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ABSTRACT

The Arabidopsis floral homeotic gene AGAMOUS (AG)
is required for normal flower development. The
deduced AG protein contains a region which shares
substantial sequence similarity with the DNA-binding
domains of known transcription factors, SRF (human)
and MCM1 (yeast). Therefore, it is likely that AG is also
a DNA-binding protein regulating transcription of floral
genes. We describe here several experiments to
characterize AG-DNA binding in vitro. We show that AG
indeed binds a DNA sequence matching the consensus
of SRF targets. Further, we have selected the AG-
binding sequences from a pool of random oligo-
nucleotides, and deduced an AG-binding consensus
sequence of TT(A/T)CC<A/T)(A/t)2(T/A)NNGG(-G)(A/t)2.
We have demonstrated that AG binds to the consensus
region of three of the oligonucleotides by footprinting
analysis. Finally, we have examined AG's relative
binding affinity for different sequences, as compared
to SRF, by gel mobility shift analysis. Our results
indicate that AG is a sequence-specific DNA-binding
protein, and that the AG-binding consensus sequence
is similar to those of MCM1 and SRF.

INTRODUCTION

Genetic studies in Arabidopsis thaliana have identified mutations
affecting flower development. Several genes controlling floral
organ identity have been extensively studied genetically and at
the molecular level (1, 2). These homeotic genes include
APETALA2, APETALA3, P1STILLATA and AGAMOUS (3-8).
Mutations in the AGAMOUS (AG) gene cause homeotic
conversion of stamens to petals, and replace the gyneocium (of
fused carpels) with a secondary ag flower in which third whorl
organs are again petals and a tertiary ag flower occupies the center
(4, 6, 7). Therefore, normal AG function is required for the
proper morphogenesis of stamens and the gyneocium.

The AG DNA sequence (6) indicates that a region near the
N-terminus of the deduced AG protein shares striking sequence
similarity with the human serum response factor (SRF, ref.9),
and a regulator of yeast cell-type specific genes, MCM1 (10).

Another yeast protein, ARG80, also has the same type of
conserved sequence motif (11). Furthermore, the Antirrhinum
majus floral homeotic gene DEFICIENS (DEFA, a homolog of
APETALA3) also encodes a protein with a similarly conserved
motif (12). The conserved motif found in all these gene products
has been designated the MADS-box (for M.CM1, AG and
ARG80, DEF A, and SRF; ref.13). Additional floral MADS-
box genes have been isolated from Arabidopsis (8, 14, 15) and
Antirrhinum (16-18), suggesting that a family of MADS-box
genes encode transcriptional regulators during flower
development.

Both SRF and MCM1 have been studied extensively in vivo
and in vitro (9, 19-21). SRF binds in vitro to the SRE (serum
response element) in the promoter of the c-fos proto-oncogene,
and mediates a transient transcriptional activation by growth
factors in cultured cells (22, 23). In addition to the c-fos gene,
the SRF target sites (SREs) are found in actin genes (24). MCM1
is essential for regulating cell-type specific genes (25). In a cells,
MCM1 activates a-specific genes, whereas in a cells, MCM1
cooperates with MATal to activate a-specific genes, and with
MATa2 to repress a-specific genes. Natural MCM1 target sites
are found in the upstream regulatory regions of both a-specific
and a-specific genes (20, 26, 27). The SRF and MCM1 target
sequences have been shown to be very similar, and contain a
characteristic consensus CC(A/T)6GG (the CArG box, refs.20,
27, 28). MCM1 can bind SREs (20, 27), and SRF can bind to
many of the MCM1 target sequences as well. Further analysis
using pools of random oligonucleotides indicates that both SRF
and the MCM1 proteins show preferences in vitro for more
specific sequences. The SRF-binding sequence consensus is
ATGCCC(A/t)TATA(T/a)GG(T/A)NNT (ref.28; see Table II),
while the consensus of MCM1 binding sequence is (T/a)T-
(-C)CC(T/C)AA(T/A)NNGGTAA (ref.29; see Table II). The
region in bold face corresponds to the CArG box, which we will
refer to as the core region.

To understand the function of AG at the molecular level, it
is important to address the following questions: is AG a DNA-
binding protein, and what is the binding specificity of the AG
protein? We have performed a series of experiments to answer
these questions. First, our results indicate that AG is indeed a
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DNA-binding protein, and that it binds CArG-box containing
sequences. We have also selected a large number of oligo-
nucleotides with a wide spectrum of different sequences to which
AG binds in vitro. Furthermore, we show that AG and SRF have
different relative binding affinities for several sequences. Our
results indicate that AG is a sequence-specific DNA-binding
protein, and provides strong evidence that AG is most likely a
transcription factor controlling Arabidopsis flower development.

