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Abstract

The recently determined crystal structures of the sequence-specific transcription factor NF-Y
have illuminated the structural mechanism underlying transcription at the CCAAT box. NF-Y is a
trimeric protein complex composed by the NF-YA, NF-YB, and NF-YC subunits. NF-YB and NF-
YC contain a histone-like domain and assemble on a head-to-tail fashion to form a dimer, which
provides the structural scaffold for the DNA sugar-phosphate backbone binding (mimicking the
nucleosome H2A/H2B-DNA assembly) and for the interaction with NF-YA. The NF-YA subunit
hosts two structurally extended a-helices; one is involved in NF-YB/NF-YC binding and the other
inserts deeply into the DNA minor groove, providing exquisite sequence-specificity for recognition
and binding of the CCAAT box. The analysis of these structural data is expected to serve as a
powerful guide for future experiments aimed at understanding the role of post-translational
modification at NF-Y regulation sites and to unravel the three-dimensional architecture of higher
order complexes formed between NF-Y and other transcription factors that act synergistically for
transcription activation. Moreover, these structures represent an excellent starting point to challenge
the formation of a stable hybrid nucleosome between NF-Y and core histone proteins, and to
rationalize the fine molecular details associated to the wide combinatorial association of plant NF-Y

subunits.
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1. Introduction

During the recent years considerable progress has been made towards understanding the
structural basis for the fascinating biology of transcriptional regulation. Studies on eukaryotic and
bacterial transcription factors (TFs) have shed light in the general architecture and in the DNA
recognition mode of both general TFs (GTFs) and sequence-specific TFs, showing a considerable
versatility in the formation of multiprotein complexes and in the interaction with DNA.

While GTFs bind to core promoters close to the transcription start site (TSS) and assemble in
an ordered fashion with RNA polymerase to form a functional pre-initiation complex, TFs
recognize and bind to short regulatory DNA sequences in promoters and enhancers [1,2]. Typically
they contain a sequence-specific DNA-binding domain and a separate trans-activating region, which
interacts with downstream factors and coactivators. Regulatory elements contain multiple binding
sites for different TFs, which assemble in a unique combination and with a defined three-
dimensional architecture. The DNA sequence specificity and the combinatorial cooperation of TFs
delineate a complex transcriptional regulatory code, which is still very far from a complete
elucidation. A lot of efforts are ongoing to build up comprehensive databases of TFs binding
profiles [2-5]. In this perspective, the structural characterization of TFs in complex with their DNA
cognate sequences at the atomic level represents a potent tool to feature new DNA-binding domains
[6] and to identify protein interfaces likely involved in cooperative interactions with other TFs [7-
9].

In this review we focus our attention on the recent progress made towards understanding the
structural basis for the biology of the sequence-specific TF Nuclear Factor-Y (NF-Y). The
knowledge of genomic binding of NF-Y is derived by ENCODE [10-12]: 25% of NF-Y sites are in
promoters and a comparable number are located at tissue specific enhancers. NF-Y specifically
recognizes the CCAAT box, a regulatory element typically located at a conserved distance of -60/-
100 bp from the TSS and present in 30% of eukaryotic promoters [13-15]. This occurrence is

similar to that of the TATA box [16], and the CCAAT box is typically found in TATA-less
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promoters [15]. A multitude of genes has been described to be positively or negatively regulated by
NF-Y, including prosurvival and cell-cycle-promoting genes as well as genes involved in
metabolism [17-22]. Indeed, knockout of NF-Y is lethal during early embryonic development [23].
In general, NF-Y cooperates with neighboring TFs, including growth-controlling and oncogenic
ones [11], consistent with the enrichment of CCAAT motifs in the promoters of genes
overexpressed in cancer [24].

NF-Y is a protein complex minimally composed of three subunits: NF-YA, NF-YB, and NF-
YC. All subunits are conserved throughout evolution and required for DNA-binding [25]. NF-YB
and NF-YC contain a core region which belongs to the class of Histone Fold Domain (HFD)
proteins (Figure 1). This module mediates the formation of a tight heterodimer between the NF-YB
and NF-YC subunits, and is involved in non sequence-specific DNA-binding. Heterodimerization
of NF-YB and NF-YC results in the formation of a surface for NF-YA association, allowing the
resulting trimer to bind DNA with high affinity and specificity. The NF-YA core domain is less
than 60 amino acids long and divided into two segments: an N-terminal region responsible for NF-
YC/NF-YB binding, and a C-terminal region implicated in specific recognition of the CCAAT
element (Figure 1) [26-30]. In addition to these highly conserved core domains involved in
trimerization, both NF-YA and NF-YC subunits display much less conserved flanking regions,
which include a large Glutamine-rich (Q-rich) domain with transcriptional activation potential
(Figure 1) [31-32].

In yeast the three NF-Y subunits (called HAP2, HAP3 and HAPS, respectively) have no Q-rich
regions and the activation function is encoded by a fourth subunit (HAP4), present also in fungi,
with no apparent homologues in other species [33,34].

Here we review the structural determinants describing the NF-Y subunits, the three-
dimensional architecture of their complex, and the molecular details of the DNA recognition and

binding at the CCAAT box as derived from the available NF-Y crystallographic data from mammal,



Aspergillus nidulans (where NF-Y is called CBC and the three subunits HapB, HapC and HapE,

respectively) and Arabidopsis thaliana [35-38].

2. The NF-YB/NF-YC HFD dimer and its trimerization with NF-YA

Both NF-YB and NF-YC host a HFD, as in core histones H2A, H2B, H3, and H4 [39], and in
several other proteins involved in transcription, chromatin remodeling and DNA repair [35,40-43].
Typically, the HFD is formed by a minimum of 3 helices (al, 02 and a3) separated by two loops
(L1 and L2), with helices al and a3 flanking almost orthogonally to a2 (Figure 2A).

The HFDs of NF-YB and NF-YC are homologous in sequence and structure to H2B and H2A,
respectively, and comparison between their HFD regions reveals relatively little differences (Figure
2B). This similarity extends also outside the HFD and includes the presence of conserved additional
secondary structure elements at the HFD C-termini: in NF-YB an extra aC helix is found similar to
that of H2B, while in NF-YC a loop-short helix-loop motif is present, reminiscent of the short aC
helix found in H2A. The N-terminal regions of the HFD modules instead differ markedly, with core
histone H2A and H2B hosting tails not present in NF-YC and NF-YB (Figure 2B). Interestingly, the
Aspergillus nidulans HapE subunit (corresponding to NF-YC) comprises also an N-terminal
extension, termed aN, but adopts a different orientation relative to that present in core-histones [37].
Other structural features of HFDs that have been recognized to be specific only for NF-Y subunits
are: (i) the presence of an intra-chain Arg-Asp bidentate pair linking L2 to a3 and (ii) the presence
in NF-YC of an absolutely conserved Trp, at the end of helix a2, sandwiched between loop L2 of
NF-YC and loop L1 of NF-YB [35,36].

At the level of quaternary structure, the HFD modules of NF-YC and NF-YB associate in a
head-to-tail fashion similar to H2A/H2B within the nucleosome (Figure 2C,D) [39]. This
antiparallel “handshake” assembly juxtaposes the L1 loop of NF-YB and the L2 loop of NF-YC and
vice versa, thus generating a twofold quasi-symmetry axis between the polypeptide chains (Figure

2C). Extensive interactions between these loop regions and the hydrophobic packing of residues
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belonging to the long a2 helices of NF-YB and NF-YC contribute to the exceptional stability of this
heterodimeric complex. The HFD modules are responsible not only for the establishment of
contacts between the two NF-YB and NF-YC subunits, but also for building the molecular platform
needed for binding and bending the DNA. Like H2A/H2B, the calculated electrostatic potential of
the upper surface of the HFD portion of the NF-YB/NF-YC heterodimer is highly basic, and allows
favorable polar and van der Waals interactions with the negatively charged phosphodiester
backbone of the DNA (Figure 3). Such interactions are apparently devoid of DNA sequence
specificity. About four turns of double-stranded DNA sit on the NF-YB/NF-YC platforms, with a
bending angle of about 80° compared to the ideal B-DNA. This curvature is remarkably similar to
the DNA bending in nucleosomes (Figure 3A,B) and highlights the evolutionary relationship of NF-
YB/NF-YC to core histone proteins [44]. The al-al region and the two L1-L2 loops build the
central part and the two sides of the DNA contact regions (Figure 2E) [36,37]. Notably, the al-
al/DNA contacts involve structurally equivalent residues in NF-Y and in the nucleosome
H2A/H2B, and engineering experiments indicated that the integrity of al is essential for DNA-
binding [45].

