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MADS-box proteins are transcription factors present in
different eukaryotic kingdoms. In contrast to plants, for
mammalian and yeast MADS-box proteins ternary com-
plex formation with unrelated transcription factors was
reported. We show here the first identification of such
ternary interaction in plants. A rice seed-specific NF-YB
was identified as partner of OsMADS18 by two-hybrid
screening. NF-YB contains a histone fold motif, HFM,! and
is part of the trimeric CCAAT-binding NF-Y complex. Os-
MADSI18, alone or in combination with a natural partner,
interacts with OsNF-YB1 through the MADS and I re-
gions. The mouse NF-YB also associates with OsMADS18
in vivo and in vitro as a NF-YB-NF-YC dimer. Other rice
MADS-box proteins do not interact in these assays, indi-
cating specificity for the interaction. OsNF-YB1 is capable
of heterodimerizing with NF-YC, but not trimerizing with
NF-YA, thus precluding CCAAT binding. Mutation of the
variant Asp at position 99 of the HFM «2-helix into a
conserved serine recovers the capacity to interact with
NF-YA, but not with DNA. This is the first indication that
members of the NF-YB family work through mechanisms
independent of the CCAAT box.

MADS-box genes have been identified in a large number of
different plant species (1). They have been shown to play key
roles in plant development, regulating the transition from veg-
etative to reproductive growth (2—4), determining the identity
of the floral meristem (5), floral organs (6, 7), ovules (8, 9), root
development (10), shattering (11), and plant aging (12). The
best studied plant MADS-box genes are those determining
floral organ identity in Arabidopsis and Antirrhinum, where
many flower homeotic mutants, i.e. ag, ap3, pi, and apl in
Arabidopsis and squa, def, glo, and ple in Antirrhinum, have
been described and found to be caused by mutations in MADS-
box genes (13-15).
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Plant MADS-box proteins share a similar modular secondary
structure. The MADS-box (M), at the N terminus, is by far the
most conserved part of these proteins and is the DNA-binding
domain (16). The MADS-box is followed by the I region (I), the
K-box (K), and the C terminus (C), which is the most divergent
part (17, 18). The K and I are both involved in MADS-box
protein dimer formation (19-23).

MADS-box proteins bind in vitro to a CArG box (23). This
conservation in the binding sites does not reflect the specific
functions that different MADS-box factors seem to have in vivo.
The specific regulation of target genes will be dependent on the
interactions MADS-box proteins make to form homo- or het-
erodimers and on the interactions these dimers make with ter-
nary proteins. Using the two-hybrid system, it was shown that
the Antirrhinum MADS-box proteins DEFICIENS (DEF) and
GLOBOSA (GLO) exclusively interact with each other (19). On
the contrary, the Antirrhinum PLENA (PLE) and Arabidopsis
AGAMOUS (AG) proteins, both necessary for reproductive organ
development, interact with several other MADS-box proteins (19,
22). The specificity of the interactions between the different
MADS-box transcription factors is undoubtedly one of the mech-
anisms to enhance the selectivity for target gene activation. In
addition, ternary complex formation between the Antirrhinum
MADS-box proteins SQUAMOSA (SQUA), DEF, and GLO has
been described: the DEF-GLO heterodimer is able to form a
ternary complex with the SQUA homodimer via the C termini
(24). A putative target promoter of DEF and GLO, containing two
adjacent CArG boxes, showed that the ternary complex binds
much stronger than the separate hetero- or homodimers.

Despite this wealth of information, ternary complex forma-
tion between MADS-box proteins and unrelated polypeptides
has not been described in plants. On the other hand the human
MADS-box protein SRF, which activates numerous growth fac-
tor-inducible genes such as c-fos (for review, see Ref. 25), binds
as a homodimer to the serum response element and interacts
with the ternary complex factors ELK-1 and SAP-1 (26, 27).
The ternary complex factors make additional contacts with
DNA at an ETS motif, which is two base pairs 5’ of the serum
response element. Autonomous binding of ELK-1 and SAP-1 to
the DNA is possible, however, with restricted sequence speci-
ficity compared with the ternary complex.

Another transcription factor that is particularly abundant in
plants is NF-Y, which interacts with high affinity and selectivity
with the CCAAT box, one of the most widespread elements, present
in 25% of eukaryotic promoters (28). NF-Y is a trimeric complex
composed of NF-YA, NF-YB, and NF-YC; NF-YB and NF-YC form
a tight dimer through a histone fold motif, HFM, that offers a
complex surface for NF-YA association (for review, see Refs. 29 and
30). In mammals and yeast only one gene for each subunit exists. A
recent survey of transcription factors, made possible by the com-
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pletion of the Arabidopsis genome sequencing project, revealed that
10 genes each for AtNF-YA, AtNF-YB, and AtNF-YC exist (31),
with hundreds of heterotrimeric combinations possible. We have
cloned all of these genes and determined that some members of
each subunit are expressed in a tissue-specific way, while others
are ubiquitous (32, 33).

