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Abstract

A cDNA clone OsMADS16was isolated from the rice young inflorescence cDNA expression library by the yeast
two-hybrid screening method with OsMADS4 as bait. We have previously shown th@istié&DS4gene is a
member of theP| family and that the MADS-box gene is involved in controlling development of the second and
third whorls of rice flowers. The sequence comparison indicateddbBADS 1&elongs to théAP3family. The
OsMADS16 protein contains a Pl-derived motif, FAFRVVPSQPNLH, that is a conserved sequéR&family

genes at the C-terminal region. In addition, OSMADS16 contains a paleoAP3 motif, YGGNHDLRLG, downstream
of the Pl-derived motif. The paleoAP3 motif is a consensus sequence in the C-terminal regiofBBttaenily

genes of lower eudicot and magnolid dicot species. RNA blot analysis showed thaskh&DS16gene was
expressed in the second and third whorls, wherea®©O#MADS4transcripts were present in the second, third,

and fourth whorls. These expression patterns of@#MADS16and OsMADS4genes are very similar to those

of AP3andPl, respectively. In the yeast two-hybrid system, OsMADS4 interacted only with OsMADS16 among
several rice MADS genes investigated, suggesting that OsSMADS4 and OsMADS16 function as a heterodimer in
specifying sepal and petal identities. The OsMADS16 protein displayed transcription activation ability in yeast,
whereas AP3 did not. It was also shown in yeast that OsSMADS16 interacted with Pl whereas OsMADS4 did not
interact with AP3. These differences between OsMADS16 and AP3 indicate that the functiong\ef3family

genes of monocots and dicots diverged during molecular evolution processes of the B function genes. Deletion
analysis showed that the 155-200 amino acid region of the OsMADS16 protein plays an important role in the
transcription activation ability.

Introduction served MADS-box motif, specify the identities of the
floral organs in dicots. The class A genes in whorl
Recent studies on flower development of various dicot 1 and the class C genes in whorl 4 function to de-
species includingArabidopsis thaliana Antirrhinum velop sepals and carpels, respectively. In combination,
majus petunia, and tomato have elucidated that the the class A and B genes determine the fate of petals
genetic and molecular mechanisms controlling flower in whorl 2. Similarly, the class B and C genes to-
organ identity have been highly conserved (Coen, gether control formation of stamens in whorl 3. The
1991; Weigel and Meyrowitz, 1994). It has been es- class A MADS genes includAPETALA1(APY) in
tablished that three classes of homeotic genes, A, B, Arabidopsis(Mandelet al, 1992; Gustafson-Brown
and C, which encode proteins containing a highly con- et al., 1994) andSQUAMOSASQUA in Antirrhinum
E— , , _ (Huijser et al, 1992), the class B genes include
The nucleotide sequence data reported will appear in the APETALAYAP3) andPISTILLATA(PI) in Arabidop-