The structure and the DNA-binding mode of the NF-YB/NF-YC dimer are also highly
reminiscent of that of other HFD-containing proteins, as in the case of negative cofactor 2 (NC2a/3)
(Figure 3C), a protein that represses TATA box-dependent transcription, while increasing the
activity of the distal promoter element [46,47]. Overall, despite limited insight available for the
NC2a/B DNA interactions due to the short length of the bound DNA [40], DNA contacts involving
NC2a at al, L1, and L2, and NC2f at L2, are essentially equivalent in NF-YC and NF-YB,
respectively (Figure 3A,C). Furthermore, other HFD-containing proteins, such as the
Chrac14/Chrac16 HFD heterodimer [42] and the TAF12/TAF4 subunits of TFIID, resemble the
geometry of NF-YB/NF-YC with some variations in the conservation of side-chain putatively

involved in the DNA interaction [36,48,49].



What makes the NF-YB/NF-YC HFD dimer markedly different relative to other HFD-
containing proteins is the presence of a wide negatively charged surface groove, built mostly by
residues belonging to the NF-YC aC, NF-YC al and NF-YB 02, responsible for binding of the NF-
YA subunit (Figure 3A). Heterotrimerization occurs mainly through interaction of the Al helix of
NF-YA with the NF-YB/NF-YC HFD dimer (Figures 2E and 3A). The NF-YA Al helix contains
several polar and mostly positively charged residues which interact via hydrogen bonds and salt
bridges with residues belonging to the negatively charged surface groove of the NF-YB/NF-YC
HFD dimer (Figures 3A). These contacts are extensive (contact interface of about 1,760 AZ) and
most of them involve residues proven to be crucial for heterotrimerization in mutational studies [27-
30,35,50,51]. Furthermore, these interactions are protein selective since structural differences
between the NF-YB/NF-YC and H2B/H2A are present in this region and are coupled to poor
conservation in H2B/H2A of negatively charged residues important for NF-Y trimerization (Figure
3A,B). Similarly, sequence variations in the corresponding HFD region of NC2 (Figure 3A,C) was
demonstrated to prevent NF-Y A binding to the NC20/ HFD module [35,45].

Thus, evolutionary adaptations of the HFD regions endowed NF-YB and NF-YC with novel
functions compared to other histone proteins. Besides NF-YA recognition and binding, the aC
helices of NF-YB and NF-YC have been shown to be important for association with the TATA
binding protein (TBP) [52,53] and, therefore, to act as a scaffold for the assembly of the
transcriptional preinitiation complex. Because aC helices are not directly engaged in DNA contacts
(Figure 2C,E), protein-protein interactions with other TFs are possible in the presence and absence
of DNA [14]. Moreover, the aC helix of NF-YC interacts with cell cycle-controlling proteins such
as the proto-oncogene c-myc [54] and the tumor suppressor p53 [55]; such interactions might
suggest that they contribute to the essentiality of NF-Y in eukaryotes.

All these structural and biochemical data on NF-Y support the general idea of HFDs as protein-
protein interaction modules able to bind DNA in a core histone-like mode and to favor the binding

of other TFs. However, this vision is probably reductive. Indeed, NF-YB has been shown to be
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ubiquitinated at residue K138 of aC, which corresponds to K120 in H2B, and that this post-
translational modification (PTM) is associated to transcriptional activation [36]. NF-YB
ubiquitination is important for ubiquitination of H2B at residue K120 [25], which is genetically and
biochemically upstream of important activating histone methylations, such as H3K4me3 and
H3K79me?2/3 [56]. Considering that core histones display PTMs that are not only localized in tails,
but also within the HFD [57], and that several of these modified residues are conserved in their
nature and locations in the HFD subunits of NF-Y and in other TFs, it is tempting to conclude that
the PTMs of HFD-containing proteins might provide a further layer of potential epigenetic control

[43].

3. CCAAT recognition and binding

The crystal structure of the NF-Y trimer bound to DNA reveal the strategy employed by the
NF-Y A subunit for specific DNA sequence recognition at the CCAAT box [36,37]. While the NF-
YA helix Al mediates trimerization with the HFD heterodimer, helix A2 and the following Gly-X-
Gly-Gly-Arg-Phe loop motif (Gly-loop; X=any residue) provide sequence-specific contacts to the
CCAAT box by inserting deeply into the DNA minor groove, resulting in a striking minor groove
widening with a maximum of about 19 A at the first CCAAT-box adenine (Figures 2E,F and 3A).
The adjacent major groove regions are not affected by the NF-YA binding and, therefore, available
for the potential binding of other TFs. This observation is in keeping with the ability of NF-Y to
synergize with several TFs, most of which functionally recognize bases within the major groove, at
a conserved distance from CCAAT [15,25].

The Gly-loop, located after the A2 helix (Figure 2F), displays a kinked backbone which allows
close proximity of the two Gly-Gly carbonyl O atoms to the bases of the CCAAT complementary
DNA strand (GG) (Figure 4A). Bases on the CCAAT DNA strand (AAT) are instead hydrogen-
bonded to side-chains of Arg and His residues belonging to the NF-YA A2 helix (Figure 4B). In

addition, the NF-YA/DNA interactions include several stabilizing contacts to the DNA phosphate
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backbone and the minor groove insertion of the Phe residue belonging to the Gly-loop between the
AT/CG base pairs at the CCAAT box (Figure 4A). Interestingly, this Phe positioning into the minor
groove is reminiscent of that found in the TBP-DNA complex, where two Phe residues insert into
the first and last base pairs of the targeted TATA sequence [58].

All NF-YA residues involved in sequence-specific recognition are strictly conserved in
agreement with earlier mutagenesis data and with the matrix of DNA specificity [36]. Hence, a
combination of proper main-chain conformation and side-chain distribution makes the NF-YA A2
helix and the Gly-loop able to recognize and bind the CCAAT box by selecting the correct sequence
of pyrimidine or purine bases that favor hydrogen bond interactions and disfavor steric hindrance,
thus providing the structural explanation for the reduced or abolished affinity of NF-Y to mutant
CCAAT motifs [59]. It is likely that the NF-YA A2 helix slides along the DNA, thereby acting as a
sequence sensor, until appropriate interactions with the DNA bases at the minor groove are
provided, with the Gly-loop acting as an anchor to allow for high-affinity binding of NF-Y to the
CCAAT box [36,37]. This is also consistent with the fact that in the absence of bound DNA the NF-
YA A2 helix is structurally disordered [37].

The conformational flexibility required to direct the NF-YA A2 helix toward the DNA, while
keeping the A1 helix stably linked to the NF-YB/NF-YC interface, is provided by the A1A2-linker
(Figure 2F). Interestingly, the comparison of the crystal structures of mammalian and Aspergillus
NF-Y/DNA complex suggests some indications of the sequence-structure relationship that drives
the conformation of the A1A2-linker. Indeed, when the two structures are superimposed the
trimerization and the DNA binding modes are perfectly conserved, with the only significant
structural mismatch being localized at the C-terminus of the A1 helix and at the A1A2-linker on the
NF-YA subunit (Figure 5). The A1A2-linker is a region of relative divergence across kingdoms and
paralogs, and in the two structures it follows different pathways due to specific amino acid composition.
In mammalian NF-YA two residues, Gly260 and Pro263, are localized at the beginning of the linker and

guide its structure by providing flexibility and directionality, respectively (Figure 5A,C). These two
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residues are absent in the Aspergillus HapB subunit (corresponding to NF-YA), where instead Pro267,
located at the end of the linker, contributes to orient the A2 helix towards the DNA minor groove
(Figure 5B,C). These sequence differences at the A1A2-linker are coupled with variations at the N-
terminal region of the NF-YB subunits (i.e. Ile55 and Arg46 in mammalian NF-YB and Aspergillus
HapC, respectively), which faces the A1A2-linker. As a result, in mammalian NF-YA and Aspergillus
HapB the two AlA2-linkers have a certain degree of structure variability but, nevertheless, the
following A2 helices are in register to each other and correctly inserted in the DNA minor groove at the

CCAAT box (Figure5).

