
6x His-NF-YC AQ/NF-YBHFD 21+ 10 >10 mg -
NF-YC AQ/6x His-NF-YB AQ 16.7 + 21 ~8 mg Balanced subunits
NF-YC AQ/6x His-NF-YB AC 16.7 + 18.2 ~9 mg Balanced subunits
E2F1°M/6x His-DP1PtM 20.45 +29.4 >10 mg Produced in large-scale by fermentation
6x His-E2F1PtM 21.13 >10 mg -

1.1.2 Crystallisation trials of NF-YB/NF-YC heterodimer

To gain novel structural information on the additional structured regions of NF-Y using X-Ray
crystallography, we co-produced the NF-YB (aa 1 to 165) and NF-YC (aa 1 to 143) subunits lacking the
predicted disordered Q-rich domains (for more details, refer to Figure 34). We started by applying large
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crystal screening using commercial kits and in-house prepared crystallisation solutions. Quasi-crystals not
suitable for X-Ray diffraction were obtained, indicating high flexibility and conformational heterogeneity.
As attempts to generate crystals suitable for X-Ray diffraction using the entire N-terminal regions of NF-
YB and NF-YC (excluding the Q-rich domains) were unsuccessful and to identify a sub-construct
amenable to crystallisation, we performed limited proteolysis. Limited digestion of NF-YB AQ/NF-YC
AQ (Figure 35A) using proteinase K, a broad-spectrum serine protease, generated a homogenous and
stable fragment (lanes 4-7) with an intermediate size between the previously crystallised minimal HFD
dimer (lane 2) and the AQ constructs (lane 3). To investigate whether the presence of NF-YA subunit
could stabilise additional portions of the dimer, we assembled the NF-Y trimer (lane 10) composed of
NF-YAmd and NF-YB AQ/NF-YC AQ on a 25-mer DNA oligo harbouring the CCAAT box from the
HSP70 promoter used to ctystalize the mammalian NF-Y/DNA complex [67] followed by PK treatment.
The results show clearly that, while NF-YA is highly unstable after PK treatment (lane 9), the presence
of the HFD subunits stabilize NF-YA in the presence of DNA (lanes 11-14).

Next, we employed 77 sit# limited proteolysis, where the purified heterodimer is contaminated with
trace amounts of broad-spectrum protease. On the timescale of crystal formation, serendipitous
proteolysis occurs to remove floppy termini, generating a stable proteolytic digestion product. We started
by a pilot screening to identify promising stable degradation pattern at different temperature (4°C and
19°C) on a time-scale comparable to the duration of crystallisation as detected by denaturating gel
(Figure 35B). Using this strategy, liquid-liquid separation is often seen in the plates with different

amounts of proteases compared to the control/untreated protein plates (data not shown).

A B

\.‘, 24h 48 h 72h
2 AYB/AYC YAma AYB/AYC/YA,,s/DNA T 1l Ll 1
S il ] ) ToC - 4°C 19°C 4°C 19°C 4°C 19°C
PKLS0 - - St oo ke E o PK f F o+ e owr T wr Ty e T
Time - - 0 5 10 20 300 5 0 5 100200 30 - =

35|
25|
AYB p 20

aYe p vlw -

YA B 1
YB,a/YCrns P ‘ " - :

Lape 1 2 3 4 5 6 7 8 9 10 11 12 13 1 Lane 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Figure 35. Limited proteolysis yields stable products over time. (A) Time course digestion of NF-YB AQ/NF-YC AQ
heterodimer alone (lanes 4-7) and in complex with NF-YAmd and DNA (lanes 11-14) using constant proteinase K ratio of
1:50 with respect to the protein at 25°C. Untreated samples (lanes 1, 2, 8 and 10) ate used as positive control. In the absence
on NF-YB/NF-YC and DNA, NF-YAmd subunit show high proteolysis rate after 5 min of treatment (lane 9). (B) NF-YB
AQ/NF-YC AQ was subjected to PK proteolysis [1:50,000 (+) and 1:10,000 (++)] and incubated at 4°C and 19°C for vatious
time periods 24, 48 and 72 h. 6 pg of each preparation were loaded. Lane 1 indicates the protein marker, and the sizes (in
kDa) are indicated on the left side of the gel. Arrowhead indicates band identity.