EMBL, GenBank and DDBJ Nucleotide Sequence Databases under * .
the accession number AFO77760. sis (Jacket al, 1992; Goto and Meyerowitz, 1994)
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andDEFICIENS(DEF) andGLOBOSAGLO) in An- genes (Schwarz-Sommet al, 1990; Jacket al,
tirrhinum (Sommetret al,, 1990; Trobneet al,, 1992), 1992; Goto and Meyerowitz, 1994; Jaekal, 1994;
and the class C genes inclUlBAMOUSAG) in Ara- Samachet al, 1997). Furthermore, thaP3 family
bidopsis(Yanofsky et al, 1990) andPLENA (PLE) genes of higher eudicot, lower eudicot, and magno-
in Antirrhinum (Bradleyet al, 1993). In addition to lid dicot species have a different conserved motif in
specification of stamen and carpel identity, the class the C-terminal region; higher eudicots have an euAP3
C genes inhibit the indeterminate growth of the floral motif, D(L/I)TTFALLE, whereas lower eudicots and
meristem (Mizukami and Ma, 1992, 1995). magnolid dicots have a paleoAP3 motif, YGXHDL-
In dicot plants, the class B MADS genes are re- RLA (Krameret al, 1998). These differences in the
quired to specify petal and stamen identities. Ectopic conserved motifs of thé\P3 family genes indicate
expression of botPl and AP3in Arabidopsisplants that the AP3 lineage has experienced a significant
resulted in the transformation of sepals into petals and diversification.
carpels into stamens, demonstrating that the activities ~ Although much is known about the function of
of these two genes together are sufficient to provide class B genes of dicot plants, those of monocot plants
the B function (Krizek and Meyerowitz, 1996). Also, have been reported only in a few species. In rice, we
simultaneous expression of bdifeF andGLO in to- have previously isolated tw®! family genes, Os-
bacco plants caused extreme alterations of the floral MADS2 and OsMADS4(Chunget al, 1995). They
organs (Davie®t al, 1996b). The conversion of the were expressed in young inflorescences, stamens, and
first whorl sepals to petals was almost complete, ac- carpels, showing that the expression patterns of the
companying pigment development and morphological MADS genes are similar to those 8. Transgenic
alteration. These ectopic expression analyses indicaterice plants expressing antisen@sMADS4displayed
that the functions of the B group genes appear to be alterations of the second and third whorls (Kangl.,
limited to establishing organ identity. 1998). The second-whorl lodicules were altered into
In vitro DNA-binding studies showed that the AP3 palea/lemma-like organs, and the third-whorl stamens
and PI proteins specifically bind, as a heterodimer, to were changed to carpel-like organs. This result sug-
the CArG motif found in the promoter region 8P3 gests thaOsMADS%elongs to thél gene family.
and other floral homeotic genes (Riechmaeinal, The yeast two-hybrid system provides a sensi-
1996a,b; Hillet al, 1998; Tilly et al, 1998). It tive and specific method to study protein-protein in-
was reported that heterodimerization between AP3 teractions. It was previously shown that DEF and
and Pl was necessary for nuclear localization of these GLO specifically select each other in the system,
proteins (McGoniglet al,, 1996).In vitro binding ex- demonstrating usefulness of the method (Daeted.,
periments suggested that the MADS box, the entire | 1996a). In this study, we have isolated AR3 fam-
region, and the first putative amphipathic helix of the ily gene of rice,OsMADS16by the yeast two-hybrid
K box region of theAP3andPI genes are responsible  system using OsMADS4 as bait.
for the heterodimerization (Riechmaehal., 1996b).
In addition, it was demonstrated that the MADS box
and | region are involved in nuclear localization (Mc- Materials and methods
Gonigleet al, 1996). It was shown that the K-box
region, a domain found only in plant MADS-box Plasmid construction
factors, plays an important role in protein-protein in-
teraction (Daviest al, 1996a). These observations The binding domain vector, pPBDGAL4, and the ac-
Suggest that the B-class genes function On|y as ativation domain vector, pADGAL4, were pUrChased
heterodimer during the processes of DNA binding, from Stratagene. The sequences containing K and
nuclear localization, and protein-protein interaction.  C regions (KC), K domain (K) or C-region (C) in
Although the B-class genes dfrabidopsisand ~ OSMADS] OsMADS3 OsMADS4 OsMADSS5 Os-
Antirrhinum have many similarities in their function MADSG OsMADS7 OsMADS8 OsMADS16 AP3
(Irish and Yamamoto, 1995), a closer look at the puta- and Pl were generated by polymerase chain reaction
tive class B 0rth0|ogous genw:g and DEF shows (PCR) For all constructs, the EcoRl site and the
that they differ in the expression patterns, the phe- 3" Sal site were introduced by PCR. PCR was per-
notypes of fourth-whorl organs in their mutants, and formed to amplify the following regions: OsSMADS1-
transcriptional dependence on their B class partner KC, amino acid (aa) residues 85-257; OsMADS3-