MATERIALS AND METHODS
Plasmid construction and expression of the AG protein
For the in vitro studies the AG protein was produced in E. coli
cells by placing the AG cDNA under the control of a
bacteriophage T7 promoter (30). Because the longest/I G cDNA
clone lacks an ATG initiation codon (6), we used an/iG cDNA,
ATG-34 (31), with an engineered ATG codon at a position
matching the translational start site of the AG homologs from
Brassica napus (JBAG1, ref.32), tomato and tobacco (M.
Yanofsky, pers. comm.). ATG-34 lacks the first 33 amino acid
residues found in the AG protein predicted from the longest AG
cDNA clone, and probably lacks a few additional residues
potentially present in the native AG protein. ATG-34 was inserted
into the Nco I-Bam HI sites of the pET-9d vector (30). Cells
of the E. coli strain BL21 were transformed with the AG construct
and the expression of the AG protein was induced as previously
described (30). Crude E.coli lysate was shown to contain the AG
protein near the expected size, as well as some degradation
products, by western blot analysis (data not shown) using an
antiserum recognizing the AG protein (C.Flanagan and H.Ma,
unpublished work). Fractionation studies indicate that most of
the AG protein was in the insoluble protein fraction. For DNA-
binding studies, a 50-ml culture of the cells carrying the AG
construct was induced. After the cells were harvested, they were
resuspended in 1.0 ml TE and lysed by sonication on ice (at scale
4 on the VirSonic 300 from Virtis Co. Inc.), 3 times of 10 second
each, with 30 second incubations on ice in between. The lysate
was diluted to 20 ml with ice-chilled 2.5 M NaCl in TE, and
the AG-containing fraction were then pelleted by centrifugation.
The pellet was washed three times with ice-chilled TE, and then
solubilized in 1.5 ml of buffer A (buffer A contains 10 mM
Tris-HCl, pH 7.8, 50 mM NaCl, 1 mM EDTA, 6M urea and
1 mM PMSF). The cell debris was removed by centrifugation
in a Sorvall SA-600 rotor at 12,000 rpm for 30 minutes at 4°C.
The protein concentration of the AG-containing supernatant was
determined by the Bio-Rad protein assay using BSA as a standard,
and the partially purified AG protein was stored as 50 fd aliquots
at -70°C until use.

In vitro DNA-binding of AG and SRF
Gel-mobility shift assays were done essentially according to
Garcia et al. (33). For AG binding, the urea-solubilized partially
purified AG protein was diluted 5-fold with buffer B (buffer B
is the same as buffer A except that it contains 20% glycerol and
no urea). Protein —DNA incubations were performed in binding
reaction buffer (10 mM Tris-HCl, pH7.5, 50 mM NaCl, 1 mM
DTT, 1 mM EDTA, 5% glycerol, 50 /ig/ml poly(dI-dC)-poly(dI-
dC), 100 ng/ml BSA) with about 1X104 cpm of radioactive
probe (labeled by polymerase chain reaction [PCR] with end-
labeled primer pMC069, see below) and 0.5 to 3 ng of the
partially purified AG protein. The reaction mix was incubated
at room temperature for 15 minutes, and free- and bound-DNAs

were separated on a 5% polyacrylamide gel (80:1 acrylamide:bis)
in 0.25 XTBE. After the gel was dried onto 3M blotting filter
paper, the radiolabeled DNAs were visualized by autoradio-
graphy. For SRF binding to AG-binding sequences, E.coli lysate
containing the SRF protein (T7 expression system; gift of Dr
D.Grueneberg) was used to bind several oligonucleotide probes
using both the above AG binding conditions and standard SRF
binding conditions (same as the AG binding conditions except
75 mM NaCl, 20 /ig/ml poly(dI-dC)-poly(dI-dC), 3 mM
spermidine, no EDTA, no BSA and no urea, D. Grueneberg pers.
comm.). Two sequences (oligo A and oligo B) were used for
initial DNA binding analysis with AG. These sequences (Fig. IB)
were chemically synthesized and cloned into the Mndin site of
pGEM7Zf(+) (Promega). Primers (pMC068 and pMC069, see
below) matching polylinker sequences flanking the HindHl site
were used to generate probes by PCR.

Selection of AG binding sequences from random oligo-
nucleotides
A pool of single-stranded random oligonucleotides (oMC070)
with constant sequences of 25 bases [derived from the polylinker
region of pGEM7Zf(+) which lacks any AG binding sequences
(see Results)] at both ends and a variable sequence of 26 bases
in the center was chemically synthesized: 5'-ACTCGAG-
GAATTCGGTACCCCGGGT-N^TGGATCCGGAGAGC-
TCCCAACGCGT-3'. The underlined Sma I and Bam HI sites
were used later to clone the selected AG-binding sites into
pGEM7Zf(+). Two additional oligonucleotides were synthesized
to serve as primers for PCR: 0MCO68, 5'-ACTCGAGGAATT-
CGGTACCCCGGGT-3' (the same as the left end of oMC070)
and OMC069, 5'-ACGCGTTGGGAGCTCTCCGGATCCA-3'
(complement of the right end of oMC070). Primer oMC069 was
used to convert the single-stranded oMC070 into double-stranded
DNA using E. coli DNA polymerase I large fragment (Klenow).
When a radioactive probe was required, primer OMC069 was
end-labeled with 7-32P ATP and T4 polynucleotide kinase. In
vitro selections of AG binding sequences were performed
essentially according to a procedure (E.Grotewold and
T.Peterson, pers. comm.) which is similar in principle to a
previously described method (28). Instead of using
immunoprecipitation to purify the protein-DNA complexes (28),
in the Grotewold and Peterson procedure, the protein-DNA
complexes are purified by running the binding reaction on a
polyacrylamide gel and excising the region of the gel
corresponding to the protein—DNA complexes for each round
starting with the second round. We have made two additional
changes for use with the AG protein: 1) the DNA binding reaction
was done as described in the previous section; and 2) the
purification of the AG-DNA complex in the first round was also
performed using a gel-mobility shift assay with the position of
the complexes (not detectable) estimated from that of the AG-
oligo A complexes (similar in size) on the same gel. The DNA
was eluted from the gel piece by incubating in 1 ml TE at 4°C
overnight, extracted with phenol/chloroform and chloroform,
precipitated with ethanol, and resuspended in 20 jd H2O. Five
microliters of the DNA solution were used as a template for PCR
(annealing temperature of 60°C) with radiolabeled 0MCO68 and
oMC069 as primers. After 20 cycles of amplification, the
amplified DNA was purified using PAGE (8% 40:1 acrylamide:
bis, 1 xTBE, visualized by autoradiography) followed by elution
from the gel piece as described above. The purified radiolabeled
DNAs were used for the next round of binding reaction and
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complex purification. After five rounds of AG-binding reaction
and gel purification, the selected AG-bound DNA was amplified
with PCR for 40 cycles, digested with Eco RI and Bam HI
restriction enzymes and cloned into the Eco RI and Bam HI sites
of pGEM7Zf(+), restoring the flanking non-random sequences.
Sequence analysis of double-stranded DNA was performed using
the Sequenase kit (US Biochemicals) according to the protocol
provided by the supplier.

