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NF-Y is a highly conserved heteromeric CCAAT-bind-
ing transcription factor involved in the function of sev-
eral promoters. The NF-YA subunit contains a domain of
high homology to yeast HAP2, which we show to be nec-
essary and sufficient to mediate interactions with the
NF-YB subunit and with DNA. Using protein affinity col-
umns derivatized with amino acid substitution mutants,
we further dissect this region into two functionally sep-
arable subdomains. The subunit association function re-
sides in a 21-amino acid stretch, which is almost per-
fectly conserved among different species, while
interaction with DNA resides in another short segment.
We also show that DNA-binding mutants act as domi-
nant repressors of NF-Y-DNA complex formation and of
NF-Y-dependent transcription.

The CCAAT box is one of the common elements of transcrip-
tional promoters in higher eukaryotes (Bucher, 1990). A num-
ber of proteins have been reported to bind this and related
sequences (see Dorn et al. (1987), and references therein).
Among these NF-Y (also called CP1 or CBF) was originally
identified as a mouse protein recognizing the Y box in MHC!
class II promoters (see Benoist and Mathis (1990) for a review).
NF-Y has an absolute requirement for the CCAAT motif (Dorn
et al., 1987) and has been shown to bind CCAAT boxes in a wide
variety of promoters: albumin (Raymondjean et al., 1988; Wua-
rin et al., 1990), globins (Dorn et al., 1987; Barberis et al., 1987,
Mantovani et al., 1989; Kim and Sheffery, 1990), B-actin
(Quitschke et al., 1989), a-collagen (Hatamochi et al., 1988),
and interleukin 4 (Szabo et al., 1993).

NF-Y is a ubiquitous heteromeric metalloprotein composed
of two subunits, NF-YA and NF-YB, both contacting DNA di-
rectly; each subunit alone cannot bind stably the target se-
quence (Hooft van Huijsduijnen et al., 1987; Hatamochi et al.,
1988; Chodosh et al., 1988a). Maity and de Combrugghe (1992)
have provided evidence that a third subunit is also part of the
complex, although this would be somewhat at odds with previ-
ous observations and this subunit remains to be formally iden-
tified. The genes coding for the two NF-Y subunits have been
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cloned in different species (Hooft van Huijsduijnen et al., 1990;
Vuorio et al., 1990; Maity et al., 1990; Becker et al., 1991; Li et
al., 1992a; Olesen et al., 1991; Li et al., 1993). Alignment of
protein sequences revealed a striking homology to the HAP2
and HAP3 genes of S. cerevisiae, involved in induction of cyto-
chrome genes by non-fermentable carbon sources (Olesen et al.,
1987; Pinkham et al., 1987; Hahn et al., 1988; Forsburg and
Guarente, 1989). HAP2 and HAPS are able to heterodimerize
with the corresponding mammalian subunits (Chodosh et al.,
1988b).

The N-terminal half of mammalian NF-YA contains a gluta-
mine-rich activation domain (Li et al., 1992b), while the C-
terminal half harbors a domain of marked homology between
NF-YA, HAP2, and Schizosaccharomyces pombe php2 (hereaf-
ter referred to as the homology domain) (Hooft van Huijsdui-
jnen et al., 1990; Maity et al., 1990; Li et al., 1993; Olesen et al.,
1991). A detailed genetic analysis of deletion and substitution
mutants of HAP2 (Olesen and Guarente, 1990; Xing et al.,
1993), and immunoprecipitation and DNA binding studies of in
vitro synthesized CBF-B (the rat homolog of NF-YA) (Maity and
de Crombrugghe, 1992) indicated that a region containing this
domain is functionally essential for interaction with CBF-A/
HAP2 and for DNA binding. The NF-YA homology domain does
not contain any recognizable protein-protein or DNA binding
motifs. To gain insights into what are apparently new modules
for transcription factors in higher eukaryotes, we felt it impor-
tant to better define the functional subdomains of NF-YA, and
further extend the structure-function analysis of NF-YA by bio-
chemical methods. To this end, we used bacterially produced
recombinant proteins in gel retardation, protein affinity col-
umns, and in vitro transcription experiments. Our data refine
the delineation of the functional stretches and allow us to iden-
tify dominant negative mutants of NF-YA.

