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Dear Editor,

The NF-Y transcription factor is a heterotrimer formed by evolu-

tionarily conserved subunits: NF-YA, NF-YB, and NF-YC.

NF-YB and NF-YC harbor a histone fold domain (HFD), structur-

ally similar to that of nucleosome core histones, and form a

tight dimer (Romier et al., 2003). NF-YA binds to the NF-YB/NF-

YC dimer and provides exquisite sequence specificity for recog-

nizing and binding the CCAAT box (Huber et al., 2012; Nardini

et al., 2013), an important DNA regulatory element of all

eukaryotes (Dolfini et al., 2009). In plants, each NF-Y subunit is

expanded to 8–14 genes (Laloum et al., 2013). Within the

NF-YB genes, LEAFY COTYLEDON1 (LEC1) and LEC1-LIKE

(L1L) form a conserved subfamily (Braybrook and Harada,

2008), originally identified in genetic experiments in Arabidopsis

thaliana (At-LEC1, corresponding to At-NF-YB9, and At-L1L,

corresponding to At-NF-YB6, respectively) for their key roles in

embryo maturation (Kwong et al., 2003; Lee et al., 2003).

Considerations based on available structures and sequence

alignments of At-NF-YBs raise questions as to the capacity of

LEC1/L1L to bind DNA. In addition, activation of seed-specific

genes by L1L, such as CRC, SUS2, and the lipidogenic

FAD3, involves indirect promoter tethering by interactions with

bZIP67, binding to abscisic acid response elements (ABREs)

(Yamamoto et al., 2009; Mendes et al., 2013).

To understand the specificities of plant LEC1-like NF-YBs, it

is mandatory to unveil their structural features. To this aim,

we crystallized and solved the structure of the core domains

of At-L1L and At-NF-YC3 subunits at 2.3 Å resolution (see

Supplemental Materials and Methods, Supplemental Table 1,

and Supplemental Figures 1A and 2). As expected, both

subunits adopt an HFD structure (helix a1–loop L1–helix a2–

loop L2–helix a3) and interact in a head-to-tail fashion, forming

a classical histone-like pair (Figure 1A). Both At-L1L and At-NF-

YC3 show the typical structural features specific for NF-YB and

NF-YC subunits, as highlighted by sequence/structure compar-

ison with the mammalian NF-YB/NF-YC heterodimer (sequence

identity of 63.4% for NF-YB and 73.8% for NF-YC; RMSD of

0.95 Å calculated over 170 Ca pairs) (Figure 1A) including,

among others, the presence of an intra-chain Arg-Asp biden-

tate pair in both subunits (Arg114-Asp121 in At-L1L, and

Arg121-Asp128 in At-NF-YC3), and the presence of a Trp res-

idue, absolutely conserved in NF-YCs (Trp113 in At-NF-YC3),

nestled in a hydrophobic pocket at the interface between the

L1/L2 loops pair of NF-YB and NF-YC (see Supplemental

Figures 2 and 3). The divergent regions that distinguish the

protein backbone of At-L1L/NF-YC3 from that of mammalian

NF-YB/NF-YC heterodimer are localized at the N and C termini

(Figure 1A).
We then analyzed the surface of the At-L1L/NF-YC3 dimer to

search for the presence of positively charged residues in the in

a1, L1, and L2 regions, predicted to be involved in histone-like

DNA contacts (see Supplemental Figure 2). Figure 1B (top view)

shows that, bar minor lateral differences essentially related to

At-L1L residues Asp84 in helix a2 andHis79 in loop L1 (discussed

below), the overall surface of the At-L1L/NF-YC3 dimer is very

similar to mammalian NF-YB/NF-YC, thus perfectly suited for

binding and bending the DNA (Nardini et al., 2013). We noticed

also the presence of a wide, acidic surface involving the At-L1L

helix a2 and the At-NF-YC3 helix aC, which matches perfectly

the location of the NF-YA binding groove in NF-YB/NF-YC

(Figure 1B, side view). Thus, Arabidopsis NF-YAs are expected

to bind the HFD heterodimer as mammalian NF-YA does. Indeed,

almost the totality of the mammalian HFD residues interacting

with NF-YA and with DNA are conserved in At-L1L/NF-YC3

(see Supplemental Figure 2).

We wished to ascertain whether trimers composed of plant NF-Y

subunits indeed bind DNA. For this purpose, we performed

electrophoretic mobility shift assay (EMSA) experiments, using

the At-L1L/NF-YC3 HFD dimer and the At-NF-YA6 subunit,

widely expressed in seeds. These experiments extend the infor-

mation previously published (Calvenzani et al., 2012), where

At-L1L trimerization and DNA binding were tested in EMSA by

using recombinant mouse NF-YA and NF-YC.