As strategy for increasing the efficiency of protein crystallisation, we integrated proteolysis
experiments and Mass Spectroscopy (MS) to define the N- and C-terminal boundaries of the proteolytic

products. In-gel acid/enzymatic hydrolysis followed by MS conducted at the EMBL Proteomics cote
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facility (Heidelberg) identified polypeptides encompassing residues 251-342 for NF-YA, 27-155 for NF-
YB and 20-127 for NF-YC, indicating trimming from both termini (Figure 36). The genes of the refined
constructs were synthesised (Eurofins) and cloned into bacterial expression vectors. Co-expression and
purification tests will be conducted to optimise an efficient strategy to isolate soluble NF-Y heterotrimer
that binds efficiently the DNA. The purified NF-Y will be structurally characterised by X-Ray
crystallography and used in multimeric complexes with nucleosome and/or pattner TF in Cryo-EM

analysis.

1 Q-rich 160 262 332 347
NF-YA 36.8 KDa | —
239 347
NF-YA AQ 12.5 KDa ——
251 342
NF-YA refined 10.9 KDa ———
1 27 HFD 120 l§5 207
NE-YB 22.8 KDa | |
1 165
NF-YB AQ 18.2 KDa ———
27 155
NF-YB refined 14.6 KDa | T—
1 25 HFD 118 143 Q-rich 335
NF-YC 37.2 KDa I—
1 143
NE-YC AQ 16.7 KDa he—
20 127
NF-YC refined 12.8 KDa he—

Figure 36. Refined NF-Y construct design. The evolutionary conserved core domains are indicated as green, orange and
blue boxes for NF-YA, NF-YB and NF-YC, respectively. The glutamine-rich domains (Q-rich) are highlighted in grey.

2. Analysis of NF-Y/USF1 contacting surfaces using Cryo-EM

This project began by a genome-wide observation linking the CCAAT-box to E-box, recognised
by NF-Y and b-HLH TFs, respectively. Particularly, NF-Y co-associates with USF1/2 and MAX, but
not MYC, with a recurrent stereo-specific distance of 10-12 bps between their respective binding sites
[73]. Preliminary data from our laboratory aimed to verify at the molecular level these genomic
observations through DNA-binding approaches using recombinant proteins, structural studies and ChIP
assays, and they determined that (1) the binding of NF-Y and USF1 is synergistic, and the distance of 10-
12 bps is critical for cooperative binding, while binding of MAX and MYC are independent. (2)
Inactivation of NF-YB 77 vivo leads to global decrease of USF1 association to positive promoters, but not
to LTR repetitive sequences. (3) NF-Y in complex with USF1 on different DNA configurations visualised
by SAXS revealed that NF-Y/USF1 complexes show extended contacts between the NF-Y core and the
USR region of USF1, predicted to be intrinsically disordered. Depending on the distance between the E-
box and the CCAAT-box (10 vs. 12 bps), the USR adopts different conformations and reciprocal rotation

of the two proteins along the DNA axis of about 70°. This was confirmed 7 vitro by deletion mutants of
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the USR. (4) The minimal DBD of NF-Y and the USR portion of USF1 are sufficient to mediate
synergism on natural promoters with different DNA configurations, including HOXB4 and L'TR genes
characterised by the recutrent E-box/CCAAT-box genomic spacing of 10 and 12 bps, respectively
[151][152].

Structural, biochemical and functional data gathered in our laboratory provide the first look at the
domain -USR- involved in a specific protein-protein interaction. However, neither the low-resolution
SAXS models nor the 7 vitro assays provided evidences on the specific protein interfaces involved in the
interaction mediated by USR. Therefore, we turned to single-particle Cryo-EM to possibly fill this

structure gape at near-atomic resolution.