Footprinting analysis
The probes for footprinting analysis were prepared according to
an unpublished protocol (S. Bell, pers. comm.). Briefly, to
generate ends for labeling, plasmids which carry AG-binding
sequences were digested with Sph I (for top strand) or Nsi I (for
bottom strand), which cut near the ends of the pGEM7Zf(+)
polylinker. Following the digestion, one unit of calf intestinal
phosphatase (CIP, from Boehringer Mannheim) was added. The
reaction mix was incubated at 37 °C for 30 minutes and then
heated at 68°C for 20 minutes. After two phenol/chloroform
extractions, the DNA was precipitated with ethanol. One
microgram of CIP-treated DNA was rephosphorylated in a 20 /tl
reaction mixture containing 2 fd lOxkinase buffer (NEB), 9.6
/iCi of 7-32p ATP (ICN), and 15 units of T4 polynucleotide
kinase (NEB), and incubated for 30 minutes on ice, followed
by inactivation of the kinase at 68°C for 15 minutes. The labeled
DNA was digested with Nsi I (for top strand) or Sph I (for bottom
strand) to allow the removal of the vector sequences (also
labeled), and the probes were separated from unincorporated
7-32P ATP using an 8% acrylamide (40:1 acrylamide to bis-
acrylamide) non-denaturing gel in TBE buffer. The labeled probes
were excised from gel, eluted by incubating in 1 ml TE at 4°C
overnight, and precipitated with ethanol.

For the footprinting analysis, a binding reaction essentially as
described for the gel-mobility shift assay was performed by
incubating labeled probes (about 0.01 pmol) with or without AG
protein for 15 minutes at room temperature in a total volume
of 100 ti\. Subsequently, 2 /d of 0.1 M MgCl2 and 500 ng of
DNase I were added to the DNA-protein mixture, and incubated
at room temperature for 8 minutes. The DNase I treatment was
terminated by adding an equal volume of stop solution containing
20 mM EDTA, 200 mM NaCl, 1% SDS and 0.2 mg/ml of
glycogen (Boehringer Mannheim). The samples were extracted
twice with phenol/chloroform and precipitated with ethanol. The
resulting DNA fragments were dissolved in the sequencing stop
solution and separated on an 8% polyacrylamide-8 M urea
sequencing gel in 1 xTBE buffer. The A > C sequencing reaction
of the same DNA fragments was performed by the Maxam-
Gilbert sequencing method (34).

RESULTS
AG binds a SRF consensus sequence
To study AG DNA-binding in vitro, we expressed the AG protein
in E.coli cells using a construct (Fig. 1A) based on the T7
expression system (see Materials and Methods for a description
of the construct). It is known that SRF and MCM1 have
overlapping DNA binding sequence specificities; therefore, AG
might also bind to a sequence to which both SRF and MCM1
bind. As a first step towards understanding the DNA binding
activity of the AG protein, we tested the ability of the E.coli
expressed AG protein to bind a synthetic oligonucleotide (oligo
A; Fig. IB) containing a SRF consensus CArG box (underlined

Ned BamHI

AGcDNA

-T7$10 AG

TPTAnXAATAAT-TTTOTTTAACTTTXAOOAaATATAgCATCOCOTACCAATCOQAGCTAGGA

Shln»- Ncol
Dalgamo
sequence

B
odgoA

ollgoB

5' -ACTCGAGOAATTCGGTACCCCGCOTTCaAAATCGAT

ATCOGOAaAGCTCCCAACGCGT-3 '

5 ' -ACTCOAOOAATTCOaTACCCCOOOTTCaAAATCOAT

AAQCTTT^GGATGCATCfaAAAQCTTOaATCOBOAOAQCTCCCAACaCGT- 3 '

Figure LAG expression construct and synthetic oligonucleotides for AG—DNA
binding studies. A. Schematic representation of the bacteriophage T7 gene 10
promoter and translational leader sequence (P^io), fused to the AG cDNA, with
the transcriptional terminator sequence (T<j>) downstream of the AG cDNA. The
sequence of the fusion junction is shown below the construct, with the
Shine-Dalgamo sequence and the fusion Nco I site underlined. B. The sequences
of oligo A, which contains an SRE CArG box (underlined) and oligo B in which
6 bases (with asterisks below) of the CArG box were altered. Each oligo sequence
is shown in two lines, and only the upper strands of the double-stranded DNAs
are shown. The HindHl sites (underlined) mark the junctions between
pGEM7Zf(+) polylinker and the synthetic oligonucleotides, oligo A and oligo
B. Later, the oligonucleotides selected from the random pool (sequences shown
in Table I) were cloned into the Sma\ and BamHI sites (italicized in the oligo
A sequence shown here) of the pGEM7Zf(+) vector (see Materials and Methods).