4. The “hybrid nucleosome” hypothesis

The structure of the NF-Y/DNA complex bears some intriguing implications for the description
of the possible mechanistic bases of NF-Y action in vivo. The CCAAT motifs are at the top of the
list of the regulatory sequences that are spared by nucleosomes [60], and NF-Y has been reported to
interact directly with histone H3/H4, but not with H2A/H2B, during nucleosome reconstitution in
vitro [61]. The NF-Y/DNA structural data offer an explanation for these observations.

In nucleosomes, two left-handed superhelical turns of bent DNA are wrapped around an
octameric-histone core consisting of two copies each of the core histone proteins H2A, H2B, H3,
and H4. At the heart of the octamer there are two H3/H4 heterodimers related by a twofold axis of
symmetry, forming a stable (H3/H4), heterotetramer, with two H2A/H2B heterodimers bound to
opposite faces of (H3/H4), [39]. When the NF-Y heterotrimer structure is superimposed on
H2B/H2A within the nucleosome, the modeled NF-YB/NF-YC substituted almost ideally
H2B/H2A, with the core interaction with H3/H4 relying mostly on NF-YB (Figure 6A).
Considering that NF-YB Aspl15 residue is structurally homologous to H2B Glu90 (salt-bridged to
H4 His75 in the nucleosome) [39], it is tempting to propose that similar interactions can stabilize a
hybrid structure. Binding of one NF-Y trimer to the (H3/H4), heterotetramer for hybrid nucleosome
formation would require only minor reorientations of the NF-YA Al helix (and the following
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A1A2-linker) relative to the H4 o2 and a3 helices (Figure 6B). Note that acetylation of H4 Lys91 in
the H4 o3 helix is believed to affect nucleosome stability [62] suggesting an intrinsic structural
adaptability of the H4 a3 region. On the other hand, two NF-Y trimers cannot coexist in the hybrid
nucleosome, since the Al helix of one NF-YA subunit would overlap with the corresponding helix
of the other NF-YA subunit and partially with NF-YB. This is also in keeping with the fact that in
this model the CCAAT box is located after about 20 bp from the DNA start, and the presence of
two CCAAT boxes in the hybrid nucleosome would position them at 100bp distance, which is not
the distance usually found in multiple-CCAAT-containing DNA [63,64].

Thus, the available structural data suggest a model whereby NF-Y would prevent nucleosome
formation through association of the NF-YB/NF-YC heterodimer to a DNA-bound (H3/H4),
heterotetramer, the NF-YA A1A2-linker providing enough flexibility for the A2 helix to search for
and bind to a CCAAT-box. Interestingly the putative formation of a hybrid nucleosome was also
suggested by the analysis of the Aspergillus CBC structure, where it was shown that interaction of
the CBC with the H3/H4 pair that is part of the first nucleosome turn (with the consequent
formation of a tetrasome) is possible [37]. Furthermore, the NF-Y trimer in complex with a
CCAAT-containing 25bp DNA [36] has been reported to fit within the nucleosome core particle
bound to the DNA sequence of nucleosome A of the 3’-LTR of the mouse mammary tumor virus
(MMTV-A), with a good match not only between the NF-YB/NF-YC and H2B/H2A dimers, but
also in the DNA conformation in the region corresponding to the CCAAT box [65].

In this scenario, hybrid NF-Y/H3/H4 assemblies would locally halt nucleosome formation,
while providing opportunities for other TFs to associate with the neighboring target sequences.
Indeed, genome-wide studies have shown that the presence of Nucleosome Free Regions in active
or poised core promoters is a widespread phenomenon [66]. The location of CCAAT at about -80
bp, relative to the TSS, matches the predicted positioning of H2A/H2B in the “average” core

promoter nucleosome [60].

11



5. Structural features of plant NF-Y

In the plant lineage NF-Y also consists of three subunits. However, each subunit can be
encoded not by one but by a family of genes (typically about 10), both in dicots and monocots,
differentially expressed in various tissues. As a consequence, different subunit combination can lead
to a wide variety of NF-Y trimeric complexes, suited to face the many environmental conditions
that a plant can experience [67,68].

Recently the first crystal structure of a plant NF-Y, the Arabidopsis thaliana NF-YB6/NF-YC3
dimer, has been solved [38]. This structure is of particular interest because within the NF-YB genes,
the Arabidopsis NF-YB6 and NF-YB9 form a conserved subfamily originally identified in genetic
experiments for their key roles in embryo maturation [69,70]. NF-YB9, also known as LEAFY
COTYLEDON 1 (LEC1), and NF-YB6 or LEC1-LIKE (L1L) are embryogenesis regulators acting
during transition from embryo to adult status: lec/ mutants display pleiotropic phenotypes [71-76]
and L1L (NF-YB6) was shown to be able to partially complement the /lec/ defect [70]. Importantly,
chimeric constructs have demonstrated that the LEC1 function in embryos can be associated
specifically to the HFD region of the NF-YB subunit [69]. Besides a general interest related to their
functional action, much interest on LEC1 and L1L is also associated to their agronomic potential,
since overexpression of LEC1 or L1L in various species have been reported to result in significant
changes in seed lipids/oils production [75,77,78].

The crystal structure of the Arabidopsis thaliana L1L/NF-YC3 HFD dimer reveals the typical
features of a “classical” NF-YB/NF-YC dimer with some structural specificities of the LEC1
family. In particular, the Arabidopsis L1L and NF-YC3 subunits interact in a head-to-tail fashion,
forming a classical histone-like pair (Figure 7A), with conserved positive and negative electrostatic
distributions on the surfaces predicted to be involved in DNA contacts and NF-YA interaction,
respectively (Figure 7B). Indeed, the L1L/NF-YC3 dimer was demonstrated to trimerize with the
Arabidopsis NF-Y A6 subunit and the trimer to bind DNA in EMSA experiments on a high affinity

CCAAT box probe derived from the human HSP70 promoter [38]. This result is important since it
12



shows that a plant NF-Y trimer containing a L1L subunit is able to bind DNA directly. In fact, the
LECI1/LIL capacity to bind DNA was previously questioned because of the LEC1-specific presence
of an Asp residue in helix a2 (LEC1 Asp55 and L1L Asp84) where in “normal” NF-YB a Lys/Arg
is present and contacts the DNA phosphate backbone, 2 bps upstream of CCAAT. Genetic
experiments pinpointed Asp55 as crucial for LEC1 function in vivo: its mutation to Lys led to loss
of LEC1 activity, while an Asp substitution in a canonical Arabidopsis NF-YB was sufficient to
confer partial LEC1 behavior [69]. Superimposition of the mammalian NF-Y trimer in complex
with DNA on the Arabidopsis L1L/NF-YC3 dimer suggests that the electrostatic repulsion between
the negatively charged Asp84 and the DNA phosphate backbone would favor a slightly shifted
DNA trajectory, stabilized on the opposite side of the double helix by His79, which has been
proposed to be diagnostic for LEC1 family members (Figure 7C) [38].

Another interesting structural issue associated to plant NF-Y is related to the discovery of the
involvement of plant NF-Y genes in the control of photoperiod-dependent flowering time [79,80].
In particular, members of the large NF-YB/NF-YC plant families have been shown to trimerize
with COSTANS (CO), a key regulator of photoperiod-induced flowering time, via its conserved
CCT (for CO, CO-like, and TOC1) domain [79,80]. This interaction is physiologically relevant
since mutants in Arabidopsis NF-YB/NF-YC phenocopy the co mutants in terms of delayed
flowering-time phenotype [79,81-83]. Furthermore, the overexpression of the Arabidopsis NF-YA1
subunit causes late flowering, thus suggesting the intriguing possibility that CO and NF-YA
compete for the interaction with plant NF-YB/NF-YC dimers [84].

Sequence comparison of the DNA-binding region of NF-YA and CO indicate a marked
similarity at the A2 helix, but a shorter A1A2-linker and some sequence variation in the following
Gly-loop, with the absence of the first two Gly residues (Figure 8). Furthermore, the CO region
corresponding to NF-YA Al helix is rich in basic residues, as required for the heterotrimeric
assembly formation with the NF-YB/NF-YC HFD dimer. Indeed, mutations reported to affect CO

activity in vivo [80] correspond to amino acids essential for DNA-binding by NF-YA (Figure 8).
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Based on this sequence/structure analysis it has been suggested that CO might have evolved to
recognize slight variations of CCAAT, with a different 5’ end, while using NF-YB/NF-YC as a

DNA binding platform [36].

