3134-3141 Nucleic Acids Research, 1996, Vol. 24, No. 16

DNA-binding properties of

0 1996 Oxford University Press

Arabidopsis MADS

domain homeotic proteins APETALAL, APETALAS3,

PISTILLATA and AGAMOUS

José Luis R iechmann , Mingin Wang and Elliot M. M  eyerowitz*

Division of Biology 156-29, California Institute of Technology, Pasadena, CA 91125, USA

Received May 28, 1996; Accepted July 3, 1996

ABSTRACT
The MADS domain proteins APETALAl (AP1),

APETALA3 (AP3), PISTILLATA (PI), and AGAMOUS (AG)
specify the identity of Arabidopsis floral organs. AP1

and AG homocomplexes and AP3—PI heterocomplexes
bind to CArG-box sequences. The DNA-binding
properties of these complexes were investigated. We
find that AP1, AG and AP3-PI are all capable of
recognizing the same DNA-binding sites, although with
somewhat different affinities. In addition, the three
complexes induce similar conformational changes on a
CArG-box sequence. Phasing analysis reveals that the
induced distortion is DNA bending, oriented toward the
minor groove. The molecular dissection of AP1, AP3, PI
and AG indicates that the boundaries of the dimeriza-
tion domains of these proteins vary. The regions
required to form a DNA-binding complex include, in
addition to the MADS box, the entire L region (which
follows the MADS box) and the first putative
amphipathic helix of the K box in the case of AP3-PI,
while for AP1 and AG only a part of the L region is
needed. The similarity of the DNA-binding properties of
AP1, AP3-PI and AG is discussed with regard to the
biological specificity that these proteins exhibit.

INTRODUCTION

keratin, suggesting that the K box may form amphipathic alpha
helices, perhaps involved in protein—protein interactibh&3).

SRF and MCML1 recognize CArG-box sequences (consensus
CC(A/T)sGG) (14,15), andin vitro experiments have shown that
AG (16-20), AP1 and AP3-PP(Q) complexes bind to such sites.
These four proteins exhibit partner specificity for the formation
of DNA-binding complexes: neither AP3 nor PI have been found
to bind DNA by themselves or in combination with either AP1 or
AG (20).

Since these four related proteins act to specify the development
of different organ types in thArabidopsisflower, we were
interested in comparing the DNA binding properties of the AP1,
AP3-Pl and AG complexes, which are dimers, in an effort to
understand how the biological specificity of these (presumed)
transcription factors is achieved. We show that the DNA-binding
specificities of AP1, AP3-Pl and AG dimers are very similar,
since they recognize the same DNA-binding sites, although
differences in affinities were detected. The three complexes are
also similar in the distortion that they induce on the DNA, that is
(at least in part) DNA bending toward the minor groove. In
addition, the molecular dissection of AP1, AP3, Pl and AG has
revealed differences in the regions that are required for dimeriz-
ation among these four proteins, which correlate with the partner
specificity that they exhibit.

MATERIALS AND METHODS

Plasmids forin vitro transcription/translation

According to a well-established genetic mod@&3], the
identities of the organs of @mabidopsidlower are specified by pSPUTK (Stratagene)-derived plasmids to produce AP1, AP3, PI
the action of at least five homeotic genBBRETALAL(APYL), and AG inin vitro transcription/translation reactions have been
APETALA2(AP2, APETALA3(APJ, PISTILLATA(PI) and described previousl2(). Several derivatives éfP3 Pl andAG
AGAMOUSAGQG) (4-8). While these genes have been extensivelgequences were synthesized by PCR in order to make N- and
characterized at the genetic level, little is known about th€-terminal truncated proteins, as listed below, and cloned into
molecular mechanisms by which the organ-identity proteins ag@gSPUTK. Throughout this article, the N- (N-terminal extension
AP1, AP3, Pl and AG are all MADS domain proteid$48).  that precedes the AG MADS-box), M- (MADS domain), L-
The MADS domain is a conserved DNA-binding/dimerization(linker between the MADS domain and the K box), K- (K box)
region present in a variety of transcription factors from differerdand C- (C-terminal) regions of AP1, AP3, Pl and AG, as well as
organisms (SRF, serum response factor; MCM1; the MERBe corresponding amino acid numbering, are as shown in
family) (9,10). Within the family of MADS domain proteins, a Figure 1 of ref20. AP3AmLck: AP3 protein lacking the first 26
particular characteristic of the plant proteins is that the vaah of the MADS box (Asn residue at position 26 is changed into
majority of them contain another conserved region, the K bake initiation Met). APBIL: truncated AP3 protein comprising
(11,12). This region has similarity to the coiled-coil segment obnly the MADS box and the L region (a stop codon was
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introduced after the GIn residue at position 88yLPiruncated use inin vitro translation reactions performed with standard
Pl protein comprising only the MADS box and the L regionreticulocyte lysate (Promega).