In this paper, we report the identification of one of the rice
NF-YB proteins as an interacting partner of rice OsMADS18. It
is the first example of ternary complex formation between a
plant MADS-box protein and an unrelated transcription factor.
Surprisingly, this NF-YB is incapable to interact with NF-YA
and therefore cannot bind to the CCAAT box.

EXPERIMENTAL PROCEDURES

Two-hybrid cDNA Library Construction and Screening—A yeast two-
hybrid ¢cDNA library was made and screened following the instructions
of the supplier (Stratagene) using mRNA extracted from leaves, inflo-
rescences, and developing kernels of rice Oryza sativa var. Taipei 309.
Yeast strain HF7c used for the library screening was supplied by
CLONTECH (34). The interactions between OsMADS18, OsMADS14,
0OsMADS13, and OsMADS6 and OsNF-YB1, the bait deletions of Os-
MADS18 against OsNF-YB1, and the three-hybrid assays were assayed
using yeast strain PJ69—4A (35). The yeast colonies were plated on
media without tryptophan, leucine, and histidine. The positives were
subsequently tested on media without tryptophan, leucine, and adenine
or histidine with increasing concentrations of 3-AT.

Plasmid Constructions—The OsMADS18 coding sequence, excluding
the initial methionine, was amplified with primers OL13 (GAATTCGG-
GAGAGGGCCGGTGC) and OL14 (GTCGACTCATGTGTGACTTGTC-
CGGAG) to introduce the cloning sites EcoRI and Sall, and the DNA
fragment was cloned in pBDGAL4 (18-BD) and in pTFT (24). The bait
deletions of OsMADSI18 were also generated by PCR, subsequently
digested, and cloned in pPBDGAL4. The M domain was amplified with
primers OL13 and 0OL210 (GTCGACTCACAGTTTGAACTCGTAGACT-
TGCCCTTGG); the M and I domains were amplified with OL13 and
OL211 (GTCGACTCAATCCAGTTTGGACTTCAAAATTCC); the I, K,
and C domains with OL14 and OL207 (CGGAATTCTCCAGCCACTC-
CAGTATGG); the K and C domains with OL14 and OL208 (CGGAAT-
TCGATGAATATGGAATTTTGAAGTCC); and the C domain with OL14
and OL209 (CGGAATTCAACCAGAATAATGTTCTGCAAAGO).

The complete OsMADS18 coding region was also cloned in pET32a
(Promega) to produce the recombinant protein (TRX-OsMADS18),
using oligonucleotides OL13 and OL14. OsMADS 18 was fused in-frame
with thioredoxin at the N-terminal domain and with a tail of 6 histidine
residues.

The coding region of OsNF-YB1 was also cloned in pET32a to produce
the recombinant protein TRX-OsNF-YB1. OsNF-YB1 was amplified
using the oligonucleotides OL227 (CGGAATTCATGGCAGGGAA-
CAAAAAGCGTGC) and OL317 (CCGCTCGAGCACTAGAGACTTATT-
GACACCQC), and after cloning in pGEM-T Easy (Promega), digested with
EcoRI and Smal and cloned in pET32.

A PCR approach was used to mutate OsNF-YB1 into OsNF-YB1D99S.
Two oligonucleotides introducing the mutation were used: OL400 (GGGT-
TCGTCGGCteccGAGGCCTCCGA) and OL401 (TCGGAGGCCTCggaGC-
CGACGAACCQ). First PCR amplifications were performed with OL400
and OL227 and with OL317 and OL401. Subsequently, the two PCR
products were mixed, and a second amplification was done with OL317
and OL227. The obtained template was cloned in pGEM-T Easy and
sequenced, and subsequently cloned in pET32.

OsMADS 14 was amplified using OL11 (GAATTCGGGCGGGGCAA-
GCTGCAG) and OL12 (GTCGACTTACCCGTTGATGTGGC), digested
with EcoRI and Sall, and cloned in the pAD vector. The same strategy
was employed for OsMADS6 (6-BD) with primers OL87 (GAATTCGG-
GAGGGGAAGAGTTGAGC) and OL88 (GTCGACTCAAAGAACCCAT-
CCCAGCATGAAG). pBDA6 was obtained by digesting 6-BD with Sall
and Xhol to delete a fragment encoding 80 amino acids at the C-
terminal end of the protein. This had to be done to prevent autoactiva-
tion of the reporter gene (36). Note that the M and I domains, necessary
for interaction with OsNF-YB1, are present in this construct.

OsMADS13 was amplified with OL174 (CGGAATTCGGGAGGGGC-
AGGATTGAGATCAAG) and OL175 (ACGCGTCGACGTTCATGAGGT-
TCAGAAGTGAG) and digested with EcoRI and Sall. OsNF-YBI
amplified with OL227 and OL317 was cloned EcoRI and Smal in pAD-
GAL4 digested EcoRI-Smal. The mouse NF-YB subunit was amplified
with OL225 (CGAATTCATGATCATGAAGACACAAATGG) and OL226
(GTCGACTCATGAAAACTGAATTTGC) and cloned in pADGAL4. The
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Fic. 1. Expression analysis of OsMADS18 and OsNF-YBI. A,
Northern blot analysis of OsMADS18 and OsNF-YBI1. Total RNA was
extracted from roots (r), leaves (/), inflorescences (i) (which include
developing flowers of different stages), and developing kernels (dk). The
probes are indicated to the right of each panel. B, RT-PCR expression
analysis of OsMADSI18 and OsNF-YBI in different parts of the seed.
RNA was extracted from embryos (e), glumes (g), endosperm (en), and
from complete seeds. PCR+, positive control using a cloned cDNA as
template, PCR—, negative control.

mouse conserved HFM domain contains amino acids 51-140 and was
cloned as EcoRI and Sall fragments in the pADGAL4 (37).

