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Two rice MADS domain proteins interact with OsMADS1
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Abstract

OsMADS1is a MADS box gene controlling flower development in rice. In order to learn more about the function of
OsMADS1, we searched for cellular proteins interacting withOsMADS1employing the yeast two-hybrid system.
Two novel proteins with MADS domains, which were namedOsMADS14andOsMADS15, were isolated from
a rice cDNA library.OsMADS14and -15 are highly homologous to the maize MADS box geneZAP1 which
is an orthologue of the floral homeotic geneAPETALA1 (AP1). Interactions among the three MADS domain
proteins were confirmed byin vitro experiments using GST-fusedOsMADS1expressed inEscherichia coliand
in vitro translated proteins ofOsMADS14and -15. We determined which domains inOsMADS1, -14, and -15
were required for protein-protein interaction employing the two-hybrid system and pull-down experiments. While
the K domain was essential for protein-protein interaction, a region preceded by the K domain augmented this
interaction. Interestingly, the C-terminal region ofOsMADS1functioned as a transcriptional activation domain in
yeast and mammalian cells, while, on the other hand, the C domains ofOsMADS14and-15 exhibited only very
weak transcriptional activator functionality, if any at all.

Abbreviations:ADH1, alcohol dehydrogenase 1; 5′-RACE, rapid amplification of 5′-cDNA ends; RRL, rabbit
reticulocyte lysate; CAT, chloramphenicolO-acetyltransferase

Introduction

Dramatic changes occur at the transition from the
vegetative to the reproductive phase during plant
development. Flower development is triggered by
both endogenous signals, such as age, and environ-
mental signals, such as day length. Upon initiation
of the reproductive phase inArabidopsis thaliana,
the development of the floral meristem is initiated
by floral meristem identity genes, such asLEAFY
(LFY), APETALA1 (AP1), APETALA2 (AP2), and
CAULIFLOWER (CAL). At a later phase, the fate of
the floral organ primordia is specified by homeotic
genes (for a review see Weigel and Meyerowitz, 1994)
such asAP1, AGAMOUS (AG), PISTILATA (PI), and
APETALA3 (AP3). These homeotic genes belong to
the MADS domain protein gene family. The encoding

MADS box genes contain a highly conserved stretch
of 56 amino acids, which was first discovered as a con-
served motif among the genesMCM1, AGAMOUS,
DEFICIENS, and serum responsive factor (Sommer
and Schwarz-Sommeret al., 1990). MADS box genes
encode transcription factors that participate in signal
transduction and developmental control. They exist in
plants, animals, yeast, and fungi.

A number of MADS box genes have been iden-
tified by molecular biological techniques that exploit
sequence similarities. At least 28 MADS box genes
of Arabidopsishave been isolated (Riechmann and
Meyerowitz, 1996). Some MADS box genes are ex-
pressed in a temporally and/or spatially regulated man-
ner, and they appear to be involved in controlling floral
organ initiation and development. For example,AGL1
and AGL4 are expressed very early in flower devel-
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opment after the floral meristem has emerged from
the inflorescence meristem but before any of the or-
gan primordia have emerged (Flanagan and Ma, 1994;
Savidgeet al., 1995). This suggests thatAGL2 and
AGL4 may play important roles in the intermediate
step between inflorescence initiation and floral organ
initiation.

The MADS box is required for DNA binding and
protein dimerization (Hayeset al., 1988; Norman
et al., 1988). Plant MADS box proteins contain a sec-
ond domain, a moderately conserved region, which is
not present in the MADS proteins of other organisms.
This domain is called K domain for its similarity to
the coiled-coil domain in keratin. It has been demon-
strated that the K domain is required for interactions
among the plant MADS domain proteins (Maet al.,
1991; Davieset al., 1996; Fanet al., 1997). For ex-
ample, AG was seen to interact withAGL2, AGL4,
AGL6, andAGL9 in experiments using the yeast two-
hybrid system (Fanet al., 1997). The K domain was
indispensable in this protein-protein interaction. This
indicates that MADS domain proteins cooperate with
other MADS proteins by K domain-mediated inter-
action to carry out their functions. The intervening
region between MADS and K is called the I domain.
In the case ofAP3 and PI, both the MADS and the
I domains are required for nuclear localization of the
proteins (McGonigleet al., 1996). The C-terminal
regions of the MADS box genes are highly diverse.
Recently we have shown, by using yeast and mam-
malian gene expression systems, that the C domain of
AP1of A. thalianaand its homologues functions as a
transcriptional activation domain (Choet al., 1999).

