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SUMMARY

APETALA3 is a MADS box gene required for normal petals and stamens in the flower. We have analyzed the role
development of the petals and stamens in th&rabidopsis  of the CArG boxes by site-specific mutagenesis and find
flower. Studies in yeast, mammals and plants demonstrate that the three CArG boxes mediate discrete regulatory
that MADS domain transcription factors bind with high effects. Mutations in CArG1l result in a decrease in
affinity to a consensus sequence called the CArG box. The reporter expression suggesting that CArG1 is the binding
APETALA3 promoter contains three close matches to the site for a positively acting factor or factors. Mutations in
consensus CArG box sequence. To gain insights into the CArG2 result in a decrease in reporter expression in
APETALA3 regulatory circuitry, we have analyzed the petals, but the expression pattern in stamens is unchanged.
APETALA3 promoter using AP3::.uidA(GUS) fusions. 496 By contrast, mutations in CArG3 result in an increase in
base pairs of APETALA3promoter sequence 5to the the level of reporter gene activity during early floral stages
transcriptional start directs GUS activity in the same  suggesting that CArG3 is the binding site for a negatively
temporal and spatial expression pattern as thAPETALA3  acting factor.

RNA and protein in wild-type flowers. A synthetic

promoter consisting of three tandem repeats of a 143 base Key words: ArabidopsisFlower development, APETALA3, CArG
pair sequence directs reporter gene activity exclusively to box

INTRODUCTION development (Goto and Meyerowitz, 1994). Similarly,
35S::PI leads to partial transformations of the first whorl
The developmental fate of the organs in thebidopsis becauseAP3is expressed in a small number of cells on the
flower is controlled by the homeotic floral organ identityadaxial surface at the base of the first whorl sepals (Weigel
genes. When the activity of a particular floral organ identityand Meyerowitz, 1993). When both AP&8nd PI are
gene is lost due to mutation, there is a homeotic conversiacttopically expressed together (35S::AP3 35S::Pl), the
of one organ type to another. For example, the APETALARBomeotic transformations are complete; 35S::AP3 35S::PI
(AP3) and PISTILLATARI) genes are necessary for theflowers consists of two outer whorls of petals and two inner
proper development of petals that develop in the second whaoslhorls of stamens (Krizek and MeyerowitiQ96).
and stamens that develop in the third whorl of the flower. In Both AP3 and Pl proteins contain a conserved protein
ap3 and pi mutants, sepals and carpels develop in positionsoding domain called the MADS domain (Jack et Hb92;
normally occupied by petals and stamens respectivel(goto and Meyerowitz1994). The MADS domain is found in
(Bowman et al. 1989; Jack et al.1992). Accumulating a number of well-characterized transcription factors, such as
genetic and molecular evidence suggests that the AP3 andMCM1 in yeast (Passmore et ,al1988) and SERUM
proteins together make up the B class organ identity functioRESPONSE FACTOR (SRF) and MEF2A in mammals
and these two proteins are sufficient to direct the identity ofTreisman,1986; Shore1995). The MADS box is also present
petals and stamens in the flower. In support of this, ectopia a number of developmental control genes in a variety of
expression ofAP3 and/or Plthroughout the flower leads to plant species (Schwarz-Sommer et d990; Weigel and
homeotic transformations. Specifically misexpression of APB/eyerowitz, 1994; Yanofsky,1995; Purugganan et al995;
(i.e. 35S::AP3) results in the development of stamens in placeheil3en et al.1996). At present, more than 20 MADS box
of carpels in the fourth whorl and misexpressiorPofi.e. = genes have been isolated Anabidopsis; six of which have
35S::PI) results in the development of petaloid sepals in pladeeen correlated with a mutant phenotyp®3 (Jack et al.,
of sepals in the first whorl of the flower (Jack et 24894; 1992), Pl (Goto and Meyerowitz1994), AGAMOUS (AG,
Krizek and Meyerowitz 1996). 35S::AP3 leads to fourth Yanofsky et al.1990),APETALA1(AP1; Gustafson-Brown et
whorl organ identity changes becauB¢ is transiently al., 1994), CAULIFLOWER(CAL; Kempin et al.1995), and
expressed in whorl four during early stages of flowerAGL5 (Kempin et al., 1997). The function of the remaining
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MADS box genes is less well understood since loss-of-functiominimal promoter that we used to construct pD991 was—6

mutants are not presently available (Ma gt1891; Rounsley promoter from the 35S gene of cauliflower mosaic virus. This minimal
et al, 1995). promoter contains a TATA box but by itself is not capable of directing

All of the MADS domain proteins tested to date aredetectable levels of transcription. THEOCaMV::GUS-3NOS region

- T T ; ; ; derived from pBIN421.9 (Clontech). To create plasmid pD991, a
sequence-specific DNA binding proteins which bind to DNA!S ; :

. . p . .2 kb fragment from pBIN421.9 was cloned into the binary plant
as dlme(s (reviewed by Riechmann a_nd Meyerowitz, 1997). | ansforma?tion vector ppCGN1547 (McBride and Summerﬂéle%)!o
all proteins tested, th,e MAD.S d_omaln has been found to bPne promoterless GUSIBOS transformation plasmid pD343 was
necessary for DNA binding in vitro (Shor995) and to be  mage by cloning a 2.2 kb fragment from pBI101.2 (Clontech) into

important, though not absolutely essential, for dimerizationhcGN1547. Details of the plasmid constructions are available on
(Pellegrini et al.,1995; Davies et gl.1996). MADS domain request.

proteins bind to a family of closely related ten base pair _

sequences that are referred to as the CArG box (CG{@@) 5’ deletions of the  AP3 promoter

Dolan, 1991; Treisman,1992). Many of the plant MADS We ‘constructed.b(.)th transpriptional qnd translational fusiord>8f
domain proteins bind in vitro to the CArG box sequence af UidA. Transcriptional fusions contaiiP3 promoter sequences 5

either homodimers or heterodimers (Schwarz-Sommer et at:o the transcription start site but do not contain théTg of AP3.
! or the transcriptional fusions, PCR of AR3 genomic clone was

1992; Troébner et gl1992; Huang et g11993; Shiraishi et al. used to isolate APgromoter fra o2
! . . T . gments beginning at (Jack et al.,