AGAwmLcK: AG protein lacking the N region and the first half of

the MADS box (Asn residue is changed into the initiation MetjpNA-binding assays and immunoprecipitation experiments
AGLkc: the AQkc protein lacks the N region and the entire ) o o
MADS box except the two last aa (it therefore starts with thé vitro translated proteins were tested for DNA-binding activity
sequence Met-Glu-Tyr-Ser...). A@: truncated AG protein Dy electrophoretic mobility shift assay (EMSA). Binding reac-
comprising only the N region and the MADS box. MM&:  tions were perf_ormed as described previougly).(Gels for
truncated AG protein comprising the N, MADS and L regionsfesolving protein-DNA complexes were 5% (except when

AGNMLK: truncated AG protein lacking the C-terminal region. indicated otherwise) polyacrylamide:bisacrylamide (60:1) in
1x TBE. Immunoprecipitation experiments were carried out as

d ibed ioush2().
DNA-binding site probes escribed previoushz()

Seven different probes (A-G) were used. Probes A and B af@parent Kq values in DNA binding

derived from the promoters of thArabidopsis AP3 and Saturation-bindin ; ; o
. . - g assays to determine the dissociation constants
SUPERMANSUB genes, respectively, and have been descnb?gf;) were carried out by incubating a fixed amouninofitro

previously @0); probe D is derived from thrabidopsisAGLS  yangiated proteins (21 of the translation reaction) with
promoter (9); sites C and E were obtained in sequence-selecti reasing amounts of probes A or B under the standard

'_conditions (the incubation time after addition of the probe was

( . . Cti%ended to 90 min to allow the binding reactions to reach
experiments performed with AGL3Y, site clones #3 and #103, o jilibrium, as determined in pilot experiments). Probes were

respectively). All binding sites were cloned into pPGEM vector,ge 4t concentrations between 1 and 80 nM, the concentration
Probe A, 5ggatcd CACTTAGTTTTCATCAACTTCTGAAC-  5n46 depending on the protein/probe combination. After gel

TTACCTTTCATGGAT TAGGCAATACTTTCCATTTTTAGT- electrophoresis, bound and free probe were quantitated with a

AACTaagctt3, (an additional CArG-box like sequence is alsqy,,gphorimager (Molecular Dynamics). The production of both
present in this probe, but it was determined by site-direct(%ﬁ1 fEII-IengtP? ar(ld a truncat)éd APl)proteiFr)1 in thevitro

mutagenesis that it is not recognized by any of the proteins usgf s|ation reactions resulted in the formation of three different
in this study); probe B, §galcdAAGAAAAATGGGAGAA-  \p1 pNA-binding complexes. The amount of probe bound by all
AGGAACATCCACTTTI CCA"—"'GGT ATAAAACTTTT- of them was quantitated, and the values obtained were used for the
GATATAATATGTCCTTTTGCTaagctt3'; probe C, 5aagctyc- 50y lations as the total amount of bound probe. DNA-binding
atgcctgcaggtegactctagaggatccacagcAATACBLATATTIG:  o40tions with AG also showed band shifts originated by

GCAGGTGGCtccgaattc3'; probe D, 5ggatcAATAAAAA- truncated AG ;
proteins, but the amount of probe that was bound
CAAAAGGAGAATAAAAAGGGAT T ACCAAAAAAGG AA in the AG reactions is very low. This ensured that the concentra-