MATERIALS AND METHODS

Production of Recombinant Proteins—Recombinant proteins were
produced with the Escherichia coli expression vector pET3b and the
BL21(DE3)LysE strain. Construction of the wild type “long” NF-YA
plasmid was essentially as described previously (Mantovani et al.,
1992), except that cDNA P8-9 was used (Li et al., 1992b). The subseg-
ments present in plasmids YA12 (amino acids 1-160), YA2 (161-346),
and YA9 (262-317) were prepared by polymerase chain reaction ampli-
fication of ¢cDNA (nucleotide positions 1-480, 481-1038, and 784-951,
respectively, of the NF-YA sequence shown by Li et al. (1992b)); the
fragments were inserted in the proper frame in the BamHI site of
pET3b. Point mutants of NF-YA were constructed by polymerase chain
reaction, following the strategy described by Higuchi (1988); from the
amplified mutated fragment, a Kpnl-BamHI subfragment was excised
and exchanged with the corresponding wild type fragment in pET3b/
NF-YA. The coding region of all mutants was checked by sequencing
before use.

Proteins were produced as inclusion bodies and renatured as de-
scribed (Mantovani et al., 1992). At least three independent prepara-
tions of each mutant were made and tested in the various functional
assays.

Protein Affinity Chromatography—Coupling of recombinant protein
to CNBr-activated Sepharose was performed according to the manufac-

20340



NF-YA DNA Binding

IPTG|- + IB - +-+1IB
NF-YA M| |NF-YB

. G5 EE RS

- SN §i
o 30 ke
a0l = -

- [TEeEs

1207
— 14---§’ =

1 2 3 4 56 789

Fic. 1. Production of recombinant NF-YA and NF-YB. SDS-poly-
acrylamide gel electrophoresis analysis of bacterial extracts after trans-
fection with plasmids derived from the pET3b expression vector, encod-
ing NF-YA (lanes 1 and 2) and NF-YB (lanes 7 and 8); vector alone
controls are shown in lanes 5 and 6. Production of the recombinant
proteins was induced with isopropyl-1-thio-B-p-galactopyranoside in
lanes 2, 6, and 8. Lanes 3 and 9 show preparations of renatured proteins
from purified inclusion bodies containing NF-YA and NF-YB.

turer’s instructions (Pharmacia Biotech Inc.). Protein matrix (500 ul, 2
mg) was washed in NDB-Mg (100 mm KCl, 20% glycerol, 20 mm HEPES,
pH 7.9, 2 mm MgCl, 1 mum dithiothreitol, 1 mm phenylmethylsulfonyl
fluoride) and rocked for 12 h at 4 °C with 2 ml of CH27 nuclear extract
(8 mg/ml). The slurry was poured into a column, and the flow-through
was reapplied twice. Following extensive washing with NDB-Mg (15
ml), bound proteins were eluted with 750 ml of NDB (20% glycerol, 20
muM HEPES, pH 7.9, 0.5 mm EDTA, 1 mum dithiothreitol, 1 mm phenyl-
methylsulfonyl fluoride) containing increasing concentration of KCI
(0.2-1.5 m). The fractions were dialyzed against NDB (250 ml for 2 h),
quick-frozen, and stored at —80 °C.

For the YA21-YA29 set of mutants, three columns were prepared
with each mutant protein and each was used for two independent ex-
periments.