Although many more pioneering investigations
into the functions of MADS box genes have been
pursued in the two dicotsA. thalianaand A. majus,
MADS box genes have also been identified in mono-
cots including maize, sorghum, orchid, and rice (Lu
et al., 1993; Schmidtet al., 1993; Montaget al., 1995;
Kang et al., 1995, 1997; Grecoet al., 1997; Kang
and An, 1997). Among them,OsMADS1, a rice ho-
mologue ofAGL2(Chunget al., 1994), seems to play
a key role in flower induction. TheOsMADS1gene
is actively expressed at the young inflorescence stage,
and the expression continues into the early and vac-
uolated pollen stage (Chunget al., 1994). The gene is
initially expressed uniformly in young flower primor-
dia but becomes more localized in the pela, lemma,
and ovary at later developmental stages (Chunget al.,
1994). Vegetative tissues do not show any expression
of the gene. Ectopic expression of theOsMADS1in

homologous and heterologous plants results in early
flowering. Therefore it is likely that the riceOsMADS1
product regulates expression of genes involved in the
induction of flowers.

In order to uncover the role ofOsMADS1in flower
development, we looked at the various functional do-
mains ofOsMADS1. We found that the K domain is
essential for protein-protein interaction ofOsMADS1
with other MADS domain proteins. The C domain of
OsMADS1, like that ofAP1, functioned as a transcrip-
tional activation domain in yeast and mammalian cells,
systems that have been widely used for testing tran-
scriptional activator functions. In addition, proteins in-
teracting withOsMADS1have been investigated with
the yeast two-hybrid system (Fields and Song, 1989).
We isolated two novel MADS box genes, named
OsMADS14and -15, from a rice cDNA library gen-
erated from young rice flowers. The protein-protein
interaction betweenOsMADS1and these proteins was
confirmed byin vitro pull-down assay. The K domains
of all three proteins were required for protein-protein
interaction, and a segment following the K domains
augmented the interaction. The C domains of the two
novel proteins showed very weak, if any, transcrip-
tional activation function in yeast and a mammalian
cell line. Possible implications of the interactions be-
tweenOsMADS1, OsMADS14, and OsMADS15are
discussed.

Materials and methods

Plasmid construction

Cloning of plasmids was carried out by standard
methods (Sambrooket al., 1989). For the yeast
two-hybrid system, plasmids pGBT9 and pGAD424
were used as sources of GAL4 DNA-binding domain
and GAL4 activation domain, respectively (Clontech).
GAL4-fusion genes are under the control of the yeast
ADH1 promoter. To generate pGBT9/OsMADS1, con-
sisting of a full-lengthOsMADS1gene in pGBT9,
an EcoRI fragment of plasmid pSK(-)/OsMADS1
(Chung et al., 1994) was inserted into theEcoRI
site of vector pGBT9. Deletion mutants ofOsMADS1
were made from pSK/OsMADS1. The series of
DNA inserts forOsMADS1-KC (88–257),OsMADS1-
1KC (109–257), andOsMADS1-CII (160–257)
were generated by treating pSK/OsMADS1 with
AseI-EcoRI-Klenow, EcoRI-Klenow-SspI, and BglII-
EcoRI-Klenow, respectively. The vectors pGBT9
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and pGAD424 were treated withSmaI-BamHI-
Klenow and with SalI-Klenow-SmaI, respectively.
The insert DNA for clone pGBT9/OsMADS1-1C
(1–218) was prepared by polymerase chain reac-
tion (PCR) with pSK/OsMADS1as template and 5′-
CGCGGATCCAGATGGGGAGGGGGAAGG-3′, and
5′-TGCCTGCAGGGAATGGTCACCC-3′ as primers.
Plasmid pGBT9 and the PCR products were digested
with BamHI-PstI, and then ligated to generate plasmid
pGBT9/OsMADS1-1C (1–218). pGBT9/OsMADS1-
K1C (88–218) was constructed by inserting a DNA
fragment of pGBT9/OsMADS1-1C (1–218) gener-
ated by AseI-Klenow-PsiI into the pGBT9 vector
treated withSmaI-PsiI. To generate DNA fragments
for plasmids pGAD424/OsMADS14-KC (93–246),
pGAD424/OsMADS14-K (93–158), pGAD424/Os
MADS14-K′ (93–174),pGAD424/OsMADS14-C (159–
246), pGAD424/OsMADS15-KC (93–268), pGAD424/
OsMADS15-K (93–158), pGAD424/OsMADS15-
K′ (93–174), and pGAD424/OsMADS15-C (159–
268), PCRs were performed using as templates
the DNA of OsMADS14 and OsMADS15 and
proper pairs of ten primers: primer 1 (15-K), 5′-
CCCAGAATTCCATGAATACAGGAAAC-3′; primer
2 (15-anti-K), 5′-CACGCGGATCCACTCTCCTTTTT
CTGCAGC-3′; primer 3 (15-C), 5′-CCCAGAATTCA
GGTCACTGCAGGAGG-3′; primer 4 (15-anti-C), 5′-
CACGCGGATCCTTAAGCATTGAGTGGCTC-3′;
primer 5 (15-anti-K′), 5′-CACGCGGATCCTTACTC
CACCAGTTCCTTC-3′; primer 6 (14-K), 5′-CCCA
GAATTCCACGAATATAGGAAAC-3′; primer 7 (14-
anti-K), 5′-CACGCGGATCCACTTTCCTTCCGTTG
AAGC-3′; primer 8 (14-C), 5′-CCCAGAATTCAAG
TCACTGCAGGAGG-3′; primer 9 (14-anti-C), 5′-
CACGCGGATCCTTAGCCGTTGATGTGGCTC-3′;
and primer 10 (14-anti-K′), 5′-CACGCGGATCCTTAT
TTCTGCTTCTCCACC-3′. PCR product and vector
DNA (pGAD424) were co-digested withEcoRI and
BamHI and the DNA fragments ligated to gener-
ate the yeast vectors used in the two-hybrid analy-
ses. The same set of PCR products was also used
to construct the plasmids forin vitro translation:
pTM1/OsMADS15-KC (93–268), pTM1/OsMADS15-
K (93–158), pTM1/OsMADS15-K′ (93–174), pTM1/
OsMADS15-C (159–268), pTM1/OsMADS14-KC (93–
246), pTM1/OsMADS14-K (93–158), pTM1/OsMADS
14-K′ (93–174), and pTM1/OsMADS14-C (159–
246). For this purpose, vector pTM1, which con-
tains T7 promoter followed by EMCV IRES, was
used. pTM1 treated withSmaI and BamHI was
ligated to the PCR products treated withEcoRI-