AGTTTCCAAAAGGTGATTCTGATGAAgCtES; probe E, oot e o -

) probe at equilibrium was approximately equal to the

?;[Acggag_tlg:ggaattcggtacct:)ccgggtATACTlm:CGAATGGGG- concentration of total probe, and therefore that the values
TOAA Céggét,gTTK{% C:?C e Agggg;%;{a_ggaattgggtacgcc- obtained for the probe bound only by full-length AG could be

ggat LA LLAIAL jgatces; probe seq tg calculate the apparéqs. Kgs were estimated by the

G, 5-tctagactcgaggaattcggtaccccgggtACGCATECCACAT- h f h lculati fthe | g fit li i
ATAGTAACGTGtggatce3'; (the CArG-boxes are underlined H;gtpﬁ?ngws 82%; ‘:’,‘Jﬂfﬁg%ifﬂggg Z;).e cast-square fitfine 0

and the plasmid-derived linker sequences are in lower case
Binding probes were prepared as descriBéy (

Circular permutation and phasing analyses

In vitro transcription and translation For circular permutation analysis, two annealed complementary
oligonucleotides containing the site A CArG-boxCFAGAG-
Proteins were synthesized using thd Toupled transcription/ CAATACTTTCCATTTTTAGTAACTCAAGTC-3 and 5TCG-
translation reticulocyte lysate system (Promega). LabeledGACTTGAGTTACTAAAAATGG AAAGTATTGCT-3, were
([35S]methionine)n vitro translation reactions demonstrated thatloned into thexba/Sal sites of pBend22(3), generating plasmid
the proteins were produced in similar amounts. Some of thiEBendA. Probes were prepared by digestion of pBendA with the
C-terminal deletion derivatives of AP1, AP3, Pl and AG proteinappropriate restriction enzymes and labeling of the purified
were obtained by digesting the plasmids encoding the full-lengtfagments witt#2P using T4 polynucleotide kinase. The magni-
proteins with internal restriction sites prior to the vitro  tude of apparent DNA bending was calculated using the formula
transcription reaction. ARL2, APIv+3, APIm+15, APIM+29,  Umin/Hmax= C0S0p/2) (24), wherenp is the distortion angle, and
AP1m+33, APImL+6, and AP1aL+34 proteins were obtained from pmin @andumaxare the relative mobilities of the slowest and fastest
RNAs synthesized from pSPUTK-AP1 linearized wabiBl, migrating species. The valuesppfin andpmax were calculated
Hinfl, Rsd, Plel, Bsi, Aflll and AlwNI, respectively. To obtain from the curve produced after fitting the data using a computer
AP3uL+12, APuL+31 and AP®1L+42, pPSPUTK-AP3 was linear- function (Cricket Graph lll, Cricket Software).
ized withPlel, AlwNI andFol, respectively. The Pl openreading For the phasing analysis, sequences containing the site A
frame was linearized d&cl13611 andBpni sites to generate CArG-box separated by a linker of variable length from an A tract
PImL+16 and PiL+20, respectively. A@Gv+22 and AGum+28were  (intrinsically bent toward the minor groove by approximately
obtained after digestion of pPSPUTK-AG witkd andMsp. The  54°; 25) were cloned into théba/Sal sites of pBend2X3). The
RNAs were purified by agarose gel electrophoresis prior to thadistance between the center of the CArG-box and the center of the
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A tract was 21, 23, 26, 28 or 30 bases. Sequences were as follow: o

& L] c
5'-ctcagaTTTCCATTTTTAGATAAAAACGGGCAAAAAC-
GGGCAAAAACGgtcgac-3 5-ctcagaTTTCCATTTTTAGA- . .ﬂ"r - J‘qﬂ'f ¥ a"_f L A -.f‘.ﬂ'f 1-“
AGCAAAAACGGGCAAAAACGGGCAAAAA CGgtcgac-3
5'-ctcagaTTTCCATTTTTAGAACTGGCAAAAACGGGCA- -

AAAACGGGCAAAAA CGgtcgac-3 5-ctcagaTTTCCATTT-
TTAGTAACTGTAGCAAAAACGGGCAAAAACGGGCAA
L- --
- -

AAA CGgtcgac-3 and 5ctcagaTTTCCATTTTTAGAACTG-
TACTGCAAAAACGGGCAAAAACGGGCAAAAACGgLtc-

gac-3 (the CArG-box and the A tract are underlined). Probes of
164-173 bp in length were prepared by digestion of the resulting
plasmids withPvul, and labeling of the purified DNA fragments
with 32P using T4 polynucleotide kinase.