KC, 87-236; OsMADS4-KC, 84-210; OsMADS5-
KC, 89-225; OsMADS6-KC, 86-250; OsMADS7-
KC, 90-249; OsMADS8-KC, 90-248; OsMADS16-
KC, 83-223; OsMADS16-K, 83-173; OsMADS16-
Ci55-180, 155-180; OsSMADS16-Gs5 200 155—
200; OsMADS16-Gs5 223 155-223; OsMADS16-
C181-223, 181-223; OSMADS16-£g1_223 201-223;
AP3-KC, 83-232; PI-KC, 83—-208. The AP3-KC and
PI-KC clones were isolated from the total cDNA of
Arabidopsisflower buds. The PCR profile used was
1 min at 95°C, 1 min at 57°C, and 1.5 min at 72C

for a total of 40 cycles. The PCR products were di-
gested withEcoRI and Sal, ligated to pBDGALA4 or
pADGAL4, and their sequences were determined to
confirm the proper fusion of the constructs.

Construction of expression cDNA library

Total RNA was isolated from rice young inflores-
cence when the length of the panicles was below 2 cm
using the RNA isolation kit (TRI Reagent, Molecu-
lar Research Center). mRNA was isolated using the
Poly(A) Quick mRNA isolation kit (Stratagene, La
Jolla, CA). The expression cDNA library was made
by the standard method according to the HybriZAP
two-hybrid cDNA Gigapack cloning kit manual (Strat-
agene) using Uni-ZAP XR and HybriZAP vectors
as cloning vectors. The initial pfu of the Uni-ZAP
cDNA library and the HybriZAP cDNA library were
5.85 x 10P and 494 x 10P, respectively. Total cDNA

of the phagemid form was obtained by the miassvo
excision method.

Yeast two-hybrid screening

The yeast strain YRG-2Matwe, ura3-52 his3-
200, ade2-101 lys2-801 trp1-901 leu2-3 112
gal4-542 gal80-538 LYS::UASgaL1-TATAGAL1-
HIS3, URA3ZZUASGAL417mer$X3)-TATACYCl—|aCZ),
was purchased from Stratagene. YRG-2 was trans-
formed with pBD/OsMADS4-KC, the binding domain
plasmid containing the K domain and C region of
OsMADS4, according to the modified procedure of
the lithium acetate method (Gie& al, 1992). The
transformants were tested foliS3 reporter gene ex-
pression and found not to express tHES3 gene as
indicated by no growth on a medium lacking histi-
dine. The strain was used for transformation using
100 g plasmid DNA of the HybriZAP cDNA library
and 3 mg of salmon sperm carrier DNA by the lithium
acetate method. All of the transformation mixture was
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plated on the synthetic dropout (SD) medium (SD-
Trp-Leu-His + 3-AT) lacking tryptophan, leucine,
and histidine, and containing 1 mM 3-aminotriazole
(3-AT) (Kaiseret al,, 1994). About 12 x 10° trans-
formants were obtained as estimated based on the
number of transformants on the SD-Trp-Leu plate.
Thirty colonies that grew on the SD-Trp-Leu-Hjs3-

AT plates after five days were transferred subsequently
onto the filter on the SD-Trp-Leu-His plate and incu-
bated for one day. Thg-galactosidase activity was
measured by the filter assay according to Breeden
and Nasmyth (1985). The colonies that turned blue in
less than 6 h were selected. DNA from the selected
colonies was rescued and retransformed into YRG-
2 with pBDGAL4 or pBD/OsMADS4-KC. Plasmid
DNA was recovered from yeast colonies according to
Hoffman and Winston (1987), and transformed into an
E. colistrain, XL1-blue, by electroporation.

Isolation of the 5region of the OsMADS16 cDNA

The B region of the OsMADS16 cDNA was isolated
by PCR with the T3 primer (SAATTAACCCTCACT-
AAAGGG-3) and two OsMADS16-specific primers
(388-407, 5GTCCAGATCTTCTCCCATCC-3 and
548-568, 5GCTCCTGCTGCAGAGTCTTG-3. The
template was a total cDNA, which was vivo ex-
cised from the Uni-ZAP cDNA library. The amplified
fragment was cloned into pBSIl K${ (Stratagene).
Double-stranded DNA was used as a template for
DNA sequence analysis following the manufacturer’s
instructions (Amersham, Thermo Sequnase cycle se-
guencing kit). Amino acid sequence homology com-
parison was performed with the BLASTX alignment
(Altschulet al,, 1997).