in Fig. IB). As shown in Fig. 2, the oligo A probe was shifted
when an E.coli lysate containing the AG protein (Lane 6), but
not a lysate from the same host strain with only the vector
(Lane 4), was used in the binding reaction. This AG-dependent
mobility shift requires the CArG box present in oligo A, since
a mutant oligonucleotide (oligo B, Fig. IB) containing six
nucleotide changes (those with asterisks below, Fig. IB) cannot
be shifted by the E.coli lysate containing AG (Fig. 2, Lane 5).
Furthermore, the AG-oligo A binding can be competed away
by non-radioactive oligo A (Fig. 2, Lanes 7 and 8), but not by
the mutant oligo B (Fig. 2, Lane 9). These results indicate that
AG is a sequence-specific DNA-binding protein.

Determination of an AG consensus sequence in vitro
Because no natural target gene for AG has been reported, we
sought to determine the spectrum of sequences to which AG binds
by selecting binding sequences from a pool of random
oligonucleotides, using a modified procedure of a previously
described in vitro method (see Materials and Methods). Briefly,
AG-binding sequences were selected from random
oligonucleotides by using multiple rounds of a binding reaction
followed by PCR amplification of the DNA bound to AG. Fig. 3
shows the enrichment of AG binding DNA sequences after each
round of selection and amplification. The additional faint bands
are probably due to complexes with E.coli proteins (band I) or
AG degradation fragments (band IT). After five rounds, the
oligonucleotides were cloned, and their sequences determined.
As shown in Table I, the selected sequences contain regions
resembling the CArG box. A random subset of these sequences
(those with a $ sign next to the sequence number) was individually
tested for binding, and ah1 of them bind AG (data not shown).
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Table I. Sequences of AG binding nucleotides selected from random
oligodeoxynucleotides

101S« GICGATTTACATTACTTAAAATAGCCCGIGC.
117 rrrnnftTCCAAACATTOCTCGATTAGGCATTAAXG
61- AJSXAAACCCAAAOOGTAAAATTGAAATGTAi:
75 QIACGCTCTGATTCCCCATATAOTAATTXGJJ
77 SIGTACATATATTACCCGTTTCAOTTAAISSA

Site
Clone

Sequence

CC<A/T)6OO

108- TCCGGATCCAAAAATOQCAATATAATCGATTCCCATAC
4 • TCCGGATCCAAAATAOOCAAAGTTTGTAGCGTTTAAAC
128 QSIATTACCAAATTAGGTAATCCCCATGAIG.
133 OlATTTACCAAATATGGTAAGAGGAGCTIfi
106 QIAATCCTAACCAAATATOGAAAGAATC12
112 GIAATAATTTACCAAATATGOTAACACCIS
65- CATTTGTTTCCAATTAAGGCTGTCTTTCAC.
116 Q1GTCTAACCAATTATGGTAACTTTACG1S
62 "S CAGTGACCTTTCCATATTACGCTGCCCCAC
85$ # QIGGGCAATACATTCCATATTTGCCAGG1C2
73 GXTCTACCGCGTrcTTTCCATTTTTOGAISGAlC
118 GCSXTTACCTAAAAAGGAAAGAGGTGGTTC1Q
10.1' C_ATATATTAAAGATTACCTAAAATGGCAA£££G_
38S Q1TTTAGCCTAAATTGGCAATTTGGTAAIQ
12" CAAGTACGATTTCCTAATTTGGCAGTGAAC
52.1 CSSCXTACCTAATTAGGCAAAGTATTTGCCTIG.
94* CACACAACTTTCCTAATTAGGCGTTGCAC.
95S CCSSXTGCCTAATTAGGGAATAATTCCAAGCIS
58S GJTCTTCAGCTTTCCTTAATAGGTATAGIG.
72S aiATGGAATTACCTTAAATGGATCTCAClS

CC(A/T)4HNOa
48'S 3££SSAI££AAAAACGGTAATAAATTGTGGCTGTAAAC
56S QSICCTTCCAAAAGAOGAAACCTGGCTTAIQ
129* CATAATGAACTTGCCAAAAGCOGTAAGTAC
18 SSIAGTTCCAAAACGGGAATATTGAGCTA1S
119* TCCGGATCCAAAACCGGTAACATTCTGCGGnTGCGCAC
49.2* CATTAAAACTTTCCJLAATAGGGTAAGATAi:
54 *S CAGAACTATTAGCCAAATGGGGTAAAGCAC
9 6 * AICCATGCCAAATGGGOTAAGATTGTTTACC&C
4 4 * $ CATATTTATTACCATAATCGGCAATTAGAC
13 * CAAAACATACCATAACOGGTAAACACGTA£
60 *S C£A.GTAACCATATTOGGTAAATTTACCAGA£
120S S1TAATCATACCATATCAGGCATATGCAG!
5 1 * CATTAGAGTTTCCATATCAOGCATTTAAAC
89 *S CAAACTCAAGCCATTTTGGGAAATATAG&C
53 . 1 GIAATTTCCATTTCAOOCAATAGTAATTTG
50 *S QA.CATTATTTCCTAAACCGGCAGTGCTA£
15 SICTGTACCTAAAGCGGTAAGTTATATA1S
100 "S CAGAATACTTTCCTAATACGGTAACTTAAC
6 4 ' S CAAGTTTGCCTAATTCGGGTATATACTA&C
97* AJICCATGCCTAATTCGGATACTTACATCTCAA£
12 2 S G1GTCGATTACCTAATTCOGTTATTTATGCIQ
16 aiGAGCGGTACTTACCTAATTGOGATCTlCS
135* CAATTGCCGGTATTGCCTAATTOGGCACGAiX
124 QIACTTTCCTAATCGOOCTCAGTAGACCra
52.2* CAGCTTCTTACCTAATCTGGATTGATTGAi;
42S GXTTCCCCTTACCTAATCOOGCAAATCCXG.
130* ICCATTACCTAATCGGOTAATAGGGGACTCAC
121 GIGCTAATTACCTTATGA0GTAATACGG1C

