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NF-Y is a CCAAT-binding trimer with two histonic subunits, NF-YB and NF-YC, resembling H2A-H2B. We
previously showed that the short conserved domains of NF-Y efficiently bind to the major histocompatibility
complex class II Ea Y box in DNA nucleosomized with purified chicken histones. Using wild-type NF-Y and
recombinant histones, we find that NF-Y associates with H3-H4 early during nucleosome assembly, under
conditions in which binding to naked DNA is not observed. In such assays, the NF-YB–NF-YC dimer forms
complexes with H3-H4, for whose formation the CCAAT box is not required. We investigated whether they
represent octamer-like structures, using DNase I, micrococcal nuclease, and exonuclease III, and found a
highly positioned nucleosome on Ea, whose boundaries were mapped; addition of NF-YB–NF-YC does not lead
to the formation of octameric structures, but changes in the digestion patterns are observed. NF-YA can bind
to such preformed DNA complexes in a CCAAT-dependent way. In the absence of DNA, NF-YB–NF-YC
subunits bind to H3-H4, but not to H2A-H2B, through the NF-YB histone fold. These results indicate that (i)
the NF-Y histone fold dimer can efficiently associate DNA during nucleosome formation; (ii) it has an intrinsic
affinity for H3-H4 but does not form octamers; and (iii) the interactions between NF-YA, NF-YB–NF-YC, and
H3-H4 or nucleosomes are not mutually exclusive. Thus, NF-Y can intervene at different steps during nucleo-
some formation, and this scenario might be paradigmatic for other histone fold proteins involved in gene
regulation.

Gene expression is controlled by gene-specific trans-acting
factors and general transcription proteins recognizing discrete
elements in promoters-enhancers and operating in the context
of chromatin structures (reviewed in reference 45). The fun-
damental chromatin unit is the nucleosome, a DNA-protein
complex formed by 146 bp of DNA that wraps around core
histones, H2A, H2B, H3, and H4. Histones are among the
most conserved proteins in evolution, having in their C-termi-
nal regions a 65-amino-acid histone fold motif (HFM) with low
sequence identity (14 to 18%) and high structural resemblance
(2). It is minimally composed of three a helices, a1, a2, and a3.
The long central a2 (28 amino acids) is flanked by two short
ones separated by loop-strand regions; this structure enables
histone-histone interactions and contacts with the DNA (2,
29). Histones also possess N-terminal tails that are acetylated
at specific lysine residues. This process is highly regulated by
several acetylases, including some transcriptional coactivators,
and is thought to contribute to regulation of gene expression in
multiple ways: facilitation of transcription factors binding (43)
and of RNA polymerase progression (42) and chromatin sol-
ubility (38). Formation of nucleosomes is a stepwise phenom-
enon initiated by tetramerization of H3-H4 through H3-H3
interactions and binding of the tetramer to DNA; this nucle-
ates wrapping of DNA, but formation of a stable complex
requires subsequent association of two H2A-H2B dimers,
mainly through H2B-H4 contacts (12, 16–18). H3-H4 tetram-

ers, but not H2A-H2B dimers, dictate nucleosome positioning
(12).

Several polypeptides involved in the process of transcrip-
tional regulation were shown to contain HFM domains (3): (i)
Drosophila TAFII60 (dTAFII60)/human TAFII80 (hTAFII80),
dTAFII40/hTAFII31, hTAFII28, hTAFII18, and hTAFII20/
dTAFII30, which are part of the general TFIID complex (crys-
tallization of dTAFII60/dTAFII40 and hTAFII28/hTAFII18
dimers revealed their histone-like structures [6, 8]); (ii) the two
subunits of NC2 (also called Dr1/DRAP1), which bind TATA-
binding protein and repress transcription (15); (iii) an
hTAFII80-like subunit (PAF65a) of the P/CAF histone acety-
lase complex (37); and (iv) two subunits (NF-YB and NF-YC)
of NF-Y, a ubiquitous CCAAT-binding heterotrimeric com-
plex (3).

The CCAAT box is present in 25% of eukaryotic promoters,
with a strong position preference at 260 to 280 (33). In vivo
footprinting of several promoters invariably found this element
protected, and functional experiments indicate that it plays an
important and sometimes essential role in transcription. NF-Y,
originally identified as the protein binding to the major histo-
compatibility complex (MHC) class II Ea promoter Y box, has
an almost absolute requirement for the five CCAAT nucleo-
tides and has been implicated in the activation of most, if not
all, CCAAT-containing promoters (reviewed in references 31
and 33). It is composed of three different subunits, NF-YA,
NF-YB, NF-YC, each containing evolutionarily conserved do-
mains. NF-YB and NF-YC belong to the H2A-H2B subfamily;
their dimerization, elicited through strong HFM interactions,
is required for NF-YA binding. For this function, a complex
surface resulting from heterodimerization and comprising spe-
cific residues in NF-YC a1, in NF-YB a2, and at the C termi-
nus of a3 is necessary (21, 40). Detailed mutational analysis of
NF-YA and of the yeast homologue HAP2 identified a 56-
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amino-acid region that can be split into two short separable
parts, responsible for contacting NF-YB–NF-YC and DNA
(32, 46). Similarly, NF-YB and NF-YC histone folds contain
DNA-binding subdomains (21, 40, 47).

We have started to investigate the relationships between
NF-Y and higher-order structures on the MHC class II Ea
promoter, using an in vitro chromatin reconstitution system
from the brine shrimp Artemia franciscana and nucleosome
assembly assays with purified chicken histones. We found that
a small NF-Y formed by the homology domains can associate
with preformed nucleosomes. Translational analysis indicated
that CCAAT positioning at one end of the fragment leads to
NF-Y binding with slightly higher affinity (36). Detailed DNA-
binding studies with bending and phasing assays indicated that
the small NF-Y associates the CCAAT box and distorts DNA
in a way that is reminiscent of histones in the nucleosome (36).
However, careful examination of a set of wild-type (wt) and
mutant NF-Y subunit combinations indicated that important
DNA-binding parameters, such as flexure angles and off rates,
are remarkably influenced by regions outside the conserved
parts (28). In this study, we pursued our characterization of
NF-Y-nucleosome interactions by using wt NF-Y and recom-
binant histones, focusing in particular on the separated H2A-
H2B and H3-H4 dimers.