1993; Sawdge et al1995; Zachgo et aI1995, Mizukami et 1992). The translational fusions are fused at the ATG for GUS and
al., 1996; Riechmann et al1996a,b; Davies et al1996;  hus contain the 'SUTR of AP3(Jack et al. 1994). We have not
Huang et al.1996). Sequencing of th&P3 promoter reveals opserved any differences in the GUS activity patterns when
three sequences betwee®0 and-180 with a nine out of ten comparing transcriptional and translational fusions. The best evidence
match with the CArG box consensus sequence (Okamoto et ah support of this is the comparison of fusions that contag or—
1994). 650 of the AP3 promoter; in both cases the transcriptional and

In particular, we are interested in understanding howfranslational constructs gave an identical temporal and spatial GUS
expression of the floral organ identity gekie3is controlled. activity pattern. Details of plasmid constructions are available on
AP3 RNA initially appears in very young flowers in the eauest
precursor cells for the petals and stamens, (at floral stage 3@fsions of AP3 promoter fragments fused to
Smyth et al., 1990) and once activafdei3 RNA continues to  _ggpcamv::GUS
be expressed in the petals and stamens throughout most x¥3 promoter fragments were cloned in both orientationso5a
flower development (Jack et &l992). Initial establishment of _gocamv::GUS in pD991. To make the83 to —225 trimers, the
AP3 expression is thought to be due to transiently expresse@s to-225Avall fragment was isolated, filled-in with Klenow, and
factors such as the meristem identity geleAFY (LFY)and  cloned into the pGEM7z(+)/Smal. The orientation of the fragment in
UNUSUAL FLORAL ORGANS (UF@YVeigel et al.,1992; pGEM was then determined using PCR. Trimers of-8& to-225
Ingram et al. 1995; Lee et al.1997). In bothlfy andufo  fragment were made by digesting these plasmids with various
mutants, the domain and the level of expressiokR&and PI combinations of restriction enzymes and performing four-way
are reduced, reflecting the formal role lGfY and UFOas Iig.ations.. The nature of these Iiga_tions enabled us to direct the precise
positive regulators oAP3 and PI (Weigel and Meyerowitz, orientation of the fragments relative to each other and relative to the

. : . pPGEM vector; this ensured that the promoter pieces would all be
1993; Levin and Meyerowitz]995). After AP3and Plare  (:onied in the same direction. These trimers were then cut out of the

activated, expression in petals and stamens is maintained by §8gm plasmid and cloned into pD991. Trimers of #225 to—-330
autoregulatory circuit that is dependent on both ARE8PI  and-330 to-496 promoter regions were similarly constructed.
(Schwarz-Sommer et al., 1992; Jack et al., 1994; Zachgo et al.,
1995; Krizek and Meyerowitz, 1996). Site-specific mutagenesis of CArG boxes in the AP3

To examine in more detail hoP3is controlled, we have Promoter _ _ _
undertaken a detailed analysis of the AP3 promoter usingite-directed mutagenesis was performed using the technique of Deng
fusions to theuidA reporter gene. The AR8omoter contains and Nickoloff (1992). Nucleotides were changed based on the
discrete elements which we demonstrate are necessary, difgservation of the CC and GG dinucleotides in CArG boxes

. ., haracterized in studies using SRF, MCM1, AG and AGL1-3 (Fig.
when placed upstream of a minimal promoter, are sufficient fojA; Ceung and Miyamotol989?PoIIock and Treismati99o; Wynne( 9

dlstmct_ aspects of th&P3 pattern. We also constructed a and Treisman]992; Shiraishi et al1993; Huang et 11993, 1995,
syntheticAP3 promoter that consists of a tandem repeat of 39g6). The mutagenic primers that we used were as follows:
143 base pair segment of tA®3 promoter that contains the  cArG1 (oligo AP3-77) 5 TAAGTGATAAATTTTAA ATTTA-
three CArG boxes. We demonstrate that the CArG boXGTAAACTG 3'

sequences in theP3promoter are not functionally equivalent CArG2 (oligo AP3-80) 5 AGTATTGCCTAATTAATGAAAG-
and that the CArG boxes mediate both positive and negati@TAAGT 3'

effects on both the establishment and maintenance circuits of CArG3 (oligo AP3-75) 5GAGTTACTAAAAATTT_AAAGTAT-

the AP3 expression pattern. TGCC 3. . , _
Mutagenized base pairs are underlined and the CArG consensus is

in bold. For mutagenesis, the template plasmid was pD502 (a
pGEM7z+ derivative which containedl to —-496 of the AP3
MATERIALS AND METHODS promoter). To verify that the mutations were present, the clones were
sequenced on an ABI 373A automated DNA sequencer.
Construction of pD991 and pD343
Two key plant transformation plasmids are pD991 (minimalAgrobacterium -mediated transformation
promoter::GUS-NOS) and pD343 (promoterless GUBBS). The  AP3::GUS fusions in binary transformation vectors were transformed
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into Agrobacteriumstrain ASE using the freeze-thaw method. To 00 40 00 200 0 i
ensure that the Agrobacteriwstrain contained the correct AP3::GUS Early =5 ool | Stamens
fusion, AgrobacteriumDNA was isolated and the presence of the L, 123
construct was determined by PCR using oligonucleotides specific fc ™" ™7 IR T A B
GUS and a region of the pCGN1547 transformation vector adjace! 650 mfl FEE—EEb—— | | |
to the right border. Transgenic plants were generated by either ro 496 b | 44| 44 +
transformation (Valvekens et al1988) or vacuum infiltration
(Bechtold et al.,1993) following standard protocols. For each -396 e Bl
construct (unless otherwise noted), at least ten independent lines wi -332 G p—— | 4+ |+ +
generated and analyzed. Copy number of representative lines w 225 —— ; n -
analyzed via genomic Southern usingui probe. The majority of
representative lines contained a single T-DNA insertion and in onl 210 b ) + )
one case did we identify a line with more than four insertions. Ir -153 H— - - -
individual representative lines that contained the same construct, b 83 — - - -
had different numbers of T-DNA insertions, we observed nc 235 (0 496 0 i i ot
difference in the GUS staining pattern.

-332 to -496 trimer ) - N

GUS staining, microscopy and image processing
Inflorescences were stained and sectioned according to the protot -225 to -332 trimer ) - ++ +
described by Sieburth et al. (1997). Images were acquired using - W synthetic > »
Optronix DEI-750 video camera connected to a Zeiss Axioskoj Y R B

microscope. Images were processed and assembled using AdC iy wt synthetic T =0 | ++ | +++ | +++
Photoshop software.