C C ( A / T ) « H H ( A / T ) O o r CC <A/T) «NNO ( A / T )
4 9 . 1 * il££ATTCCAAAAAGAOCAAGAATTAGATTGAj:
1 2 5 * CATATGATCTTTCCATAAATAOAAATA&C.
7 1 * CCAGTTACCATAATTAGTATGCTATGAATAC
9 * ICCACTACCTAAAATAOAAAAACTCCTTAAiC
11 CCfiSfilACCTAAIAAAGGAAAGAATGTGAGAClfi
111S » GTAAACCGGGGACATTACCTATTTTAGGTGGATC
10* CAATCGTCTCCACTTTCCTTAAGTAGGGA££CS
1 3 4 * CACACTTGCCTATTATTOGGTGATTATG&C.
91 * CACGTTCACTACCTAATCOTOTTATAGCi£
67S CaSTATACCAAAAGGGAAAGAATAGACTATia
109* CAATTGGCGCCTTTCCCAATTTAGAATGACCC
99* CAAGAAGTTTACCCAATAAAGTGAAATTA£

55 Q1CACAATCCCAAAAATGTTACCCAAAA1S
3 9 * SI CATTCTATACCCAAATGAGTAACGTAGAAC
113 * CATGT AAAAAGTTCCCAATTTAGIATAAiCC
7 GXAGGTGATCTTTACCATAATAGTACTCXGJi
115 STCCCGCTTTACCTAAAATOTGCTAATT1C
127 • £A.TCGTCGACATTTCCTAATTTGTACATA££
40 QICATTATTTCCTAATCAGTCGATAGCA1S

Others
19* ilCCATACCAAAGGCOGAAATAGTCTGCCTTAi:
88S SICTAGGCGCAGGTTTCCTAACTCGGAAISSal
114 firrATTTTATTTCCTAAGCGOOCAACCClS
90 ElATCTACATAACTTACCTTTCTAGGCAiaSAl
69* CATTTATACCiCAATCOGAAATTCTAAAiC
43 CggSITTCCAGATCACOCATACTTTTTATGCIS
83*S# ICCSSAICC&CITCCGGTAACTACAGCGAGTTGTAGAC
92 CICGAAAATTACCCAATTGGGAACTACAIS
110 SXAACATATTCCGAAAGGGGAAAGTTAClfi
41S# Q1ATACTTTACCGAATGGGGTTAGACTA1S
104*S CCAGTTGCCCTTTCGGGTAATATTCCACGAC
131* CATATGACCCGATTGGGGTGAAATCTCAAC
78 *S JCCCSAICCiCTAAAGACGCATTTCCGTAAAGAGAAAC
3 GXACCACATATACCTTTCCACTTTTAQAI22iTC
132* CAAATT ATTCCACTTTGAGGGACTTTCCiC
45 *S CACATTGTCCGAGAATAGAAACTTCTAGAC
57 * CA1££ACCCGTAAGTAGAAAGTAGTTACTATT*£
102$ S2TTCTTACCGAAAGTAGAAAGACTCGA1S

Twin
53.2-
68*
123*5
I
14

aites
XCCATTCCCGAAGAAOTAATTTTAACGAGTA£
ICC^CTACCOrAACGAGTAATTAACCGCGAAC
ICCACTACCAOAACAAGTAAAGTATAAGCGAC
QITATTACTACATTAGTACATTATCGATIC
Q1AATTACTATATCTOAACATAA7TCTGIS

The numbers are the clone number of the AG binding sequences; the asterisks
indicate that the sequence has been inverted to produce a better fit with the
consensus; the dollar ($) signs denote the sequences which have been tested for
AG binding individually; and the number (#) signs indicate the sequences which
were analyzed for relative binding affinities with AG or SRF.
The bold-faced nucleotides correspond to the core region, similar to the SRF
and MCM1 consensus; the underlined ones are from the constant ends; and the
italicized ones show possible secondary sites in the oligonucleotides.

Probe
Protein

Competitor

B A B
V

A
V

B A
AG AG

A
AG
EX
A

A
AG
60X
A

A
AG
60X

S

AG-DNA
Complexes

Free Probes

Figure 2. AG binds a specific sequence. The gel mobility shift assay was used
to test AG binding to oligo A (A), with oligo B (B) as a negative control. An
extract from E.coli cells containing only the vector (V) was used as a control
for binding of proteins other than AG. Competition was done with two
concentrations of non-radioactive oligo A (6xA and 60 x A) and one of oligo
B (60XB).