Gel Retardation, Western Blot Analysis, and in Vitro Transcription—
Gel retardations with the Y box oligonucleotide were performed as
described previously (Dorn et al., 1987), with the indicated amount of
the recombinant proteins and 1 pl of CH27 nuclear extract (8 ng of
protein), or with 0.3-0.5 ul of a fraction from an affinity purification of
NF-YB. For the experiment with the NF-«B protein, an oligonucleotide
corresponding to the NF-«kB binding site of HIV long terminal repeat
(TAGGGACTTTCCGCTGGGGACTTTCCAG) was used, together with 1
ul (4 pg) of nuclear extract from a phorbol 12-myristate 13-acetate-
induced Jurkat T cell line; binding conditions were as reported by Os-
born et al. (1989). Western blots were performed as described (Man-
tovani et al., 1992). For in vitro transcription experiments, 100 ng of
recombinant protein was incubated on ice for 15 min in transcription
buffer with CH27 nuclear extract, either before addition of template
DNAs or after incubation at 25 °C for 15 min. Transcription reactions
were started by addition of NTPs and incubated at 30 °C for 40 min;
RNA purification and S1 analysis have been detailed previously
(Mantovani et al., 1992).

RESULTS

Production and Functional Assays of NF-YA—We inserted
the cDNAs corresponding to the A and B subunits of NF-Y into
the E. coli expression vector pET3b (Studier et al., 1990). Both
proteins were efficiently produced and mostly confined to in-
clusion bodies in which they represent 75-90% of the proteins
(Fig. 1). We considered this material pure enough to use with-
out further fractionation in the experiments described below; it
was solubilized in 8 M urea and renatured by slow dialysis
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against urea-free buffer. Proper folding of bacterial rNF-YA
could be evidenced by gel retardation assays together with B
lymphoma nuclear extracts (data not shown) or, more readily,
with purified NF-YB (see below). In contrast, we could never
demonstrate DNA binding activity with bacterially produced
NF-YB (soluble or renatured from inclusion bodies). To inves-
tigate the interactions between NF-YA and NF-YB, we used
protein affinity chromatography, by linking renatured NF-YA
to a solid matrix. We incubated CH27 nuclear extracts with the
derivatized resin, with a final elution by buffers containing
increasing concentrations of KCI; each fraction was analyzed in
the gel retardation assays. Results of such an experiment are
shown in Fig. 2 and indicate that NF-Y binding activity is no
longer visible either in the flow or in the fractions eluted from
the second NF-YA column (Fig. 24, lanes 1-14); this finding
suggests that the column is able to dissociate the activities
necessary for DNA binding. However, addition of recombinant
NF-YA to the eluted fractions restored the binding activity
(lanes 16-24), indicating that they contain NF-YB.? This was
also verified by Western blot analysis; NF-YB protein detected
in this manner eluted with a profile identical to that observed
by gel retardation (Fig. 2B). Recombinant NF-YA alone did not
shift the CCAAT oligonucleotide (see below); control columns
derivatized with bovine serum albumin or rNF-YB did not re-
tain any NF-Y subunits (not shown). Thus the NF-YA column
was able to bind NF-YB specifically, exchanging with natural
NF-YA present in the extract. Note that the interaction was
only possible when divalent cations were present in the buffer
(2-4 mm MgClL,), or when EDTA was omitted (data not shown).

Delineation of NF-YA Segments Interacting with NF-YB and
the CCAAT Box—Olesen and Guarente (1990) showed that a
short segment of HAP2 is sufficient to interact with the HAP3
subunit and bind DNA. Maity and de Combrugghe (1992) also
found that DNA binding activity of rat CBF-B (NF-YA) could be
narrowed to the C-terminal region. We quickly verified that
this assignment was also true for NF-YA, by expressing a few
truncates in E. coli (Fig. 3); efficient DNA binding, comple-
mented with an affinity-purified NF-YB fraction, could be
found to reside solely within a 56-amino acid fragment, encom-
passing exactly the motif homologous to HAP2 (mutant YA9,
spanning positions 262-317). Other regions appeared immate-
rial. (We have no clear explanation for the double band ob-
served with YA2. It probably does not result from degradation;
is it dimer/tetramer formation or an induced DNA conforma-
tion?).