-496 CArG1 x|+ | |
Electrophoretic mobility shift assays
53 bp double stranded fragments containing CArGGERATTAAA- 496 CArG2 snininnachaml BERAN Bl B
AAAATCAGTTTACATAAATGGAAAATTTATCACTTAGTTTT-3 '), -496 CArG3 e Po—— | 44+ |+t Tt
CArG2 (5-TTTCATCAACTTCTGAACTTACCTTTCATGGATTA-
GGCAATACTTTCCA-3), and CArG3 (5TGGATTAGGCAA- -496 CArG1+3 = h—— | +++ + -
TACTTTCCATTTTTAGTAACTCAAGTGGACCCTTTAC-3) were e e e s

isolated by PCR amplification and cloned into pGEM7z(+)/Smal.  CArG1synthetic  —=xHp—=XH—XF+0 - - -
DNA fragments were end labeled using T4 polynucleotide kinas CArG2 synthetic et - .
(NEB) and [y32P]ATP. AP3 and PI proteins were produced by in vitro
transcription/translation using TITCoupled Reticulocyte Lysate CArG3synthetic  ——FbX—tb0—4X() | ++4 | +++ | +++
System (Promega) using template plasmids pSPUTK-AP3 an
pSPUTK-PI (gifts from Jose Luis Riechmann). EMSA assays wer: CArG1+3synthetic — —xx—xtx—xkx() - - -
performed according to Riechmann et al. (1996a,b).

Fig. 1. Summary of constructs analyzed. Schematic diagrams of the
AP3::GUS constructs analyzed, and the spatial (petal and stamen)

RESULTS and temporal expression pattern observed. Early stages are defined as
stages 3-5, late as stages 6-10. The oval indicates fusions-#0the

5’ deletions in the AP3 promoter reveal the presence CaMV minimal promoter. Vertical bars indicate the position of three

of organ-specific elements CArG box sequences. X indicates CArG box mutations. Arrows

We are primarily interested in understanding héw3 indicate orientation of multimerized fragments.

expression is established and maintained in the flower. If we
assume that these effects are transcriptional, then the positive
and negative regulatory inputs are most likely mediategpromoter (Fig. 1). Previous experiments demonstrated that 3.7
through theAP3 promoter. The basic technique we used tokilobases (kb) 5to theAP3translation start site along with 1.5
identify cis-acting regulatory regions in the promoter is fusionkb of sequences 36 the AP3 polyA sites were sufficient to
of the AP3 promoter to thelidA reporter gene which encodes give a GUS expression pattern that was indistinguishable from
the bacterial enzym@-glucuronidase or GUS (Jefferson et al. the AP3 RNA and protein expression pattern in wild-type
1987). The AP®romoter::GUS fusion constructs (AP3::GUS) flowers during floral stages 7-8 (Jack et 24094). Additional
were stably transformed inté\rabidopsis by either root information about th&P3promoter comes from mutant rescue
transformation (Valvekens et al988) or vacuum infiltration experiments: in one case 1.7 kb of &3 promoter fused to
(Bechtold et al. 1993). For all constructs (unless otherwisean AP3 cDNA rescues strong ap3 mutants (lrish and
noted) we analyzed at least ten independent transgenic liné&mamoto,1995) and in a second case a genomic fragment
For many constructs we observed variability in the pattern ofontaining approximately 850 base pairs of gsbmoter
GUS activity when comparing independent lines derived fronsequences plus 3 kb of Sequences rescues the wegid-1
the same construct. The results presented here represent matant (Okamoto et al1994).
typical pattern observed (i.e. found in at least 70% of the lines 5' deletions in theAP3 promoter t0—-899, —650, or—-496
examined unless otherwise indicated). A summary of theesultin GUS activity in a spatial and temporal pattern identical
constructs analyzed is shown in Fig. 1. to the construct that contains 3.7 kb ¢6fahd 1.5 kb of 3'

To determine the location of the major controlling elementsequences demonstrating thatA®3 sequences do not direct
in the AP3promoter, we made a series ofdgletions in the spatial and temporal patterning information (Figs 1, 2A,B).
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Fig. 2. 5'Deletions in the APBromoter. (A) Single stage
8 flower with an AP3::GUS fusion containing 650 base
5’ sequences, which directs a high level of GUS activit
petals and stamens. Arrowhead points to GUS activity
the base of the first whorl organs. (B) Single stage 8 fl
with an AP3::GUS fusion containing 496 bases'of 5
sequences, which directs a high level of GUS activity 1
petals and stamens. Arrowhead points to GUS activity
the base of the first whorl organs. (C) Single stage 9 fl
with an AP3::GUS fusion containing 396 bases'of 5
sequences, which directs a high level of GUS activity 1
petals. The level of GUS activity in stamens is
comparatively lower. (D) Single stage 8 flower with an
AP3::GUS fusion containing 332 bases bf&quences,
which directs a high level of GUS activity to petals. A\
low level of GUS activity is detectable in stamens.
Arrowhead points to GUS activity at the base of the fir
whorl organs. (E) Single stage 8 flower with an AP3::C
fusion containing 225 bases dfsgquences, which direc
a low level of GUS activity to petals and a very low lev
to a few cells in stamens beginning at stage 6. (F) Sin
stage 10 flower with an AP3::GUS fusion containing 8
bases of Bsequences, which fails to direct detectable (
activity in the inflorescence. (G) Section through an
inflorescence with 496 bases 683 promoter :
sequences. GUS activity is detected beginning at flors -496 early 7.

stage 3. Here, stage 4, 5 and 6 flowers exhibit GUS ac T o

in petal and stamen primordia. (H) Section through an inflorescence with 225 bas&éB®pfmoter sequences. GUS activity is not detected
in the stage 3 and 5 flowers in this section. The stage 8 flower to the left exhibits a low level of GUS activity. Numbiterfioralistage. se,
sepal; p, petal; st, stamen; c, carpel.