MATERIALS AND METHODS

Expression and purification of recombinant histone and NF-Y proteins. The
vectors coding for Xenopus laevis histones (29) (kindly provided by K. Luger,
ETH, Zurich, Switzerland) were used to transform Escherichia coli BL21(DE3)
(LysS). Protein expression was induced at an A600 of 0.6 by addition of isopropyl-
b-D-thiogalactopyranoside to a final concentration of 1 mM for 3 h for H2A,
H2B, and H3 and 1.5 h for histone H4. Bacterial pellets were resuspended and
sonicated in sonication buffer (150 mM KCl, 20 mM Tris-HCl [pH 7.8], 0.05%
NP-40, 0.1 mM EDTA, 5 mM 2-mercaptoethanol, 1 mM phenylmethylsulfonyl
fluoride [PMSF; Sigma], protein inhibitors) and centrifuged at 23,000 3 g in a
Beckman SW27Ti rotor for 30 min at 4°C. The inclusion body pellet was resus-
pended in sonication buffer, sonicated, and centrifuged again. Three cycles of
this procedure yield proteins that are .90% pure. Inclusion bodies were finally
resuspended in 6 M GnCl–20 mM sodium acetate (pH 5.2)–5 mM 2-mercapto-
ethanol–1 mM PMSF, and unfolding was allowed to proceed for 1 h at room
temperature on a rotating wheel. The four histones, or H3-H4 and H2A-H2B
couples, were mixed to a final concentration of 1.6 mg/ml and dialyzed against a
100-fold excess of refolding buffer (30) in 3-kDa-cutoff dialysis bags; the glycerol
concentration was adjusted to 20%, and proteins were stored at 280°C. The
full-length NF-Y subunits were expressed and purified as described in reference
28; NF-YB4 and NF-YC5 purification was also described previously (5).

Nucleosome reconstitution and EMSA. Labeled probes used for nucleosome
reconstitutions were fragments 2, 2m, and 6 described in reference 36. One
microgram of renatured core histones or 600 ng of H3-H4 or H2A-H2B dimers
was incubated with 250 ng of competitor DNA (salmon sperm DNA sonicated to
an average length of 200 bp) and 1 ng of labeled DNA (105 cpm) in a final
volume of 10 ml in 1 M NaCl-10 mM Tris-HCl (pH 7.8)–500 ng of bovine serum
albumin (BSA)/ml–1 mM 2-mercaptoethanol for 30 min at 20°C. The reaction
mixture was serially diluted to 0.8, 0.67, 0.57, 0.5, and 0.1 M NaCl by addition of
TE buffer (10 mM Tris-HCl [pH 7.6], 1 mM EDTA) every 15 min. NF-Y binding
reactions and electrophoretic mobility shift assays (EMSAs) were performed as
in reference 36.

For most of the experiments described, we used PCR-derived labeled frag-
ment 2, containing positions 2115 to 160 of the Ea promoter derived from the
PE3 plasmid (36). For Fig. 3C, we used an identical fragment mutated in the Y
box, generated by PCR (32, 36). For Fig. 4, we also used fragment 6, harboring
a CCAAT box in a central position (36). Antibody challenge experiments were
performed by adding 200 ng of anti-NF-Y (33), anti-Gata1 (Santa Cruz Biotech-
nology, Santa Cruz, Calif.), or antihistone (Boehringer Mannheim, Mannheim,
Germany) antibodies to the binding reaction mixture and then incubating it on
ice for further 30 min.

DNase I footprinting, MNase accessibility assay, and Exo III digestion. For
DNase I footprinting, micrococcal nuclease (MNase) accessibility assays, and
exonuclease III (Exo III) digestions, we used twice the amount of recombinant
histones as employed for EMSA. In this procedure, 20,000 cpm of reconstituted
tetramer or octamer particles was digested with 0.1 U of DNase I (grade I;
Boehringer Mannheim) supplemented with 5 mM MgCl2 and 10 mM CaCl2 at
37°C for 3 min, while free DNA was digested with 0.001 U of DNase I. The same
amounts of reconstituted tetramers or octamers and free DNA were digested in
2 mM CaCl2 with 0.01 U of MNase (Sigma) at room temperature for 2 min.

DNase I and MNase digestions were terminated by adding 2 volumes of DNase
I stop buffer (1.5% sodium dodecyl sulfate [SDS], 30 mM EDTA, 450 mM
sodium acetate [pH 5.2]). Then 50,000 cpm of reconstituted tetramers, octamers,
or free DNA was digested with 100 U of Exo III (Boehringer Mannheim) with
66 mM Tris-HCl (pH 8)–2.5 mM MgCl2–1 mM 2-mercaptoethanol at 37°C, and
aliquots of 28 ml were taken after 15, 30, 60, and 120 min and added to 56 ml of
DNase I stop buffer. DNase I, MNase, and Exo III digestion products were
phenol-chloroform extracted, ethanol precipitated, and analyzed on 7 M
urea–8% polyacrylamide gels.

Polyacrylamide gel purification of DNase I-digested complexes. Probe (105

cpm) was assembled with histones, histones and NF-YB–NF-YC, H3-H4, and
H3–H4–NF-YB–NF-YC and digested with DNase I as described above. Reac-
tions were stopped on ice in 5 mM EDTA and immediately loaded on a 4%
polyacrylamide gel. Bands corresponding to the different complexes located by
autoradiography of the wet gel were cut, crushed, and incubated with 500 ml of
diffusion buffer (0.5 M ammonium acetate, 10 mM magnesium acetate, 1 mM
EDTA [pH 8.0], 0.1% SDS) at 50°C for 30 min. Samples were centrifuged at
14,000 rpm for 5 min, and supernatants were passed through packed glass wool
to eliminate any residual polyacrylamide. DNA was phenol extracted, ethanol
precipitated, and analyzed on a sequencing gel as described above.