RESULTS
L] - 3 q 5 & T B 8 m 1 12 13 13 W 1T
Comparison of DNA-binding by AP1, AP3—PI and AG GESSRE L Sl S
FROBE B = TITT COATTTITE: TATRA
The DNA-binding capabilities of AP1, AP3-PIl and AG com- FROBE G 5., AWANT COMIWETIGN CAGHT...)
plexes were compared using several CArG-box containing FROBE B IATTA CCARMIARES BAMET.. .3

sequences as binding sitksvitro translated AP1, AP3, Pl and
AG were incubated with probes A, B, C and D, and the

in ; iin Figure 1. AP1, AP3-PI, and AG complexes bind to CArG-box containing
protein-DNA complexes anaIyZEd by electrophoretlc mObIIItysequencedn vitro translated AP1, AP3 and PI (cotranslated), and AG were

shift assays (EMSA) (Flg_)._Probes A, BandD Contgln CArG assayed for DNA-binding activity with probes A, B, C and D. Controls with
sequences that are found in the promoters of r@@idopsis  unprogrammed lysate for each of the probes are included (lanes 1, 5, 9 and 14).
genes (see Materials and Methods), while probe C is based onane 13 shows a longer exposure of lane 12. The shifted bands visible on lane
Synthetic AG-b|nd|ng site identified in Sequence-se|ection exl3 th_at gre spgcific to t_he presence of AG in thQ _reaction are indicated by
periments {7). The probes were labeled to the same specif esttiﬁ[:i:;kcs);tea%dslg?enal shifted bands are non-specific and originated by the
activity, allowing direct comparison between the reactions '
containing the same protein. The shifted bands present in the
reactions with AP1 and AG correspond to protein-DNA com- Ap1, AP3—PI and AG DNA-binding activity was assayed with
plexes formed by the full-length proteins as well as by truncatefree additional CArG-box containing sequences, probes E, F and
proteins also produced in the translation reactions. AP1 showed derived from sequence-selection experiments performed with
the strongest binding to probes A and D, recognizing the probggher AG or AGL3 {7,21). AP1, AP3—PI and AG bind to all
in the order AD>B>C (Fig.1). A similar behavior was observed three probes (a single exception being AP1 and probe E, a
for AP3-PI, while the affinities of AG for probes A, B and D werecombination for which no binding could be detected in the
comparable and higher than that for probe C (5ig’he binding  experimental conditions used) (data not shown). AP1, AP3—PI
of AG to probe C is revealed in a longer exposure of thgnd AG bound probes E, F and G with much lower affinities than
autoradiogram (FidL, lane 13). _ probes A, B, C and D, consistent with the fact that the former vary
Apparent dissociation constants¢) were estimated by more from the canonical CC(AGGG site and the consensus
Scatchard analyse_s of saturating binding gs@@)sr(whlch a  sequence [§T/a)(T/a)(A/TIQCC(A/T)4(A/T/glc)(Gla)(GItIA/
constant amount oh vitro translated protein was titrated with T/C)(A/t)(Alt/g/c)-3] deduced from AG-sequence-selection experi-
increasing amounts of the A and B probes (BigAP1 showed ments (7,18) (data not shown).
a higher affinity f02r probe Ay = 4.6 nM, Fig2) than for probe
B (Kg =43.4 nM;r< value for the least square fit line was 0.893) ; .
The AP3-PI complex showed a similar behavior, although WitFl)NA bending by AP1, AP3-Pl and AG complexes
somewhat lower affinitieskq for probe A was 12.5 nM4 = Circular permutation analysis was used to determine whether
0.942), while that for probe B could not be estimated becaugd®1, AP3—PIl and AG complexes induce conformational changes
saturation was not reached in the range of probe concentratimmthe DNA upon binding to a CArG-box sequence. This assay
used. AG has comparable affinities for probes A arkjBwere is based on the position-dependent effects of DNA distortion on
3.8 (2= 0.744) and 2.7{ = 0.820), respectively. Similar results the electrophoretic mobility of DNA fragments of the same length
were obtained in duplicated experiments. The fact that tH{&6). A series of probes were prepared in which the position of the
intensities of the bands due to AG were substantially weaker thsite A CArG-box varies with respect to the ends of the fragments,
those of the bands produced by AP1 or AP3—PI complexes (Fibat are otherwise of identical sequence (F§). These
1) indicates that only a very minor fraction of the AG proteircircularly permutated probes were used in EMSAs with AP1,
synthesized was active in DNA-binding, since the amounts &fP3—Pl and AGwmL. In all cases, protein-DNA complexes in
AP1, AP3, Pl and AG that are produced hyirthatro translation ~ which the CArG-box sequence is localized toward the center of
reactions are comparable (not shown) and AG binds with highe DNA fragment (probes 3, 4 and 5) showed lower mobility
affinity to probes A and B. than those in which the CArG-box is located near either end
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Figure 2. Measurement of DNA-binding affinity of AP1 for probe A)( 078 4