6. Conclusions

X-ray structures of NF-Y have provided crucial insights into the molecular mechanism
responsible for the recognition and binding to DNA and into the architecture of the NF-YB/NF-YC
HFD dimer and of the NF-Y trimer. These structures serve as a powerful guide for present and
future biochemical experiments aimed at understanding the contributions of individual amino acid
residues to the stability of the macromolecular assembly, to the sequence-specific DNA recognition,
and to the, so far poorly understood, role of post-translational modification at regulation sites.
Important objectives for the future will include the use of the whole arsenal of structural biology
techniques, including cryo-electron microscopy, X-ray crystallography and small angle X-ray
scattering (SAXS), in combination with biochemical and genetic analysis, to unravel the three-
dimensional architecture of higher order complexes formed between NF-Ys bound at multiple
CCAAT boxes, between NF-Y and core histone proteins to challenge the formation of a stable
hybrid nucleosome, and between NF-Y and other TFs demonstrated to act synergistically for
transcription activation.

As basic studies of transcription continue to provide insight into the molecular basis of human
disease, one of the challenges for the future will be to exploit structural insights of TFs for the
development of novel therapeutics. In this context, NF-Y may be seen as a target for cancer
progression drugs. The available genomic data of NF-Y locations are consistent with the recurrence
of CCAAT motifs in promoters of genes overexpressed in cancer, and indicate that NF-Y is a
pioneer TF for oncogenic activators, which acts either synergistically with adjacent DNA-binding
complexes or by “tethering” of individual oncogenic partners. Interfering with such pioneer action

of NF-Y could bear key implications for cancer control. The chase for an anti-proliferative drug that
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could act by displacing the NF-Y/CCAAT complex has already started, mostly focusing on minor-
groove binding drugs able to block interactions of NF-Y with the promoter of topoisomerase Ila,
thus blocking cell cycle progression without involving activation of p53 [85,86]. The availability of
the crystal structure of NF-Y in complex with its CCAAT-containing DNA target completely
changes the perspective in the field, providing the unique possibility to target NF-Y, and not the
DNA, for drug binding.

We can also anticipate that the research field on plant NF-Y will have a dramatic development
not only in the genetics area but also in structural biology. We expect that several new structures of
NF-Y and, possibly, CCT-containing proteins in complex with HFD dimers and DNA will be
solved in the near future. These data will provide the means for the rationalization and the full
understanding of the fine molecular details associated to the wide combinatorial association of plant
NF-Y subunits. For instance, they are expected to clarify whether sequence changes associated to
specific phenotypes are mirrored by structural rearrangements that can affect the trimer formation

and the DNA-binding affinity/specificity in plant NF-Y.
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Figure legends

Figure 1. Schematic representation of the NF-Y subunits. Color shaded boxes highlight the
evolutionarily conserved NF-YB/NF-YC and DNA binding domain (BC-DNA; green) in NF-YA,
H2B-like or H2A-like HFD domains in NF-YB and NF-YC (orange and cyan, respectively), and the
Gln-rich domains (Q-rich) in NF-YA and NF-YC (grey). The secondary structure composition of

the NF-Y subunits is shown in the enlargement panels.

Figure 2. Three dimensional structure of NF-Y. (A) The tertiary structure of mammalian NF-YB
(orange) and NF-YC (cyan) are shown as ribbon [36]. The secondary structure elements are
indicated. (B) Structural superimposition of NF-YB and NF-YC (PDB-code 4CSR), illustrated as
coils, to core histone H2B (magenta) and H2A (yellow) (PDB-code 1AOI [39], chains C/D,
respectively). The N-terminal histone tails (grey) are indicated. (C) Ribbon diagram showing the
NF-YB/NF-YC HFD dimer, and (D) structural superimposition with H2B/H2A. (E) Ribbon
representations of the NF-YA/NF-YB/NF-YC heterotrimer in complex with the HSP70 25 bp-
CCAAT-box oligonucleotide (PDB-code 4AWL [36]); secondary structure elements are labeled and
those at the protein-DNA interface are highlighted in red. NF-YA and the DNA are colored in green
and grey, respectively, with CCAAT nucleotides highlighted in violet. (F) The tertiary structure of

NF-YA. The secondary structure elements, the A1A2-linker and the Gly-loop are indicated.

Figure 3. Electrostatic surface and DNA binding-mode of HFD dimers. Electrostatic surface of
(A) NF-YB/NF-YC (NF-YA and DNA represented in ribbon and stick models color-coded as in
Figure 2) [36], (B) H2B/H2A (DNA in grey) [39], and (C) NC2o/B (PDB-code 1JFI [40]; DNA in
grey and TBP in brown). Blue and red colors indicate positively and negatively charged regions,
respectively. In panel (A), the widening of the DNA minor groove due to the NF-YA A2 insertion

in highlighted.
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Figure 4. Sequence-specific interactions of NF-Y/DNA at the CCAAT-box. (A) Hydrogen bond
interactions of NF-YA residues belonging to the Gly-loop with the CCAAT DNA complementary
strand (grey), and (B) interactions between residues from the NF-YA A2 helix and the CCAAT
DNA strand (CCAAT in violet) [36]. Key residues are labeled, and hydrogen bonds are shown by

dashed lines.

Figure 5. Structure of the A1A2-linker. Structural comparison of the A1A2-linker in (A) the
mammalian NF-Y (PDB-code 4AWL [36]) and (B) the A. nidulans CBC (PDB-code 4G92 [37]).
The HFD subunits are shown in surface representation with NF-YB and the HapC in orange and
NF-YC and HapE in cyan. The NF-YA and HapB subunits are shown in ribbon representation
(green and blue, respectively). Relevant residues are represented in stick and indicated. (C)
Structural-based sequence alignment of the A1A2-linker in NF-YA and HapB. Identical and similar
residues are highlighted by yellow and grey shadings, respectively. Relevant Pro and Gly residues

are shaded in black.

Figure 6. Overlay of NF-Y on nucleosome (H3/H4), tetramer. (A) Side and top views of the
hybrid nucleosome model. The NF-Y subunits (colour code as in Figure 1) of one NF-Y trimer [36]
are shown after superimposition of the NF-YB/NF-YC on one nucleosome H2B/H2A (PDB-code
1AOI, chains D/C, respectively [39]). For clarity, the H2B/H2A dimers are not shown. The
corresponding H3 and H4 subunits (PDB-code 1AOI: chains E/F, respectively [39]) are shown in red
and yellow colours. The H3’and H4’ subunits (PDB-code 1AOI: chains A/B, respectively [39]),
forming with H3 and H4 the (H3/H4), tetramer, are shown in blue and pink colours. (B) Close up of
the NF-YA A1l helix. A small rearrangement of the NF-Y A, H4 and H4’ helices (indicated) is needed

to avoid close contacts (highlighted by white arrows).
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Figure 7. The Arabidopsis L1L/NF-YC3 dimer. (A) Ribbon diagram showing the L1L/NF-YC3
HFD dimer (L1L in light green and NF-Y3 in light pink), and (B) its electrostatic surface (PDB-
code 5G49) [38]. The blue and red colors indicate positively and negatively charged regions,
respectively. The orientation of the L1L/NF-YC3 dimer is similar to that of mammalian NF-
YB/NF-YC in Figure 2C. (C) Superposition of the Arabidopsis L1L/NF-YC3 dimer on the
mammalian NF-Y/DNA complex. The figure shows the position of L1L Asp84 and His79 (light
green sticks) relative to DNA (grey, CCAAT box in violet) and to the corresponding NF-YB
residues Lys78 and Thr73 (orange sticks). For clarity, the mammalian NF-YA and NF-YC and the

Arabidopsis NF-YC3 subunits are omitted.