Protein-protein interactions. Pure histone dimers and the His-tagged NF-
YB4–NF-YC5 dimer (10 mg of each in 80 ml) were incubated together in BC2000
(2 M KCl, 20 mM Tris-HCl [pH 7.5], 1 mM b-mercaptoethanol, 0.05% NP-40,
100 mg of BSA/ml, 0.25 mM PMSF) and step diluted with BC100 (same as
BC2000 but containing 100 mM KCl) over a period of 2 h, until a salt concen-
tration of 0.35 M KCl was reached; 20 ml of nickel-nitrilotriacetic acid (NTA)-
agarose resin (Qiagen, Hilden, Germany) was then added, and the samples were
rocked for 1 h and washed twice with 1 ml of BC500. All procedures were
performed at 4°C. Bound proteins were eluted by boiling samples in SDS buffer
and analyzed in 17% gels stained with Coomassie blue. The NF-YB4 and NF-
YB43 Sepharose columns were described earlier (4); the NF-YB43 mutant
contain amino acids 51 to 117, lacking the C-terminal six amino acids of the
HFM. Histones (10 mg) were incubated overnight at 4°C with 50 ml of either
column in 200 ml of BC300 supplemented with 0.05% NP-40, 100 mg of BSA/ml,
and 0.25 mM PMSF. Samples were then washed with the same buffer, eluted, and
analyzed as described above.

RESULTS

Binding of wt NF-Y to nucleosomal DNA. In a previous
study, we used the short evolutionary conserved domains of
NF-Y to show that the trimer can associate with DNA that was
preassembled with purified chicken histones. By analyzing
DNA binding, bending, and phasing of several mutant combi-
nations, we became aware of two important facts: (i) the two
large Q-rich regions of NF-YA and NF-YC influence angle
amplitude and (ii) the presence of NF-YC aN and NF-YB aC,
absent in our YB4 and YC5 mutants, alters some of the DNA-
binding parameters, most notably shortening the off rate of the
DNA complex (28). For these reasons, we felt important to
assess the affinity of the wt NF-Y trimer for preassembled
nucleosomal DNA. A fragment of the MHC class II Ea pro-
moter containing the Y box in a semicentral position (fragment
2 [36]) was assembled with recombinant X. laevis histones,
recently used for crystallographic studies (Fig. 1A, lane 5).
Increasing amounts of wt NF-Y were added, either on naked
DNA (lanes 1 to 4) or on 30% nucleosomized DNA (lanes 6 to
9); upper complexes of slower mobilities were readily seen at
relatively low NF-Y concentrations (compare lanes 2 and 7).
To ascertain whether these complexes contain all NF-Y sub-
units, we challenged them with anti-NF-Y antibodies (33).
Figure 1B shows that antibodies directed against all three
subunits supershift the upper complexes, as well as the NF-Y
band on naked DNA (compare lanes 3 to 5 and 8 to 10). Note
that in the latter experiments, the 70% nucleosomized frag-
ment yielded, with comparable NF-Y concentrations, only nu-
cleosome–NF-Y complexes (compare lanes 2 and 7); this be-
havior is similar to that observed with the small YA9-YB4-YC5
mutant previously used in these assays (36). Thus, like the
short NF-Y mutant, wt NF-Y preferentially binds to a naked
CCAAT box, but the amount of wt NF-Y required (1.3 ng) to
bind DNA in a nucleosomal context is low compared to other
transcription factors (see reference 36 and references therein).
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Association of NF-Y during nucleosome reconstitution. Our
reconstitution assay can also be used to dissect NF-Y binding
during histone-DNA association. We incubated histones (Fig.
2, lanes 1 to 6), NF-Y (lanes 13 to 18), or histones and NF-Y
together (lanes 7 to 12) in the presence of cold competitor
DNA and 1 M NaCl; the salt concentration was then progres-
sively lowered over 15-min periods, and at each point an ali-
quot of the samples was loaded on a running EMSA. The
resulting patterns gave indications as to the binding of the
different complexes to DNA. During nucleosome assembly,
two bands were observed at 1 M (lane 1); they have been
observed in other studies (17, 18, 41) and most likely represent
the H3-H4 tetramer and ditetramers species detailed in glyc-
erol gradient experiments by Spangenberg et al. (41). In line
with this interpretation, they are observed upon reconstitution
with H3-H4 only (see below). At 0.8 M, the H3-H4 lower
complex is still present, while an intermediate band becomes
apparent and progressively predominant at lower salt concen-
trations (lanes 2 and 3 to 6); this represents H2A-H2B associ-
ation and formation of a stable histone octamer. With NF-Y
alone, no binding is observed until the NaCl concentration is
lower than 0.5 M (compare lanes 13 to 17 with lane 18); this
finding is in full agreement with previous results (19). When
histones and NF-Y are incubated together, two slowly migrat-
ing complexes are observed at 1 M NaCl, together with the
H3-H4 tetrameric complexes (compare lanes 1, 7, and 13).
These complexes persist at lower concentrations, progressively
merging into one major complex as H2A and H2B associate
(compare lanes 7 to 11). These results indicate that in the
presence of histones, NF-Y can bind DNA in nonpermissive
salt conditions and suggest that this is accomplished through
association with H3-H4.

Association of NF-Y HFM subunits with H3-H4 on the DNA.
The experiments described above suggest that the histone fold
subunits of NF-Y can bind histones while assembly takes place,
in the absence of NF-YA. To gain insight into the mechanism,
we reconstituted nucleosomes by incubating increasing near-
stoichiometric amounts of the NF-YB–NF-YC dimer alone,
with the four core histones, or with H3-H4 in the presence of
cold competitor DNA. Initially, we used the YB4-YC5 mutant
containing the evolutionarily conserved domains; as expected,
they had no DNA-binding capacity on their own (Fig. 3A, lanes
1 to 3) However, upon reconstitution with all core histones
(lanes 4 to 7) and with H3-H4 (lanes 8 to 11), a distinct band
was generated, with an electrophoretic mobility different from
that of the nucleosome or of the H3-H4 tetramers (compare
lanes 9 and 7 with lanes and 11). This complex was stable for
several days at 4°C (not shown). To investigate the protein
composition in such complexes, we challenged it with increas-
ing amounts of purified anti-NF-YB (Fig. 3B, lanes 1 to 3) and
antihistone antibodies (lanes 4 to 7). Both antibodies were able
to specifically supershift the H3–H4–NF-YB–NF-YC complex,
while an irrelevant anti-Gata1 antibody had no effect (lanes 8
to 10). These experiments suggest that a hybrid complex con-
taining both H3-H4 and NF-YB–NF-YC dimers can be formed
on DNA. We repeated the experiments with full-length NF-Y
subunits; the different combinations gave results similar to
those for YB4-YC5, as complexes of dissimilar electrophoretic
mobility were observed (Fig. 3C, lanes 1 to 5). In parallel, we
also checked whether the integrity of the CCAAT box was
required for formation of the NF-YB–NF-YC-nucleosome and
NF-YB–NF-YC–H3–H4 or YB4-YB5-H3-H4 complexes. For
this, we used an Ea fragment of identical length containing in
the Y box a 10-bp mutation that renders it unable to interact