DNA blot analysis

Genomic DNA was prepared from rice leaves ac-
cording to the protocol of Shuret al. (1983). A

10 g portion of DNA was digested withEcORl,
Hindlll, or Pst, subjected to electrophoresis in a
0.8% agarose gel, and then blotted onto a Hybond-
N+ filter (Amersham). The K box fragment (273 bp
from 312 to 584) of theOSMADS16cDNA clone
was labeled by the random priming method (Amers-
ham) and used as a probe. The filter was prehybridized
for 3 h at 65°C in a solution containing 0.5 M sodium
phosphate (pH 7.2), 1 mM EDTA, 1% BSA, and 7%
SDS (Church and Gilbert, 1984). Hybridization was
performed for 20 h at 65C in a prehybridization solu-
tion supplemented with labeled probes. The filter was
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A
1 MGRGKIEIK ROV KRRTGIMKKARELTVLCDAQVATIME
51 TGKYHEFCSPSTDIKGIFDRYQQATIGTSLWIEQYENMORTLSHLKDINRN
101 LRTE IRQRMGEDLDGLEFDELRGLEQNVDAALKEVRHRKYHVISTQTETY
151 KKKVKHSYEAYKTLQORT.GTL.CREPAWFVDNTGGGWDGGAGAGAARDMEFAFR
201 RVVPSQPNLHGMAYGGNHDLRLA*
B
223 0OsMADS16
228 PnAP3-2
222 M6

PaleoAP3 Motif

232 AP3
224 BobAP3
227 DEF

EuAP3 Motif
PI Motif-derived

S EK--- 210 OsMADS4
TTTTTTNNK 231 PnPI-1
IMSLVID 208 PI

RF- -~ 215 GLO
MPFxFRVQPXQPNLQE PI-Motif

Figure 1. A. The deduced amino acid sequenceQ¥MADS16 MADS box region is underlined and K box region is indicated in bold.
B. Alignment of amino acid sequences of C-terminal regio®@sMADS16nd another B class MADS genémAP3-2 TM6, AP3 BobAP3
andDEF are members of the&P3family genes oPapaver nudicauletomato,Arabidopsis thalianaBrassica oleraceagandAntirrhinum majus
respectively. Th®©OsMADS4PnPI-1, Pl, andGLO are members of thel family genes of ricePapaver nudicauleArabidopsis thalianaand

Antirrhinum majusrespectively. A gray-shaded background denotes amino acid sequences of paleoAP3 motif, euAP3 motif, Pl motif-derived

motif, or Pl motif.

washed three times for 5 min inx SSPE and 0.1%  between 369 and 599) aif@sMADS16DNA clones
SDS at 65°C. were labeled and used as probes.

RNA blot analysis Quantitative assay gf-galactosidase activity

Total RNA was isolated by the RNA isolation kit (TRI ~ Mid-to-late exponential-phase yeast cells were col-
Reagent, Molecular Research Center) from leaves, lected and resuspended in a Z buffer (Miller, 1972).
roots, lodicules, sterile lemma, palea lemma, stamens, The cells were assayed fg-galactosidase activity
and carpels. A 2@wg portion of total RNA was frac-  as described by Miller (1972) usin@-nitrophenyl
tionated on a 1.3% agarose gel as described previouslys-D-galactopyranoside (ONPG) as a substrate. The
(Sambrooket al, 1989). After RNA transfer onto a  activity unit was calculated using the formula: 1600
nylon membrane, the blots were prehybridized, hy- OD42¢/(ODggo x assay time in mirx assay volume in
bridized, and washed with the same method used in theml).