2.1 Main Results

2.1.1 NF-Y and USF1 are proficient in DNA binding separately and combined

First, we used purified recombinant NF-YA, NF-YB AQ and NF-YC proteins to assess NF-Y
trimerization, DNA-binding and complex formation with USF1 full homodimer (70 kDa) produced by
N. Gnesutta in simple dose-response EMSA (Figure 37). USF1 has cleatly shown a cooperative DNA-
binding and functional synergism with NF-Y on several natural gene promoters that harbour the 10/12
bps spacing between E-box and CCAAT-box [151][152]. In particular, we used HOXB4 (10 bps) and
LTR (12 bps) probes derived from the human HOXB4 promoter and the LTR MIT7K of the ERVL-
MaLR family (chr 5), respectively. As expected, NF-Y and USF1 demonstrated strong binding affinities
toward both probes, separately and combined, in a sequence-specific manner. We set up the conditions
in terms of protein/protein and protein/DNA ratios, allowing the proper formation of stable ternary

complexes for subsequent large-scale complex assembly and isolation.

LTR 12 bp

. ) Cy5-5' ~GGACACCATCACGTGATCCAAGCCCGGCCAATCAGGTTCTTTCTTTCTCA-3
Figure 37. Dose-response EMSA experiment

petformed with assembled NF-Y and USF1 NEY +NEY +NEY
on LTR (12 bps spacing between sites) probe. - USFl -\ T USFL -‘ T usEL -‘
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2.1.2 Ternary complexes are efficiently assembled and isolated zx vitro

The likelihood of successful structural and biochemical characterisations directly depends on
sample quality, and thus sample preparation. Besides improving the expression yields, we attempted to
develop an optimal approach to assemble and isolate stable and monodispersed ternary complexes suited
to be visualised by Cryo-EM (Figure 38). Our optimised strategy consists of first, express and produce
the protein in a derivative of the E. ¢/ strain. To obtain proteins with high purity, we employed two
consecutive chromatographic steps IMAC and SEC) in high salts, and optimised various parameters in
each step for each protein. The purified recombinant proteins are first functionally characterised to bind

efficiently DNA, forming stable complexes

E. Coli expression

as assessed by EMSA experiments, and and production

then used to reconstitute multiple ternary l

complexes on either LTR (12 bps) or | g cmﬁfgggaphy |
HOXB4 (10 bps)  dsDNA e —— |

= )
[meemee] |

oligonucleotides. The resulting complexes — s ehs
o
are subjected to step dialysis decreasing salt L l J
concentration, thus favouring DNA prmpro™
. . . chromatography
binding. The complexes are isolated by gel l = 1
filtration, proved monodispersed by s e
I Mix proteins and DNA | (EMSA)
EMSA assays and SDS-PAGE followed by l I
Coomassie-staining, and finally subjected
250 mM
to Cryo-EM (Figure 39A). Our strategy 1IN I
Size exclusion
provides an efficient method to produce chromatography —1
. . . K/ Ve
and isolate monodispersed samples with a l Aa%

Cryo-EM

Figure 38. Flowchart illustrating the experimental strategy used to
assemble and isolate multimeric complexes.

purity of >99%, ideal for structural studies.

2.1.3 Single-particle Cryo-EM analysis

In collaboration with our Cryo-EM facility, three independent datasets of ~700 images are
collected under cryogenic conditions: NF-Y/LTR, NF-Y/USF1/LTR and NF-Y/USF1/HOXBA4. After
initial data processing, ~20,000 particles datasets are extracted, aligned and classified yielding 2D class
average images (Figure 39B). The 2D class averages show strong density for the conserved and
structured parts of the NF-Y trimer, producing DNA bending with an angle of 80° consistent with what
observed in the crystallised NF-Ymd/DNA complex [67]. Moteovert, there ate clear additional densities
on the flanking E-box, corresponding to the USF1 bHLH-Leu zipper region on both DNA

configurations. The density in this region is generally weaker and more diffuse, indicative of flexibility.
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However, the large, apparently unstructured TADs of USF1, NF-YA and NF-YC are not visible. These
results validate previous structural and biochemical data, in which USF1-intrinsically disordered N-
terminal region adopts different conformations adapting to E-CCAAT distances. These data lend support
to the hypothesis that the vast majority of intrinsically disordered TADs adapt to highly ordered
structures. On the other hand, the presence of high levels of intrinsic disorder and high conformational