Klenow-BamHI. Plasmid pSG424 contains the GAL4
DNA-binding domain (amino acids 1–147) un-
der the control of the SV40 promoter. To con-
struct pSG424/OsMADS1-1KC, the vector pSG424
was treated withBamHI-Klenow and ligated to
pSK(–)/OsMADS1treated withEcoRI-Klenow-SspI.
pSG424/OsMADS14-KC and pSG424/OsMADS15-
KC were constructed by ligating vector pSG424
treated with SacI-T4 polymerase-EcoRI to the re-
spective PCR products treated withBamHI-Klenow-
EcoRI. To construct pGEX/OsMADS1-K1C (88–
218), a ligation was performed between vector pGEX-
KG, which contains GST protein controlled by the Tac
promoter, treated withHindIII-Klenow and the insert
of pGBT9/OsMADS1-K1C treated withAseI-DraI-
Klenow.

Yeast two-hybrid screening

An expression cDNA library for yeast two-hybrid
screening was generated from mRNA isolated from
young rice flowers with 2–5 cm panicles using the
Hybrid-ZAP vector following the manufacturer’s sug-
gestions (Stratagene). The average insert size was
0.9 kb. The cDNA sequences of clones scoring
positive in the yeast two-hybrid screening were de-
termined with the dideoxynucleotide chain termina-
tion sequencing method (Sangeret al., 1977) using
oligonucleotide primers annealing to the GAL4 acti-
vation domain. The DNA sequences were analyzed
with the BLAST program using the database of the
National Center for Biotechnology Information.

The yeast strain HF7C [MATa, ura3-52, his3-200,
lys2-801, ade2-101, trpl-901, leu2-3, 112, gal4-542,
gal80-538, cyhr2, LYS2::GAL1uas-GAL1tata-HIS3,
URA3::GAL417mers(X3)-CyCltata-lacZ] was used for
the two-hybrid screening. Thelys2 gene is non-
functional. Thetrp1, leu2, his3, gal4, andgal80muta-
tions are all deletions. The GAL1 upstream activating
sequence (UAS) and the three tandem copies of the
GAL4 17-mer consensus sequence [GAL17mers(X3)]
respond to either the GAL4 transcriptional activa-
tor or a potential transcriptional activator fused to
the Gal4 DNA-binding domain. HF7C encodesHIS3
andβ-galactosidase as reporters and hastrp1, leu2,
andcyhr2 as marker genes for transformant selection
(Feilotteret al., 1994).

Saccharomyces cerevisiaeHF7C was grown in
YPD (1% yeast extract, 2% peptone, 2% D-glucose,
1.5% agar for plates) or synthetic minimal medium
(0.67% yeast nitrogen base, 2% D-glucose, (10×)
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amino acids dropout solution deficient in tryptophan
or histidine, and 1.5% agar for plates). HF7C was
transformed with pGBT9-OsMADS1-1C (1–218) or
the cDNA library by the lithium-acetate method (Gietz
et al., 1992), and transformants were selected on the
synthetic minimal medium (SD) depleted of leucine,
histidine, and tryptophan (SD, leu−, trp−, his−). Yeast
colonies grown on SD, leu−, trp−, his− plates were
transferred to a filter (Whatman No. 1). The filter was
soaked with liquid nitrogen for 30 s and then incubated
in Z-buffer (60 mM Na2HPO4, 40 mM Na2HPO4,
10 mM KCl, 1 mM MgSO4) containing 0.82 mM X-
gal. Colonies developing a blue color were picked and
cultivated again on SD, leu−, trp−, his− plates. Yeast
plasmids containing prey genes were isolated and then
retested in the two-hybrid system using the same bait
and pGBT9 as a negative control to remove false-
positives. The sequences of the true positive clones
were analyzed using the Sanger (1977) method. An
OsMADS15cDNA clone containing the entire open
reading frame was obtained by 5′-RACE using the
Marathon-Ready kit (Clontech).