Saturation binding assay with increasing concentrations of probe A (from 1 to ﬂ B0

50 nM) and a constant amountifvitro translated AP1. The production of a B R

truncated AP1 protein as a minor product ofitheitro translation reaction R T i i ”

results in the formation of three different protein—~DNA complexes. Free and o w2 W 1

bound (by all the AP1 complexes) probe were quantitated. A control with H 4' 3' X ) ¢' ;' H

unprogrammed lysate and probe A at 12 nM is included (left Iaje).he Poagicn

amount of bound probe is plotted as a function of total inpuS¢atchard plot

(_ratio of bounq and free versus bound) of the satura_tion curve shown in (B)_. A

linear correlation was observed between the two variables, allowing calculationgjg e 3. Circular permutation analysis of DNA distortions induced by AP1,

of the dissociation constait{= —1/slope). This value is an average okt AP3-PI and AGML complexes.A) The probes used for circular permutation

for the various AP1 protein complexes with DNA. analysis were generated by restriction endonuclease cleavage of pBendA,

containing the site A CArG-box sequence (black box) flanked by two tandem
polylinker sequences, with the seven enzymes shown (B} Blectrophoretic
. mobility shift analysis of AP1, AP3-Pl and AL bound to circularly

(probes J—. 2,6 and 7) (F&B), |nd|f3at|ng that AP1, AP3—Pland permutated probes. The faster migrating complexes visible in the reactions with

AGNML induce DNA conformational changes. The unboundAP1 are due to the presence of truncated proteins also produced in the

probes possessed similar mobilities, regardless of the position #nslation reactions. Reactions with i@ showed an additional band of

the CArG-box, suggesting that they do not contain significanfP!er mobility. €) The relative mobilities of the AP1-, AP3-PI- and

S . . Gnml-DNA complexes were normalized for slight differences in probe

intrinsic DNA bends (data not Shown)_- The d|s_tort|0n angles Wer?nobilities and plotted as a function of the distance between the center of the

calculated from the data obtained in the circular permutatioArG-box and the center of the probes.

analysis (Fig3C), and estimated to be 58AP1 and AP3—P1),

and 73 (AGNmL). The full-length AG protein was also used in

EMSAs with the circularly permutated probes, and its inducedrientation as the A tract, the two bends cooperate to increase the

apparent bend angle was estimated to Bgd#a not shown). overall extent of bending, resulting in a slow-moving complex in
The DNA distortions induced by AP1, AP3-Pl andnMG  the mobility shift assays. If, on the contrary, the protein induced

were further investigated using phasing analysisA9), which  bend and the intrinsic bend counteract each other, a faster-moving

determines the direction of the protein-induced bend with respemmplex will be formed. The DNA—protein complexes formed