In the absence of genetic information on a CCAAT-containing

promoter expressed in seeds, hence potentially targeted by our

At-NF-Y trimer, we used a fluorescently labeled high affinity

CCAAT box probe derived from the human HSP70 promoter

(see Supplemental Materials and Methods). EMSA analysis with

increasing amount of the HFD heterodimer or At-NF-YA6, in the

presence of the respective counterpart, shows robust DNA bind-

ing only in the presence of At-L1L/NF-YC3/NF-YA6 trimers

and not of the separated subunits (Figure 1C). Furthermore,

the bands corresponding to the At-NF-Y/DNA complex are spe-

cific for CCAAT, since it is competed away by an unlabeled

CCAAT oligo but not by the one with an unrelated sequence

(Figure 1D). The Asn67/Asp mutation in helix a1 of At-L1L, a

key contact site between NF-YB and the DNA phosphate back-

bone in the mammalian NF-Y/DNA complex (Sinha et al., 1996;

Zemzoumi et al., 1999; Nardini et al., 2013), abrogates the

ability of At-L1L/NF-YC3 to bind DNA in EMSA experiments,

without affecting heterodimerization. A similar result is obtained

with the Glu96/Arg mutation in helix a2 of At-L1L, a site
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Figure 1. Structure and DNA Binding of
At-L1L/NF-YC3.
(A) Ribbon diagram showing the histone fold

dimer, and structural comparison of At-L1L/NF-

YC3 with NF-YB/NF-YC (PDB: 4CSR), where the

most divergent regions are highlighted by dashed

circles.

(B) Electrostatic surface of the At-L1L/NF-YC3

dimer (top and side views) compared with that of

NF-YB/NF-YC (PDB: 4AWL). Blue and red colors

indicate positively and negatively charged re-

gions, respectively. At-L1L His79 and Asp84 are

indicated. NF-YA and the bound DNA are repre-

sented in ribbon and stick models, with the

CCAAT box highlighted.

(C) Trimerization and DNA binding of At-L1L/NF-

YC3 dimer with At-NF-YA6 was assessed by

EMSA with Hsp70 CCAAT box DNA probe by

addition of increasing doses of the respective

NF-Y subunit(s) counterpart, as indicated. DNA-

binding mixes containing the HFD dimer (60 nM;

lanes 2–5) or At-NF-YA6 (60 nM; lanes 7–10) were

added with protein dilution buffer (DB; lanes 2, 7)

or increasing amounts (20, 60 or 180 nM) of At-NF-

YA6–6His or At-L1L/NF-YC3 (lanes 3–5; 8–10,

respectively). As negative controls, At-NF-YA6–

6His (lane 6) or At-L1L/NF-YC3 (lane 11) were

incubated alone with the probe, at the highest

concentration of the dose curve (180 nM). Lane 1,

probe alone DNA-binding mix without NF-Y sub-

units added. The At-NF-Y/DNA complex is indi-

cated by an arrowhead. fp, free probe.

(D) CCAAT specificity of the At-L1L/NF-YC3/NF-

YA6 NF-Y trimer/Hsp70 DNA complex was as-

sessed in EMSA by addition of increasing doses of

unlabeled CCAATDNA or unrelated oligo (ns, non-

specific) competitors. DNA-binding mixes con-

taining 20 nM labeled Hsp70 CCAAT probe alone

(lanes 1, 2, 7) or with increasing amounts of unla-

beled oligo competitors (lanes 3–5, Hsp70 CCAAT

competitor, 100, 500, or 2000 nM; lane 6, ns

competitor, 2000 nM) were added with At-NF-Y

trimer subunits (lanes 2–7, 60 nM At-L1L/NF-

YC3 and 180 nM At-NF-YA6-6His). Lane 1,

probe alone DNA-binding mix without NF-Y sub-

units added. The At-NF-Y/DNA complex is indi-

cated by an arrowhead. fp, free probe.

(E) Position of the Asp84 and His79 residues. The

superposition of the At-L1L/NF-YC3 dimer on

the NF-Y/DNA complex (PDB: 4AWL) shows the position of At-L1L Asp84 and His79 relative to DNA and to the corresponding NF-YB residues Lys78

and Thr73.

(F) Structure of the At-L1L N terminus. The superposition of the At-L1L/NF-YC3 dimer on the mammalian and A. nidulans NF-Y trimers (PDB: 4AWL

and 4G92, respectively) shows the overlay of the At-L1L N terminus relative to the NF-YA and HapB A1A2-linkers. The dashed circle highlights the

structural elements described in the text.
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demonstrated to be diagnostic for NF-YA association and trime-

rization (Sinha et al., 1996) (Supplemental Figures 1C and 4A).

Altogether, the data indicate that At-L1L and At-NF-YC3 are

bona fide NF-Y subunits able to form a canonical HFD hetero-

dimer, with a trimerization and a DNA-binding mode conforming

to the mammalian NF-Y.

Nevertheless, significant differences also emerge. Among the

HFD residues involved in DNA interactions, Asp84 of At-L1L

(Asp55 in LEC1) stands out, since it is typically Lys/Arg in other
646 Molecular Plant 10, 645–648, April 2017 ª The Author 2016.
plant, yeast, and mammalian NF-YBs (Supplemental Figure 2A).