Expression Analysis—Total RNA was extracted from rice variety
Taipei 309 as described by Verwoerd et al. (38). Northern blotting was
performed as described previously (39). RT-PCR reactions were per-
formed as described previously (40).

Cloning of OsNF-YB1 Full-length cDNA by RACE-PCR—To isolate
the full-length OsNF-YB1 ¢cDNA, we performed according to the man-
ufacturer’s instructions a RACE experiment employing the Marathon
kit (CLONTECH).

Protein Purification, Co-immunoprecitation, and Immunodetection—
TRX-OsMADS18-PET32a and TRX-OsNF-YB1-PET32a plasmids were
used to transform Escherichia coli strain BL21 (DE3) plysS. To produce
the recombinant proteins the overexpression system based on the T7
promoter was used (41). The His-tagged TRX recombinant proteins
were purified using an affinity Ni-NTA-agarose column (Qiagen). The
immunoprecipitations of the human NF-Y trimer and TRX-OsMADS18
or of the human NF-YA/NF-YC/OsNF-YB1 combinations were per-
formed in NDB buffer plus 1 mm phenylmethylsulfonyl fluoride, 1 pg/ul
bovine serum albumin, 5 mM B-mercaptoethanol, and 0.1% Nonidet
P-40. NDB consists of 20% glycerol, 100 mm KCI, 20 mMm Tris-HCI (pH
7.8), and 0.5 mM EDTA. The proteins were incubated on ice to interact
for 2 h and subsequently incubated at 4 °C with anti-NF-YA or control
anti-GATA1 antibodies (5 ug) linked to protein A-Sepharose. After 2 h,
the column was washed and eluted with SDS buffer. The co-immuno-
preciptaion between OsMADS18 and the dimer BC was performed
similarly with anti-NF-YC antibody bound to protein G-Sepharose.

The anti-OsMADS18 antibodies were produced in rabbit, immuniz-
ing the animals with the C-terminal domain of the OsMADS18 protein.
The polyclonal serum was purified on a Sepharose 4B-OsMADS18
affinity column (42). To detect the TRX-tagged OsNF-YB1 protein, a
purified rabbit antiserum against the TRX-tag was used.

Electrophoretic Mobility Shift Assay—For electrophoretic mobility
shift assays *?P-labeled fragments, 10,000 cpm, are incubated in NF-Y
buffer (20 mm Hepes (pH 7.9), 50 mm NaCl, 5% glycerol, 5 mm MgCl,, 5
mM B-mercaptoethanol) with the indicated amounts of recombinant
proteins, in a total volume of 10 ul; the samples are loaded on 4.5%
polyacrylamide in 0.5X Tris, boric acid, EDTA. The following HSP40
CCAAT oligonucleotides were used: 5'-AGGGCGGCGGCGATTGGC-
CGGCGCCGCGGG-3" and 5'-CCCGCGGCGCCGGCCAATCGCCGC-
CGCCCT-3'.

RESULTS

OsMADS 18 Interacts with a Member of the CCAAT Binding
Factor Family—To identify interactions between MADS-box
and unrelated transcription factors in plants, we performed a
yeast two-hybrid screen using the rice MADS-box gene Os-
MADS18 (36). OsMADS18 is a widely expressed gene, and its
RNA can be detected in root, leaf, inflorescence, and developing
kernel tissues (Fig. 1A). Functional analysis indicated that
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Fic. 2. Amino acid sequence alignment of NF-YB proteins. Dashes represent gaps introduced to maximize the alignment; amino acids
conserved in all the five proteins are indicated in red, amino acids conserved in OsNF-YB1 and others are indicated in yellow, amino acids that
are conserved in others but not in OsNF-YB1 are indicated in green and blue. The three a-helices of the histone fold are indicated with + symbols.
L1 and L2 are the loop regions. The included NF-YB amino acid sequences are mNF-YB from mouse; HAP3 from yeast; AtNF-YB9 (LEC1),
AtNF-YB1, and AtNF-YB2 from Arabidopsis; and OsNF-YB1 from rice. The aspartic acid residue (Asp) in OsNF-YB1 preventing NF-YA association

is indicated with an arrow.

OsMADS18 is involved in the control of the transition from
vegetative growth to flowering.?