Although the spatial and temporal pattern is the same whés reduced compared to constructs that contain 496 base pairs
comparing-650 or-496 with —3.7, the level of expression (or more) of the promoter (Fig. 2C). Heletions t0—332
during early stages is reduced with constructs that contain lepsoduce a more dramatic reduction in intensity of stamen
than-727 of theAP3 promoter (see accompanying paper bystaining compared to the896 and-496 constructs (Fig. 2D),
Hill et al., 1998). We analyzed the GUS activity patterns abut early expression is unchanged. A further deletior2&2b
earlier stages of flower development in transcriptional fusiondramatically reduces the staining intensity and alters the spatial
containing—650 and-496 of theAP3 promoter. To visualize and temporal expression pattern (Fig. 2E). Thirty percent of the
the GUS activity patterns at earlier stages of flower-225 lines exhibit no staining, and the remaining lines exhibit
development, we sectioned GUS-stained inflorescences amdry weak staining in petals and in a subset of cells of the
examined sections utilizing dark-field microscopy. GUSstamens beginning at stage 6; early GUS activity is not detected
activity is detected beginning at stage 3 in the precursor cells 5 deletions to-225 (Fig. 2H). Further deletion t6210
of the petals and stamens in be#h60 AP3::GUS and496  results in an even higher percentage of non-staining lines (4
AP3::GUS plants (Fig. 2G). During stages 3-6, GUS activityout of 6 lines generated exhibited no detectable staining, data
is expressed at an equivalent level in petal and stamerot shown). The-210 lines that do show staining have a GUS
primordia. Beginning in stage 7, the level of GUS signal igattern identical to those lines witH Beletions to-225.
lower in stamens compared to petals. At this stage, GUBurther 5 deletions to-153, -121, or-83 do not produce
activity is also clearly detectable in a small number of cells odetectable GUS activity in the inflorescence (Fig. 2F).
the adaxial side at the base of the first whorl organs
(arrowheads Fig. 2A,B). By stage 9, GUS activity is detectablgusions of AP3 promoter fragments fused to a
at a very low level in stamens, and the level in petals is lowghinimal promoter
than that observed at earlier developmental stages. In stage Al second method used to assay for important regulatory
the level of GUS activity increases in stamen filaments, and Inggions in theAP3 promoter is fusion of promoter pieces
the beginning of stage 12, a high level of GUS activity isupstream of a minimal promoter fused to GUS. The minimal
detected in both the filaments and anthers but it is no longeromoter we used is the first 60 base pairs of the 35S promoter
detectable in the petals. Thé96 and-650 AP3::GUS fusions of cauliflower mosaic virus60 CaMV) (Benfey and Chua,
also direct GUS activity to ovules; more detailed information1990). We constructed a large number of constructs that
about the ovule patterns in various AP3::GUS constructs isontained single promoter fragments fusedédd CaMV::GUS
described in the accompanying paper by Hill et al. (1998). and the majority of these constructs do not direct GUS activity
Constructs that containi396 of theAP3 promoter produce to the flower (data not shown). The only promoter fragments
a spatial and temporal pattern of GUS activity that ighat consistently direct GUS activity are ones that contained
indistinguishable from the496 and-650 constructs, but the the promoter regions betweef332 and-496. Some of these
level of GUS activity in the stamens from th896 construct constructs contain promoter sequences bothng 3'to this
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Fig. 3. A synthetic trimer of promoter sequences
from 83 to-225 directs expression to petals anc
stamens. (A) Single stage 8 flower from a plant t
contains an APBromoter fragment from225 to
-496 cloned upstream of the minimal CaMV 35S
—60 promoter::GUS; this construct directs GUS
activity primarily to the anthers during mid to late
stages of flower development. (B) Single stage 8
flower from a plant that contains a tandem trimer
AP3promoter sequences frof83 to—-225, fused tc
-60 CaMV::GUS (synthetic AP3::GUS) directs a
high level of GUS activity to petals and stamens.
Note that GUS activity is not detected at the bas:
the first whorl organs (arrowhead). (C) Synthetic
AP3::GUS (-83 to-225 trimer) inflorescence. GU¢
activity is first detectable in stage 4 flowers.

(D) Single stage 10 flower from a plant that contains
a tandem trimer of AP@romoter sequences fror225 to—332 fused te-60 CaMV::GUS. GUS activity is detected in petals and at a low level
in stamens beginning at stage 6. (E) Single stage 9 flower from a plant that contains a tandemARByroofoter sequences fron332 to
-496 fused te-60 CaMV::GUS. GUS activity is detected at a high level in stamens beginning at stage #3@2 t&-496 trimer-60
CaMV::GUS inflorescence. GUS activity is not detectable in flowers at stage 2, 4 or 6.

central core but every construct that contains-882 to—-496  B). Beginning in stage 9, the level of GUS activity in anthers
sequence results in strong staining in anthers and comparatively lower than in petals. By stage 10, GUS
comparatively weaker staining in stamen filaments from stagexctivity is absent from the stamen (both anther and filament)
9-12. A representative flower derived from a construct thaand the level in the petals is lower compared to the level
contains sequences betweeB25 and-496 fused to-60  observed at earlier stages. By stage 11, GUS activity in the

CaMV::GUS is shown in Fig. 3A. petals is no longer detectable. Also during stage 11, GUS
o ) activity is once again observed throughout the stamens, first in

A 143 base pair trimer that contains three CArG the stamen filaments and at a slightly later stage in the

boxes recreates key aspects of the ~ AP3 pattern connective of the anthers. During stages 12-14, GUS activity

Both 5'deletions and fusions to a minimal promoter failed tois detectable in the connective of the stamen.

implicate the three CArG box sequences inAlRS promoter We also constructed and analyzed two other synthetic

between-90 and-180 as being either necessary or sufficienttrimers (Fig. 1). One contained sequences betw@eh and

to direct high level expression of the reporter gene-332 and the second contained sequences betwdSshand
Specifically, a 5deletion t0—-225 or t0o—210, which contains -496. A single copy of the225 to-332 fragment cloned'5

all three CArG box sequences, results in only very weako —60 CaMV failed to direct detectable GUS activity in the
expression of GUS in the petals and stamens. A deletion ftower. The —225 to —332 trimer produced GUS activity
-153, which contains two of the CArG boxes (CArG2 andprimarily in petals during mid-late stages of development
CArG3) fails to direct a detectable level of GUS activity. When(stages 6-9) but did not result in GUS activity at early stages
a single copy of the83 to-225 promoter piece that contains (i.e. stages 3-5; Fig. 3D). A very low level of GUS activity was
all three CArG box sequences is placed upstream66f also occasionally observed in a subset of cells in the stamen
CaMV::GUS, no GUS activity is detected in the inflorescencebetween stages 6-9. Th832 to—496 trimer exhibited a spatial

of transgenic plants (data not shown). To see if multiple copigzattern identical t6-332 to—496 monomers, but the level of

of the CArG box containing fragment placed in tandem couldGUS activity was comparatively higher in the trimer.
direct expression of the reporter, we constructed dimers arbecifically, in the-332 to —496 trimer constructs, GUS
trimers of the CArG box promoter region. Dimerization of theactivity was detected at a high level in anthers and at a low
CArG box promoter region also failed to result in GUS activitylevel in stamen filaments beginning at stage 9 (Fig. 3E,F).