FIG. 1. wt NF-Y associates a nucleosome-bound Ea Y box. (A) EMSA of a dose response of wt NF-Y on mock-reconstituted (0.5, 1, 3, and 10 ng; lanes 1 to 4)
or nucleosome (NUC.)-reconstituted (lanes 6 to 9) Ea fragment 2 (2115 to 160 of Ea [36]). Lane 5, no NF-Y added to nucleosomal DNA. (B) A 70% nucleosomized
Ea fragment 2 was run without NF-Y (lane 1), with 5 ng of NF-Y (lane 2), and with the same amount of NF-Y incubated with the indicated anti-NF-Y antibody (Ab;
200 ng of purified antibody; lanes 3 to 5). The same was in lanes 7 to 10 except that mock-reconstituted DNA was used.
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with NF-Y (36, 44). As shown in Fig. 3C and D, the patterns
generated with the different combinations were essentially
identical to that for the wt Ea fragment (Fig. 3C [compare
lanes 1 to 5 with lanes 6 to 10] and D [compare lanes 2 and 3
with lanes 6 and 7]), indicating that association of NF-YB–
NF-YC does not require the CCAAT box. Altogether, these
results indicate that NF-YB–NF-YC dimers associate with
H3-H4 and suggest the possibility that they might be incorpo-
rated with H3-H4 into hybrid nucleosomes or nucleosome-like
complexes.

Analysis of histone–NF-YB–NF-YC complexes with DNase I,
MNase, and Exo III assays. To verify this possibility, we per-
formed analysis with DNase I, MNase, and Exo III. These
enzymes, particularly MNase, have been widely used to assess
the presence of nucleosomes and map their exact positions.
Figure 4A shows DNase I footprints on fragment 6 (a fragment
with the CCAAT box in the dyad symmetry) and fragment 2
(CCAAT in a semicentral position) on both strands (36). Re-
constitution of fragment 2 with either H2A-H2B, wt NF-YB–
NF-YC, or combinations of the four proteins resulted in no
differences in cutting patterns with respect to the mock-recon-
stituted control (Fig. 4A; compare lanes 1 and 3 to 5); note that
the same result was obtained with the small-homology-contain-
ing proteins (data not shown). H3-H4 and nucleosome recon-
stitutions generated regular DNase I patterns of 10-bp cuts
very similar, albeit not identical, among each other (compare
lane 1 with lanes 6 and 8). Addition of the wt NF-YB–NF-YC
dimer did not modify substantially the H3-H4 pattern, failing
to render it identical to the pattern of the nucleosome (com-
pare lanes 6 to 8). However, addition of NF-YB–NF-YC to
core histones provoked a decrease in the intensity of a band in
the NF-Y footprinted region (compare lanes 8 and 9; see lane
2). Similar experiments were performed with fragment 2 la-

beled on both strands: when a labeled top strand was used,
essentially identical patterns were obtained with the different
combinations tested (compare lanes 10 and 12 to 15); on the
bottom strand, more pronounced differences were seen be-
tween H3-H4 and nucleosomes (compare lanes 18 and 20).
Addition of NF-YB–NF-YC failed to alter the patterns, with
the exception of an increased accessibility of an area at the
edge of the NF-Y footprinted region (compare lanes 20 and
21; see lanes 16, 17, 21, and 23). We also performed footprint-
ing experiments following gel isolation of the complexes shown
in Fig. 3. Nucleosomes, nucleosome–NF-YB–NF-YC, H3-H4,
and H3–H4–NF-YB–NF-YC were reconstituted as usual and
treated with DNase I; whole reconstitutions were loaded on a
polyacrylamide gel; complexes were separated; corresponding
bands were excised, eluted, and run on sequencing gels. Re-
sults of such experiment on fragment 2 labeled on the top
strand are shown in Fig. 4B. The overall patterns are rather
similar, with two prominent hypersensitive sites in H3–H4–NF-
YB–NF-YC complexes compared to H3-H4 (Fig. 4B; compare
lanes 3 and 4), while a clear protection is observed in nucleo-
some–NF-YB–NF-YC complexes compared to nucleosomes
(compare lanes 5 and 6). Note that one of the hypersensitive/
protection sites is located within the NF-Y footprinted area
(lanes 1 and 2). In summary, modifications on H3-H4 and on
nucleosomes induced by NF-YB–NF-YC addition are subtle in
this assay.