In vitro pull-down assay

The GST protein and the GST/OsMADS1-K1C (88–
218) fusion protein from the plasmids pGEX-KG and
pGEX/OsMADS1-K1C (88–218), respectively, were
expressed inE. coli strain BL21 (DE3). The pro-
teins were solubilized in lysis buffer (20 mM Na-Pi,
150 mM NaCl, 1 mM DTT, 0.5% Triton X-100,
10% glycerol containing 100µg/ml lysozyme) and
bound to glutathione Sepharose 4B resin (Pharma-
cia) in 1 ml of lysis buffer for 1 h at 4◦C. The
resin was then washed three times with lysis buffer.
[35S]-labeled proteins were synthesized in a rabbit
reticulocyte lysate (RRL)in vitro translation system
as described by the manufacturer (Promega). Thein
vitro translation mixtures were incubated with resin in
binding buffer (20 mM Na-Pi, 150 mM NaCl, 1 mM
DTT, 0.5% Triton X-100, 10% glycerol containing
100 µg/ml lysozyme) for 2 h at 4◦C and washed
three times with 1 ml binding buffer. The resin-bound
proteins were resolved on a 15% SDS-polyacrylamide
gel.

Transfection of mammalian cells

Transcriptional activator function ofOsMADS1, -14,
and -15 in mammalian cells was tested using COS-
7 cells. The COS-7 cells were maintained in Dul-
becco’s modified Eagle’s medium (DMEM) (Gibco-

BRL) supplemented with 10% bovine calf serum.
Transfections were carried out by the electroporation
method (Tatsukaet al., 1988). Briefly, DNAs (3µg of
the pSG424 expression vector or its derivatives, 3µg
of pG5E1b-CAT reporter plasmid, and 0.1µg of con-
trol plasmid pGL2 expressing luciferase, Stratagene)
were co-transfected into COS-7 cells using the Bio-
Rad Gene Pulser apparatus at 960µF and 0.25 kV
in 1 ml DMEM without serum. After electroporation,
the cells were maintained in DMEM supplemented
with 10% bovine calf serum and 5% fetal bovine
serum on 100 mm dishes. At 48 h after transfection,
the cells were harvested and resuspended in 200µl
of phosphate-buffered saline (PBS) containing 5 mM
EDTA.

Chloramphenicol acetyl transferase assay

Chloramphenicol acetyl transferase (CAT) activity in
COS-7 cells was measured by the method described
by Neumannet al. (1987). Cell extracts were pre-
pared by four cycles of freeze-thawing in 200µl of
PBS containing 5 mM EDTA. The supernatant of a
5-min centrifugation in an Eppendorf microcentrifuge
at 4 ◦C was used for CAT assay. CAT activity was
measured in 231µl of a reaction mixture containing
1 µl of [ 3H]-acetyl CoA (250µCi/ml; Amersham),
5 µl of unlabeled acetyl CoA (1 mg/ml in H2O), and
25µl of 10 mM chloramphenicol. The reaction mix-
ture was gently overlaid onto 3 ml of Econofluor-2
(Packard) and then incubated at 37◦C. After 30 and
60 min, the amount of [3H]-acetyl CoA transferred to
chloramphenicol was measured in a liquid scintillation
counter (1600 CA, TRI-CARB). Plasmids pSG147-
VP16 and pSG424 were used as positive and negative
controls, respectively. CAT activity was normalized to
the luciferase activity obtained from the pGL2 control
vector in order to correct for the transfection efficiency
in each experiment.

β-galactosidase assay

Mid to exponential-phase yeast cells were collected
and resuspended in Z-buffer (Miller, 1972). The
cells were assayed forβ-galactosidase activity as
described by Miller (1972) usingO-nitrophenylβ-
D-galactopyranoside as the substrate (ONPG assay).
Units of activity were calculated with the formula:
1000 × A420/(A600 × assay time in min× assay
volume in ml.
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Results

The C-terminal region ofOsMADS1contains a
transcriptional activation domain

Recently we have shown that the C region ofAP1,
a plant MADS domain protein, contains transcrip-
tional activation domains that function synergistically
(Cho et al., 1999). This implies that some of the
MADS domain proteins function as transcriptional
activators. We investigated whetherOsMADS1con-
tained transcriptional activation domain(s) using yeast
and mammalian gene expression systems. The full-
length OsMADS1clone showed transcriptional acti-
vator function as indicated by the viability of yeast
cells on the SD, trp−, his− medium (Figure 1B, (a)).
Deletion mutants ofOsMADS1still containing the C
domain (Figure 1A, (c), (d), and (e)) all exhibited
transcriptional activator functionality (Figure 1B, (c),
(d), and (e)). On the other hand, mutants with dele-
tions of the C-terminal end of the C domain (amino
acids 218–257; Figure 1A, (b) and (f)) had abol-
ished the transcriptional activator function as indicated
by the mortality of the yeast transformants on SD,
trp−, his− medium (Figure 1B, (b) and (f)). This sug-
gests that the C domain ofOsMADS1functions as a
transcriptional activation domain in yeast cells. The
transcriptional activator function ofOsMADS1was
confirmed in mammalian cells (see below).