to an intrinsic DNA bend. A series of DNA probes were prepareetween the phasing probes and AP1, AP3-Pl andvAG

such that the site A CArG-box sequence is separated by a linlslilowed variations in electrophoretic mobility that depended on

of variable length from a 25 bp sequence that contains an A trdice spacing between the CArG-box and the intrinsic DNA bend,

intrinsically bent toward the minor groove). In this set of confirming that these MADS-domain proteins induce directed

probes, the distance between the center of the CArG-box and BEA bends (Fig4B and C). In all three cases, binding to probe

center of the A tract is varied from 21 to 30 bp, almost a helic&ll, in which the centers of the two bends are separateéd by

turn, to place the CArG-box on different faces of the DNAhelical turns, resulted in the complex with the slowest mobility

relative to the intrinsic bend (F#R). If AP1, AP3-Plor AGimL  (Fig. 4B and C). Therefore, since the two bends cooperate when

complexes bend the DNA at the CArG-box in the sam#heir centers are in phase, the net orientation of DNA bending

F
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A 164 In 173 i DNA-binding domains of AP1, AP3, Pl and AG proteins
21 M
i i.i.lrlnr To investigate the role of the K box and other regions that are
21 TAT C-terminal to the MADS box in DNA-binding complex forma-
i tion, a series of C-terminal deletion derivatives of AP1, AP3, PI
PH TAMCTETAGT and AG were produced b vitro transcription/translation.
) TARCTOTACTIC Regions C-terminal to the AP1 MADS box are required to form
B C a DNA-binding complex, since neither ARLZ nor APm+3
|"="_ o8 derivatives have such activity (FigA; APIv—2 and APr+3
| truncated proteins lack the last two amino acids of the MADS box
- - E o or contain the first three amino acids of the L region, respective-
- i ly). The K box is not required for DNA binding, as AR15,
- ‘E AP1m+29 and AP11+33 truncated proteins were capable of DNA
i1 binding (Fig.5A). Therefore, the ‘core’ AP1 protein (minimal
DNA-binding domain) consists of the MADS box and part of the
1 2= o5 8 3 R L region. APM+15 binds to DNA, but at much reduced levels
ARSI B P compared with ARd+29 (Fig. 5A; comparable amounts of the
truncated proteins were produced in thevitro translation
E oo reactions). AP1 truncated proteins were also used to show that the
- _i DNA-binding complex is a protein dimer. The presence of both
o 141 4 AP1m+29 and APML+34 in the DNA-binding reaction leads to the
5 P\,/ formation of a single additional complex of intermediate
Lol mobility, corresponding to a heterodimer of both protein forms
Y L (Fig. 5A, lanes 10-12).
0o oW @ W R Similar results were obtained for the AG protein: NvE22
a3 a8 bound DNA, whereas AGx did not (Fig5B). Thus, the minimal
1 DNA-binding domain of both AP1 and AG encompasses the
" E a5 MADS box and part of the L region. Curiously, in those reactions
- - g with AG truncated proteins that do not include the K box
"_,: 1.0 (AGNM+22, AGNM+28, and AGuML) the amount of shifted probe
- i was greater than that when assayingu& or AG (Fig.5B).
- 11 This did not result from substantial differences in the amounts of
_ Y R . protein that were produced in the translation reactions (data not
N\ M oM A non oM oM X shown) or from differences in the DNA-binding affiniti&gg for
s T — AGNML and probes A and B were determined and found to be in

the same range as those of AG; data not shown). It may be that
_ . . . the full-length protein has more difficulty in folding properly in
Figure 4. Phg)sﬁg a”a'{)s's of DA beﬂd"‘.g by APL APS D1 a(;‘“"rqﬁe‘_ Athein vitro translation. Reactions with A+22, AGNW+28, and
complexes. e probes used for phasing analysis contained the site o - .
CArG-box sequence (black box) separated by a linker of variable length fronﬁA‘GNML showed an addItIO!’la| retarded band’_ of weaker intensity,
an A tract sequence (dotted box) that is bent intrinsically toward the minothat could be due to a different conformation or shape of the
groove. The distance between the center of the CArG-box and the center of tigrotein—-DNA complexes. AG truncated proteins were also used