In DNase I assays, differences between the H3-H4 and nu-
cleosome patterns are relatively subtle, as expected from the
notion that H3-H4 tetramers are primarily responsible for the
10-bp cuts; thus, the differences effected by NF-YB–NF-YC
could be largely missed. To obviate this possibility, we used
MNase cleavage. This assay is based on the differential cuts
generated after reconstitution of H3-H4 tetramers, which tend
to protect a 75-bp fragment generated from the dyad symme-
try, from those observed with nucleosomes, which protect a
larger 150-bp fragment corresponding to the whole nucleo-
some. After reconstitution of nucleosomes on fragment 2,
MNase was added and fragments of different lengths were
indeed generated, as judged from the protein composition of
the complexes (Fig. 5). On the top strand, H3-H4 yielded
prevalent fragments of 95 and 106 bp (Fig. 5, lane 8); addition
of NF-YB–NF-YC to H3-H4 generated a predominant H3-
H4-like pattern but gave protections of intermediate bands at
positions 110 to 15 (compare lanes 8 and 9). On the other
hand, the nucleosome protected a larger fragment of 170 bp
(lane 6); NF-YB–NF-YC induced a large protection in the
region at the 39 end of the nucleosome (compare lanes 6 and
7). In parallel, we performed DNase I footprints on the same
H3-H4 and H3–H4–NF-YB–NF-YC reconstitutions and ob-
served regular 10-bp cutting patterns, strongly suggesting that
the MNase-resistant bands observed in these experiments are
indeed generated by the presence of highly positioned H3-H4
tetramers (lanes 1 and 2). The same type of analysis was per-
formed on the bottom strand of this fragment, also giving
regular 10-bp cuts in parallel DNase I experiments (lanes 10
and 11). MNase cuts at positions 211 to 217 with H3-H4 and
at position 284 with all four histones (lanes 14 and 16). Ad-
dition of NF-YB–NF-YC increased the intensities of the H3-
H4-generated cuts and yielded shorter fragments with nucleo-
somes in the NF-Y protected region at 265 (compare lanes 13
and 14 with lanes 15 and 16). Again, NF-YB–NF-YC did not
generate a nucleosome-like pattern. Overall, these MNase ex-
periments are consistent with the idea that a nucleosome is
highly positioned on the Ea promoter, with boundaries at 285
and 160 and a dyad symmetry at 210 with respect to the major
start site (see Fig. 7 for a summary).

FIG. 2. Binding of NF-Y during nucleosome assembly. Stoichiometric
amounts of histones were assembled in high salts with Ea fragment 2 and cold
competitor DNA, in the absence (lanes 1 to 6) or presence (lanes 7 to 12) of 5
ng of wt NF-Y. In lanes 13 to 18, 5 ng of wt NF-Y was used as in lanes 7 to 12,
in the absence of histones. Mixtures were progressively diluted, and at each NaCl
concentration, aliquots were added to a running polyacrylamide gel. The NF-Y,
H3-H4, nucleosome, and NF-Y–nucleosome bands are indicated.
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We also performed Exo III experiments on our reconstitu-
tions (Fig. 6); this assay is based on the 39-59 nuclease activity
of this processive enzyme, which is a measure of the stability of
the protein-DNA complexes. As expected, Exo III digestions
of nucleosomes generated protections larger than with tetram-
ers, on both the top (Fig. 6A; compare lanes 1 to 4 with lanes
5 to 8 and 13 to 16) and bottom (Fig. 6B; compare lanes 1 to
3, 4 to 6, and 10 to 13) strands of fragment 2. Addition of
NF-YB–NF-YC stabilized the H3-H4 tetramers (compare

lanes 5 to 8 and 9 to 12 in Fig. 6A and lanes 4 to 6 and 7 to 9
in Fig. 6B) and nucleosomes (compare lanes 13 to 16 and 16 to
20 in Fig. 6A and lanes 10 to 13 and 14 to 17 in Fig. 6B).
Moreover, NF-YB–NF-YC reduced some hypersensitive sites
(Fig. 6B; compare lanes 11 and 15). However, clear differences
between H3–H4–NF-YB–NF-YC and nucleosomal patterns
were present (compare lanes 9 to 12 and 13 to 16 in Fig. 6A
and lanes 7 to 9 and 10 to 13 in Fig. 6B). The results with Exo
III, summarized in Fig. 7, are in agreement with the nucleo-

FIG. 3. EMSA of a NF-YB–NF-YC–H3–H4 complex on the Ea promoter DNA. (A) Reconstitution of fragment 2 with increasing amounts of NF-YB4–NF-YC5
alone (200 ng, 400 ng, and 1 mg; lanes 1 to 3), with all core histones (lanes 5 to 7), or with H3-H4 only (lanes 9 to 11). Control reconstitutions with core histones and
H3-H4 alone are in lanes 4 and 8. The hybrid complex is indicated. Nuc., nucleosomes. (B) Antibody challenge of the hybrid NF-YB–NF-YC–H3–H4 complex. The
hybrid complex was incubated for 30 min at 4°C with increasing amounts of anti-NF-YB (100 and 500 ng; lanes 2 and 3), antihistone (10 ng, 100 ng, and 1 mg; lanes
5 to 7), or control anti-Gata1 (100 and 500 ng; lanes 9 and 10) antibodies (Ab). The supershifted complexes are indicated by asterisks. (C) The indicated combinations
of proteins (H2A-H2B [lanes 1 and 6], H3-H4 [lanes 2 and 7], H3–H4–NF-YB–NF-YC [lanes 3 and 8], H2A-H2B-H3-H4 [lanes 4 and 9], and H2A-H2B-H3-H4-
NF-YB-NF-YC [lanes 5 and 10]) were incubated with wt Ea DNA (lanes 1 to 5) or with a Y-box mutant (lanes 6 to 10). (D) Same as panel C except that H3-H4
tetramers were incubated alone (lanes 1 and 5) or with NF-YB4-NF-YC5 (200 ng [lanes 2 and 6] and 1 mg [lanes 3 and 7]). Nucleosomes are in lanes 4 and 8.
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some position derived by MNase and are consistent with the
hypothesis that the HFM subunits are associated to tetramers
and nucleosomes but do not transform the formers in octamer-
like structures. From this set of experiments, we conclude that
reconstitutions of NF-YB–NF-YC with H3-H4 do not lead to
the formation of bona fide nucleosomes, but addition of NF-
YB–NF-YC does modify the tetramer (and octamer) patterns
in ways that are consistent with association of the HFM sub-
units.