Yeast two-hybrid screening for proteins interacting
with OsMADS1

To identify proteins interacting with theOsMADS1
protein, the yeast two-hybrid system was employed.
Full-lengthOsMADS1is not suitable for the yeast two-
hybrid system, since the C-terminal end ofOsMADS1
contains a transcriptional activation domain. There-
fore, we used a truncated form ofOsMADS1as a bait.
This truncated gene spanned amino acid residues 1–
218 ofOsMADS1containing the complete MADS box
and the I and K domains but lacking the C-terminal
part of the C domain (Figure 1A, (b)).

By two-hybrid screening of about 1000 000 yeast
transformants, we obtained 13 positive clones. Se-
quencing revealed that these clones originated from
two genes not previously known. We named the novel
genesOsMADS14and OsMADS15. The cloned in-
serts contained different starting points as seen in
Figure 2. Some of the clones lacked the MADS do-
main and most of the I domain (for example, Fig-
ure 2, No. 80), but all of the clones contained

complete K and C domains. This suggests that the
region essential for theOsMADS1/OsMADS14and
OsMADS1/OsMADS15interactions lies downstream
of the I domain.

We found anOsMADS15cDNA clone containing
the entire open reading frame by 5′-RACE. The nu-
cleotide sequence of thisOsMADS15cDNA clone is
shown in Figure 3A. The nucleotide sequence ofOs-
MADS14has been published elsewhere (Moonet al.,
1999). TheOsMADS15protein contains a MADS box
domain of 56 amino acids at the N-terminus (Fig-
ure 3A, underlined 2–57). The K domain, a region
considered to participate in protein-protein interac-
tion, resides at the amino acids 93–158 (Figure 3A,
underlined region). TheOsMADS15protein shows
high similarity toOsMADS14andZAP1(Figure 3B),
a maize homologue ofAP1 (Mena et al., 1995).
The amino acid sequence comparison ofOsMADS15
revealed 66% sequence identity and 67% sequence
homology toZAP1(Figure 3B). The sequences ofOs-
MADS1, OsMADS14, OsMADS15, andZAP1shared a
high degree of homology in the MADS and K domains
(Figure 3B). However, in the I and C regions,Os-
MADS1showed only little homology toOsMADS14,
-15, andZAP1 (Figure 3B).OsMADS14and -15 are
highly homologous to each other throughout the pro-
tein region except for short deletions in several places
of the C domain ofOsMADS14in comparison to
OsMADS15(see the underlined region in Figure 3B).

Determination of regions required for protein-protein
interaction

The regions ofOsMADS14 and of OsMADS15re-
sponsible for the protein-protein interaction withOs-
MADS1were determined both in the yeast two-hybrid
system and byin vitro pull-down assay. We focused
on the K and C domains in this study, since all the
OsMADS14and-15clones, selected in the two-hybrid
system using the baitOsMADS1, contained both K and
C domains (Figure 2).

Interestingly, two copies of the well known mo-
tif called a ‘leucine zipper’, which often exists in
transcriptional activators calling for protein-protein in-
teraction, are present inOsMADS1, -14, and -15 as
shown in Figure 4A (note the leucine or isoleucine in
boxes). Forty-one amino acids are between the leucine
zipper-like motifs (Figure 4A). We arbitrarily defined
this region inOsAMDS1, -14, and -15 as K′. It in-
cludes K and a following conserved segment of 16
amino acids with a second leucine zipper-like motif
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Figure 1. Determination of the transcriptional activation domain inOsMADS1. A. Schematic diagram of serial deletion mutants ofOsMADS1
were fused to the GAL4 DNA-binding domain. These plasmids contain different parts ofOsMADS1(a,OsMADS1, 1–257; b,OsMADS1-1C,
1–218; c,OsMADS1-KC, 88–257; d,OsMADS1-1KC, 109–257; e,OsMADS1-CII, 160–257; f,OsMADS1-K1C, 88–218). The numbers on
the top of the panel indicate amino acid positions in the wild-typeOsMADS1gene. Closed, open, gray, and hatched boxes depict the MADS, I,
K, and C domains, respectively. B. The viability of yeast cells containing the plasmids shown in panel A on a histidine-deficient plate.

(Figure 3B and 4A). C domains starts at amino acid
157 in OsMADS1and 160 inOsMADS14and -15
(Figure 3B).