Figure 8. Sequence alignment of the CCT domain with NF-YA. The consensus sequence for plant
CCT domains is aligned with the consensus sequence for Arabidopsis thaliana NF-YA proteins
(AtNF-YA) and human NF-YA (hNF-YA). Residues identical and similar are highlighted in yellow
and grey, respectively. Asterisks indicate the position of CCT domain mutations identified in plants
[80]. The consensus sequence for plant CCT and AtNF-YA is derived from the sequence alignment
of 24 CCT proteins and 10 AtNF-YA subunits, as reported in Petroni et al., 2012 [68], with residues
belonging to the consensus if conserved in > 50% of the aligned sequences. Variable residues are

indicated by x.
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Abstract

The recently determined crystal structures of the sequence-specific transcription factor NF-Y
have illuminated the structural mechanism underlying transcription at the CCAAT box. NF-Y is a
trimeric protein complex composed by the NF-YA, NF-YB, and NF-YC subunits. NF-YB and NF-
YC contain a histone-like domain and assemble on a head-to-tail fashion to form a dimer, which
provides the structural scaffold for the DNA sugar-phosphate backbone binding (mimicking the
nucleosome H2A/H2B-DNA assembly) and for the interaction with NF-YA. The NF-YA subunit
hosts two structurally extended a-helices; one is involved in NF-YB/NF-YC binding and the other
inserts deeply into the DNA minor groove, providing exquisite sequence-specificity for recognition
and binding of the CCAAT box. The analysis of these structural data is expected to serve as a
powerful guide for future experiments aimed at understanding the role of post-translational
modification at NF-Y regulation sites and to unravel the three-dimensional architecture of higher
order complexes formed between NF-Y and other transcription factors that act synergistically for
transcription activation. Moreover, these structures represent an excellent starting point to challenge
the formation of a stable hybrid nucleosome between NF-Y and core histone proteins, and to
rationalize the fine molecular details associated to the wide combinatorial association of plant NF-Y

subunits.
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1. Introduction

During the recent years considerable progress has been made towards understanding the
structural basis for the fascinating biology of transcriptional regulation. Studies on eukaryotic and
bacterial transcription factors (TFs) have shed light in the general architecture and in the DNA
recognition mode of both general TFs (GTFs) and sequence-specific TFs, showing a considerable
versatility in the formation of multiprotein complexes and in the interaction with DNA.

While GTFs bind to core promoters close to the transcription start site (TSS) and assemble in
an ordered fashion with RNA polymerase to form a functional pre-initiation complex, TFs
recognize and bind to short regulatory DNA sequences in promoters and enhancers [1,2]. Typically
they contain a sequence-specific DNA-binding domain and a separate trans-activating region, which
interacts with downstream factors and coactivators. Regulatory elements contain multiple binding
sites for different TFs, which assemble in a unique combination and with a defined three-
dimensional architecture. The DNA sequence specificity and the combinatorial cooperation of TFs
delineate a complex transcriptional regulatory code, which is still very far from a complete
elucidation. A lot of efforts are ongoing to build up comprehensive databases of TFs binding
profiles [2-5]. In this perspective, the structural characterization of TFs in complex with their DNA
cognate sequences at the atomic level represents a potent tool to feature new DNA-binding domains
[6] and to identify protein interfaces likely involved in cooperative interactions with other TFs [7-
9].

In this review we focus our attention on the recent progress made towards understanding the
structural basis for the biology of the sequence-specific TF Nuclear Factor-Y (NF-Y). The
knowledge of genomic binding of NF-Y is derived by ENCODE [10-12]: 25% of NF-Y sites are in
promoters and a comparable number are located at tissue specific enhancers. NF-Y specifically
recognizes the CCAAT box, a regulatory element typically located at a conserved distance of -60/-
100 bp from the TSS and present in 30% of eukaryotic promoters [13-15]. This occurrence is

similar to that of the TATA box [16], and the CCAAT box is typically found in TATA-less
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promoters [15]. A multitude of genes has been described to be positively or negatively regulated by
NF-Y, including prosurvival and cell-cycle-promoting genes as well as genes involved in
metabolism [17-22]. Indeed, knockout of NF-Y is lethal during early embryonic development [23].
In general, NF-Y cooperates with neighboring TFs, including growth-controlling and oncogenic
ones [11], consistent with the enrichment of CCAAT motifs in the promoters of genes
overexpressed in cancer [24].

NF-Y is a protein complex minimally composed of three subunits: NF-YA, NF-YB, and NF-
YC. All subunits are conserved throughout evolution and required for DNA-binding [25]. NF-YB
and NF-YC contain a core region which belongs to the class of Histone Fold Domain (HFD)
proteins (Figure 1). This module mediates the formation of a tight heterodimer between the NF-YB
and NF-YC subunits, and is involved in non sequence-specific DNA-binding. Heterodimerization
of NF-YB and NF-YC results in the formation of a surface for NF-YA association, allowing the
resulting trimer to bind DNA with high affinity and specificity. The NF-YA core domain is less
than 60 amino acids long and divided into two segments: an N-terminal region responsible for NF-
YC/NF-YB binding, and a C-terminal region implicated in specific recognition of the CCAAT
element (Figure 1) [26-30]. In addition to these highly conserved core domains involved in
trimerization, both NF-YA and NF-YC subunits display much less conserved flanking regions,
which include a large Glutamine-rich (Q-rich) domain with transcriptional activation potential
(Figure 1) [31-32].

In yeast the three NF-Y subunits (called HAP2, HAP3 and HAPS, respectively) have no Q-rich
regions and the activation function is encoded by a fourth subunit (HAP4), present also in fungi,
with no apparent homologues in other species [33,34].

Here we review the structural determinants describing the NF-Y subunits, the three-
dimensional architecture of their complex, and the molecular details of the DNA recognition and

binding at the CCAAT box as derived from the available NF-Y crystallographic data from mammal,



Aspergillus nidulans (where NF-Y is called CBC and the three subunits HapB, HapC and HapE,

respectively) and Arabidopsis thaliana [35-38].

2. The NF-YB/NF-YC HFD dimer and its trimerization with NF-YA

Both NF-YB and NF-YC host a HFD, as in core histones H2A, H2B, H3, and H4 [39], and in
several other proteins involved in transcription, chromatin remodeling and DNA repair [35,40-43].
Typically, the HFD is formed by a minimum of 3 helices (al, 02 and a3) separated by two loops
(L1 and L2), with helices al and a3 flanking almost orthogonally to a2 (Figure 2A).

The HFDs of NF-YB and NF-YC are homologous in sequence and structure to H2B and H2A,
respectively, and comparison between their HFD regions reveals relatively little differences (Figure
2B). This similarity extends also outside the HFD and includes the presence of conserved additional
secondary structure elements at the HFD C-termini: in NF-YB an extra aC helix is found similar to
that of H2B, while in NF-YC a loop-short helix-loop motif is present, reminiscent of the short aC
helix found in H2A. The N-terminal regions of the HFD modules instead differ markedly, with core
histone H2A and H2B hosting tails not present in NF-YC and NF-YB (Figure 2B). Interestingly, the
Aspergillus nidulans HapE subunit (corresponding to NF-YC) comprises also an N-terminal
extension, termed aN, but adopts a different orientation relative to that present in core-histones [37].
Other structural features of HFDs that have been recognized to be specific only for NF-Y subunits
are: (i) the presence of an intra-chain Arg-Asp bidentate pair linking L2 to a3 and (ii) the presence
in NF-YC of an absolutely conserved Trp, at the end of helix a2, sandwiched between loop L2 of
NF-YC and loop L1 of NF-YB [35,36].

At the level of quaternary structure, the HFD modules of NF-YC and NF-YB associate in a
head-to-tail fashion similar to H2A/H2B within the nucleosome (Figure 2C,D) [39]. This
antiparallel “handshake” assembly juxtaposes the L1 loop of NF-YB and the L2 loop of NF-YC and
vice versa, thus generating a twofold quasi-symmetry axis between the polypeptide chains (Figure

2C). Extensive interactions between these loop regions and the hydrophobic packing of residues
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belonging to the long a2 helices of NF-YB and NF-YC contribute to the exceptional stability of this
heterodimeric complex. The HFD modules are responsible not only for the establishment of
contacts between the two NF-YB and NF-YC subunits, but also for building the molecular platform
needed for binding and bending the DNA. Like H2A/H2B, the calculated electrostatic potential of
the upper surface of the HFD portion of the NF-YB/NF-YC heterodimer is highly basic, and allows
favorable polar and van der Waals interactions with the negatively charged phosphodiester
backbone of the DNA (Figure 3). Such interactions are apparently devoid of DNA sequence
specificity. About four turns of double-stranded DNA sit on the NF-YB/NF-YC platforms, with a
bending angle of about 80° compared to the ideal B-DNA. This curvature is remarkably similar to
the DNA bending in nucleosomes (Figure 3A,B) and highlights the evolutionary relationship of NF-
YB/NF-YC to core histone proteins [44]. The al-al region and the two L1-L2 loops build the
central part and the two sides of the DNA contact regions (Figure 2E) [36,37]. Notably, the al-
al/DNA contacts involve structurally equivalent residues in NF-Y and in the nucleosome
H2A/H2B, and engineering experiments indicated that the integrity of al is essential for DNA-
binding [45].