The sequence information is summarized in Table II; and the
consensus for AG binding sequences is TT(A/T)CC(A/T)-
(A/t)A(T/A)NNGG(-G)(A/t)2, where the upper case letters
represent the most common nucleotide(s) and the lower case
letters represent a relatively frequent nucleotide; the nucleotides
in bold face correspond to the CArG box, also found in SRF
and MCM1 consensus sequences (28, 29). The consensus of AG
binding sequences is very similar to that of MCM1 (29), and
partly similar to that of SRF (Table II; ref.28).

AG protein protects a region spanning the consensus
Because the selected oligonucleotides contain sequences in
addition to the AG binding consensus, we examined three
different sequences for the ability of AG to protect the consensus
region against DNase I treatment by footprinting analysis. As
shown in Fig. 4, in all three sequences AG protects a region
including the deduced consensus core region and additional
flanking nucleotides. The results show protection of the
consensus, which includes not only the 10-nucleotide core region,
but also three nucleotides on either side which show significant
preferences for particular bases. Taking into account the possible
steric hindrance effect of AG on DNase I activity, the footprinting
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Table n . Comparison of AG-binding sequence consensus with those of SRF and MCMl

-4 -3

AO consensus
A
G
C
T

23
18
29
20
N

14
11
4
61
T

AG consensus
A
G
C
T

21
6

20
19
N

9
3
3
51
T

SRF consensus
A
G
C
T

MCMl
A
G
C
T

28
2
1
2
A

1
0
0
32
T

-2 -1

(n=90,
18
2
0
70
T/a

(n=i
10
1
0
55
T

b
1

31
0
1
G

consensus b

8
2
3
10
T/a

3
4
4

12
T

36
11
9
34
A/T

66.
29
8
8

21
A/T

1

all
0
0
90
0
c_

2 3 4

except twin
0
0
89
1
C

totally
0
0
66
0
C

(n=33, t
7
0
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1
C

0
0
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0
C

(n=23,
6
5
0
12
-C

0
0
23
0
f

0
0
65
1
c

44
7
4
35
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1
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8
6
4
5
N
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0
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7
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0
2
G

0
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0
0
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5
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0
0
G
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3
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0
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2
54
0
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G

0
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0
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1
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0
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5
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4
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6
0
2
15
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7
4
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5
4
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A/t

13
8
9
3
N

14
2
6
1
A

13

56
11
9
14
A

40
9
6

11
A/t

11
7
6
9
N

15
2
0
6
A

14

21
25
15
29
N

15
16
10
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N

1
8
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T

aThe sequences with no overlap between the constant ends and the region from positions - 3 to 13.
bFrom Pollock et al. 1990 (SRF, ref.28); and Wynne et al. 1992 (MCMl, ref.29).
The CArG boxes are underlined for each consensus sequence.

results support the AG-binding consensus deduced from selected
sequences. Interestingly, one or two nucleotides near the CC
residues at the beginning of the core sequence on each strand
are not protected but rather are hypersensitive to the DNase I
treatment. This has also been seen with MCMl to a lesser extent
(20), but not with SRF. The presence of hypersensitive sites
suggests that the DNA conformation is altered upon AG binding.

AG binds to different sequences with high affinity
Because many different sequences were selected from the random
oligonucleotides, we were interested to learn whether they have
different binding affinities for AG. Several oligonucleotides were
selected to represent the different types of CArG boxes shown
in Table I. These sequences were labeled along with oligo A using
the same end-labeled primer, so all the probes have the same
specific radioactivity. An identical amount of radioactivity for
each probe was used in a gel mobility shift experiment, and as
shown in Fig. 5A, oligo # 83 (lane 8) has lower affinity for AG
than oligo A (lane 2), while the others all have slightly higher
affinity for AG than oligo A. The sequences [see Table I,
indicated with a (#) sign] tested here have different numbers
of mismatches to the AG binding consensus sequence, or matches
with the lower case choices. Although it is hard to generalize
based on the limited amount of information, it seems that
nucleotides within the core region may influence the binding
affinity more than the flanking nucleotides.

Several of these sequences contain a core region (corresponding
to the CArG box) that is different from human SRF binding
sequences. We therefore tested the binding of SRF to these
sequences. E.coli lysate containing SRF (a gift from Dr
D.Grueneberg) was used to bind the same probes shown in
Fig. 5A in a gel mobility shift assay, and the results are shown

AG

0 1 2 3 4 4

••tinAG-DNA
Complexes

I •

II •

Free Probes

Figure 3. Enrichment of AG binding sequences. Gel mobility shift assay with
DNAs after successive rounds of selection. AG protein was used in all lanes except
the rightmost one, which contains the control extract from the vector-only cells
(V). The numbers above the lanes indicate the number of cycles of the AG binding
reaction and gel purification which the probes had gone through. Band (I) is present
in all lanes, and it does not seem to be enriched by the AG-binding cycles;
therefore, it is likely due to binding of E.coli protein(s). Band (D) is AG-specific
and seems to be enriched by AG-binding cycles, and may be due to binding by
an AG degradation fragment. Only the top bands were excised for ampliation
and the next round of selection.

in Fig. 5B. Because the standard SRF-binding conditions are
slightly different from our AG-binding conditions, we tested SRF
binding using both SRF- (no urea, lanes 1—7) and AG- (with
urea, lane 8-14) binding conditions (see Materials and Methods).
The results show that the relative SRF-binding affinities for
different probes are consistent under these two binding conditions.
As expected, SRF binds very well to oligo A and oligo #85,
which matches the SRF-binding consensus sequence very well
(only one or two changes between A and T in the central portion
of the CArG box). Oligo # 111 has an 'A' instead of 'G' at the
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Figure 4. Footprinting analysis with AG. DNase I protection analysis was performed for AG binding to oligo A (A), oligo #41 (B) and oligo # 85 (C). The protected
regions on the autoradiographs are indicated with solid bars, and hypersensitive sites with arrowheads. The protected sequences are indicated with thin lines, and
the core region of the consensus is highlighted by dashed lines, and hypersensitive nucleotides with asterisks. Top, top strand; bottom, bottom strand. Lanes: A
> C, chemical sequencing reaction; N, no protein; AG(+), extract from cells carrying theAG construct; AG(-) , extract from cells carrying the vector.