NF-YB–NF-YC dimers bind H3-H4 in solution. Because of
the data obtained from the DNA reconstitutions with NF-YB–
NF-YC and the evidence that HFM-containing TAFIIs are
able to interact with core histones in solution (8), we wanted to
test whether H3-H4 could bind directly to NF-YB–NF-YC in
the absence of DNA. To do this, we incubated equimolar

amounts of H3-H4 with homology domains containing His-
tagged NF-YB–NF-YC in high-salt (2 M KCl) conditions and
progressively diluted the sample to 0.35 M KCl. We then
added the NTA-agarose resin, to which the recombinant NF-
YB–NF-YC complexes bind; following an extensive wash with
0.5 M KCl buffers, we eluted bound proteins by boiling in SDS
buffer and analyzed them in SDS-gels. The result of such ex-
periment is shown in Fig. 8A. H3-H4 complexes were effi-
ciently retained by the nickel-NTA column only in the pres-
ence of NF-YB–NF-YC (lanes 3 and 4), whereas they were in
the unbound material when incubated alone on the column
(lanes 5 and 6). In similar experiments, H2A-H2B were not
bound to NTA columns, either in the presence or in the ab-
sence of NF-YB–NF-YC (not shown).

To confirm these data and verify whether the HFM of

FIG. 4. DNase I footprint of histone-NF-YB–NF-YC combinations. (A) The DNAs used were Ea fragment 2 (labeled on the top strand; lanes 1 to 9) and fragment
6 (2145 to 135 of Ea [36]; labeled on the top strand [lanes 10 to 15] and bottom strand [lanes 16 to 23]). After reconstitutions with stoichiometric amounts of the
indicated HFM protein combinations, aliquots were digested with DNase I and analyzed in sequencing gels. Asterisks denote bands that were diminished (lanes 8 and
9) or increased (lanes 20 and 21) when NF-YB–NF-YC was added to reconstitutions. To locate the position of the NF-Y footprinted area, samples in lanes 2, 11, 17,
and 23 contained only the NF-Y trimer, without histones. Asterisks indicate protections (lane 9) and hypersensitivities (lanes 19 and 21) upon addition of
NF-YB–NF-YC to histones. F, Free DNA; Nuc, nucleosomes. (B) The indicated complexes were DNase I digested, purified from gels (see Materials and Methods),
eluted, and run on sequencing gels. Lane 1, free DNA; lane 2, DNA and NF-Y; lanes 3 to 6, H3-H4, H3–H4–NF-YB–NF-YC, nucleosome, and nucleosome–NF-
YB–NF-YC, respectively. Asterisks indicate protections (lane 4) and hypersensitivity (lane 6).
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NF-YB is involved in interactions, as in the case of H2B-H4
(29), we used a different approach (4). The homology domains
containing YB4 and NF-YB43 (a mutant lacking part of helix
a3) were coupled to a Sepharose matrix, and the resulting
columns were loaded with H3-H4 or H2A-H2B histone dimers.
Bound material was recovered in SDS buffer and analyzed. As
shown in Fig. 8B, H3-H4 were retained, albeit not completely,
by the NF-YB4 column, but not by NF-YB43 (lanes 6 to 10),
while H2A-H2B did not bind to either columns (lanes 1 to 5);
the lower efficiency with respect to the NTA columns is most
likely due to the fact that coupling of recombinant proteins to
CnBr-activated Sepharose is a random process, involving ac-
tive sites in the HFM of the short YB4 mutant. Taken together,
these data prove that (i) NF-YB–NF-YC can efficiently bind to
H3-H4 but not to H2A-H2B, (ii) NF-YB–NF-YC regions out-
side the homology domains are expendable for this activity,
and (iii) the HFM of NF-YB is involved.

Association of NF-YA with the NF-YB–NF-YC dimer in a
nucleosomal context. The experiments described so far suggest
that the NF-YB–NF-YC dimer is able to interact with H3-H4,
both in solution and during reconstitutions, in a way that is
different from H2A-H2B association. Since NF-YB–NF-YC
binding to H3-H4 is mediated by the histone folds, which are
also required for trimer formation with NF-YA, an important
issue was to establish whether such NF-YB–NF-YC–H3–H4
complexes are compatible with NF-YA association and
CCAAT box binding or whether preengagement of HFM sub-
units with histones would preclude NF-YA binding. To address
this point, we added increasing amounts of NF-YA to the
reconstituted combinations detailed in Fig. 3 to 6. As expected,
no effect was seen on nucleosomes and on H3-H4 tetramers
(Fig. 9, lanes 1 to 3 and 7 to 9); an upper complex was observed
when NF-YA was added to the NF-YB–NF-YC-containing
reconstitutions, either with H3-H4 (lanes 5 and 6) or with

FIG. 5. MNase accessibility assay of histone–NF-YB–NF-YC combinations. Stoichiometric amounts of the indicated combinations of HFM proteins were
reconstituted with fragment 2 (labeled on the top strand [lanes 4 to 9] and bottom strand [lanes 13 to 18]), cut with MNase, and analyzed on sequencing gels. In lane
17, the NF-Y trimer was used to show the NF-Y footprinted area. F refers to free, mock-reconstituted DNA (lanes 4 and 5; uncut and cut with MNase, respectively).
Arrows correspond to the major and minor hypersensitive sites. Part of the H3-H4 and H3–H4–NF-YB–NF-YC reconstitutions were cut with DNase I and run in
parallel (lanes 1, 2, 10, and 11). Bars correspond to the 10-bp cutting patterns of DNase I. Sequencing reactions (T; lanes 3 and 12) were run in parallel to precisely
map the sites of MNase cuts.
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nucleosomes (lanes 11 and 12). This upper complex has an
electrophoretic mobility different from that of the band gen-
erated by the NF-Y trimer on naked DNA (compare lanes 5, 6,
11, and 12 with lanes 14 and 15). Moreover, the efficiencies of
upper complex formation are similar whether a nucleosome or
H3-H4 tetramers are present, further suggesting that H3-H4,
and not H2A-H2B, tetramers are NF-Y docking spots. The
protein composition in this upper band was checked with anti-
NF-Y antibodies, and all three NF-Y subunits were found to
be involved in this interaction (not shown). Thus, association
of NF-YB–NF-YC with H3-H4 and with nucleosomes is not
incompatible with subsequent binding of NF-YA.