in the flower (data not shown). However, when-88 to—225 ) » ) .

promoter piece is trimerized in tandem, a dramatic GUSIte-specific mutagenesis of the CArG boxes in the

activity pattern results (Fig. 3B,C). These synthetic AP3::GU\P3 promoter

trimer constructs, in either wild-type or inverse orientationsBetween-90 and-180 in theAP3 promoter there are three
direct GUS activity in a pattern that is very similar to the intacsequences with similarity to the CArG box consensus
AP3::GUS fusions that contain 496 bases or more oAfi®  sequence. These CArG box sequences are referred to as CArG1
promoter. Beginning at stages 3-4, synthetic AP3::GUS direc{gentered at-175), CArG2 (centered at155) and CArG3
approximately equivalent levels of GUS activity in petal andcentered at98). The fact that a trimer containing th&3 to
stamen primordia and throughout developing petals and225 promoter piece which contains all three CArG box
stamens through stage 8. The biggest difference betwi3h sequences can direct expression of GUS in a spatial and
AP3::GUS and synthetic AP3::GUS is the lack of detectabléemporal pattern similar to that directed by the intabt3
GUS activity in the adaxial cells at the base of the first whorpromoter suggested to us that the CArG box sequences could
organs in synthetic AP3::GUS (Fig. 3B, compare with Fig. 2Abe mediating establishment and/or maintenance ofAthg
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expression pattern. To assay the in vivo function of these CAréhift assay (EMSA). AP3 and PI proteins together, but neither

box sequences, we mutated the CArG box sequences in protein alone, are able to bind to wild-type CArG1 and wild-

attempt to reduce the ability of MADS domain transcriptiontype CArG3 (Fig. 4B). By contrast, DNA fragments that

factors to bind. Oligonucleotide binding site selectioncontain CArG1l or CArG3 mutations are not shifted when

experiments have been performed with the MADS domaimixed with AP3 and PI proteins. In addition, we failed to detect

proteins AG (Huang et al1993; Shiraishi et 311993), AGL3  binding of AP3 plus PI to either wild-type or mutant CArG2

(Huang et al.1995), AGL1, and AGL2 (Huang et all996).  containing DNA fragments.

Using the AG protein, more than one hundred binding sites To assay CArG box function in vivo, we fus&B3promoter

were selected and all the sequenced binding sites were simifgieces containing CArG box mutationsuinlA and examined

to the CArG consensus sequence (CC(4&0); in no case the GUS activity pattern in transgenic plants. We analyzed the

was an oligonucleotide selected that contained a mutation &ffects of the CArG box mutations both singly and in

the CC or GG dinucleotides at the ends of the ten base pa&iombination in two different contexts: (1) in the context of the

CArG consensus. Based on this evidence, we introduced tvitact -496 promoter, and (2) in the context of the synthetic

base pair mutations in all three CArG boxes, specifically-83 to—225 trimer (in both wild-type and inverse orientations).

targeting either the CC or GG dinucleotides (Fig. 4A). To tesThe effects that we observed on the GUS activity pattern are

that we had diminished the ability of MADS domain proteinsdescribed below.

to bind to these mutant CArG boxes, we tested the ability of

the AP3/PI heterodimer to bind to wild-type and mutant CArGCArG1l mutants

box-containing DNA fragments in a electrophoretic mobility Mutations in CArG1 have a dramatic effect on the GUS pattern
in the context of the synthetic promoter trimer but no
observable effect in the context of the intad®6 promoter.
CArG1 mutations in the context of synthetic AP3::GUS fail to

A CCrrrrTTCC CArG CONSENSUS exhibit detectable GUS activity at any floral stage (Fig. 5A,B).
o Sk i ) In summary, these results show that a functional CArG1, in the
NTTpCCpppaNNGGNAAN  AGAMOUS CONSENSUS context of the-83 to —225 synthetic AP3promoter, is

o necessary for detectable GUS activity.
GTTTACATAAATGGAAAA CArG1AP3

CArG2 mutants
As with CArG1 mutations, CArG2 mutations in the context of
CT“CCTTTCM‘ﬁ*ﬂTm CArG 2AP3 the synthetiAP3promoter have a dramatic effect on the GUS
pattern but in the context of the intact promoter exhibit no
detectable effect. CArG2 mutations in the context of the
CTTTCCATTTTTAGTAAC CArG 3 AP3 synthetic AP3::GUS trimer do not alter the temporal pattern of
vy GUS activity but they do alter the spatial pattern. As in wild

TT

AT

e type, GUS activity in CArG2 mutants is initially detectable
during stages 3-4 (Fig. 5C). Based on the number and location
B_ of cells that exhibit GUS activity, it appears that GUS activity
§ = AP34+PI £ AP3 4 PI is detected at early stages in stamen primordia, but not in petal
IRCE s BECE e primordia. GUS activity is detectable at a high level in stamens
W__W W We an through stage 7. During stages 8-9, GUS activity is confined
- - to the connective of the anther (Fig. 5D) and GUS activity

continues to be detectable in the connective until post anthesis.
CArG2 mutations in the context of thel96 AP3:.:GUS

intact promoter have no detectable effect on the GUS pattern.
“ ‘ In these lines, GUS activity is detectable exclusively in petals
and stamens beginning at stage 3.