second to last position of the core region (and three changes
between A and T), and it has a slightly reduced affinity with SRF.
Oligos #39 and # 101 have two A/T to G/C (or G/C to A/T)
differences from the SRF consensus core, and their binding to
SRF is dramatically reduced. Finally, oligos #41 and #83 have
three A/T to G/C changes within the SRF core, and the binding
is further reduced to near the detection limit of the assay (# 83
has a faint shifted band after longer exposure, not shown).
Because the AG and SRF protein preparations are both from
E.coli lysates and the AG and SRF protein concentrations are
not known, it is not possible to determine the relative binding
affinity of AG and SRF to a particular sequence.

DISCUSSION

Genetic studies have identified a number of genes which regulate
normal flower development. However, relatively little is known
about the molecular mechanisms of their action. Many of these
genes potentially encode transcription factors, including a large
number of the MADS-box gene family members. Our results
presented here show that the product of the floral homeotic gene
AG indeed binds DNA in a sequence-specific fashion, in
agreement with previous findings using an in vitro translated AG
peptide containing primarily the AG MADS-box domain (aa
41-131, ref.35). Our results support the hypothesis that AG
functions by regulating transcription of other genes during flower
development, although additional experiments are needed to
demonstrate that AG is indeed a transcription factor.

Our results from the analysis of AG-binding oligonucleotides
selected from random sequences indicate that AG binds to a
remarkably wide range of sequences. We have tested a random
subset of 30 sequences, and found that all of them bind to AG.
However, a more quantitative analysis of the relative affinities

Probe A 39 41 83 85 101 111

1 2 3 4 5 « 7 8 » 10 11 12 13 14

B
Probe A 39 41 83 85 101111 A 39 41 83 85 101111

SRF-DNA |
Complex

1 2 3 4 S 6 7 8 9 10 11 12 13 14

Figure 5. Relative binding affinities of AG and SRF to AG-binding sequences.
A. AG binding with oligo A and some of the selected AG-binding sequences,
with the probe numbers referring to the designations as shown in Table I. Both
the vector-only extract ( - ) and the AG-containing extract (+) were used for
binding reactions. B. SRF binding with oligo A and selected AG-binding
sequences. The probe numbers are the same as in A. Lanes 1-7 were reactions
performed using standard SRF binding conditions, and lanes 8—14 were from
those using AG binding conditions. The lower bands have also been seen in binding
reactions using other sequences and E.coli extract containing SRF, and may be
non-specific binding of E.coli proteins or binding by SRF monomer (44).
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Table m . Arabidopsis sequences found in the GenBank database which match
the AG binding consensus sequence

LOCUS a Region b

Exacc macch {some match

ATHBG1A
ATHCDC2A
ATHCHL1A
ATTS0377

5' NTL
TL
TL

Sequence (range <=)

the inverted sequence)

TTTCCTTTTTAGGCAA
TTTCCCTAAATGGAAA
TTACCAATTTGGGCAA
TTTCCGCAAATGGAAA

One mismatch (not a complete list!

ATHACS
ATHB3MR
ATHMERI5G
ATHMGCOA
ATTS0500
ATTS0885
T04709
T04448
T04688
T04341
T04428
T04241
T0466O
T04280

51 NTC
5' NTL
31 NTL
TL

A centromere associated
ATT27C1C

CTACCAAATTCGGATA
TTACCAAAAGAAGCAA
TGTCCAATAAAGGAAA
TTACCTAATCCGGAAC
TTACCAAATTCGTAAA
CTTCCAAAACTGGCAA
TTACCATTGAAGGATA
TTATCAAAATGGGAAA
TTACCTTTGAGGGATT
TTGCCAAATCTGGAAA
TTGCCATTTTGGGAAT
TTTCCAAAAAGGGACA
TTGCCAAAAAGGGATT
TTGCCAAATCTGGAAA

sequence
TTGCCTTAAGAGTATT

(10-25)
(2259-2274)
(1111-1126)
(35-50)

(2068-2083)
(28-43)
(1482-1497)
(539-554)
(103-118)
(196-211)
(120-135)
(249-264)
(436-451)
(53-68)
(213-228)
(337-352)
(128-143)
(120-135)

(2469-2484)

Reference

(37)
(38)
(39)
•

(36)
(40)
(41)
(42)
* *
***
S
s
s
s
$
s
s
s

(43)

"The locus designations are as in the Genbank database.
bNTC, non-transcribed; NTL non-translated; NL, translated.
cThe ranges shown are from the Genbank database, and do not necessarily
indicate the distnace to transcribed or translated regions.
•Expressed sequence tag (EST) submitted by Parmentier, Y., Criqui, M. C ,
Durr, A., and Fleck, J.
**EST submitted by Philipps, G, and Gigot, C.
***EST submitted by Berthomieu, P., Guerrier, D, and Giraudat, J.
$EST submitted by Newman, T.

of several sequences indicates that some of these have similar
affinities while others have different affinities for AG. Therefore,
the in vitro procedure is able to select different sequences with
a range of affinities. It is worth noting that none of our selected
oligonucleotides has the same sequence as any other, indicating
that the complexity of AG binding sequences could be even
greater.