The complete OsMADS18 open reading frame was cloned in
the DNA-binding domain vector GAL4-BD and transformed to
yeast strain HF7c¢ (34). A rice cDNA expression library was
constructed using RNA isolated from leaf, inflorescence, and
developing kernel tissues. The cDNAs were cloned as fusions to
the activation domain of GAL4 (AD), and the library was used
to transform the HF7c¢(18-BD) yeast strain. About 6 x 10°
transformants were screened, and colonies growing on medium
lacking histidine supplemented with 5 mm 3-AT were selected.
Approximately 50 colonies were recovered, and the pAD plas-
mids of those also able to activate the lacZ reporter gene were
rescued. Sequence analysis of the cDNA inserts revealed that
the majority of the clones encode, as expected, MADS-box pro-
tein. Among the non-MADS-box interactors, one had high ho-
mology with the CCAAT binding factor subunit NF-YB identi-
fied in mammals, yeast, and Arabidopsis (43—45) and therefore
named OsNF-YBI.

Characteristics of OsNF-YBI—The complete ¢cDNA, encod-
ing a putative protein of 186 amino acids, was cloned by RACE
PCR. Comparison with NF-YB sequences from other species
(32, 44) shows that OsNF-YB1 shares the highest sequence
identity with Arabidopsis LEAFY COTILEDON1 (AtNF-YB9)
and that the homology of proteins in different kingdoms is
restricted to the evolutionarily conserved histone fold domain
(Fig. 2). This domain is composed of 3/4 a-helixes separated by
short loops/strand regions L1 and L2. The comparison also
shows that of all NF-YB proteins, the rice protein is the most
divergent, especially in the a2- and «3-helix. Despite this, a

2 8. Masiero, F. Fornara, N. Pelucchi, M. M. Kater, and L. Colombo,
manuscript in preparation.

prediction of the secondary structure indicates that also OsNF-
YB1 can form an «-helix.

We investigated the tissue distribution of OsNF-YBI by
Northern blot analysis using RNA from roots, leaves, inflores-
cence containing developing flowers, and developing seeds.
This analysis showed that OsNF-YBI transcripts can only be
detected in developing seed tissue (Fig. 14).

To show that the interaction between OsMADS18 and OsNF-
YB1 can occur in vivo, we investigated by RT-PCR whether
their mRNAs could be detected in the same tissues of develop-
ing kernels. RNA was extracted from glumes, endosperm, and
embryo tissues and used for RT-PCR analysis. This analysis
(Fig. 1B) revealed that the expression of OsMADSI18 and
OsNF-YBI overlaps in the glumes and in endosperm tissue.
RNA extracted from inflorescences for Northern blot analysis
also include relatively low amounts of glumes tissue; however,
no OsNF-YB1 transcript was detected by Northern blot analy-
sis in this tissue, probably due to a difference in sensitivity
between these two methods. Another observation from the RT-
PCR analysis is that OsNF-YB1 seems to be differentially
spliced in endosperm tissue, since also a smaller amplification
product was detected. Future experiments are planned to study
this splicing event in more detail.

OsMADS18 Protein Domains Required for Heterodimeriza-
tion with OsNF-YBI—To investigate which of the domains of
OsMADSI18 are involved in the interaction with OsNF-YB1,
combinations of the MIKC domains were fused to the binding
domain of GAL4, resulting in 18M-BD, 18MI-BD, 18IKC-BD,
18KC-BD,and 18C-BD (F'ig. 3). These bait constructs were used
to transform yeast strain PJ694A, which allows selection for
three different markers: adenine, histidine, and lacZ (37). Co-
transformation with ADNF-YB1 and assays for activation of
the adenine, histidine, or lacZ reporter genes demonstrated an
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AD-OsNF-YB1
M 1 K C
18-BD yes
1SM-BD = no
18MI-BD yes
18IKC-BD no
18KC-BD [ avavira®a® 11111111111 no
18C-BD L] no

Fic. 3. Overview of two-hybrid assays to study the interaction
between OsNF-YB1 and protein domains of OsMADSI18. The var-
ious OsMADS18 domain combinations that are fused to the GALA4-
binding domain are indicated as bait on the left. The indicated MADS-
box, I region, K-box, and C region are indicated and are as defined in Ma
et al. (17). The “target” sequence is OsNF-YB1 fused to the GAL4
activation domain (AD). The rightmost column indicates whether an
interaction was observed indicated by growth of the yeast on selective
media.

interaction only with the 18MI-BD vector (Fig. 3). The obser-
vation that OsNF-YB1 does not interact with the M or IKC
domains suggests that the M and I domains are both necessary
and together sufficient for interaction.

Specificity of the OsNF-YB1-OsMADS 18 Interaction—To test
for specificity of the OsNF-YB1-OsMADS18 interaction a two-
hybrid assay was performed using various MADS-box proteins
as bait. In particular, three MADS-box genes all expressed in
developing kernels were of interest: (i) OsMADS 14 has, of all
published rice MADS-box sequences, the greatest similarity
with OsMADS18; (ii)) OsMADS6 is one of the MADS-box pro-
teins that forms heterodimers with OsMADS18 (36); (iii) Os-
MADSI13 is exclusively expressed in ovules and developing
kernels (46). All three selected genes are divergent from each
other and belong to different phylogenetic clusters. Comparing
the M and I domains of these MADS-box proteins shows that
they are most divergent in the I domain (Fig. 4).