DNA blot analysis except for temperature which was

60°C. The K-box fragments of th@sMADS4231 bp
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Table 1. Quantitative assay of protein-protein interaction be-

tween OSMADS4 and rice MADS proteins. Isolation of the cDNA clone containing an entire open

reading frame

Activation domain B-Galactosidase activity

The clones selected by the yeast two-hybrid screen-

i C
Plasmid OSMADS4KE  pBDGALS ing were partial, lacking the’gegion that encodes
OsMADS1-KC 0.15+ 0.048 0.04t 0.011 the N-terminal end of the protein. Thé &gion was
OsMADS3-KC 0.14+ 0.039 0.04+ 0.013 isolated by PCR using a vector primer and two cDNA-
OsMADS4-KC 0.15+0.045 0.04+ 0.013 specific primers. A cDNA clone of 1059 bp containing
OsMADS5-KC 0.16£0.046  0.05£0.014 the entire open reading frame was generated by con-
OsMADS6-KC 0.15:0.033  0.03£0.012 necting the 5 region to the cDNA clone obtained
OSMADS7-KC 0.15: 0045 0.04:0.013 from the yeast two-hybrid screening. It contains the
OSMADSE-KC 0.17+0.031 0.04£0.011 65 bp B-untranslated region, 300 bp-Gntranslated
OSMADS16-KC 59,70t 3.860 0.03£ 0.010 region, and an open reading frame of 223 amino
None 0.12£0.042  0.04+0.013

acid residues (calculated molecular massA2&Da).

The gene corresponding to this clone was designated
OsMADS16 The OsMADS16 protein shows 56.6%
identity with PnAP3-2, a\P3orthologue ofPapaver
nudicaule (Kramer et al, 1998), 49.8% with DEF
(Sommeret al, 1990), and 49.3% with AP3 (Jack
et al, 1992). The OsMADS16 protein contains the
MADS box domain which consists of 56 conserved
amino acids present in the N-terminal region of all
of the MADS transcription factors (Figure 1). The
K-box domain, a region considered to participate in
protein-protein interaction, is also present in between
amino acid residues 89 and 154. In the C-terminal re-
gion, two consensus amino acid sequences are located
(Figure 1). One is the Pl motif, FXFRLQPSQPNLH,
which is found in most of thé&P3family genes. The
other is the paleoAP3 motif, YGXHDLRLA, which is

ap-galactosidase activity unit 1000 x OD42¢/[ODgog x re-
action time (min)x volume of culture (ml)].

bGAL4 DNA binding domain fusion protein.

CpBDGALA4 is used as a negative control.

Results

Two-hybrid screening

To identify proteins that interact with OsMADS4, a
truncated OsMADSA4 protein containing the K domain
and C region was fused to the GAL4 DNA-binding
domain. The resulting plasmid pBD/OsMADS4-KC
was introduced into the yeast strain YRG-2 and the
transformants were tested for activation of HES3
selectable marker. The transformants did not grow on

a medium lacking histidine, demonstrating that Os-
MADS4 does not contain an activator domain in the K
domain and C region. We, therefore, proceeded to in-

a conserved sequence in thB3family MADS genes
of lower eudicot and magnolid dicot species (Kramer
et al, 1998).

troduce the cDNA expression library constructed from
the mRNA of rice young flowers. A total of2 x 10°
transformants were screened for their ability to grow
on a medium lacking histidine. This initial screening It was well established that there are a large number of
identified 30 colonies, which subsequently were tested MADS genes in the rice genome (Chuegal,, 1994,

for activation of thelacZ gene. These experiments 1995; Kanget al, 1995, 1997; Kang and An, 1997).
resulted in identification of seven colonies. Plasmid Therefore, it was necessary to identify the region of
DNAs were prepared from these colonies and retrans- the OsMADS16cDNA that does not hybridize with
formed into the YRG-2 strain in order to confirm other genes in order to study expression patterns of
whether the activation is indeed due to the presencethe genes. Genomic DNA blot analysis showed that
of the fusion protein. We observed that all of the seven one prominent band was specifically hybridized with
plasmids were able to activate laeZgene only inthe  the 273 bp fragment between nucleotides 312 and 584,
presence of pBD/OsMADS4-KC. Sequence determi- which is located at the K region (Figure 2).

nation of the seven clones revealed that, althoughthey = RNA blot analyses were conducted using this
had different length inserts, they all encoded an identi- gene-specific probe and RNAs isolated from leaves,
cal protein. The deduced amino acid sequences of theroots, and various floral organs. In rice, the spikelet,
clones were highly homologous to MADS proteins in the unit of inflorescence, consists of a lemma, a
the AP3family. palea, two lodicules, six stamens, and a carpel. The