The structure and the DNA-binding mode of the NF-YB/NF-YC dimer are also highly
reminiscent of that of other HFD-containing proteins, as in the case of negative cofactor 2 (NC2a/3)
(Figure 3C), a protein that represses TATA box-dependent transcription, while increasing the
activity of the distal promoter element [46,47]. Overall, despite limited insight available for the
NC2a/B DNA interactions due to the short length of the bound DNA [40], DNA contacts involving
NC2a at al, L1, and L2, and NC2f at L2, are essentially equivalent in NF-YC and NF-YB,
respectively (Figure 3A,C). Furthermore, other HFD-containing proteins, such as the
Chrac14/Chrac16 HFD heterodimer [42] and the TAF12/TAF4 subunits of TFIID, resemble the
geometry of NF-YB/NF-YC with some variations in the conservation of side-chain putatively

involved in the DNA interaction [36,48,49].



What makes the NF-YB/NF-YC HFD dimer markedly different relative to other HFD-
containing proteins is the presence of a wide negatively charged surface groove, built mostly by
residues belonging to the NF-YC aC, NF-YC al and NF-YB 02, responsible for binding of the NF-
YA subunit (Figure 3A). Heterotrimerization occurs mainly through interaction of the Al helix of
NF-YA with the NF-YB/NF-YC HFD dimer (Figures 2E and 3A). The NF-YA Al helix contains
several polar and mostly positively charged residues which interact via hydrogen bonds and salt
bridges with residues belonging to the negatively charged surface groove of the NF-YB/NF-YC
HFD dimer (Figures 3A). These contacts are extensive (contact interface of about 1,760 AZ) and
most of them involve residues proven to be crucial for heterotrimerization in mutational studies [27-
30,35,50,51]. Furthermore, these interactions are protein selective since structural differences
between the NF-YB/NF-YC and H2B/H2A are present in this region and are coupled to poor
conservation in H2B/H2A of negatively charged residues important for NF-Y trimerization (Figure
3A,B). Similarly, sequence variations in the corresponding HFD region of NC2 (Figure 3A,C) was
demonstrated to prevent NF-Y A binding to the NC20/ HFD module [35,45].

Thus, evolutionary adaptations of the HFD regions endowed NF-YB and NF-YC with novel
functions compared to other histone proteins. Besides NF-YA recognition and binding, the aC
helices of NF-YB and NF-YC have been shown to be important for association with the TATA
binding protein (TBP) [52,53] and, therefore, to act as a scaffold for the assembly of the
transcriptional preinitiation complex. Because aC helices are not directly engaged in DNA contacts
(Figure 2C,E), protein-protein interactions with other TFs are possible in the presence and absence
of DNA [14]. Moreover, the aC helix of NF-YC interacts with cell cycle-controlling proteins such
as the proto-oncogene c-myc [54] and the tumor suppressor p53 [55]; such interactions might
suggest that they contribute to the essentiality of NF-Y in eukaryotes.

All these structural and biochemical data on NF-Y support the general idea of HFDs as protein-
protein interaction modules able to bind DNA in a core histone-like mode and to favor the binding

of other TFs. However, this vision is probably reductive. Indeed, NF-YB has been shown to be
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ubiquitinated at residue K138 of aC, which corresponds to K120 in H2B, and that this post-
translational modification (PTM) is associated to transcriptional activation [36]. NF-YB
ubiquitination is important for ubiquitination of H2B at residue K120 [25], which is genetically and
biochemically upstream of important activating histone methylations, such as H3K4me3 and
H3K79me?2/3 [56]. Considering that core histones display PTMs that are not only localized in tails,
but also within the HFD [57], and that several of these modified residues are conserved in their
nature and locations in the HFD subunits of NF-Y and in other TFs, it is tempting to conclude that
the PTMs of HFD-containing proteins might provide a further layer of potential epigenetic control

[43].

3. CCAAT recognition and binding

The crystal structure of the NF-Y trimer bound to DNA reveal the strategy employed by the
NF-Y A subunit for specific DNA sequence recognition at the CCAAT box [36,37]. While the NF-
YA helix Al mediates trimerization with the HFD heterodimer, helix A2 and the following Gly-X-
Gly-Gly-Arg-Phe loop motif (Gly-loop; X=any residue) provide sequence-specific contacts to the
CCAAT box by inserting deeply into the DNA minor groove, resulting in a striking minor groove
widening with a maximum of about 19 A at the first CCAAT-box adenine (Figures 2E,F and 3A).
The adjacent major groove regions are not affected by the NF-YA binding and, therefore, available
for the potential binding of other TFs. This observation is in keeping with the ability of NF-Y to
synergize with several TFs, most of which functionally recognize bases within the major groove, at
a conserved distance from CCAAT [15,25].

The Gly-loop, located after the A2 helix (Figure 2F), displays a kinked backbone which allows
close proximity of the two Gly-Gly carbonyl O atoms to the bases of the CCAAT complementary
DNA strand (GG) (Figure 4A). Bases on the CCAAT DNA strand (AAT) are instead hydrogen-
bonded to side-chains of Arg and His residues belonging to the NF-YA A2 helix (Figure 4B). In

addition, the NF-YA/DNA interactions include several stabilizing contacts to the DNA phosphate
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backbone and the minor groove insertion of the Phe residue belonging to the Gly-loop between the
AT/CG base pairs at the CCAAT box (Figure 4A). Interestingly, this Phe positioning into the minor
groove is reminiscent of that found in the TBP-DNA complex, where two Phe residues insert into
the first and last base pairs of the targeted TATA sequence [58].

All NF-YA residues involved in sequence-specific recognition are strictly conserved in
agreement with earlier mutagenesis data and with the matrix of DNA specificity [36]. Hence, a
combination of proper main-chain conformation and side-chain distribution makes the NF-YA A2
helix and the Gly-loop able to recognize and bind the CCAAT box by selecting the correct sequence
of pyrimidine or purine bases that favor hydrogen bond interactions and disfavor steric hindrance,
thus providing the structural explanation for the reduced or abolished affinity of NF-Y to mutant
CCAAT motifs [59]. It is likely that the NF-YA A2 helix slides along the DNA, thereby acting as a
sequence sensor, until appropriate interactions with the DNA bases at the minor groove are
provided, with the Gly-loop acting as an anchor to allow for high-affinity binding of NF-Y to the
CCAAT box [36,37]. This is also consistent with the fact that in the absence of bound DNA the NF-
YA A2 helix is structurally disordered [37].

The conformational flexibility required to direct the NF-YA A2 helix toward the DNA, while
keeping the A1 helix stably linked to the NF-YB/NF-YC interface, is provided by the A1A2-linker
(Figure 2F). Interestingly, the comparison of the crystal structures of mammalian and Aspergillus
NF-Y/DNA complex suggests some indications of the sequence-structure relationship that drives
the conformation of the A1A2-linker. Indeed, when the two structures are superimposed the
trimerization and the DNA binding modes are perfectly conserved, with the only significant
structural mismatch being localized at the C-terminus of the A1 helix and at the A1A2-linker on the
NF-YA subunit (Figure 5). The A1A2-linker is a region of relative divergence across kingdoms and
paralogs, and in the two structures it follows different pathways due to specific amino acid composition.
In mammalian NF-YA two residues, Gly260 and Pro263, are localized at the beginning of the linker and

guide its structure by providing flexibility and directionality, respectively (Figure 5A,C). These two
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residues are absent in the Aspergillus HapB subunit (corresponding to NF-YA), where instead Pro267,
located at the end of the linker, contributes to orient the A2 helix towards the DNA minor groove
(Figure 5B,C). These sequence differences at the A1A2-linker are coupled with variations at the N-
terminal region of the NF-YB subunits (i.e. Ile55 and Arg46 in mammalian NF-YB and Aspergillus
HapC, respectively), which faces the A1A2-linker. As a result, in mammalian NF-YA and Aspergillus
HapB the two Al1A2-linkers have a certain degree of structure variability but, nevertheless, the
following A2 helices are in register to each other and correctly inserted in the DNA minor groove at the

CCAAT box (Figure5).