Except for the control pPBD18-pADNF-YB1, none of the double
transformants were able to activate the adenine or lacZ reporter
genes. Within the limits of the members of the family tested here,
these results indicate that the interaction between OsNF-YB1 and
0OsMADSI18 is highly specific, particularly since OsMADS14, which
is closely related to OsMADS18, does not interact.

Ternary Complex Formation between OsMADSI8, Os-
MADS6, and OsNF-YB1—The two-hybrid assays described
above show that OsNF-YB1 interacts with OsMADS18 but not
with OsMADSG6, which is one of the MADS-box proteins that
physiologically interacts with OsMADS18 (36). It was therefore
important to verify whether the MADS-box dimer composed of
OsMADS18 and OsMADSG6 is also able to interact with OsNF-
YBL1. To test this, the three proteins were co-expressed in yeast.
OsMADS18 was cloned in the pTFT vector under the control of
the ADH1 promoter (24). The yeast strain PJ694A was co-
transformed with pBDA6, pTFT-18, and pADNFY-B1, and
yeast cells containing these three plasmids grow well in me-
dium lacking histidine, whereas yeast cells containing different
combinations of control plasmids only showed residual growth
on the selective medium (Fig. 5). This indicates that Os-
MADS18, which is able to interact with both OsNF-YB1 and
OsMADSG6, brings the GAL4-BD and -AD domains in close
vicinity, resulting in activation. These “three-hybrid” analyses
prove that the MADS-box dimer is able to form a ternary
complex with OsNF-YB1.

OsMADS 18 Interacts with the NF-YB Subunit of Mouse—In
Arabidopsis multiple genes encoding NF-Y subunits are iden-
tified with several of them showing tissue-specific expression

MADS-box Transcription Factor Interacts with NF-YB

(32, 33, 43, 45). Because of the plethora of NF-YB genes in
plants, this raised the question whether OsMADS18 is also
able to interact with the distantly related NF-YB of mouse (44).
Using the two-hybrid assay, we showed indeed that Os-
MADS18 interacts with wild-type mouse NF-YB and with a
mutant containing only the mouse HFM, as growth was ob-
served on histidine dropout medium containing 3 mm 3-AT. The
result was also positive using the lacZ reporter gene. On the
other hand, OsMADS14 scored negative in this assay (not
shown).

The interactions observed in vivo raised the question whether
OsMADS18 also interacts with the NF-Y trimer. Investigating
this with the plant trimer was not feasible, since plants encode
several NF-Y A and C subunits, and therefore it was impracti-
cable to determine the correct constitution of the trimer that
binds to OsMADS18, if any. We then used recombinant NF-Y
from mammals to test for the interaction with OsMADS18 in
vitro. The NF-Y recombinant trimer was incubated with Os-
MADS18, immunoprecipitated with a monoclonal anti-NF-YA
antibody, and analyzed by Western blotting using anti-
OsMADSI18 antibodies (Fig. 6). The results show that Os-
MADS18 was to some extent bound to the NF-Y trimer, whereas
a control with an irrelevant antibody shows that the OsMADS18
protein can only be detected in the unbound fraction (Fig. 6).
Within the NF-Y trimer, subunit B and C form a tight het-
erodimeric complex (47). We next investigated whether such
dimer can interact with OsMADS18, by performing an immuno-
precipitation with a polyclonal anti-NF-YC antibody, using equal
quantities of OsMADS18 and mouse NF-YB-NF-YC. This exper-
iment showed that OsMADSI18 is capable of binding the mouse
NF-YB/NF-YC dimer (Fig. 6). The interaction with the NF-YB-
NF-YC dimer appears to be stronger than with the trimer, since
all the OsMADS18 is found in the bound fraction.

OsNF-YBI Is Impaired in NF-YA Association and CCAAT-
box Binding—The relative divergence of OsNF-YB1 prompted
us to determined whether the latter indeed binds to the CCAAT
sequence. To this aim, we used EMSA with an oligonucleotide
containing a high affinity NF-Y site (48). Recombinant His-
tagged OsNF-YB1 was purified and a dose-response experi-
ment performed with recombinant mammalian NF-YA and
NF-YC; as a control, EMSA with recombinant mammalian
NF-YB was concomitantly run. Fig. 7A shows that even at very
high doses, 20 ng, of OsNF-YB1 only an extremely weak band
was obtained (lanes 4-6), whereas, as expected, a 20/30-fold
lower amount of mammalian NF-YB is sufficient to generate
the NF-Y complex (lanes 1-3). We conclude that OsNF-YB1 is
severely crippled in CCAAT binding capacity. There could be
three reasons for such behavior: alteration in the binding to
NF-YC, in the trimerization with NF-YA, or in the association
with DNA. To distinguish between these possibilities, we incu-
bated the OsNF-YB1 His-tagged protein with recombinant
YC5, an NF-YC mutant devoid of sequences outside the HFM
and of His-tags (49). The proteins were loaded on an Ni-NTA-
agarose column, eluted, and assayed in Western blots. The
results in Fig. 7B show that both the OsNF-YB1 and the
His-less YC5 co-eluted from the column after imidazole addi-
tion. Since YC5 has no intrinsic affinity for Ni-NTA-agarose
(49), this result indicates that OsNF-YB1 heterodimerizes with
NF-YC, presumably through the HFMs, since the YC5 mutant
only contains this domain. Next, we assayed a NF-YC-OsNF-
YB1 heterodimer for NF-YA binding. Because NF-YA has in-
trinsic affinity for Ni-NTA-agarose, we switched to immuno-
precipitations with the anti-NF-YA Mab7 antibody, that
recognizes the Gln-rich region outside of the subunits interac-
tion moiety (42). The results of this experiment are shown in
Fig. 7C; as expected, NF-YA was immunoprecipitated by the
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A MADS-BOX
1 57