These results confirm and refine the previous results of
Maity et al. (1992) and are quite logical, since the yeast and
mammalian subunits are known to cross-associate (Chodosh et
al., 1988). We thus focused our attention on this region, to
dissect the DNA binding and subunit interaction functions of
NF-YA. Analysis of amino acid composition and periodicity sug-
gested that two stretches have potential to form a-helices: from
position 264 to 290 and from position 295 to 320. We therefore
wished to scan the two regions by making substitutions that
would change amino acid side chains but not alter a hypothet-
ical helical structure. We constructed five mutants in the pu-
tative C-terminal helix by polymerase chain reaction mutagen-
esis, replacing 3 amino acids by alanines every other 3 amino
acids (Fig. 4A). Since this putative helix would have a marked
charge polarity (see below), we also attempted to perturb this

2 Maity and de Combrugghe (1992) have provided evidence indicating
that a third subunit may be necessary for the DNA binding activity of
NF-Y (CBF in their terminology). The data in the present paper have no
direct bearing on this proposition, and it is certainly conceivable that
the fractions purified on the NF-YA affinity column actually contain two
distinct factors. We will, however, refer to the purified activity that
complements NF-YA as NF-YB, for clarity.
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Fic. 2. Binding of NF-YB to a recom-
binant NF-YA column. Nuclear extract
from CH27 cells was fractionated by af-
finity chromatography over a Sepharose
column derivatized with rNF-YA. The ex-
tract was applied twice. F, flow-through;
W, wash fractions. Bound proteins were
eluted with increasing concentrations of
KCl, from 0.3 to 2.0 M, as indicated. A, the
fractions were analyzed by gel retarda-
tion with a labeled Y box oligonucleotide.
The DNA-binding assays were supple-
mented with rNF-YA (1 ng) in lanes 16—
24. B, the same fractions were analyzed
by Western blot with a polyclonal anti-
serum specific for the NF-YB protein
(Mantovani et al., 1992).
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Fic. 3. DNA binding activity of the NF-YA deletion mutants.
The cartoon on the left depicts the sequences contained in three deletion
mutants of NF-YA. The gel on the right shows the capacity of the
truncated recombinant proteins to bind the Y box oligonucleotide in a
gel retardation assay, when supplemented with an affinity-purified
fraction containing NF-YB. B, B cell lymphoma extract. Lane 0, YB
fraction alone.

organization by a double Lys — Glu transition (positions 269
and 276); we also tried to disrupt the helix by a proline substi-
tution at the non-conserved position 279. In addition, two triple
alanine mutations were introduced in the putative N-terminal
helix of the homology region. These mutations were placed in
the context of the whole NF-YA ¢cDNA, and the mutant proteins
expressed in E. coli. Western blot analysis with anti-NF-YA
antibody showed that all the mutant proteins were intact and
had the expected size (not shown).

The recombinant proteins were tested in gel retardation as-
says, after addition of an affinity-purified NF-YB preparation
(Fig. 4B). A varied spectrum of severity of the mutations could
be readily visualized over the range of concentrations tested;
mutant YA21 behaved as wild type, mutant YA27 was only
slightly less efficient, the mutation in YA26 was more severe,
and mutants YA25, 24, 23, and 22 were very strongly affected,
binding DNA only at the very highest dose tested (which we
estimate corresponds to a 2000-fold excess over the amounts
normally present in gel shift assays with crude nuclear ex-
tract). Finally, mutants YA28 and YA29 appeared completely
inactive.
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Fic. 4. DNA binding activity of the YA21-YA29 point mutants.
A, sequences of the mutated region in mutants YA21-YA29 of rNF-YA.
The sequence of each mutant is aligned under the wild type sequence,
with the amino acid changes underlined. B, different amounts of each of
the recombinant proteins (1-1000 ng) were tested in gel retardation
assays with a Y box oligonucleotide, after addition of aliquots of an
affinity-purified fraction containing NF-YB.