DISCUSSION

In this study, we pursued our investigation on the interac-
tions between NF-Y and nucleosomal structures and detailed
its remarkable interactions with core histones. We found evi-
dence that NF-YB–NF-YC complexes bind to H3-H4, but not
to H2A-H2B, both in solution and in reconstitution assays with
DNA. The integrity of the NF-YB HFM is necessary for his-
tone interactions, thus suggesting that the HFMs of histones,
not their N-terminal tails, mediate association. Interestingly, a
highly positioned nucleosome is bound to the Ea core pro-
moter. DNase I and MNase digestions documented that addi-
tion of the NF-YB–NF-YC dimer to H3-H4 tetramers or nu-
cleosomes generated differences consistent with NF-YB–
NF-YC association but did not provide unambiguous proof of

an hybrid octamer-like structures. Finally, the complexes retain
remarkable NF-YA binding capacity.

NF-Y is thought to be an architectural protein playing a
major role in promoter and/or enhancer organization. Its pe-
culiar structure leads to the idea that part of its function stems
from special connections with nucleosomes. Few studies have
focused on the chromatin structure of NF-Y-dependent sys-
tems in vivo; in the Xenopus HSP70 promoter, NF-Y prevents
the formation of repressing arrays of nucleosomes, facilitating
the activity of the heat shock factor and of the general machin-
ery (23). In the rat uteroglobin enhancer, NF-Y is unable to
bind at the linker between two positioned nucleosomes unless
progesterone, the inducer of enhancer activity, is added (39).
Previous experiments of our lab started to dissect nucleosome–
NF-Y interactions in vitro; an NF-Y mutant, containing only
the evolutionarily conserved domains, showed specific and
rather efficient interactions with nucleosomal DNA (36). Al-
though the CCAAT specificity of this NF-Y mutant is identical
to that of the wt trimer, bending and phasing studies of several
combinations of NF-Y mutants on the double CCAAT of the
g-globin promoter yielded clear indications that two important
parameters are considerably different from the wt protein: (i)
the half-life of the small NF-Y-CCAAT complex is much
longer, 4 h compared to 15 min; and (ii) the flexure angles are
ampler, 80° versus 56° (28). Because of these findings, it was
important to verify the histone–NF-Y–DNA interactions with
a physiologically relevant trimer. One of the most interesting,
and somewhat surprising, results of the present study is that

FIG. 6. Exo III assay of histone–NF-YB–NF-YC combinations. Stoichiometric amounts of the indicated combinations of HFM proteins were reconstituted with
fragment 2 (labeled on the top strand [A] and bottom strand [B]), cut with Exo III for the indicated length of time, and analyzed on sequencing gels. Nuc., nucleosome.
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NF-Y associates DNA during histone deposition under high-
salt conditions which do not allow CCAAT binding on naked
DNA (reference 19 and Fig. 2). The most likely explanation for
this phenomenon is that NF-Y is recruited on DNA through
hydrophobic interactions with histone dimers, mediated by
HFM subunits. Because the NF-Y complexes are seen at 1 M
NaCl, when only H3-H4 tetramers are bound to DNA, it seems
logical to suppose that H3-H4 tetramers are responsible of this
recruitment, especially since we have shown H3-H4 binding in
protein-protein interactions in solution and de novo assembly
without H2A-H2B (Fig. 3 and 8). Other factors are able to
associate with H3-H4 tetramers: Tup1, a yeast global repres-
sor, interacts with H3-H4 through the N terminus of H3 (13);
the NF-1 P-rich activation domain also interacts with H3 and
H3-H4 (1); NF1 and OTF1 were shown to bind tetramers but
not nucleosomes on a reconstituted mouse mammary tumor
virus promoter (41); similarly, H2A-H2B inhibits binding of
TFIIIA to H3-H4 tetramers in X. borealis somatic 5S RNA
gene (18). NF-Y is the first transcription factor for which
histone fold association during nucleosome assembly has been
documented.

Our in vitro observations might have important physiological
consequences: many genes that are active early after replica-
tion require a DNA-bound NF-Y, and CCAAT-containing
promoters of cell cycle regulated genes are constantly bound
by NF-Y in vivo (reference 33 and references therein). Thus,
early association of this protein during nucleosome deposition

might be an essential signal of a soon to be active promoter and
a pivotal step in building up of additional interactions with
nearby DNA-binding activators and with the general transcrip-
tional machinery or holoenzyme. The demonstration of a re-
markably well positioned nucleosome on the Ea promoter,
which overlaps the CCAAT and Inr elements and whose 59
boundaries are adjacent to the crucial X-box element, will spur
further investigation on the existence of such structures in vivo.
Moreover, the recent recapitulation of the natural RFX com-
plex, which binds the X box as a trimer and makes cooperative
interactions with NF-Y (reference 35 and references therein),
will allow studies aimed at clarifying the interactions between
these two trimers in the well-characterized nucleosome context
described here.

We feel that our results have wider implications pertaining
the histone fold family, a growing group of proteins known to
form complex interactions among them, as exemplified by
HFM TAFIIs (6, 8). Results of TAFII-histone interactions
showed that the H4-like hTAFII80 can bind to H3, the H3-like
hTAFII31 binds to H4, and hTAFII20 binds to H2A and H2B
(8). Our findings of interactions of NF-YB–NF-YC with H3-
H4, but not with H2A-H2B, support the hypothesis that dis-
tinct subfamilies of HFM proteins have coevolved cross-dimer
preferences. The H3-H4 tetramer interacts with H2A-H2B
mainly via H2B-H4 association, elicited by hydrogen bonds of
H4-H75 and H4-K93 with H2B-E90 and H2B-E73, respec-
tively (29); in the corresponding positions, NF-YB also harbors
acidic residues, D115 and E98, two of the relatively few amino
acids that are absolutely conserved in 26 sequences from dif-
ferent species (33a), suggesting that indeed NF-YB contacts
H4 and indicating a reason for the strong evolutionary pressure
on these residues. On the other hand, the inability to interact
with H2A-H2B is in accordance with our recent observation
that NF-YB–NF-YC cannot cross-dimerize with the H2A-

FIG. 8. Protein-protein interactions between NF-YB–NF-YC and core his-
tone dimers. (A) NTA-agarose columns. Lanes: 1 and 2, NF-YB4–NF-YC5 and
H3-H4, respectively; 3 and 4, flowthrough and eluted material from NTA-aga-
rose supplemented with His-tagged NF-YB4–NF-YC5; 5 and 6, control NTA-
agarose columns run without NF-YB4–NF-YB5. (B) NF-YB4 and NF-YB43–
Sepharose (Seph.) columns. Load, flowthrough, and eluates of pure H2A-H2B
(lanes 1 to 5) and H3-H4 (lanes 6 to 10) are indicated. The four histones are run
together in lane 11.