A tract in the different probes was 21, 23, 26, 28 or 30)Eléctrophoretic to show that the DNA-binding complex is a protein dimer (Fig.
mobility shift analysis of AP1, AP3—PI and AL bound to phasing analysis 5B. lanes 8—12)

probes. C) Relative mobilities of the AP1—, AP3—-PI- and M&—-DNA 4 .
complexes plotted as a function of the distance between the center of the IN contrast with the results obtained for AP1 and AG,MP3

CArG-box and the A tract. In each case, mobility of each protein—probetruncated protein did not show DNA-binding activity when
complex was normalized to the average mobility of all the complexes. assayed together with PI oI (Fig. 5C, lanes 2 and 3), and

neither did the RIL protein with several AP3 derivatives (Fig.

5C, lanes 3, 6, 11, 16 and 21). The first 12 amino acids of the AP3
induced by these proteins with respect to the center of tiife box were not enough to restore DNA-binding complex
CArG-box is toward the minor groove. The amplitude of théormation (AP3i+12 variant; Fig. 5C, lanes 4-8), while
phasing curve obtained with A@L was larger than those from AP3vL+31 and AP31L+42 were functional when combined with
AP1 and AP3-PI (Fig4C), which is indicative of a more an appropriate Pl derivative or with full-length PI (EiG, lanes
pronounced bend29), as was suggested by the circular9-18). Plhi+16 and Pii+20 truncated proteins could form
permutation analysis. DNA-binding complexes together with A3-31 (Fig.5C, lanes

The observation that AP1, AP3-Pl andMMG induce DNA 12 and 13) and AR&+42 (Fig. 5C, lanes 17 and 18) but,

bending toward the minor groove is in agreement with recenuriously, not with the full-length AP3 protein (F&f, lanes 22
results obtained using circular permutation and phasing analysel 23). In summary, the minimal DNA-binding domains of AP3
that indicated that SRF induces bending in the same orientatiand PI differ from those of AP1 and AG. AP3 and PI proteins
(30), and with the crystal structure of core SRF bound to DNAequire amino acids in the K box, in addition to the MADS
that showed the DNA bent around the protein By (82 domain and the L region, to form a DNA-binding complex.
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Figure 6. N-terminal deletion analysis of AG and APB) Similar amounts of
[3°S]methionine-labeleth vitro translated AG, AGMLKc, and AGKc were
N i ipitated with epitope-tagged AG; labeled AP3 andwARE
c S oy e coimmunoprecipitated \ : _ _ _
AP . b A T AP R ¥ #* were coimmunoprecipitated with epitope-tagged PI. Reactions with unpro-
S R S RO b T fff"f*:?t grammed lysate (as control for non-specific precipitation) were included
(even-numbered lanes). Arrows indicate the positions to which the different
- proteins migrateR) Gel shift analysis of AGvLKc and AP&wLkc assayed
o wn with probe A.
- -
protein incapable of interacting with AG (F&#), in agreement
with previous data showing that the MADS box was required for
' the interaction between AP3 and ). (DNA-binding experi-
I 3 3 & 0B B 7 B & '\ I8N 9O OWINHITE O E DD NAENRR .
ments showed that neither A@Lkc nor APR\mMLKC—PI com-
= L« R . . g c E=Em plexes could bind to probe A (FigB), indicating that a dimeric
Ak ! % L] — T + . b .
T L R e L MADS protein _complex requires the MAD_S-domalns of l_Joth
A — s S — ' monomers to bind DNA. These results are in agreement with the
AP — 0 M E— * recently determined crystal structure of SRF bound to DNA,
di) o —— | "

which shows that residues in the N-termindielix of the MADS

box are involved in both DNA binding and forming part of the
Figure 5. Analyses of C-terminal deletion mutants of AP1, AG, AP3 and PI. s/llxggzgtlon mterf_a_ce,l \;Vhllde. reSIdfues In'thg C-terminal half of the
(A) Electrophoretic mobility shift analysis using C-terminal deletion deriva- ox are critical for dimer formatio X