The inefficiency or absence of NF-Y-DNA complex formation
with a given mutant could be due to difficulty associating with
the companion subunit or to failure to interact with DNA. To
discriminate between these two possibilities and compare the
affinities of the NF-YA mutants for NF-YB, we used a protein-
affinity column assay. Sepharose columns were prepared with
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Fic. 5. Capacity of the NF-YA mutants to bind immobilized
NF-YB. Affinity matrices were prepared by coupling each of the NF-YA
triple mutants to Sepharose. The capacity of these columns to retain
NF-YB present in CH27 nuclear extract was evaluated by testing the
column fractions in gel retardation assays with a Y box oligonucleotide.
rNF-YA was added in the retardation assays to reveal the presence of
NF-YB. L, extract prior to loading on the column; FT, flow-through
fraction; W, wash. The proteins retained were eluted with increasing
concentrations of KCl, as indicated (0.2-1.5 m).

an equivalent amount of each of the mutant proteins and were
incubated in parallel with CH27 nuclear extracts. Each column
was step-eluted, and an aliquot of each fraction was mixed with
wild type rNF-YA and analyzed in gel retardation assays.

The results of one such experiment are shown in Fig. 5.
NF-YB (loaded in excess over the capacity of the columns)
activity was retained efficiently and eluted at similar salt con-
centrations from columns derivatized with wild type NF-YA
and mutants YA21, YA28, and YA29, typically with a maximum
eluting around 0.5-0.7 m KCI; YA27 and YA26 did bind NF-YB,
but less efficiently and with elution at slightly lower KCI con-
centrations. In all the other YA mutant columns, NF-YB was
essentially absent from the eluted fractions, implying that the
mutations prevent the protein/protein interaction between the
two subunits. This pattern corresponds well to that seen in
direct retardation assays with the mutants, with the clear ex-
ception of mutants YA28 and YA29.

As summarized in Table I, the data obtained in these experi-
ments can most easily be interpreted as separating two func-
tional regions of the DNA-binding domain of NF-YA; a stretch
lying between the comparatively harmless mutations YA21 and
YA27 (e.g. positions 266-286) is involved in the interactions of
NF-YA with the other subunit(s) of NF-Y. The other function-
ally important region is defined by mutations YA28 and YA29,
which do not affect protein-protein interactions, but completely
abolish NF-Y-DNA complex formation. By inference, this re-
gion directly contacts the DNA bases and must be, at least in
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part, responsible for the fine specificity of recognition of the
CCAAT motif. This interpretation is fully consistent with the
genetic data from the yeast analog (Olesen and Guarente,
1990) and extends the earlier indications obtained by Maity
and de Combrugghe (1992).

NF-YA Dominant Negative Mutants—Since some of these
mutations appeared to affect specifically one aspect of NF-YA
function, we reasoned that these defective proteins might in-
terfere with NF-Y, if added to normal cell extracts. The set of
mutant proteins was mixed with a CH27 nuclear extract before
the addition of a labeled Y box oligonucleotide and was ana-
lyzed by gel retardation. While most recombinant proteins had
no effect, the NF-Y band was severely decreased when the
nuclear extract was preincubated with 10 ng of YA28 or YA29
(Fig. 6A). We estimate that this amount of mutant rNF-YA
corresponds to a 20-fold excess over the normal NF-YA present
in the nuclear extract. Control experiments were performed to
establish the specificity of this inhibition; we incubated 100 ng
of the wild type and mutant NF-YA proteins with nuclear ex-
tracts from phorbol 12-myristate 13-acetate-induced Jurkat
cells, before addition of an HIV oligonucleotide containing an
NF-«kB binding site (Fig. 6B). No inhibition of the specific
NF-«kB band was observed; similar results were obtained with
GATA and YY1 proteins (not shown). Since the two inhibitory
mutants were precisely those with affected DNA-binding po-
tential but a normal capacity to interact with NF-YB, we con-
clude that this inhibition reflects a sequestering of NF-YB into
defective complexes.