OsMADS18 MGRGPVQLRRIENKINRQVTFSKRRNGLLKKAHE ISVLCDADVALIVFSTKGKLYEF
OsMADS14 MGRGEVQLKRIENKINRQVTFSKRRL LKKABE ISVLCDAEVALIEFSTKGKLYEY
OSMADS6 MGRGRVELKRIENKINRQVTFSKRRNGLLKKARELSVLCDAEVALIIFSSRGKLYEF
osMaDS13  MGRGRIBIKRIEN[BROVTFEKRRNGLLKKARELSVLCDAEVALIVFSSRGRLYEY

4 4
B I-REGION
OsMADS18 SSHSSMEGILERYQRYSFDERAVLEENTED, QENWGD
OsMADS14
OsMADS©
OsMADS13

Fic. 4. Sequence comparison between OsMADS18 and other rice MADS-box proteins tested for interaction with OsNF-YBI. A,
alignment of the MADS-box sequences of OsMADS18, OsMADS14, OsMADS6, and OsMADS13. B, alignment of the I region sequences. Identical
amino acids are not colored, amino acids that differ from OsMADS18 but belong to the same chemical grouping are indicated in light gray, and
amino acids not falling in the same group are indicated in dark gray. Amino acids were grouped as follows: GASTP, ILVM, FYW, QN, ED, HKR,
and C. The two amino acids in the MADS-box that are divergent between OsMADS18 and the other three MADS-box proteins are indicated with

an arrowhead.

Fic. 5. Interactions between OsMADS18, OsMADS6, and
OsNF-YBI1 detected by “three-hybrid analysis.” A and B show the
“yeast three-hybrid analysis” by which we tested the interaction be-
tween OsMADS18, OsMADS6, and OsNF-YB1. OsMADS6 cloned in
pBD vector was able to autoactivate the reporter genes, to avoid this 80
amino acids where deleted from the C-terminal part of the protein
(OsMADSAS6). ¢cDNAs cloned in pBD are fused in-frame with the DNA-
binding domain of GAL4; cDNAs cloned in pAD are fused to the GAL4
activation domain, while the ¢cDNAs cloned in TFT are fused to a
nuclear localization signal. I, pADNFY-B1 and pBD18 (positive con-
trol); 2, pADA6 and pBD18; 3, pADNFY-B1, pBDAG6, and pTFT (empty
vector); 4, pADNFY-B1, pBD (empty vector) and pTFT-18; 5, pAD
(empty vector), pBDA6, and pTFT-18; 6, pADNFY-B1, pBD (empty
vector) and pTFT (empty vector); 7, pADNFY-B1, pBDAG6, and pTFT-18.
A, the yeast strains were plated on selective medium (without histidine
and supplied with 2 mm 3-AT). B, the same yeast strains plated on a
non-selective medium (with histidine). Interactions between Os-
MADS18, OsMADS6, and OsNF-YB1 detected by two- and three-hybrid
analysis. A and B show the three-hybrid assays in which we tested the
interaction between OsMADS18, OsMADS6, and OsNF-YB1. A, the
yeast strain PJ694A co-transformed with pBDA6, pTFT-18, and
pADNF-YB (1) and with pBDA6, pTFT (empty vector), and pADNFY-B
(2) and plated on a medium containing histidine (non-selective). B, the
same yeast strains (I) and (2) plated on a selective histidine dropout
medium. C and D show the two-hybrid assays in which we tested the
interaction between OsNF-YB1 and OsMADS18 or OsMADS6. C, the
yeast strain PJ694A co-transformed with pBDA6 and pADNF-YB (3)
and with pBD18 and pADNF-YB (4). D, the same yeast strains (3 and
4) plated on a selective histidine dropout medium.