Expression patterns @sMADS4andOsMADS16
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Table 2. Protein-protein interaction assay between the B class proteins of rice and

Arabidopsis

Binding domain plasmid

Activation dom

ain plasmid g-Galactosidase activity

AP3-KC

PI-KC
AP3-KC

PI-KC
OsMADS16-K
OsMADS16-K
PI-KC
OsMADS16-K
AP3-KC
OsMADS4-KC
AP3-KC
OsMADS4-KC
PI-KC
AP3-KC

PI-KC
OsMADS16-K
OsMADS4-KC

PI-KC
AP3-KC
AP3-KC
PI-KC
OsMADS4-KC
PI-KC
OsMADS16-KC
AP3-KC
OsMADS16-KC
AP3-KC
OsMADS4-KC
PI-KC
OsMADS4-KC

AP3-KC

PI-KC
OsMADS16-KC
OsMADS4-KC

27.424+ 1.957
30.40+ 0.463
0.1140.032
0.13+ 0.024
80.6%& 5.630
53.26t 4.342
69.58t 5.520
0.140.014
0.0& 0.022
0.12+ 0.012
0.1Gt 0.027
0.09+ 0.021
0.07 0.039
0.09+ 0.012
0.11+ 0.022
0.09 0.032
0.12+0.042
0.05+ 0.012
0.07£ 0.013
0.08t 0.011
0.08+ 0.013

ag-galactosidase activity unit 1000x OD42¢/[ODggg x reaction time (min)x volume

of culture (ml)].

-———

Figure 2. Southern blot analysis @sMADS16 The rice genomic
DNA was digested withEcaRl (E), Hindlll (H), and Pst (P),
respectively. The numbers indicate the size, in kb, of DNA markers.

L R Sl P Lo § C

(kA DSS

sMADS 16 -y e

Figure 3. RNA blot analysis 0f0sMADS4and OsMADS16Ethid-

ium bromide staining of 25S and 17S rRNAs demonstrated equal
amounts of RNA loading (data not shown). L, leaves; R, roots; Sl,
sterile lemma,; P, palea/lemma; Lo, lodicules; S, stamens; C, carpels.

OsMADS16ranscriptwas presentin lodicules and sta-
mens, but not detectable in other organs (Figure 3).
Lodicules are small, oval, and fleshy organs located
immediately outside of the stamens and are considered
to be petal (Yoshida, 1981). We have previously shown
that theOsMADSA4gene is expressed specifically in
stamens and carpels (Chuegal, 1998). However,
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the expression pattern in lodicules and sterile lem- of the AP3 and PI proteins, which specifically bind
mas had not been investigated. In this study, it was each other to form a heterodimer. When pBD/PI-
observed that th©sMADSA4transcript is present in ~ KC and pAD/OsMADS16-KC or pBD/OsMADS16-K
lodicules, stamens, and carpels; the lodicules showedand pAD/PI-KC were introduced into YRG-2, theeZ
the strongest expression and the carpels showed thegene was activated, demonstrating that OsMADS16
weakest level of expression (Figure 3). These expres-interacts with PI. This experiment showed that the
sion patterns of th©sMADS4gene anddsMADS16 dimerization site of the OsMADS16 protein is equiv-
gene are similar to those of thel gene andAP3 alent to that of AP3. In contrast to OsMADS16, the
gene inArabidopsis respectively; thd®l transcript is dimerization site of the OSMADS4 protein was not
presentin the second, third, and fourth whorls, and the equivalent to that of PI. The yeast two-hybrid sys-
AP3 transcript in the second and third whorls (Jack tem demonstrated that OsMADS4 did not interact with
et al, 1992; Goto and Meyerowitz, 1994). AP3 or PI (Table 2).