flexibility limit further processing and single particle reconstitution.
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Figure 39. The isolated complexes are subjected to Cryo-EM analysis. (A) Example of ternary complex isolation using
size exclusion chromatography. Chromatogram detived from putification of 7 vitro assembled NF-Y/USF1/LTR ternary
complex on a Superdex 300 10/300 size exclusion column (GE Healthcate). (B) Coomassie-stained SDS-PAGE analysis of
elution fractions (marked by dashed lines) verified the presence of the complex (left); and soluble purified individual subunits,
and pooled reconstituted complex peak fractions (right). Bands identity are indicated on each gel. (C) Representative 2D class
averages of binaty (NF-Y/HOXB4, 135 kDa) and tetnary complexes (NF-Y/USF1/LTR and NF-Y/USF1/HOXB4, 200
kDa) subjected to single-particle Cryo-EM analysis.
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4. MATERIALS AND METHODS

4.1 Cloning, expression and purification of NF-YB and NF-YC constructs

NF-YB and NF-YC constructs were subcloned and purified exploiting the co-expression system
previously described [206]. All NF-YC constructs were inserted in the pmenYC vector generating an N-
terminal 6xHis-tag fusion protein preceded by a thrombin cleavage site, whereas all NF-YB constructs
were subcloned into pmcnEATCH vector, through restriction ends ligation. Co-expression tests were
performed according to the method of Fribourg et al. [207]. Large scale expression was carried out using

the previously reported protocol [72].

4.2 Limited proteolysis

20 pL of 0.3 mg mL" protein was incubated with 5 pL. of proteinase K, a broad specificity protease, at
different protease-to-protein ratio (1:50, 1:100, 1:1000, 1:10,000, 1:20,000 and 50,000, diluted in PBS
storage buffer) at 19°C over 6 days. Reactions were quenched by the addition of 7.5 puL of SDS-
Coomassie sample loading buffer (50 mM Tris-Cl pH 6.8, 100 mM DTT, 2% SDS, 10% glycerol, 0,1%
BBF, 5.2 mM EDTA and 5.2 mM PMSF), boiled at 95°C for 10 min and loaded onto SDS-PAGE gel.

4.3 E2F1/DP1 co-expression and purification

E2F1 is co-produced with its structurally homologous partner DP1, both contain the DBD, the linker
region, the coil-coil (CC) heterodimerisation domain and the marked-box (MB) domain. The cDNA
sequence encoding residues Argios-Thrss; of human DP1 obtained by PCR with synthetic flanking RE
sites was subcloned into the pmcnEATNH vector, allowing E. c/i expression of fusion protein with a
N-terminal 6xHis-tag followed by a thrombin cleavage site. Human E2F1 fragment encoding residues
Seri21-Glusy obtained by PCR with synthetic flanking RE sites was subcloned into the pmenYC vector
[200]. The constructs were verified by sequencing and co-expressed in E. cw/ BL21 (DE3). Co-
transformed cells with both vectors were grown in LB medium with double antibiotic selection (100 pg
mL" ampicillin and spectinomycin) at 37°C to an ODgp of 0.3 and induced by adding a final
concentration of 0.5 mM isopropyl 3-D-1-thiogalactopyranoside (IPTG), with protein expression taking
place overnight at 25°C. Cells were pelleted by centrifugation at 4,000 x g for 30 min, resuspended in
lysis buffer A containing 50 mM Tris-Cl pH 8.0, 400 mM NaCl, 2 mM MgCl,, 10 mM imidazole, 10%
glycerol, 2 mM DTT and PIC (Protease Inhibitor Cocktail, Sigma-Aldrich) and lysed by sonication. The
resulting soluble fraction recovered by centrifugation at 13,000 x g for 30 min was purified using nickel
ion metal affinity chromatography (IMAC) on an AKTA Pure system with His-Trap™ FF 1 mL column
(GE Healthcare) and eluted in buffer A containing 100 mM imidazole. The pooled protein fractions were

incubated overnight at 4°C with the thrombin protease (Thrombin CleanCleave Kit, Sigma-Aldrich) to
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cleave the N-terminal 6xHis-tag. The resulted cleaved protein was concentrated and purified by gel
filtration chromatography step using Hiload 10/300 Superdex™ 200 column (GE Healthcare)
equilibrated in buffer B (50 mM Tris-Cl pH 8.0, 400 mM NaCl, 2 mM DTT). Purity of the protein was
examined on SDS-PAGE gel stained with Coomassie brilliant blue.