Mab7, but not by the control anti-Gatal antibody, whereas
neither NF-YC nor OsNF-YB1 were found in the bound frac-
tion, indicating a lack of association between the HFM dimer
and NF-YA. Taking these data together, we conclude that the
incapacity of OsNF-YB1 to bind to DNA is probably due to

o-YA CTL

4 1 ]
T L B FT B FT
trimer o0 — e

a-YC CTL

1 1 ]

L B FT B FT

NF-YBC
dimer | %= =N t i

FiG. 6. In vitro interactions between OsMADS18 and the mam-
malian NF-Y factors. Western blot results of the co-immunoprecipi-
tation between OsMADS18 and the NF-Y trimer (upper), and NF-YB-
NF-YC dimer (lower) complexes using antibodies against NF-YA and
NF-YC, respectively. On the right: Western blots showing a negative
control of the co-immunoprecipitation between OsMADS18 and the
NF-Y trimer (upper), and NF-YB-NF-YC dimer (lower) complexes using
an unrelated antibody (CTL). The Western blots were probed with
OsMADS18 antibodies. L, the fraction loaded on the column; B, fraction
that binds to the column; FT, flow-through fraction.

alterations in trimer formation. Structure-function analysis of
the mammalian NF-YB protein identified only two residues
that are apparently involved in NF-YA association: Glu-90 and
Ser-97 in the a2-helix of the HFM (50). Comparison with the
OsNF-YB1 sequence indicates that while Glu-90 is conserved,
Ser-97 corresponds to an aspartic acid at position 99 of the rice
sequence; we therefore mutated OsNF-YB1 at this position into
a serine to potentially recover the NF-YA association capacity.
The corresponding recombinant protein was purified and used
in EMSA and immunoprecipitation assays as described above
for the wild-type protein. As shown in Fig. 7C, the NF-YC-
OsNF-YB1D99S dimer does recover NF-YA binding, as tested
in immunoprecipitation assays. We conclude that deviation at
this particular a2 NF-YB residue is the cause for the lack of
NF-YA binding in Os-NF-YB1. We then desired to verify
whether the gain of function mutant also recovered CCAAT
binding; dose-response analysis of the Os-NF-YB1D99S with
NF-YA and NF-YC in EMSA failed to show any improvement
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Fic. 7. OsNF-YBI1 subunits interactions. A, A high affinty CCAAT
box oligonucleotide from the HSP40 promoter was used with the indi-
cated amounts of mammalian recombinant NF-Y (lanes 1-3), with
mammalian NF-YA and NF-YC and OsNF-YB1 (lanes 4-6), or with
mammalian NF-YA and NF-YC and the mutated OsNF-YB1D99S
(lanes 7-9). B, Ni-NTA-agarose purification of His-tagged OsNF-YB1
and tagless YC5, a mutant of mammalain NF-YC containing only the
yeast homology domain (49). Proteins are revealed by Western blot.
Load (L), flow through (FT), washes (W), and imidazole-eluted (E)
fractions are indicated. C, immunoprecipitations with anti-NF-YA
Mab7 and control anti-Gatal antibodies of NF-YA, NF-YC, and OsNF-
YB1 or OsNF-YB1D99S proteins. The different proteins are revealed by
Western blots, probing with YC5 and TRX antibodies. Load (L) is the
starting material; FT is the flow through; B is bound material.

in the CCAAT binding capacity with respect to the wild-type
OsNF-YB1 (Fig. 7A). Therefore, deviant residues in the DNA-
binding subdomains of OsNF-YB1, such as a1, L1, or L2, are
responsible for the lack of CCAAT-box binding.

DISCUSSION

The two most notable conclusions of our experiments are: (i)
the identification of the first non-MADS interacting partner of
a MADS-box protein and (ii) the documentation of the first
non-CCAAT binding member of the NF-YB family.

Specificity of the Interaction between OsMADS18 and OsNF-
YB1—Our in vivo data showed that none of the other MADS

MADS-box Transcription Factor Interacts with NF-YB

proteins, including OsMADS14, which is closely related to Os-
MADS18, interacts with OsNF-YB1. This is a clear indication
for specificity and one might speculate that the interaction is
limited to obligate heterodimerization.

Where is the specificity stemming from? At first sight, it
would seem logical to assume that the MADS-box protein is
responsible for it, especially since the distantly related mouse
NF-YB interacts with OsMADS18 and not with OsMADS14.
The dissection of the OsMADS18 domains required for inter-
action with OsNF-YB1 showed that the binding of these pro-
teins depends upon both the MADS and I regions. It is formally
possible that the highly conserved MADS-box imparts specific-
ity, since two residues in the MADS-box are divergent between
OsMADS18 and the related family members, Pro-5 and His-33.
However, we consider it far more likely that the divergent I
region is responsible for it, since in this domain the four rice
MADS-box proteins have only two residues in common (Fig. 4).
Therefore, only the surface of OsMADS18 might have the cor-
rect structure to stabilize binding. On the other hand, the
apparent divergence of plant NF-Ys suggests that specificity is
also built in NF-YB, a notion further strengthened by the
peculiar lack of NF-YA binding by OsNF-YB1. The part that
contacts the MADS-box protein is clearly the conserved HFM
domain and inspection of alignments identifies amino acid
stretches that are significantly at variance with other members
of the family in plants, especially in the a2-helix (see below). In
this respect, the mammalian homologue might be regarded as
an “average” NF-YB, which has been subjected to selection
against specificity. The fact that unlike in mammals, plants
have several tissue specifically expressed MADS-box and NF-Y
genes also suggests that they might be more limited in the
interactions they can make. Thus, we favor a scenario whereby
even within generally conserved domains subtle differences in
MADS and NF-YB genes impart selectivity for special partner-
ships. To test this hypothesis, additional OsNF-YBs must be
tested with the panel of MADS-box proteins described here.