In the yeast two-hybrid system, which is of-
ten used to investigate protein-protein interactions
in vivo, the constructs ofOsMADS14and -15 con-
taining K domains (K, K′, and KC) interacted with
OsMADS1containing the KC domain as indicated
by the growth of the yeast transformants on Leu-,
Trp-, and His-deficient plates (Figure 4B, (a), (b),

(c), (e), (f), and (g)). Note that the growth rate
of the yeast cells transformed withOsMADS14-K
and OsMADS15-K is lower than that of yeast cells
transformed withOsMADS14-KC, OsMADS14-K′,
OsMADS15-KC, and OsMADS15-K′ (compare (b)
and (f) with (a), (c), (e), and (g) in Figure 4B).
Derivatives ofOsMADS14and-15 lacking the K do-
main did not interact withOsMADS1(Figure 4B,
(d) and (h)). This indicates that the presence of the
K domains in bothOsMADS14and OsMADS15is
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Figure 2. Rice cDNA clones selected in a yeast two-hybrid system using theOsMADS1gene as a bait. Schematic diagrams of the identified
genes are shown. Closed, open, gray, and hatched boxes depict the MADS, I, K, and C domains, respectively. Two different genes (Os-
MADS14andOsMADS15) were repeatedly selected. Plasmid names and selected independent clones are indicated. The amino acid numbers
of OsMADS14and-15 are shown as numbers on arrows. Note that all clones contain K and C domains.

essential for the interaction withOsMADS1. We at-
tempted to compare the relative strength of the protein-
protein interactions among derivatives ofOsMADS14
and -15 by measuring theβ-galactosidase activities
of the yeast transformants (Table 1). Admittedly,β-
galactosidase activity may not quantitatively reflect
the strength of the protein-protein interaction, but we
still hoped to get a rough idea of the relative strength of
the protein-protein interactions. Yeast cells containing
pGBT9/OsMADS1-K1C and pGAD424, a negative
control pair, showed minimalβ-galactosidase activity
(0.67 units). A positive control pair, pGAD424 and
pGBT9/AD, where the GAL4 DNA-binding domain
is directly fused with the GAL4 transcriptional ac-
tivation domain 11 (amino acids 768–881) (Ma and
Ptashne, 1987), showed aβ-galactosidase activity of
about 55 units. The clones containing a K′ domain
of OsMADS14(pGAD424/OsMADS14-KC) showed
very strong interaction withOsMADS1 judged by
the strongβ-galactosidase activity of about 49 units.
Deletion of the C domain (pGAD424/OsMADS14-
K′) reducedβ-galactosidase activity about 5-fold (9.4
units). This may indicate that the C domain ofOs-
MADS14augments the interaction betweenOsMADS1
andOsMADS14. It is hard to speculate on the mole-
cular basis for the enhancement ofβ-galactosidase
activity by the C-domain with this limited exper-
iment. Deletion of the second leucine zipper-like

domain (PGAD424/OsMADS14-K) reduced theβ-
galactosidase activity further, even though the activity
remained much higher than that of the clone contain-
ing the C domain alone (pGAD424/OsMADS14-C).
This pattern was also observed for yeast cells contain-
ing derivatives of pGAD424/OsMADS15, although the
β-galactosidase activities were generally lower than
those of theOsMADS14clones. Our data therefore
indicate that the K domains ofOsMADS14and Os-
MADS15include the minimal sequences required for
protein-protein interaction and that the second leucine
zipper-like motif augments the interaction.

The interaction ofOsMADS14and -15 with Os-
MADS1was confirmed byin vitro pull-down assay.
[35S]-labeledOsMADS14and-15 proteins were syn-
thesized in an RRLin vitro translation system. GST
and GST-fusedOsMADS1proteins were produced
in E. coli and partially purified using glutathione
Sepharose 4B resin. The resin-bound GST and GST-
fused OsMADS1proteins were mixed with [35S]-
labeledOsMADS14and-15proteins containing the K,
K′, C, or KC regions. After thorough washing, the
resin-bound proteins were analyzed by SDS-PAGE.
The translation products of GAL4-AD, a negative con-
trol protein spanning the GAL4 activation domain, and
of the OsMADS14and -15 derivatives were clearly
detected by autoradiography (Figure 4C, lanes 1, 4,
7, 10, 13, 16, 19, 22, and 25). These proteins were
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Figure 3. A. The nucleotide sequence and predicted amino acid sequence of theOsMADS15cDNA. The GenBank accession number is
AF058698. MADS box and K box regions are underlined. The positions of nucleotides and amino acids are shown in the right margin. The
asterisks (∗∗∗) indicate the first and the last amino acid of the K′ domain ofOsMADS15. B. Sequence homology comparison amongOsMADS1,
-14, -15, andZAP1. Analysis of the amino acid homology was performed by the Macvector program. Identical amino acid residues and amino
acids with conserved changes are depicted within darker and lighter boxes, respectively. MADS, K, K′, and C domains are indicated by arrows.

not pulled-down by the glutathione Sepharose 4B resin
associated with GST (Figure 4C, lanes 2, 5, 8, 11,
14, 17, 20, 23, and 26).OsMADS14and-15 proteins
containing the K′ region (K′ and KC) were precipi-
tated by glutathione Sepharose 4B resin only together
with GST-OsMADS1-K1C (Figure 4C, lanes 6, 12,
18, and 24). As already seen in the two-hybrid sys-
tem, the C domain ofOsMADS14and -15 did not

interact withOsMADS1in the pull-down assay either
(Figure 4C, lanes 15 and 27).OsMADS14and-15pro-
teins containing only the K domain showed some very
weak interaction withOsMADS1in this pull-down ex-
periment (Figure 4C, lanes 9 and 21). Overexposure
of the X-ray film revealed faint bands ofOsMADS14
and-15 (data not shown). This, too, suggests that the
leucine zipper-like motif at the C-terminal ends of the
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Figure 3. Continued.