The consensus sequence of AG binding was determined to be
TT(A/T)CC(A/T)(A/t)2(T/A)NNGG(-G)(A/t)2. Since this
consensus is derived from in vitro binding studies, it is not known
whether it reflects the in vivo DNA-binding properties of AG.
For example, the AG-binding sequences with the highest affinities
in vitro might not be the natural target sites of AG, rather those
sequences with moderate affinities might resemble the true AG
targets. Nevertheless, this approach has been shown to be
successful in deriving SRF and MCM1 binding sequence
consensus (28, 29), which are very similar to their native targets
[refs.20, 27; for example, the natural MCM1 targets contain the
core sequence of CCTAAT(T/A)(A/G)GG]. Therefore, the
results described here probably reflect properties of the AG
protein. Since the haploid Arabidopsis genome is about 70,000
kb with an (AT) frequency of about 65 %, the number of an exact
match to the consensus is about 230 per haploid genome (or once
every [0.3252x0.657x0.1754x0.675]-' = 3.05 x 10s bpj. A
search among the more than 2,000 entries of Arabidopsis
sequences in the GenBank database found several precise matches
to the consensus sequence (Table HI); in addition, numerous
sequences were found to have one mismatch with the consensus,
some of which are in a noncoding region of a gene (Table HI).
In particular, thtACC2 gene (locus ATHACS) 5' non-transcribed

region contains a site with one mismatch to the AG binding
consensus (36), and it is expressed in flowers and seedpods where
AG is expressed. We have observed that sequences with one or
two mismatches to the consensus can bind to AG in vitro,
suggesting that they might serve as targets of AG in vivo. That
most of the sequences with matches to the AG binding consensus
are in the coding region is probably a reflection of the fact that
most of the entries in the GenBank database is from coding
regions. Additional potential sites may be located away from
transcribed regions and have not been cloned and sequenced (see
Table in for an example); these sites are not likely to serve as
target sites for AG.

Footprinting studies demonstrate that AG binds to the region
spanning the deduced AG-binding sites, supporting the AG-
binding consensus. Furthermore, one or two nucleotides near the
CC residues were found to be hypersensitive to DNase I
treatment. This was also observed to a lesser extent with MCM1
(20). The hypersensitivity sites suggest that the binding of AG
results in a conformational change rendering the DNA more
sensitive to DNase I. It is interesting that the hypersensitive sites
in individual sequences have slightly different positions,
suggesting that the conformational change varies somewhat
depending on the DNA sequence or the AG-DNA interaction.

The AG-binding consensus sequence is overall similar to those
of SRF and MCM1, particularly to that of MCM1 (28, 29). Our
comparison of relative binding affinities of AG and SRF to the
same set of oligonucleotides showed that SRF binds poorly to
some of the sequences to which AG binds very well, suggesting
that AG and SRF have similar but distinct sequence specifities.
Although side-by-side comparison of AG and MCM1 was not
carried out, the in vitro binding consensus sequences for these
two proteins are remarkably similar, suggesting that AG may
have binding specificities very similar to those of MCM1. Both
SRF and MCM1 are known to bind DNA as homodimers, and
their binding consensus sequences have diad symmetry. That the
consensus sequence for AG also shows diad symmetry suggests
that AG may also bind as a homodimer. We have also found
that one half of the imperfect palindromic AG binding consensus
sequence is more conserved than the other, suggesting that if AG
binds as a dimer, one AG subunit could bind to the more highly
conserved half site and cooperatively stimulate the binding of
the other subunit to the less conserved half site. That the two
half sites of the binding consensus are conserved to different
extents has also been observed with MCM1, but not with SRF
(28, 29). These findings suggest that AG and MCM1 subunits
may have a stronger cooperativity than SRF. Our results also
indicate that AG shows a preference for specific nucleotides in
areas flanking the CArG box, similar to SRF and MCM1.

Our finding that AG has a similar binding consensus sequence
to those of SRF and MCM1 indicates that the general aspects
of protein—DNA interaction have remained intact dirough
evolution. Because there are a number of differences in the amino
acid sequence of the MADS-boxes of these proteins, the
differences between the consensus sequences are likely to reflect
the divergence in specific nucleotide-amino acid contacts. In
Arabidopsis, there are at least 12 different MADS-box genes,
including AG, APETAIA1 and APETALA3, which have different
functions (6, 8, 14, 15). It is possible, given die similarity of
the AG-binding consensus sequence to those of SRF and MCM 1,
that several ofthe Arabidopsis MADS-box proteins bind to similar
target sequences. The specificity of gene function may be
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mediated by subtle differences in the binding sequences, by
different binding affinities of the proteins to the same sequence,
or by differential interaction with other proteins. AG is known
to be required for both stamen and carpel development, which
involve very different morphogenesis programs. AG may control
these developmental fates by regulating different sets of genes,
possibly through interaction with other proteins, as does MCM1
(25).

CONCLUSION

We have shown that AG is a sequence-specific DNA-binding
protein, have presented a wide spectrum of AG binding
sequences, and have shown that the consensus for AG binding
sequences is related to those of SRF and MCM1. Our results
support the hypothesis that AG is a transcription factor regulating
flower development. The function of the AG-binding consensus
sequence will await the identification and characterization of AG
target gene(s).
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