These findings allowed us to assess the kinetic parameters of
YA/YB and YA/YB/DNA interactions using affinity-purified
NF-YB and recombinant NF-YA. An excess (20-fold) of YA28 or
YA29 proteins efficiently inhibited the NF-Y band when prein-
cubated with rNF-YA and NF-YB for 1 min before the addition
of the labeled oligonucleotide (Fig. 6C, lanes 2 and 4). However,
a preformed NF-Y-DNA complex was quite impervious to an
excess of either YA28 or YA29 mutant proteins added 1 min
after the initiation of complex formation (lanes 3 and 5). On the
other hand, if the formed NF-Y-DNA complex was incubated
with the inhibitor mutant for longer periods of time, some dis-
placement occurred with time; most likely, when the NF-
Y-DNA complex dissociates, the free NF-YB is trapped by the
dominant negative mutant. This allowed us to measure the
dissociation kinetic of the NF-Y-DNA complex. The off-rate has,
under these conditions, a ¢,,, of approximately 20-40 min (Fig.
7). As expected, the complexes formed with the partially defec-
tive mutant YA27 dissociated faster. These slow dissociation
kinetics contrast with the ready exchange of NF-YA and NF-YB
when not bound to DNA (the off-rate in the absence of DNA
must have a ¢,, on the order of a few seconds or less, as full
displacement occurs by 1 min).

These results prompted us to test our mutants in an NF-Y-
dependent in vitro transcription system, consisting of nuclear
extracts from CH27 cells eliciting the transcription of a B-glo-
bin reporter gene under the control of the mouse MHC class II
Ea promoter (Viville et al., 1991; Mantovani et al., 1992).

Preincubation of 100 ng of YA28 and YA29 mutant proteins
with the CH27 nuclear extract before the addition of template
DNA severely decreased initiation from the correct Ea start site
(Fig. 84); a slight negative activity was also seen with YA26,
and the other recombinant proteins had no effect. The inhibi-
tory influence of YA28 and YA29 did not affect Ea initiation at
position —25 (a spurious and artifactual initiation site observed
in vitro, which we have found to be NF-Y-independent; Man-
tovani et al. (1992)). We noted a partial inhibition of the SV40
promoter with YA28 and YA29; while the SV40 early promoter
is not thought to depend on NF-Y, we had previously observed



20344

NF-YA DNA Binding

TasLe I
Summary of the effect of triple substitutions in NF-YA on functional interactions

Subunit DNA
Mutant Sequence interaction binding
YAWT EPLYVNAKQYHRILKRRQARAKLEAEGKIPKERRKYLHESRHRHAMARKRGEGGRF 4+ 4+
YA21 EAAAVNAKQYHRILKRRQARAKLEAEGKIPKERRKYLHESRHRHAMARKRGEGGRF 4 4+
YA22 EPLYVNAAAAHRILKRRQARAKLEAEGKIPKERRKYLHESRHRHAMARKRGEGGRF - -
YA23 EPLYVNAKQYHRIAAARQARAKLEAEGKIPKERRKYLHESRHRHAMARKRGEGGRF - -
YA24 EPLYVNAKQYHRILKRRQAAAALEAEGKIPKERRKYLHESRHRHAMARKRGEGGRF - -
YA25 EPLYVNAEQYHRILERRQARAKLEAEGKIPKERRKYLHESRHRHAMARKRGEGGRF - -
YA26 EPLYVNAKQYHRILKRRPARAKLEAEGKIPKERRKYLHESRHRHAMARKRGEGGRF + +
YA27 EPLYVNAKQYHRILKRRQARAKLEAAAATPKERRKYLHESRHRHAMARKRGEGGRF ++ ++
YA28 EPLYVNAKQYHRILKRRQARAKLEAEGKIPKERRKYLHESRHRAAAARKRGEGGRF 4+ =
YA29 EPLYVNAKQYHRILKRRQARAKLEAEGKIPKERRKYLHESRHRHAMARKAAAGGRF 4 -
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Fic. 6. Dominant inhibition of DNA binding by mutants YA28
and YA29. A and B, equal amounts (10 ng) of each of the NF-YA mutant
proteins were incubated together with nuclear extract under conditions
of gel retardation assays, with Y box (A) or NF-«B (B) oligonucleotides.
In C, the mutant proteins were introduced either before (-1') or after
(+1") the addition of labeled DNA to the incubation.