In mammalian NF-YB, the corresponding Lys78, located in helix

a2, contacts the DNA phosphate backbone, 2 bp upstream of

CCAAT (Nardini et al., 2013). This residue was a major focus of

our attention, since genetic experiments pinpointed Asp55 as

crucial for LEC1 function in vivo: an Asp/Lys mutation led to a

dramatic loss of LEC1 activity, while a Lys/Asp substitution

was sufficient to confer partial LEC1 features to the more

‘‘canonical’’ At-NF-YB3 (Lee et al., 2003). EMSA experiments

on At-L1L wt and Asp84/Lys mutant show that both proteins
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bindDNAwith similar affinities (Supplemental Figures 1C and 4A).

The current dimer structure, superimposed on the quaternary NF-

Y/CCAAT complex (Figure 1E), 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 could compensate for the missing DNA contact

resulting from the Lys/Asp substitution at position 84 in At-

L1L (or 55 in LEC1) (Figure 1E). Notably, this His residue

is absolutely conserved in plants and diagnostic for LEC1

family members (see Supplemental Figure 2A). Note that

the corresponding mammalian Thr73 is not in contact with

DNA (Figure 1E), and essentially all ‘‘canonical’’ NF-YBs in plants

have an Asn residue at this position (see Supplemental

Figure 2A). In summary, the At-L1L model posits that Asp84

would ‘‘shift’’ DNA toward His79, making contacts with the

complementary strand, also upstream of CCAAT. This structural

variability in the protein–DNA interactions at the At-L1L Asp84

site (Lys in standard NF-YB subunits) supports the idea

that this protein region in different NF-YB subunits might

provide selectivity for different composition and flexibility of GC

versus AT sequences flanking the CCAAT nucleotides, thus ac-

counting for the functional differences in gene activation that

distinguish members of the L1L/LEC1-type subfamily from other

NF-YBs.

An additional difference is observed at the N-terminal parts of

At-L1L and At-NF-YC3, both more extended relative to their

mammalian counterparts (Figure 1A). In the crystal unit cell,

the At-L1L N terminus inserts between the core domain and

the N-terminal region of an adjacent At-NF-YC3 molecule (see

Supplemental Figure 5A). Formally, it is possible that crystal

growth/packing select for the extended conformation of the

N termini of both subunits, and that the physiological

conformations would be different. The following considerations,

however, suggest otherwise. The N terminus of At-NF-YC3 ex-

tends differently from the short stretch of NF-YC (Figure 1A),

but superimposition with NF-Y from A. nidulans (termed Hap;

Huber et al., 2012) reveals a similar backbone path (see

Supplemental Figure 5B): in HapE (corresponding to NF-YC),

this stretch leads to the long aN helix that runs antiparallel

to and contacts the a2 helix. Plant NF-YCs show conservation

in this area (Huber et al., 2012; see caption of Supplemental

Figure 2B), hinting at the presence of an aN, although not to the

full extension of HapE. On the At-L1L side, superimposition of

the extended N terminus reveals that it is located in the region

occupied by the A1A2-linker of NF-YA (and HapB) within the

NF-Y/DNA complex (Figure 1F). For this to be physiologically

relevant, one would have to assume that the At-NF-YA A1A2-

linker follows a different pathway due to specific amino acid

composition: indeed, this is an area of relative divergence across

kingdoms and paralogs. In mammalian NF-YA, two residues,

Gly260 and Pro263, guide the structure of the A1A2 linker by

providing the flexibility and directionality, respectively, needed

to orient the A2 helix toward the CCAAT box site (Figure 1F).

These two residues are absent in plant NF-YAs, including At-

NF-YA6. Furthermore, in the At-NF-YA2 homolog, the A1A2 linker

has four additional residues, suggesting a specific structuring

of this region (see Supplemental Figure 2C). Independently on

the structure of the A1A2 linker, the plant helix A2 should

be brought in register with that found in the mammalian
counterpart to allow correct recognition/binding of the CCAAT

box; a Pro residue (Pro205 in At-NF-YA6) is completely

conserved in plants, but not in mammalian NF-YA. Importantly,

a similar Pro residue is also present in fungi, notably

S. cerevisiae and A. nidulans, where Pro267 indeed contributes

to orient the A2 helix of the HapB subunit, despite a

different trajectory of the A1A2-linker (Figure 1F). However,

EMSA experiments on a Pro205/Gly mutant (Supplemental

Figure 1C) indicate that the mutant retains a DNA-binding affinity

comparable to that of the wt protein (Supplemental Figure 4B).

Thus, our analysis points out that this Pro residue, conserved in

plants, may be responsible for favoring the correct functional

orientation of the A2 helix toward the DNA in plant NF-YAs, but

it is not essential for efficient DNA association and to stabilize

the DNA bound complex, indicating a certain degree of structural

adaptability of the A1A2-linker region.

In conclusion, At-L1L is a bona fide NF-YB subunit that can tri-

merize and bind to the CCAAT box in a mammalian-like mode.

The structural data reported here highlight differences that help

explain the molecular mechanisms of LEC1/L1L activity and pro-

vide the basis for further genetic and structural analysis of plants

trimer/DNA interactions.
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