4. The “hybrid nucleosome” hypothesis

The structure of the NF-Y/DNA complex bears some intriguing implications for the description
of the possible mechanistic bases of NF-Y action in vivo. The CCAAT motifs are at the top of the
list of the regulatory sequences that are spared by nucleosomes [60], and NF-Y has been reported to
interact directly with histone H3/H4, but not with H2A/H2B, during nucleosome reconstitution in
vitro [61]. The NF-Y/DNA structural data offer an explanation for these observations.

In nucleosomes, two left-handed superhelical turns of bent DNA are wrapped around an
octameric-histone core consisting of two copies each of the core histone proteins H2A, H2B, H3,
and H4. At the heart of the octamer there are two H3/H4 heterodimers related by a twofold axis of
symmetry, forming a stable (H3/H4), heterotetramer, with two H2A/H2B heterodimers bound to
opposite faces of (H3/H4), [39]. When the NF-Y heterotrimer structure is superimposed on
H2B/H2A within the nucleosome, the modeled NF-YB/NF-YC substituted almost ideally
H2B/H2A, with the core interaction with H3/H4 relying mostly on NF-YB (Figure 6A).
Considering that NF-YB Aspl15 residue is structurally homologous to H2B Glu90 (salt-bridged to
H4 His75 in the nucleosome) [39], it is tempting to propose that similar interactions can stabilize a
hybrid structure. Binding of one NF-Y trimer to the (H3/H4), heterotetramer for hybrid nucleosome
formation would require only minor reorientations of the NF-YA Al helix (and the following
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A1A2-linker) relative to the H4 o2 and a3 helices (Figure 6B). Note that acetylation of H4 Lys91 in
the H4 o3 helix is believed to affect nucleosome stability [62] suggesting an intrinsic structural
adaptability of the H4 a3 region. On the other hand, two NF-Y trimers cannot coexist in the hybrid
nucleosome, since the Al helix of one NF-YA subunit would overlap with the corresponding helix
of the other NF-YA subunit and partially with NF-YB. This is also in keeping with the fact that in
this model the CCAAT box is located after about 20 bp from the DNA start, and the presence of
two CCAAT boxes in the hybrid nucleosome would position them at 100bp distance, which is not
the distance usually found in multiple-CCAAT-containing DNA [63,64].

Thus, the available structural data suggest a model whereby NF-Y would prevent nucleosome
formation through association of the NF-YB/NF-YC heterodimer to a DNA-bound (H3/H4),
heterotetramer, the NF-YA A1A2-linker providing enough flexibility for the A2 helix to search for
and bind to a CCAAT-box. Interestingly the putative formation of a hybrid nucleosome was also
suggested by the analysis of the Aspergillus CBC structure, where it was shown that interaction of
the CBC with the H3/H4 pair that is part of the first nucleosome turn (with the consequent
formation of a tetrasome) is possible [37]. Furthermore, the NF-Y trimer in complex with a
CCAAT-containing 25bp DNA [36] has been reported to fit within the nucleosome core particle
bound to the DNA sequence of nucleosome A of the 3’-LTR of the mouse mammary tumor virus
(MMTV-A), with a good match not only between the NF-YB/NF-YC and H2B/H2A dimers, but
also in the DNA conformation in the region corresponding to the CCAAT box [65].

In this scenario, hybrid NF-Y/H3/H4 assemblies would locally halt nucleosome formation,
while providing opportunities for other TFs to associate with the neighboring target sequences.
Indeed, genome-wide studies have shown that the presence of Nucleosome Free Regions in active
or poised core promoters is a widespread phenomenon [66]. The location of CCAAT at about -80
bp, relative to the TSS, matches the predicted positioning of H2A/H2B in the “average” core

promoter nucleosome [60].
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5. Structural features of plant NF-Y

In the plant lineage NF-Y also consists of three subunits. However, each subunit can be
encoded not by one but by a family of genes (typically about 10), both in dicots and monocots,
differentially expressed in various tissues. As a consequence, different subunit combination can lead
to a wide variety of NF-Y trimeric complexes, suited to face the many environmental conditions
that a plant can experience [67,68].

Recently the first crystal structure of a plant NF-Y, the Arabidopsis thaliana NF-YB6/NF-YC3
dimer, has been solved [38]. This structure is of particular interest because within the NF-YB
genes, the Arabidopsis NF-YB6 and NF-YB9 form a conserved subfamily originally identified in
genetic experiments for their key roles in embryo maturation [69,70]. NF-YB9, also known as
LEAFY COTYLEDON 1 (LECI), and NF-YB6 or LECI-LIKE (L1L) are embryogenesis
regulators acting during transition from embryo to adult status: lec/ mutants display pleiotropic
phenotypes [71-76] and L1L (NF-YB6) was shown to be able to partially complement the lec/
defect [70]. Importantly, chimeric constructs have demonstrated that the LEC1 function in embryos
can be associated specifically to the HFD region of the NF-YB subunit [69]. Besides a general
interest related to their functional action, much interest on LEC1 and L1L is also associated to their
agronomic potential, since overexpression of LEC1 or L1L in various species have been reported to
result in significant changes in seed lipids/oils production [75,77,78].

The crystal structure of the Arabidopsis thaliana L1L/NF-YC3 HFD dimer reveals the typical
features of a “classical” NF-YB/NF-YC dimer with some structural specificities of the LEC1
family. In particular, the Arabidopsis L1L and NF-YC3 subunits interact in a head-to-tail fashion,
forming a classical histone-like pair (Figure 7A), with conserved positive and negative electrostatic
distributions on the surfaces predicted to be involved in DNA contacts and NF-YA interaction,
respectively (Figure 7B). Indeed, the L1L/NF-YC3 dimer was demonstrated to trimerize with the
Arabidopsis NF-Y A6 subunit and the trimer to bind DNA in EMSA experiments on a high affinity

CCAAT box probe derived from the human HSP70 promoter [38]. This result is important since it
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shows that a plant NF-Y trimer containing a L1L subunit is able to bind DNA directly. In fact, the
LECI1/LIL capacity to bind DNA was previously questioned because of the LEC1-specific presence
of an Asp residue in helix a2 (LEC1 Asp55 and L1L Asp84) where in “normal” NF-YB a Lys/Arg
is present and contacts the DNA phosphate backbone, 2 bps upstream of CCAAT. Genetic
experiments pinpointed Asp55 as crucial for LEC1 function in vivo: its mutation to Lys led to loss
of LEC1 activity, while an Asp substitution in a canonical Arabidopsis NF-YB was sufficient to
confer partial LEC1 behavior [69]. Superimposition of the mammalian NF-Y trimer in complex
with DNA on the Arabidopsis L1L/NF-YC3 dimer suggests that the electrostatic repulsion between
the negatively charged Asp84 and the DNA phosphate backbone would favor a slightly shifted
DNA trajectory, stabilized on the opposite side of the double helix by His79, which has been
proposed to be diagnostic for LEC1 family members (Figure 7C) [38].

Another interesting structural issue associated to plant NF-Y is related to the discovery of the
involvement of plant NF-Y genes in the control of photoperiod-dependent flowering time [79,80].
In particular, members of the large NF-YB/NF-YC plant families have been shown to trimerize
with COSTANS (CO), a key regulator of photoperiod-induced flowering time, via its conserved
CCT (for CO, CO-like, and TOC1) domain [79,80]. This interaction is physiologically relevant
since mutants in Arabidopsis NF-YB/NF-YC phenocopy the co mutants in terms of delayed
flowering-time phenotype [79,81-83]. Furthermore, the overexpression of the Arabidopsis NF-YA1
subunit causes late flowering, thus suggesting the intriguing possibility that CO and NF-YA
compete for the interaction with plant NF-YB/NF-YC dimers [84].

Sequence comparison of the DNA-binding region of NF-YA and CO indicate a marked
similarity at the A2 helix, but a shorter A1A2-linker and some sequence variation in the following
Gly-loop, with the absence of the first two Gly residues (Figure 8). Furthermore, the CO region
corresponding to NF-YA Al helix is rich in basic residues, as required for the heterotrimeric
assembly formation with the NF-YB/NF-YC HFD dimer. Indeed, mutations reported to affect CO

activity in vivo [80] correspond to amino acids essential for DNA-binding by NF-YA (Figure 8).
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Based on this sequence/structure analysis it has been suggested that CO might have evolved to
recognize slight variations of CCAAT, with a different 5’ end, while using NF-YB/NF-YC as a

DNA binding platform [36].