a slight inhibition of SV40-driven transcription by anti NF-Y
antibodies (Mantovani et al., 1992). We then changed the order
of addition of components in the transcription assay, first incu-
bating the transcription extract with DNA, thus allowing a
stable preinitiation complex to form, and secondarily challeng-
ing it with the YA mutants; no inhibition of transcription was
observed in this instance (Fig. 8B).

DISCUSSION

The experiments presented here confirm and extend the ex-
isting notions on the structure of the NF-YA DNA-binding re-
gion.

1) Deletion mutant analysis clearly showed that no addi-
tional sequences outside the 56 amino acids of the HAP2 ho-
mology domain are necessary for association with NF-YB and
DNA binding; the sequences present in mutant YA9 are neces-
sary and sufficient.

Fic. 7. Dissociation kinetics of the NF-Y-DNA complex in the
presence of a dominant inhibitory mutant. NF-Y-DNA complexes
were formed by incubating labeled Y box oligonucleotide together with
affinity-purified NF-YB and rNF-YA (either wild type or mutant YA27).
A 30-fold excess of mutant YA28 was added after 10 min, and the
incubation allowed to continue at 25 °C for various times. Aliquots were
loaded on the gel after the indicated times, and the proportion of NF-
Y-DNA complex remaining was measured by densitometry of the auto-
radiograph. The two curves shown correspond to the dissociation of
complexes formed with wild type or mutant NF-YA proteins.

2) Within the set of replacement mutants, all the protein-
protein interaction mutants (YA22—-YA26) map to the N termi-
nus of the HAP2 homology domain, while the DNA-binding
mutants (YA28, YA29) are on the C terminus. This distribution
clearly delineates two subdomains within the HAP2 homology,
responsible respectively for protein-protein (the N-terminal
subdomain) and DNA binding (the C-terminal subdomain). The
genomic organization of NF-YA supports this idea, since the
homology domain is indeed split in two, being encoded by two
separate exons (Li et al., 1992b).

3) Binding of NF-YB to NF-YA can occur in solution and on
affinity columns, DNA being apparently unnecessary but metal
ions being essential. The latter probably explains the effect of
metal-chelating agents on NF-Y binding to DNA (Hooft van
Huijsduijnen et al., 1987).

NF-YB Association Segment—Mutants YA21 and YA27,
which behave in all assays essentially like wild type NF-YA
molecules, delimit the subunit interaction domain to 21 amino
acids: Val-266 to Ala-286. This positively charged region is al-
most perfectly conserved among the different species (Table I).
The triple mutations within this stretch virtually abolished
subunit interaction (YA22, YA23, and YA24), as did charge in-
versions in two conserved lysine residues (K269E, K276E). It



NF-YA DNA Binding

YA: 2122 23 2425 26 27 28 29 wt -

T WY <sva
v 4 25
4 15 15' 400

& STOP

YA: 2122 23 24 25 26 27 28 29 wt -
<+ -25
"\-—n-“-.—hp—-*

I e T

< SVCt

S N W G S e i

‘ . -

y 25 4°

4 15 15' 400
& STOP

Fic. 8. Inhibition of NF-Y-dependent in vifro transcription by
dominant negative mutants. A, in vitro transcription reactions were
set up with extract from CH27 cells, supplemented with 10 ng of protein
from each of the rNF-YA mutants, and template DNA consisting of the
Ea promoter driving the transcription of a B-globin reporter segment.
The RNAs transcribed were quantitated by S1 mapping. The three
major bands produced correspond to transcripts from the SV40 pro-
moter template used as an internal control in the reactions (SV Ctl), the
main initiation site of the Ea promoter (+I Ea), and an artifactual
initiation, which occurs under conditions of in vitro transcription and
which we have shown to be independent of NF-Y (-25; see Mantovani et
al. (1992) and references therein). B, as A, except that the order of
addition of components was reversed and the mutant proteins added
after preincubation of the transcription extract with the template DNA.