4.4 Sample preparation for SAXS analysis

The 15-mer DNA fragment used in SAXS was obtained from Eurofins Genomics as single-stranded
oligo and annealed in 10 mM Tris-Cl (pH 8.0) containing 50 mM NaCl and 1 mM EDTA. The purified
E2F1P?/DP1P“M heterodimer was mixed with the DNA duplex at 2 molar ratio of 2:1 and subjected to
step dialysis to gradually decrease salt concentration to 150 mM NaCl, thus favouring DNA binding. The
ternary complex was isolated using Superdex™ 200 gel filtration chromatography and concentrated to
~4 mg mL" in a buffer of 50 mM Tris-Cl pH 8.0, 150 mM NaCl and 2 mM DTT. The Rb*”*"* peptide
was synthesized (ProteoGenixSAS, France) and dissolved in 10 mM Tris-Cl pH 8.0 and 50 mM NaCl.
The peptide was mixed with purified E2F1/DP1/DNA complex at a molar ratio of 2:1 and subjected to
SEC-SAXS analysis.

4.5 In-line SEC-SAXS measurements and data processing

X-ray scattering patterns of E2F1P/DP1°™ complexes were recorded using the on-line Size Exclusion
Chromatography using Superdex 200 increase 3.2/300 (GE Healthcate) column available at the B21
BioSAXS beamline of the Diamond Synchrotron (Didcot, Oxfordshire, UK) (refer to table for details).
For each sample, 45 pL of a 4 mg mI." was injected onto a pre-equilibrated column in 50 mM Tris-Cl
pH 8.0, 150 mM NaCl and 2 mM DTT, and roughly 600 sequential images were recorded at a flow rate
of 0.075 ml. min". Profiles collected prior to the elution peak were averaged and used as a buffer
scattering for subtraction. Buffer subtraction, radius of gyration (Ry), forward scattering 1(0) and P(x)
were performed with programs from the ATSAS package [165]. Primary data reduction were performed
using CHROMIX [208] yielding averaged scattering intensities 1(q), where q is the momentum transfer
(q = 4nsinB/, with 20 being the scattering angle and A is the wavelength of the incident radiation). Data
frames under the elution peak centred on the maximum in I(0) where the R, values were the same within
error and statistically identical as assessed using CorMap goodness-of-fit test and reduction y*-test (p-
value > 0.01) [154] were selected and averaged for subsequent analysis. The two-dimensional scattering
images were radially processed and the buffer scattering intensities subtracted using the program package
PRIMUS [209]. The same program together with AUTORG were used to compute the R, and I(0) by
means of the Guinier approximation that automatically identify a suitable Guinier interval [155]. To

remove minor parasitic interference at low angles resulting in a slight upturn in the Guinier plot, 30 and
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26 data points were truncated from E2F1°?/DP1°“Y/DNA and E2F1°/DP1”“*/DNA/Rb dataset,
respectively. GNOM, an indirect Fourier transform program, was used for automatic determination of
the particle distance distribution function P(r) [210]. The estimated I(0)-based molecular weight
(MW)[162]-[164] is in excellent agreement with MW obtained using SAXSMoW program, which is
independent of the sample concentration and is based on the Porod volume determination (available at

http://saxs.ifsc.usp.br).