Ternary Complex Formation between MADS-box and NF-Y
Subunits—Ternary interactions of MADS-box proteins are well
studied in mammals and yeast. For the mammalian MADS-box
proteins belonging to the SRF and myocyte enhancer factor 2
(MEF2) subfamilies, it has been shown that the regions C-
terminal of the MADS-box, called, respectively, SAM domain, a
22-residue domain found in SRF, AGAMOUS and MCM1, and
MEFS2 domain, a 15-residue domain found in the MEF2 family,
are required for interaction with other proteins. In the case of
SRF, the binding surface for the transcription factor Elk-1 has
been mapped to a hydrophobic patch formed by the second
B-sheet located at the end of the MADS-box and the N-terminal
coil of the SAM domain (27). Interestingly, the region of Os-
MADS18, which is required for interaction with OsNF-YB1, is
equivalent to the domains utilized by SRF, MEF2A, and MCM1
for interaction with other polypeptides. This implies that the
domains used by MADS-box proteins to make interactions with
unrelated proteins are positional conserved between mammals,
yeast, and plants.

The sequence similarity between OsNF-YB1 and other
NF-YB proteins is restricted to the histone fold motif. Our
co-immunoprecipitation experiments showed that OsMADS18
binds to the NF-YB-NF-YC dimer and, less efficiently, to the
trimer. Our analysis of the subunits interaction and DNA bind-
ing features of OsNF-YB1 conclusively determines that the
latter efficiently heterodimerizes with mouse NF-YC, but that
the resulting dimer is very inefficient to associate NF-YA and,
by consequence, in CCAAT binding. Might this be due to the
use of mammalian NF-Y subunits? Certainly not, since NF-YC
heterodimerizes normally with OsNF-YB1, and we could derive
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a gain of function mutant of OsNF-YB1 by simply restoring the
conserved serine at position 97 of NF-YB: this protein recovers
NF-YB-like capacity to bind to NF-YA, but still lacked DNA
binding. Mammalian NF-YB/CBF-A and yeast HAP3 have
been extensively mutagenized (50, 51). Only two mutations in
the HFM, Glu-90 and Ser-97, selectively abrogated the binding
of NF-YA, while the vast majority affected either the dimeriza-
tion or the DNA binding capacity. Glu-90 is conserved in OsNF-
YB1 and in all NF-YB genes identified so far, whereas Ser-97 is
a glycine in many NF-YBs, including yeast HAP3, but it is an
aspartic acid in OsNF-YB1 (see Fig. 2). It should be emphasized
that other rice OsNF-YBs do have a serine at this position and
are thus possibly fit in terms of NF-YA association (32). The
lack of CCAAT binding of the trimer containing the OsNF-
YBD99S mutant is evidently due to other residues in NF-YB
that are essential for this function: it is difficult a priori to
pinpoint which, as several residues in the ol and L2 are dif-
ferent with respect to the mammalian protein. During evolu-
tion, it is likely that once Asp-99 has changed, one or more of
the CCAAT-contacting amino acids have stopped to be con-
strained by the necessity to interact with a specific sequence,
accumulating changes in residues of the histone fold that would
not alter the overall structure and heterodimerization capacity
of the protein, but only its DNA binding.

Several plant NF-YAs exist that show little variation in the
amino acids required for HFM binding (Refs. 50 and 51; for a
complete discussion, see Ref. 32) and are indeed capable of
binding to CCAAT-boxes.? Therefore, our data suggest that
there is a set of selected NF-YBs in plants that exert their
functions away from the classical CCAAT target sites. This
finding has potentially far reaching consequences in other sys-
tems as well, most notably in mammalian cells, where NF-YA
was shown to be absent, such as in peripheral monocytes and
the differentiated myotubes (30). There is increasing evidence
for a role of the NF-YB and NF-YC subunits in the absence of
NF-YA. Results obtained by us evidenced that the dimer also
interacts with other proteins in the absence of NF-YA; for
example, by immunoprecipitation and glycerol gradient exper-
iments NF-YB, probably together with NF-YC, interacts in the
absence of NF-YA, with TFIID, the TATA box binding complex
and in particular with some of the HFM TAF;s (37, 52).

We propose that (i) the MADS-box and the NF-Y HFM
dimers form a complex on promoters that have a CArG box
and/or (ii) that an NF-Y trimer, containing selective NF-YA
binding OsNF-YBs, can associate with a MADS-box dimer on a
CCAAT-box-containing promoter. While the data presented
here lend support to the first hypothesis, to prove the second
model other rice OsNF-YBs should be identified that have the
capacity to interact with specific MADS-box proteins. In both
the proposed situations, interaction with the NF-Y dimer or
trimer, binding to the CArG box can only be established when
the MADS-box proteins are able to dimerize when interacting
with NF-YB. Our “yeast three-hybrid” assays, in which we
examined the interaction between OsMADS6, OsMADS18, and
OsNF-YB1, indeed confirm that the MADS-box dimer is able to
interact with OsNF-YB1, making the proposed hypothesis re-
alistic. Further work is required to clarify this point and to
identify target genes that are specifically activated by the
MADS-box-NF-YB connection.
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