Interaction between OsMADS4 and other MADS box  |dentification of transcription activation ability of
proteins OsMADS4, OsMADS16, AP3, and PI

The yeast two-hybrid screening resulted in identifica- The transcription activation ability of the B class
tion of only one type of MADS gene when OSMADS4  \ADS genes from rice as well as those frohma-
was used as a bait. In order to determine whether bidopsiswas investigated using the yeast two-hybrid
OsMADS4 specifically interacts with OSMADS16 as  gystem. The C-terminal half of the MADS proteins
a heterodimer, we investigated protein-protein inter- containing the K domain and C region was connected
actions between OsMADS4 and other rice MADS g the GAL4 DNA binding domain. The resulting con-
proteins. The C-terminal half containing the K domain - stryctions, pBD/OSMADS4-KC, pBD/OsMADS16-
and Cregion 0OsMADS13,4,5,6,7,8 andléwas  KC, pBD/AP3-KC, and pBD/PI-KC plasmids were
fused with the activation domain vector pADGAL4.  introduced into the yeast strain YRG-2. The transfor-
The plasmid pBD/OsMADS4-KC was used as a bait. mants that grew on a medium lacking tryptophan were
The colonies that grew on a medium lacking leucine examined for activation of théacZ gene by the X-
and tryptophan were examined f@rgalactosidase  gga| filter assay ang-galactosidase activity analysis
activity (Table 1). These analyses showed that Os- (Taple 3). Interestingly, only the pBD/OsSMADS16-
MADS4 interacts only with OsSMADS16 among the KC plasmid activated théacZ gene, suggesting that

examined rice MADS genes, suggesting that Os- the C-terminal half of OSMADS16 has transcription
MADS4 and OsMADS16 function as a heterodimer activation ability.

in specifying sepal and petal identities.

. ) B Identification of transcription activation motifs in
Cross-interaction ability between the B-class MADS  ngmaADS16
genes

In order to narrow down the region that is involved in
the transcription activation ability of the OsMADS4
protein, the K domain and C region were separated
and each half was connected to the GAL4 binding do-
main and tested in yeast. While the K domain did not
activate thelacZ gene, the C region between amino
acid residues 155 and 223 contained the transcription
activation ability (Table 3). However, the C-terminal
region carrying the residues between 181 and 223 did
not show any transcription activation ability. Likewise,
the residues between 201 and 223 had no activity, in-
dicating that the sequence between 155 and 180 is
essential for the activation. Gain-of-function experi-
ments revealed that the 26 aa residues between 155
and 180 were not sufficient, but that the 46 aa residues

The sequence identity and expression patterns of the
class B genes of rice amdrabidopsissuggested that
the genes were highly conserved during evolution.
If their functional roles have been preserved, they
should interact with their counterparts of heterolo-
gous origin. The yeast two-hybrid system was used to
study interactions between the B class proteins. As a
control, interaction between AP3 and Pl was exam-
ined. When the K and C regions of the AP3 and the
PI proteins were fused to pBDGAL4 or pADGAL4,
these fusion proteins of AP3 and the PI interacted
with each other to activate thiacZ reporter gene
(Table 2). On the other hand, AP3 and PI did not
interact with themselves. These results showed that
the yeast two-hybrid system reproduced the property
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between 155 and 200 carried the transcription acti-
vation ability. These results suggest that the region
between amino acid residues 155 and 200 plays an
important role in transcription activation ability of the
OsMADS4 protein.