4.6 Purification of Cy5-labeled Probes by anion-exchange chromatography

DNA probes derived from the human CDC2 promoter (nt -150 to -50, and nt -150 to -67 from TSS)
were amplified by PCR from a cdc2-Pst plasmid [211] using the following set of primers:

Forward: 5'-[Cy5] TCTTTCTTTCGCGCTCTAGC-3'

Reverse: 5“TAGCCCGTAGACTTTCAAAGC-3' (84 bps probe)

Reverse: 5'-GCTACCCGATTGGTGAATC-3' (100 bps probe)

PCR reactions were performed using Pfu DNA polymerase (GeneSpin). The PCR products were
precipitated overnight at -20°C, resuspended in TE (10 mM Tris-Cl pH 8.0 and 1 mM EDTA), loaded
into a His-Trap™ 1 mL Q FF column (GE Healthcare) and purified by lon Exchange chromatography
over a linear NaCl gradient (up to 2 M NaCl) in TE. The pooled DNA peak was precipitated overnight
and dissolved in TE. The total yield was efficient; 0.4 mg/10 mL of PCR product.

Site directed mutagenesis of the canonical E2F-recognition site was carried out by PCR mismatched
primer using the following set of primers:

Forward: 5'-[Cy5] TCTTTCTTTCGtaCTCTAGCCACC-3'

Reverse: 5“TAGCCCGTAGACTTTCAAAGC-3'

The 84-mer mutated probe was amplified by standard PCR procedure and purified by anion exchange

chromatography (as described above).

4.7 Electrophoretic Mobility Shift Assay (EMSA) and 7z vitro competition analysis

For dose-response EMSAs, purified recombinant proteins were added to a binding mix, containing a
fixed amount of Cy5-labeled probe with the following final reaction composition: 20 nM DNA probe,
20 mM Tris-HCl pH 8.0, 50 mM NaCl, 5 mM MgCl, 0.5 mM EDTA, 10% glycerol, 0.1 mg mI."' BSA,
2.5mM DTT. The reactions were incubated at 30°C for 30 minutes and loaded onto a 6% polyacrylamide
gel in 0.25x TBE at 100 V for electrophoresis. In direct competition EMSAs, proteins were added to a
binding mix containing the probe at a fixed concentration (20 nM), together with increasing amounts of
unlabelled competitors at the indicated molar concentrations. In off-rate experiments, the binding mix

supplemented with the protein was incubated at 30°C. After 30 minutes of incubation, 50-fold excess of
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unlabelled competitor was added to the reaction mixture and aliquots were electrophoresed at different
time points. Chemidoc™ MP imaging system (Bio-Rad) coupled with the Imagel.ab™ software were
used in the acquisition and analysis of fluorescence signals. Mutant and WT oligos used in competition

assays are listed in Table 2.

4.8 DNA complex assembly and sample preparation for Cryo-EM analysis

Trx-6xHis-NF-YA, NF-YB AQ/6xHis-NF-YC and 6xHis-USF1 were first purified separately by IMAC
followed by gel filtration chromatography in high salt using Hil.oad 10/300 Superdex™ 75 column (GE
Healthcare) equilibrated in 10 mM Tris-Cl pH 8.0, 400 mM NaCl, 2 mM DTT. Trx-6xHis-NF-YA and
NF-YB AQ/6xHis-NF-YC subunits were mixed at a molar ratio of 1.2:1. The assembled NF-Y was
incubated overnight at 4°C with the thrombin protease (Thrombin CleanCleave Kit, Sigma-Aldrich) to
cleave the N-terminal Trx-6xHis-tag and 6xHis-tag of NF-YA and NF-YC, respectively. The cleaved
NF-Y was mixed with USF1 and DNA duplex (LTR or HOXB4) at a molar ratio of 1.25:1:1 and
subjected to step dialysis to gradually decrease salt concentration to 50 mM NaCl, thus favouring DNA
binding. The complex is then isolated by gel filtration using Hiprep 16/60 Sepharyl™ S-300 column (GE
Healthcare) in a final buffer containing 10 mM Tris-Cl pH 8.0, 50 mM NaCl, 2 mM DTT. Purity and
homogeneity of the sample were examined on SDS-PAGE gel stained with Coomassie brilliant blue. The

pooled reconstituted complex peak fractions was subjected to Cryo-EM analysis.
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