CArG3 CArGl1 CArG2

Fig. 4.1n vitro DNA binding of AP3 and PI proteins to wild-type and CArG3 mutants

mutant CArG boxes. (A) The top half of the figure is a schematic ~ Although CArG3 mutations do not alter the spatial and
detailing the site-specific mutations that were constructed in the thrd@mporal GUS activity pattern, they do have an effect on the
CArG boxes in the APBromoter. The top line shows the CArG level of GUS activity during early floral stages. CArG3
consensus sequence, the second line the consensus binding sequepmgtations, in the context of the synthetic promoter trimer,
for theArabidopsisMADS domain protein AG as determined by direct GUS activity at a high level in the petals and stamens
oligonucleotide selection experiments (Huang et al., 1993; Shlralshlbeginning at stage 3-4 (Fig. 5E). During stages 6-8, GUS
slte"’r‘g'clcigs"fr)d;”eﬂ tit']eckx)rtglm éﬁfgzl'“;f d"g':fgg t?g)”éﬁastfns that activity is detected at a higher level in stamens compared to
! ! . petals (Fig. 5F). Beginning in stage 8, the intensity of staining

demonstrating that AP3 and PI together (AP3 + PI), but not AP3 or ! .
Pl alone, bind to wild-type versions (w) of CArG1 (C1) and CArG3 " the stamens decreases compared to that observed at earlier

(C3) but not to mutant versions (m) of CArG1 and CArG3. We did Stages and the level of GUS activity in the petals decreases
not detect binding of AP3 and P! to either wild-type or mutant to background levels. By stage 9, GUS activity is no longer
CArG2 (C2). Unprogrammed (un) indicates result with detectable in the stamens. During stage 11, however, GUS

transcription/translation lysate in the absence of plasmid. activity is again detectable in the connective of the anther and
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this staining is detectable until the stamens senesce (staDESCUSSION
14).

The effect of mutations in CArG3 is similar in the contextSynthetic AP3 promoter
of the intact-496 promoter. We detect GUS activity at stage 4n yeast, mammals and plants, MADS domain-containing
at a high level in the petals and stamens. The level of GUSanscription factors have been demonstrated to bind with high
activity in CArG3 mutants in the496 promoter appears to be affinity to a ten base pair consensus sequence called the CArG
higher than the level in the wild typd96 promoter, but lower box. Between-83 and-225 in the AP3romoter there are
than the level in the synthetic CArG3 mutants. Beginning athree sequences with a 9 out of 10 match to the CArG box
stage 8 in the intact CArG3 mutant flowers the level of GUSonsensus sequence. A single copy of this CArG box-
activity is lower compared to that observed at earlier stages aedntaining promoter sequence, when placed upstream of a
by stage 10, GUS activity in the petals and stamens is reducednimal promoter, is not sufficient to direct GUS activity in

to background levels. the flower. When the-83 to —225 promoter fragment is
trimerized in tandem upstream of a minimal promoter,
CArG1-CArG3 double mutants however, the resulting GUS activity pattern recreates the key

We have examined CArG1-CArG3 double mutants in theaspects of thé&P3 expression pattern. In particular, synthetic
context of both the intact496 promoter and the synthetic AP3::GUS constructs direct GUS activity to petals and stamens
AP3::GUS trimer. In the context of the synthetic AP3::GUSthroughout most of flower development (i.e. at both early and
trimer, GUS activity is not detected prior to stage 12 in CArG1iate floral stages).
CArG3 double mutants, similar to what is observed in CArG1 Similar synthetic promoters have been constructed to study
mutants alone in the context of the synthetic promoter (data ntite regulation of developmental control genes in Drosophila
shown). The 300 base pair neuroectoderm enhancer (NEE) of the
Although CArG1 single mutants in the context of ##96  Drosophilagenerhomboidcontains four binding sites for the
intact promoter have no effect on the GUS pattern, iorsal activator protein and five binding sites for bHLH
combination with CArG3 there is a reduction in late stainingactivator proteins such as Twist (Ip et al., 1992). A single copy
CArG1-CArG3 double mutants in the context e#196 of a 57 base pair synthetic element (i.e. the minimal stripe unit)
AP3::GUS exhibit GUS activity during early stages of flowerthat contains two dorsal binding sites and two bHLH binding
development (stages 3-6) in a pattern identical to that observsides, when placed upstream of a minimal promoter, directs
in wild type (Fig. 5G). By stage 7, however, a low level of GUSweak neuroectodermal expression. When this 57 base pair
activity is detected in petals and GUS activity is undetectablffagment is dimerized or trimerized in tandem, however, it
in stamens (Fig. 5H). By stage 9, GUS activity is undetectabldirects reporter expression in a spatial and temporal pattern that
in petals. In summary, CArG1 in combination with CArG3 isis indistinguishable from the full length NEE (Szymanski and
necessary for a high level of GUS activity during mid and latéevine, 1995).

stages of flower development. The fact that multiple copies of these promoter elements are
required to generate the proper spatial and temporal pattern has

Early expression of GUS from the synthetic ~ AP3 implications for how the activator proteins that bind to these

promoter is independenton  AP3 and P/ promoter elements function to stimulate transcription. From

When-496 AP3::GUS is crossed to ap38pi-1, a high level our experiments, it is not clear whether the synergistic
of GUS activity is detected from stages 3-6 in the primordia ointeraction is due solely to the increased number of binding
petals and stamens, but at later stages GUS activity is nsites or whether linkage of these binding sites is important.
detected throughout most of the second and third whorl cell§his can be tested by increasing the distance between the
GUS activity is detected, however, in cells in the receptacle &ArG box-containing monomers. In either case, transcription
the base of the first and second whorl organs (Fig. 6Akould be stimulated simply by providing additional binding
Occasionally, GUS activity is detected in more apical positionsites for the activators which would enhance interactions with
in second whorl organs in bo#p3-3and pi-lmutants at late components of the transcription machinery. The binding of
floral stages. The GUS activity pattern is similar to AR8  these activators may or may not be cooperative, but if they are
RNA expression pattern ep3-3and pi-lmutants (Jack et al., cooperative between elements, it would provide an explanation
1992, 1994; Samach et al., 1997). Although transcription dor the synergistic interactions. It is also possible that the
AP3during late floral stages in most second and third whorsynergistic effects occur among the elements themselves rather
cells is dependent on bo#tP3and Pl,continued transcription than among individual binding sites; for example, tandem
at the base of the first whorl (or first and second whodp®  arrays of promoter elements might be more efficient at
3 andpi-1 mutants) is independent of ARRd PI. recruiting adaptors or components of the basal transcription
To test whether synthetic AP3::GUS is recreatdhB3  machinery.
establishmentAP3 autoregulation, and first whorl expression, .
we crossed wild-type synthetic AP3::GUSap3-3and pi-1  CArG box mutations
mutants. Kanamycin resistan Bp3-3or pi-1 plants exhibit  Evidence that the three CArG boxes in the AR@moter are
GUS activity during stages 3-7 in the second and third whoffunctionally important comes from analysis of constructs that
primordia. At later stages, GUS activity is not detected, evenontain CArG box mutations. The effect of the CArG
at the base of the first and second whorl organs (Fig. 6B). imutations is very dramatic in the context of synthetic
summary, synthetic AP3::GUS recreates both thé\P3::GUS construct but in the context of intact AP3::GUS the
establishment and maintenance circuit®\BBin whorls two ~ CArG mutations have either subtle effects or no detectable
and three, but does not recreate first whorl expression. effect suggesting that there are redundant elements in the intact
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Fig. 6. Late expression in ap3&hdpi-1 mutants. (A)-496