Discussion

We have isolated th©&sMADS16ene by yeast two-
hybrid screening using OsMADS4 as a bait. The pro-
tein is most homologous to various MADS genes of
the AP3family. In the C-terminal region, OsSMADS16
contained the sequence FAFRVVPSQPNLH, which
is a conserved motif in théAP3 family, support-
ing thatOsMADS16s a member of thé\P3 family.
Interestingly, OSMADS16 contains the sequence YG-
GNHDLRLG, which is the paleoAP3 motif found in
the AP3 family of lower eudicot and magnolid di-
cot species, such adedicago sativa Pachysandra
terminalis Papaver californicumPapaver nudicaule
Dicentra eximia Caltha palustris Michelia figg and
Peperomia hirta(Heard and Dunn, 1995; Kramer
et al, 1998). Although tomato belongs to the higher
eudicot family, TM6, an AP3 family gene of tomato,
has the paleoAP3 motif (Pnueti al,, 1991). TheAP3
family genes of most of higher eudicot species such
as Antirrhinum majus Arabidopsis thaliana Petu-
nia hybrida Solanum tuberosupNicotiana tabacum
Brassica oleracea and Silene latifolia contain the
euAP3 motif, D(L/I)TTFALLE, in the C-terminal re-
gion (Jacket al,, 1992; Schwarz-Sommet al., 1992;
Garcia-Marotcet al., 1993; van der Krokt al,, 1993;
Hardenacket al., 1994; Davieset al, 1996b; Carr
and Irish, 1997). The maiz&P3 homologueSILKY-
1 contains the palecAP3 motif with one amino acid
difference (C. Padilla and R. Schmidt, personal com-
munication). The sequence properties of maize and
rice suggest that thaP3 family genes of monocots
are more closely related to the lower eudicot species
than those of higher eudicot species.

In mature floral organ€®sMADS16vas expressed
in lodicules and stamens, whereasMADS4was in

Table 3. Assay of the transcription activation ability of
OsMADS4, OsMADS16, PI, and AP3.

Binding domain plasmid B-Galactosidase activify

AP3-KC 0.09+ 0.012
PI-KC 0.11+ 0.022
OsMADS4-KC 0.12+ 0.042
OsMADS16-KC 72.98t 7.188
OsMADS16-K 0.09+ 0.032
OsMADS16-Gs5_223 65.12+ 4.070
OsMADS16-Gg1_223 0.12+ 0.023
OsMADS16-Gg1-_223 0.07+ 0.039
OsMADS16-Gs5-180 0.25+ 0.008

OsMADS16-Gss_p09  145.61+ 7.673

ag-galactosidase activity unie 1000 x OD42¢/[ODgog
x reaction time (min)x volume of culture (ml)].

OsMADS13, 4, 5, 6, 7, 8, and16, were selected as
interaction partners of OSMADS4. Based on the se-
guence homology analysis and the antisense approach,
it was previously determined th&sMADS1(Chung

et al, 1994), OsMADS5(Kang and An, 1997)0Os-
MADSG6 (our unpublished results)\OsMADS7Y and
OsMADS8(Kang et al, 1997) are members of the
AGL2 family, OsSMADS3is a member of theAGA-
MOUS family (Kang et al, 1995), andOsMADS4

is a member of thd”l family (Chunget al, 1995;
Kanget al, 1998). The result revealed that OsMADS4
interacted only with OSMADS16. This specific inter-
action between B function genes as a heterodimer has
been reported in the class B genes of dicots such as
Arabidopsisand Antirrhinum (Davieset al,, 1996a;
McGonigleet al, 1996; Riechmaneet al, 1996a,b).
Yeast two-hybrid screening with DEF as bait identified
only GLO as a partner and vice versa (Davitsl,,
1996a). In this protein-protein interaction between
DEF and GLO, the K domain played an importantrole.
We observed the same result that the K domain plays
an important role in interaction between OsMADS4
and OsMADS16 (data not shown). The importance of
the K domain in protein-protein interaction between
MADS proteins was also reported in yeast two-hybrid
experiments with AG as a bait (Fam al, 1997). The

lodicules, stamens, and carpels. These organ-specifid domain of AG was able to bind to the K domains of

expression patterns @sMADS4andOsMADS 16are
identical to those oPI andAP3 respectively, indicat-
ing functional similarity between these MADS genes
(Jacket al,, 1992; Goto and Meyerowitz, 1994).

We investigated the protein-protein interaction be-
tween OsMADS4 and rice MADS genes using the
yeast two-hybrid system. Various rice MADS genes,

AGL2, AGL4, AGL6, and AGL9.

The interaction studies between the rice @wd-
bidopsisB function proteins revealed that OsSMADS16
cross-interacted with Pl, but OsSMADS4 did not inter-
act with AP3 (Table 2). The result shows that while
OsMADS16 is able to replace AP3, OsMADS4 can-
not substitute PI, indicating the diversity of the B class
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