FIG. 9. NF-YA associates with histone-bound NF-YB–NF-YC. Increasing
concentrations of wt NF-YA (1 ng [lanes 2, 5, 8, 11, and 14] and 5 ng [lanes 3,
6, 9, 12, and 15]) were incubated with mixed complexes previously reconstituted
with the indicated combinations of HFM proteins: H3-H4 (lanes 1 to 3), H3–
H4–NF-YB–NF-YC (lanes 4 to 6), H3-H4-H2A-H2B (lanes 7 to 9), H3–H4–
H2A–H2B–NF-YB–NF-YC (lanes 10 to 12), and NF-YB–NF-YC (lanes 13 to
15). Nuc., nucleosome.

8600 CARETTI ET AL. MOL. CELL. BIOL.



H2B-like subunits of NC2 despite their closer relatedness (47).
Moreover, interactions between NF-Y and HFM TAFIIs have
been recently documented in our lab (14a).

NF-YB–NF-YC, either the wt complex or short versions
containing the evolutionary conserved parts, can form com-
plexes in stoichiometric amounts with H3-H4 in our reconsti-
tution assays, in which a large (250-fold) excess of cold soni-
cated salmon sperm DNA is present; neither NF-YA nor the
CCAAT box is necessary. It was therefore of some importance
to establish whether such complexes could be considered as
nucleosome-like structures. DNase I, MNase, and Exo III as-
says were informative in this respect: in general, our data are
not in favor of this hypothesis, especially since a clear differ-
ence exists between the patterns generated by MNase on nu-
cleosomal DNA and those of NF-YB–NF-YC–H3–H4, which
resemble those of H3-H4 tetramers. However, differences
were found upon addition of NF-YB–NF-YC in all assays, with
respect to both H3-H4 tetramers and nucleosomes. Our data
imply that the NF-YB–NF-YC dimer is involved in contacts
outside the octameric or tetrameric structures, by associating
directly with H3-H4. The extended protections are an indica-
tion that additional sequences are contacted by the NF-YB–
NF-YC dimer; this might have important consequences for the
three-dimensional structure of the promoter by altering, dis-
turbing, or even arresting nucleosome deposition or hampering

association of linker histones. It should be remembered that
H2A-H2B association is an essential step in formation of a
transcriptionally repressive unit (16); histone folds interfering
with this step might thus counteract repression.

What is the physiological basis for performing experiments
with isolated NF-YB–NF-YC dimers? Studies on immortalized
cell lines suggested that NF-Y was a constant, noninducible
trimeric factor. Indeed, evaluation of HFM subunits expres-
sion in different systems indicated that they are ubiquitous (9,
14, 34). However, two types of evidence challenge this view. (i)
HFM dimers were shown to engage in high-molecular-weight
complexes in the absence of NF-YA, and evidence of associ-
ation with TFIID has been presented (4). Recent experiments
confirm these findings, as proteins involved in histone acetyla-
tion are found associated with NF-Y: human GCN5 binds to
the NF-YB–NF-YC dimer (10), p300 binds to NF-YB (26),
and P/CAF binds to NF-YA (20). It should be noted that
P/CAF is part of a large complex containing more than 20
polypeptides, including hTAFII31, hTAFII20, and PAF65a, all
proteins containing histone folds (37). Moreover, binding of
p300 to Xenopus NF-YB results in acetylation of NF-YB, the
functional consequences of which are unknown (26). Interest-
ingly, activation assays with HFM subunits fused to GAL4
indicated that they are sufficient to activate transcription ro-
bustly, two- to fourfold better than the NF-Y trimer (11); thus,

FIG. 10. Models for NF-Y–histone association. The NF-Y trimer associates with H3-H4 tetramers (a) or nucleosomes (c). The NF-YB–NF-YC dimer associates
with H3-H4 tetramers (b) and nucleosomes, presumably through H3-H4, and forms structures which can still be bound by NF-YA (d). H3-H4 tetramers are in yellow;
nucleosomes are in green.
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even in the absence of NF-YA, NF-YB–NF-YC could serve
the dual function of being able to confer nucleosome binding,
as shown here, and transcriptional activation potential to as-
sociated complexes. (ii) The expression of NF-YA in physio-
logical cellular systems is sometimes limiting and highly regulated
posttranscriptionally: NF-YA is dramatically down-modulated
in IMR90 fibroblasts upon senescence and in terminally dif-
ferentiated C2C12 myotubes (9, 14) but up-modulated in hu-
man peripheral monocytes following macrophage maturation
(34). The latter process is accomplished without cell division
and de novo chromatin deposition; it is possible that NF-YA
can directly interact with the structures described here, acti-
vating, among others, genes of the antigen presentation path-
way, such as MHC class II, all dependent on CCAAT boxes.
Within this conceptual framework, we feel that the remarkable
efficiency of NF-YA binding to a NF-YB–NF-YC dimer preen-
gaged in histone interactions is an important finding.

In summary, we think that NF-Y is a well-suited interface
with basic chromatin structures that can employ multiple
mechanisms to “open up” a promoter, as outlined in the
scheme presented in Fig. 10. It can prevent promoters from
being shut off by nucleosome deposition, and it can bind sites
that need to be activated but are embedded in nucleosomes.
NF-YB–NF-YC dimers, thanks to their histone-like structures,
can associate DNA during nucleosome formation; further dep-
osition of NF-YA will then lead to proper CCAAT box bind-
ing, local changes in the nucleosomal structure, and access of
activators binding nearby. The assays used here will now be
implemented in the study of facilitation of other activators
binding to the Ea promoter, both upstream and downstream of
the CCAAT box.
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