AP3::GUS ap3-3lower at stage 12. GUS activity is detected at high
levels in the receptacle at the base of the first and second whorl
organs. (B) Synthetic AP3::GUS pifibwer at stage 8. A very low
level of GUS activity is detected at the base in the second whorl
organs. At later stages, GUS activity is not detected.

most easily explained by postulating that CArG3 is the binding
site for a repressor that is required to maintain a proper level
of AP3 expression during early floral stages (Fig. 7). If
mutations are present in CArG3, this repressor is unable to bind
and as a result, GUS is transcribed at a higher level during early
floral stages. The potential biological importance of this
finding is unclear; there is no evidence that either increasing
(e.g. 35S::AP3) or decreasing (e.g. ap8}y3he levels 0AP3

Fig. 5.AP3::GUS plants containing CArG box mutations. in whorls two and three has an effect on the development of
(A) Inflorescence from a plant that contains a CArG1 mutation in thepetals and stamens.
context of the-83 to—225 synthetic APBromoter. GUS activity is In molecular terms, the CArG1 and CArG2 results are most

not detected at any stage in these mutants. (B) Single stage 8 flowey, , <; ; ;
from a plant that contains a CArG1 mutation in the context of the éasny explained by postulating that CArG1 and CArG2 are the

- ! . P binding site for an activator or activators that are important
83 t0-225 synthetic APBromoter. GUS activity is not detected_. é)oth for establishment and maintenance of ARBression
context of the 83 to-225 synthetic APBromoter. GUS activity in  (F19- 7). During the establishment phase, CArG1 could be the
these flowers is detected in the stamens but not in the petals duringbinding site for a MADS domain activator. During the
early and mid stages of flower development. In both stage 3and maintenance phase, the simplest molecular model is that
stage 4 flowers GUS activity is detected in the precursor cells for th&CArG1 is the binding site for the AP3/Pl heterodimer.
stamens. (D) Single stage 9 flower from a plant that contains a Similarly, during the establishment phase CArG2 could be the
CArG2 mutation in the context of thé3 to—225 synthetic AP3 binding site for a MADS domain containing activator
promoter. At this stage, GUS activity is detected in the connective Ofnecessary for activation ofAP3 in petals. During the
the stamen. No GUS activity is d_ete(_:ted in petals. (E) Inflorescencemain,[e%mce phase, the role of CArG2 is less clear. CArG2
from a plant with a CArG3 mutation in the context of #33 to mutations do not completely disable autoregulation since GUS

-225 synthetic AP®romoter. In CArG3 mutant flowers there is an ity is d di durina both | dl
increase in the level of GUS activity in the petals and stamens durin§CtVIty IS detected in stamens during both early and late stages

early floral stages. (F) Single stage 8 flower from a plant with a uggesting that autoregulation in the third whorl is normal.
CArG3 mutation in the context of th@3 to—-225 synthetic AP3 Instead, it is more likely that the CArG2 mutation disrupts a
promoter. GUS activity is detected at a high level in the petals and petal-specific element that is required for expression during
stamens of mid to late stage flowers. (G) Inflorescence from a plantboth early and late stages.
with a double CArG1-CArG3 mutation in the context of 496 Redundancy of CArG box function is suggested by the
AP3promoter. GUS activity is detected during early stages (stages Jeduced late staining in CArG1-CArG3 double mutants in the
5) in the petal and stamen primordia. In the stage 6 flower, the level context 0f-496 AP3::GUS. By contrast, CArG1 and CArG3
?lfGUSff aCtiVityliS ltow‘tshr' pzrticgllarléxnesltagw:rgé (H) tSitngIe_ Sttﬁge 8 single mutants in the496 AP3::GUS context exhibit wild-
ower from a plant with a double CArG1-CArG3 mutation in the - : :
context of the-496 AP3promoter. A very low level of GUS activity type stalnlng d”r"?g mid to late Stf”‘ges of flower development.
is detected in petals but GUS activity is not detected in stamens of T_he dl_fference_zs in the late staining patterns suggest that
mid to late stage flowers. dlsruptlon_of either CArG1 or CArG3 can be compensated for
by a functional copy of the other.

Is CArG2 a binding site for MADS domain factors?
promoter that can substitute for the non-functional CArGCArG2 mutations in the context of the synthetic promoter
boxes. result in a decrease in GUS activity in petals at all floral stages.
In molecular terms, the regulatory function of CArG3 isThe fact that CArG2 is the only CArG box that is completely
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petal-specific
activator

carly/late l early repressor
y
Fig. 7.Major controlling sequences in tAd*3 activator a /
promoter. This schematic diagram summarizes 12 3

important promoter elements in the AR®moter. M:I:I:I:'_r>
Boxes indicate promoter elements necessary for

expression in stamens, petals and during early CArG boxes

stages of flower development. Analysis of
mutations in the three CArG boxes in #he3 stamens
promoter suggests that CArG1 is a binding site for
a MADS domain activator during both early and early
late floral stages, CArG2 a binding site for a petal- enhancer
specific activator, and CArG3 a binding site for a

repressor that controls the level of expression petals
during early floral stages.