6. Conclusions

X-ray structures of NF-Y have provided crucial insights into the molecular mechanism
responsible for the recognition and binding to DNA and into the architecture of the NF-YB/NF-YC
HFD dimer and of the NF-Y trimer. These structures serve as a powerful guide for present and
future biochemical experiments aimed at understanding the contributions of individual amino acid
residues to the stability of the macromolecular assembly, to the sequence-specific DNA recognition,
and to the, so far poorly understood, role of post-translational modification at regulation sites.
Important objectives for the future will include the use of the whole arsenal of structural biology
techniques, including cryo-electron microscopy, X-ray crystallography and small angle X-ray
scattering (SAXS), in combination with biochemical and genetic analysis, to unravel the three-
dimensional architecture of higher order complexes formed between NF-Ys bound at multiple
CCAAT boxes, between NF-Y and core histone proteins to challenge the formation of a stable
hybrid nucleosome, and between NF-Y and other TFs demonstrated to act synergistically for
transcription activation.

As basic studies of transcription continue to provide insight into the molecular basis of human
disease, one of the challenges for the future will be to exploit structural insights of TFs for the
development of novel therapeutics. In this context, NF-Y may be seen as a target for cancer
progression drugs. The available genomic data of NF-Y locations are consistent with the recurrence
of CCAAT motifs in promoters of genes overexpressed in cancer, and indicate that NF-Y is a
pioneer TF for oncogenic activators, which acts either synergistically with adjacent DNA-binding
complexes or by “tethering” of individual oncogenic partners. Interfering with such pioneer action

of NF-Y could bear key implications for cancer control. The chase for an anti-proliferative drug that
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could act by displacing the NF-Y/CCAAT complex has already started, mostly focusing on minor-
groove binding drugs able to block interactions of NF-Y with the promoter of topoisomerase Ila,
thus blocking cell cycle progression without involving activation of p53 [85,86]. The availability of
the crystal structure of NF-Y in complex with its CCAAT-containing DNA target completely
changes the perspective in the field, providing the unique possibility to target NF-Y, and not the
DNA, for drug binding.

We can also anticipate that the research field on plant NF-Y will have a dramatic development
not only in the genetics area but also in structural biology. We expect that several new structures of
NF-Y and, possibly, CCT-containing proteins in complex with HFD dimers and DNA will be
solved in the near future. These data will provide the means for the rationalization and the full
understanding of the fine molecular details associated to the wide combinatorial association of plant
NF-Y subunits. For instance, they are expected to clarify whether sequence changes associated to
specific phenotypes are mirrored by structural rearrangements that can affect the trimer formation

and the DNA-binding affinity/specificity in plant NF-Y.
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Figure legends

Figure 1. Schematic representation of the NF-Y subunits. Color shaded boxes highlight the
evolutionarily conserved NF-YB/NF-YC and DNA binding domain (BC-DNA; green) in NF-YA,
H2B-like or H2A-like HFD domains in NF-YB and NF-YC (orange and cyan, respectively), and the
Gln-rich domains (Q-rich) in NF-YA and NF-YC (grey). The secondary structure composition of

the NF-Y subunits is shown in the enlargement panels.

Figure 2. Three dimensional structure of NF-Y. (A) The tertiary structure of mammalian NF-YB
(orange) and NF-YC (cyan) are shown as ribbon [36]. The secondary structure elements are
indicated. (B) Structural superimposition of NF-YB and NF-YC (PDB-code 4CSR), illustrated as
coils, to core histone H2B (magenta) and H2A (yellow) (PDB-code 1AOI [39], chains C/D,
respectively). The N-terminal histone tails (grey) are indicated. (C) Ribbon diagram showing the
NF-YB/NF-YC HFD dimer, and (D) structural superimposition with H2B/H2A. (E) Ribbon
representations of the NF-YA/NF-YB/NF-YC heterotrimer in complex with the HSP70 25 bp-
CCAAT-box oligonucleotide (PDB-code 4AWL [36]); secondary structure elements are labeled
and those at the protein-DNA interface are highlighted in red. NF-Y A and the DNA are colored
in green and grey, respectively, with CCAAT nucleotides highlighted in violet. (F) The tertiary
structure of NF-YA. The secondary structure elements, the A1A2-linker and the Gly-loop are

indicated.

Figure 3. Electrostatic surface and DNA binding-mode of HFD dimers. Electrostatic surface of
(A) NF-YB/NF-YC (NF-YA and DNA represented in ribbon and stick models color-coded as in
Figure 2) [36], (B) H2B/H2A (DNA in grey) [39], and (C) NC20/p (PDB-code 1JFI [40]; DNA in

grey and TBP in brown). Blue and red colors indicate positively and negatively charged regions,
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respectively. In panel (A), the widening of the DNA minor groove due to the NF-YA A2 insertion

in highlighted.

Figure 4. Sequence-specific interactions of NF-Y/DNA at the CCAAT-box. (A) Hydrogen bond
interactions of NF-YA residues belonging to the Gly-loop with the CCAAT DNA complementary
strand (grey), and (B) interactions between residues from the NF-YA A2 helix and the CCAAT
DNA strand (CCAAT in violet) [36]. Key residues are labeled, and hydrogen bonds are shown by

dashed lines.

Figure 5. Structure of the A1A2-linker. Structural comparison of the A1A2-linker in (A) the
mammalian NF-Y (PDB-code 4AWL [36]) and (B) the A. nidulans CBC (PDB-code 4G92 [37]).
The HFD subunits are shown in surface representation with NF-YB and the HapC in orange and
NF-YC and HapE in cyan. The NF-YA and HapB subunits are shown in ribbon representation
(green and blue, respectively). Relevant residues are represented in stick and indicated. (C)
Structural-based sequence alignment of the A1A2-linker in NF-YA and HapB. Identical and similar
residues are highlighted by yellow and grey shadings, respectively. Relevant Pro and Gly residues

are shaded in black.

Figure 6. Overlay of NF-Y on nucleosome (H3/H4), tetramer. (A) Side and top views of the
hybrid nucleosome model. The NF-Y subunits (colour code as in Figure 1) of one NF-Y trimer [36]
are shown after superimposition of the NF-YB/NF-YC on one nucleosome H2B/H2A (PDB-code
1AOI, chains D/C, respectively [39]). For clarity, the H2B/H2A dimers are not shown. The
corresponding H3 and H4 subunits (PDB-code 1AOI: chains E/F, respectively [39]) are shown in red
and yellow colours. The H3’and H4’ subunits (PDB-code 1AOI: chains A/B, respectively [39]),

forming with H3 and H4 the (H3/H4), tetramer, are shown in blue and pink colours. (B) Close up of
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the NF-YA Al helix. A small rearrangement of the NF-YA, H4 and H4’ helices (indicated) is needed

to avoid close contacts (highlighted by white arrows).

Figure 7. The Arabidopsis L1L/NF-YC3 dimer. (A) Ribbon diagram showing the L1L/NF-YC3
HFD dimer (L1L in light green and NF-Y3 in light pink), and (B) its electrostatic surface (PDB-
code 5G49) [38]. The blue and red colors indicate positively and negatively charged regions,
respectively. The orientation of the L1L/NF-YC3 dimer is similar to that of mammalian NF-
YB/NF-YC in Figure 2C. (C) Superposition of the Arabidopsis L1L/NF-YC3 dimer on the
mammalian NF-Y/DNA complex. The figure shows the position of L1L Asp84 and His79 (light
green sticks) relative to DNA (grey, CCAAT box in violet) and to the corresponding NF-YB
residues Lys78 and Thr73 (orange sticks). For clarity, the mammalian NF-YA and NF-YC and the

Arabidopsis NF-YC3 subunits are omitted.

Figure 8. Sequence alignment of the CCT domain with NF-YA. The consensus sequence for plant
CCT domains is aligned with the consensus sequence for Arabidopsis thaliana NF-YA proteins
(AtNF-YA) and human NF-YA (hNF-YA). Residues identical and similar are highlighted in yellow
and grey, respectively. Asterisks indicate the position of CCT domain mutations identified in plants
[80]. The consensus sequence for plant CCT and AtNF-YA is derived from the sequence alignment
of 24 CCT proteins and 10 AtNF-YA subunits, as reported in Petroni et al., 2012 [68], with residues
belonging to the consensus if conserved in > 50% of the aligned sequences. Variable residues are

indicated by x.
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