Table 1. Quantitative analysis of protein-protein interactions among derivatives of
OsMADS1, -14, and -15.β-galactosidase activity was determined by the ONPG assay.

plasmids β-galactosidase activity1

pGBT9+pGAD424 0.67± 0.09

pGBT9/AD+pGAD424 55.13± 1.65

pGBT9/OSMADS1-K1C+pGAD424/OsMADS14-KC 48.65± 2.96

pGBT9/OSMADS1-K1C+pGAD424/OsMADS14-K 2.26± 0.25

pGBT9/OSMADS1-K1C+pGAD424/OsMADS14-K′ 9.40± 0.26

pGBT9/OSMADS1-K1C+pGAD424/OsMADS14-C 0.90± 0.07

pGBT9/OSMADS1-K1C+PGAD424/OsMADS15-KC 8.96± 1.28

pGBT9/OSMADS1-K1C+PGAD424/OsMADS15-K 1.27± 0.16

pGBT9/OSMADS1-K1C+pGAD424/OsMADS15-K′ 3.39± 0.30

pGBT9/OSMADS1-K1C+pGAD424/OsMADs15-C 0.77± 0.12

1β-galactosidase activity: 1 unit= 1000× A420/(A600× reaction time (min)× volume
of culture (ml). Three independent assays were performed for each yeast transformation.
Mean± standard deviation.
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Figure 4. Determination of the domains inOsMADS14and-15 responsible for interaction withOsMADS1. A. The amino acid sequences of
the K′ regions ofOsMADS1, -14, and-15. Leucine or isoleucine residues, which are repeated at intervals of seven amino acid residues, are
boxed-in. B. The viability test of yeast cells transformed by two-hybrid vectors on a histidine-deficient plate.OsMADS14-KC, -K, -K′, and -C
encode amino acids 93–246, 93–158, 93–174, and 159–246 ofOsMADS14, respectively.OsMADS15-KC, -K, -K′ and -C encode amino acids
93–268, 93–158, 93–174, and 159–268 ofOsMADS15, respectively. C.In vitro binding of OsMADS14and-15 derivatives toOsMADS1. In
vitro translation products of the GAL4 activation domain,OsMADS15-KC, -K, -K′, -C, andOsMADS14-KC, -K, -K′, -C are shown in lanes 1,
4, 7, 10, 13, 16, 19, 22, and 25, respectively. The same set of polypeptides precipitated with glutathione Sepharose 4B resins bound to GST
protein is shown in lanes 2, 5, 8, 11, 14, 17, 20, 23, and 26, respectively. The same set of polypeptides precipitated with glutathione Sepharose
4B resins bound to the GST-fusedOsMADS1-K1C protein is shown in lanes 3, 6, 9, 12, 15, 18, 21, 24, and 27, respectively.

K′ domain ofOsMADS14and -15 strongly augment
the protein-protein interaction.

Transcriptional activator functions ofOsMADS1,
-14, and-15.

Recently, the C region ofA. thaliana AP1was shown
to function as a transcriptional activation domain (Cho
et al., 1999). The possible transcriptional activator
function of the C domain or KC domain inOs-
MADS1, -14, and -15 was investigated using yeast
and mammalian systems evaluating transcriptional ac-
tivator function. Like in theA. thaliana AP1, the C
domain ofOsMADS1showed transcriptional activa-
tor function as indicated by the growth of yeast cells
on a histidine-deficient plate (Figure 1B, (a), (c), (d)
and (e)). The C domains ofOsMADS14and -15 did
not show transcriptional activator function in yeast
cells (data not show). Transcriptional activator func-
tion of OsMADS1, -14and-15 was also investigated

in a mammalian system (Figure 5A and 5B). The KC
domain ofOsMADS1showed transcriptional activator
function in mammalian cells as indicated by CAT ac-
tivity (Figure 5A and 5B, compare (c) with a negative
control, (a)). On the other hand, the KC domains of
OsMADS14and-15did not show transcriptional acti-
vator function (Figure 5A and 5B, compare (d) and (e)
with (a)).