early

conserved between Arabidopsis ABBd Brassica BobAP3 5' deletion analyses also suggest the presence of an element
suggest that it might be functionally important (Hill et al.,between -225 and -332 that is necessary both for the
1998). We did not, however, detect binding of the AP3/Penhancement of the signal in the petals and for expression
proteins to wild-type CArG2 sequences in vitro. There areluring early stages of development (prior to stage 5). As a test
several possible explanations for this result. First, perhaps sufficiency, the-225 to—332 promoter fragment was placed
MADS domain proteins other than AP3/PI bind to CArG2 in5' to a minimal promoter. A single copy of th@25 t0-332

vivo to mediate these effects. It has been demonstrated tHeigment fused to a minimal promoter fails to direct GUS
different MADS domain proteins bind with different affinity to activity in the flower. A tandem trimer of the225 to-332
different CArG box sequences (Riechmann etl#l96b), but  fragment fused to a minimal promoter directs GUS activity
in general, the sequences recognized by different MAD®rimarily to petals beginning at stage 6. Based on this, we
proteins are largely overlapping. Although it is formally conclude that the225 to—332 promoter fragment is sufficient,
possible that MADS domain proteins other than AP3 and PlWhen placed Sto a minimal promoter, to direct a low level of
bind to CArG2, this explanation seems unlikely based omxpression to petals, but is not sufficient to direct expression
present evidence. Second, perhaps coactivators are presentiming early stages. Sincé 8eletions to-153 of the AP3

vivo which increase the affinity of binding of AP3/PI (or other promoter fail to exhibit GUS staining, additional sequences
MADS domain protein) to CArG2; the failure to detect bindingbetween-210 and-153 are necessary for the weak expression
of AP3/Pl to CArG2 in an EMSA assay could be due theobserved in petals and stamens in-tB&0 construct.

absence of such a co-activator. A third possibility is that the ]

CArG2 mutation disrupts the binding of a non-MADS First whorl expression

transcription factor. In designing the CArG box mutations wdn wild-type flowers, APRNA is expressed throughout much
assumed that we would specifically be disrupting the bindingf flower development in a small number of cells at the base
of a MADS transcription factor. These mutations, howeverpf the first whorl sepals (Weigel and Meyerowitz, 1993).
could also be disrupting the binding of other necessariRNA, by contrast, is not expressed in these first whorl cells in
transcription factors. For all three CArG box mutations we arevild-type flowers (Goto and Meyerowitz, 1994). Sirekis
unable to rule out the possibility that the effects we areot expressed in these cells, transcriptioABB during late
observing are due to the failure of non-MADS transcriptiorfloral stages must take place by a mechanism independent of

factors to bind to these sequences. AP3/Plautoregulation. Analysis of the GUS activity patterns
- . in ap3-3or pi-1 mutants that containd96 AP3::GUS reveals
Organ specific elements in the ~ AP3 promoter detectable GUS activity at the base of the first and second

Several lines of evidence support the hypothesis that there isndnorl organs and occasionally in more apical positions in
promoter element betweer332 and —496 that directs second whorl organs. We postulate that this late expression in
expression to stamens during late stages of development (Fap3-3andpi-1 mutants is regulated similarly to that in the AP3
7). First, 5'promoter deletions t6496 direct a high level of expressing cells at the base of the first whorl sepals in wild-
GUS activity in petals and stamens but deletions3®2 result  type flowers; in other words AR@&nscription during late floral

in GUS activity at a high level in petals, but stamen staining istages is independent of AP3/PI autoregulation. In the case of
reduced to a very low level. Second, fusion of promoteAP3, the functional importance of this first whorl transcription
fragments that contain the832 t0—496 promoter piece’%0  during late floral stages is not clear since the AP3 protein is
a minimal promoter directs GUS activity to stamens during lateot detected imp3-3or pi-1 mutants later than stage 6 (Jack
floral stages. Third, when th€332 to—496 promoter piece is et al., 1994).

trimerized and placed upstream of a minimal promoter, a high Synthetic AP3::GUS constructs lack first whorl expression
level of GUS activity is observed in late anthers. suggesting that an element outside of+88 to—225 region
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is responsible for this expression. The lack of first whorl mediated gene transfer by infiltration of adAtabidopsisplants. C. R.
expression is most obvious when synthetic AP3::GUS is Acad. Sci. Pari816, 1194-1199.
crossed toap3-3 or pi-l} in this case GUS activity is not Benfey, P. N. and Chua, N.-H(1990). The cauliflower mosaic virus 35S
detected later than stage 7 which is in sharp contrast to the GUgromoter: combinatorial regulation of transcription in plaBis§ence250,

9 p 59-966.

pattern in—496 AP3::GUS ap3-®r -496 AP3::GUSpi-1 in Bowman, J. L., Smyth, D. R. and Meyerowitz, E. M(1989). Genes directing

which GUS activity persists until late floral stages. flower development idrabidopsis. The Plant Cell, 37-52.
Davies, B., Egea-Cortines, M., de Andrade Silva, E., Saedler, H. and
Synthetic AP3::GUS recreates both establishment Sommer, H.(1996). Multiple interactions amongst floral homeotic MADS

; ; box proteinsEMBO J.16, 4330-4343.
and maintenance .phase.s of AP3 expres;lon _ Deng, W. P. and Nickoloff, J. A(1992). Site-directed mutagenesis of virtually
The most compelling evidence that synthetic AP3::GUS trimer any plasmid by eliminating a unique sifnal. Biochem200, 81-96.
recreates both the establishment and maintenance phases off2blen, J. W. and Fields, S(1991). Cell-type-specific transcription in yeast.
AP3 expression pattern comes from analysis of the synthetic Biochim. Biophys. Acta088, 155-169.

. : : Flanagan, C. A. and Ma, H.(1994). Spatially and temporally regulated
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eXp_reSSion in synthetic AP3::GUSJ3-3 (and AP3::GUSpi- Arabidopsisflowers.Plant Mol. Biol.26, 581-595.
1) is not due to autoregulation sinéd*3 and Plare not Goto, K. and Meyerowitz, E. M. (1994). Function and regulation of the
functional. One possible explanation for this early expression Arabidopsisfloral homeotic gene PISTILLAT/&enes Des, 1548-1560.

; it ; it ; ; Gustafson-Brown, C., Savidge, B. and Yanofsky, M. £1994). Regulation
is that it is due to signals that initially activéB3during early of the Arabidopsidioral ho%eotic gene APET‘%’LAQEH 26 )131_19’43_
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; P : : P uang, H., Mizukami, Y. and Ma, H. . Isolation and characterization

do'.“a'r.‘ transcrlptlon factors mlght be involved in mma”y of the binding sequence for the product of Arabidopsis floral homeotic
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