should be noted that Maity and de Crombrugghe (1992) have
found that mutating the same two lysine residues to alanines
had no effect in a fairly similar test system. It thus appears
that it is the introduction of negative charges at these positions
that cannot be tolerated for subunit interaction. A single pro-
line substitution at the relatively non-conserved position 279 is
also quite deleterious. These results are consistent with the
idea that a hypothetical a-helix (Li et al., 1992b) could be re-
sponsible for association with NF-YB.

DNA-binding Segment—Although the association between
subunits is required for DNA binding, a separate stretch of the
HAP2 homology domain is necessary to contact the DNA, as
indicated by behavior of YA28 and YA29. In the case of CBF, two
double mutants mapping in this region were also shown to be
crippled (Maity and de Crombrugghe, 1992). For HAP2, the
DNA-binding subdomain was mapped between Tyr-194 and
Phe-214 (corresponding to Tyr-297 and Phe-317 in NF-YA). In
our case, the DNA-binding segment is delineated on its right by
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the end of the 56-amino acid homology domain, at position 317
(mutant YA9); the left boundary cannot be defined precisely
with our mutants, but it extends at least to position 304, and
most likely to position 297, the edge of the nearly perfect con-
servation from yeast to mammals.

Sequence requirements for DNA contacts appear more fas-
tidious than those for subunit interaction; no binding whatso-
ever is detected even at the highest doses of mutants YA28 and
YA29, while the mutations that affect the subunit interaction
region almost all leave at least a trace of function, detectable
with large excesses of mutant protein. One can hypothesize
that the protein/protein interfaces are more flexible and better
able to accommodate changes than those involved in the accu-
rate sensing of DNA sequence.

Dominant Negative Mutants—We show that DNA-binding
mutants, when preincubated with nuclear extracts, act in a
dominant negative way on NF-Y activity: on DNA binding in
gel retardation experiments and on transcription of the MHC
class II Ea promoter in vitro. This is most likely due to normal
association with NF-YB and formation of defective NF-Y mol-
ecules, unable to bind the Y box and to nucleate the formation
of stable preinitiation complexes on the Ea promoter; in fact,
when preinitiation complexes were allowed to form by preincu-
bating template DNA with the nuclear extract, no effect of the
mutants was observed (Fig. 8B). We have shown previously
that multiple rounds of reinitiation take place in our in vitro
system (Mantovani et al., 1992). The data of Fig. 8B thus imply
that reinitiation is not affected by the dominant negative mu-
tants. NF-Y must remain bound to the DNA between the suc-
cessive rounds of polymerase entry. This behavior of the dom-
inant negative proteins is different from that of anti-NF-Y
antibodies, which had the potential to inhibit reinitiation
(Mantovani et al., 1992). Steric hindrance by the antibodies
was probably preventing the reentry of the polymerase or as-
sociated factors; this mechanism does not occur with the com-
petitive inhibitors used here.

The dominant negative behavior of NF-YA DNA-binding mu-
tants has been observed with several other heteromeric tran-
scription factors such as Jun (Gentz et al., 1989), Fos (Ransone
et al., 1990), Myc (Dang et al., 1989), or NF«B (Logeat et al.,
1991; Toledano et al., 1993; Bressler et al., 1993). The negative
dominant mutants of NF-Y will be important tools in establish-
ing the role of NF-Y in several different systems in which its
involvement has been so far suspected, both with in vitro tran-
scription studies and transfection experiments. Similarly, our
mutants can be used to test the possible functional interaction
with other molecules with sequence homology to NF-YB, such
as DR1 (Inostroza et al., 1992). More generally, the biochemical
assays described in this study can also be used to test directly
the hypothetical structure of NF-Y and to investigate other
important protein-protein interactions in which this transcrip-
tion factor might be involved.
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