Discussion

OsMADS1is a MADS box gene that is expressed uni-
formly in young flower primordia and then becomes
localized in the palea, lemma, and ovary at a later stage
of flower development (Chunget al., 1994). Ectopic
expression ofOsMADS1with the CaMV 35S pro-
moter in transgenic tobacco plants dramatically altered
the development of the plant, creating short, bushy,
early-flowering plants with reduced apical dominance.
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Figure 4. Continued.
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Figure 5. Transcriptional activator function ofOsMADS1, -14and-15 in mammalian cells. A. Schematic diagrams of portions ofOsMADS1
-14, and-15 that were used to investigate the transcriptional activation function of the regions in mammalian cells. The numbers on the top of
the panel are amino acid numbers of theOsMADSgenes. Gray and hatched boxes depict K and C domains, respectively. The reporter plasmid
contains 5GAL4-binding sites (GAL4×5), the adenovirus E1b promoter (E1b TATA), and the CAT (CAT) gene. Transcriptional activator
function of the KC domains ofOsMADS1, -14, and-15 in mammalian cells was investigated by transient expression of test molecules in COS-7
cells. B. Relative transcriptional activation function ofOsMADS11KC, 14KC and15KC in mammalian cells. Bars in the histogram show
average CAT activities in mammalian cells transfected with the plasmids shown in the panel A. CAT activities in the cells transfected with the
negative control vector pSG424 were arbitrarily set at 1. The columns represent mean values, and error bars indicate standard deviations. The
data were normalized for transfection efficiency based on luciferase activity derived from the co-transfected plasmid pGL2. Three independent
assays were performed for each transfection.
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The results thus suggest thatOsMADS1plays a key
role in flower induction (Chunget al., 1994). Here
we report that a central portion ofOsMADS1, named
K′, is involved in interactions ofOsMADS1with two
novel MADS domain proteins namedOsMADS14and
-15. Furthermore, the C-terminal region ofOsMADS1
can function as a transcriptional activation domain in
yeast and mammalian systems.

Several lines of evidence suggest that the tran-
scriptional activation domains found in the KC region
of the OsMADS1sequence function as such in plant
cells, but this activity has yet to be confirmed for the
OsMADS1protein in a plant. Many transcriptional
activators are composed of a DNA-binding domain
and a transcriptional activation domain (Brent and
Ptashne, 1985; Hope and Struhl, 1986). The C re-
gion of a plant MADS box gene,AP1, has been
shown to function as a transcriptional activator do-
main (Choet al., 1999). Therefore, it would not be
surprising to find thatOsMADS1could also function
as a transcriptional activator, even though the similar-
ity between the C domains ofOsMADS1andAP1 is
not that high (Figure 3B). Furthermore, transcriptional
activator sequences are well conserved between mam-
malian, plant, and yeast cells (Hope and Struhl, 1986;
Ma and Ptashne, 1987; Coureyet al., 1989; Mermod
et al., 1989; Aeschbacheret al., 1991; Schindleret al.,
1992), so much so that a transcriptional activator of
one group can function in a very different group of
organisms (Fischeret al., 1988; Kakidani and Ptashne,
1988; Lechet al., 1988; Maet al., 1988; Struhl, 1988;
Websteret al., 1988).

Two MADS box genes (OsMADS14and-15) were
identified by their interaction withOsMADS1in the
yeast two-hybrid system. We think these two pro-
teins are majorOsMADS1-binding proteins expressed
at the early stage of rice flower development, since
only these genes were repeatedly found during the
two-hybrid screening process using a cDNA library
generated from mRNAs of young rice flowers (4 for
OsMADS14, and 9 forOsMADS15).

The K domain has been shown to play a key role
in the interactions of other plant MADS domain pro-
teins (Davieset al., 1996; Fanet al., 1997; West
et al., 1998). Interestingly, the K domain and the fol-
lowing sequences inOsMADS14and-15, named K′,
seemed to be critical for the interactionOsMADS1
with OsMADS14and -15 in the two-hybrid system
(Figure 4B) as well as thein vitro pull-down assay
(Figure 4C). The C-terminal end of the K′ region con-
taining the second leucine zipper-like motif, which is

often found in domains responsible for protein-protein
interaction of transcriptional activators (Landschulz
et al., 1988; Kouzarides and Ziff, 1988), visibly aug-
mented the protein-protein interaction especially in
the in vitro binding assay (Figure 4C). The configu-
ration of the three proteinsOsMADS1, -14, and -15
in terms of the DNA-binding region (MADS domain),
the protein-interaction region (K domain), and the
leucine zipper-like domain is similar to that of the
transcription activator Myc which contains a DNA-
binding region (basic region), a protein-interaction
domain (helix-loop-helix region), and a leucine zip-
per domain (Lucher and Larsson, 1999). Recently,
we confirmed the importance of the leucine residues
for protein-protein interaction in a MADS domain
protein, OsMADS6, using site-directed mutagenesis
(Moonet al., 1999).

What roles could there be for protein-protein in-
teractions among MADS domain proteins? Depend-
ing on the protein-interaction domains, MADS do-
main proteins may form different protein complexes.
The different complexes are likely to have different
DNA-binding specificities to different variants of tar-
get DNAs called CArG box motifs, even though the
complexes may retain some binding capacity to the
consensus (CC[A/T]6GG) sequence. The variable C
domains seem to have a different function, such as
transcriptional activation. For instance, the KC region
of OsMADS1but not those ofOsMADS14and -15
show transcriptional activator function. In different
combinations the MADS domain proteins may be able
to regulate the expression of a variety of target genes
in spatially and temporally separated compartments.
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