tives of AP1, assayed with probe A. The structure of the different protein

variants is represented in a schematic form below the panel, with the M, L, 'bISCUSSION

and C regions indicated. The ability to form a complex with DNA is indicated

with a + sign. That AP1 binds to DNA as a dimer is also shown (lanes 10-12: ./ _ . T .
a 8% gel was used): when cotranslatedM@dand APML+34 (lane 11) were Similarity of the DNA-binding properties of AP1,

assayed, only one new band appeared, corresponding to a heterodimer of bdi?3—P1 and AG complexes
protein forms (indicated by an arrowi) (C-terminal deletion derivatives of . . .
AG tested with probe B. Protein-DNA complexes were separated from the freéP1, AP3—Pl and AG dimers were tested for DNA-binding with

probe on a 7% gel. AG binds to DNA as a dimer (lanes 8-12; a 5% gel waseven different CArG-box containing sequences, and of the
il:]sif(i))tih Ac(; sVéaSSOT]ilxeganitgeﬁi\I@g; r(}'gﬂ; lt)a?:g Vgi(t)?rgsﬁﬂgtani(:]an?Ol;)hggodi resulting 21 different protein~DNA combinations only one failed
between the fuII-Ieyngth and the truncg?ed pro’tein (indri)cated %y an a@w). (mfd show DNA-binding, that be.twe.en.Apl. anq prob? E'. Some of
Different combinations of AP3 and P derivatives tested for DNA-binding with the probes used were synthetic binding sites identified in random
probe A. Protein—-DNA complexes were separated from the free probe on 796equence-selection experiments performed with either AG or
gels. The solid line in the diagram represents the first putative amphipathic helplAGL3 (17,21), but were nevertheless also bound by AP1 and
of the K box. The ability to form a heterodimer complexed with DNA s Ap3_P| These results indicate that the sets of sequences
indicated with a + sign. recognized by AP1, AP3-Pl and AG dimers are largely
overlapping. MoreoveAGL5has been proposed to be regulated
by AG (19); however, the CArG-box (probe D in this study) that
The ability of N-terminally truncated proteins to dimerize wasnight mediate such regulation is also very efficiently bound by
investigated by immunoprecipitation experiments.M@kc  AP1 and AP3-PIl. Similarly, a CArG-box present in &fe3
and AP2mlkc (which start at amino acid 26 of the MADS box)promoter (probe A), that might be involved in the autoregulation
were still capable of interacting with AG and PI, respectivelypf AP3 expression by AP3—P7,31,32), is also bound by AP1
although these interactions are reduced in comparison with tha@sel AG; and the three complexes recognized the probe derived
of the full-length AG and AP3 proteins (Fi§A). Complete  from theSUPpromoter (probe B). It is noteworthy that the three
removal of the AG MADS box (AGlkc protein) resulted in aprobes that are derived from thabidopsiggenome were bound
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with much higher affinities than those obtained from sequencdirect the formation of transcripton complexes with distinct
selection experiments, showing that the sequence-selection expimctional properties. It therefore seems at least possible that the
ments did not unequivocally identify the highest affinity bindingoiological specificity of AP1, AP3, Pl and AG cannot be
sites, and questioning the biological significance of the consensexplained on the basis of their intrinsic DNA-binding properties
sequences that are defined in those experiments. The similarity &one. Consistent with this interpretationyivo analyses of the
identity) of the sequences recognized by AP1, AP3—PI and Ag&tivity of chimeric genes formed by swapping regions between
implies that it would not be feasible to try to identify downstrearAP1, AP3, Pl and AG have shown that, at least in some cases, the
genes of each particular MADS box protein complex by scannifdADS domains can be interchanged without them determining
Arabidopsiggenomic sequences for CArG motifs. In addition, andhe specific functions of the resulting chimeric proted$.(In
most importantly, this similarity raises a question about thaddition, we have recently found that the DNA-binding specific-
ArabidopsisMADS domain homeotic proteins that has been askety of AP1, AP3, Pl and AG can be altered without affecting their
previously for other transcription factors: how do proteins thaunctionsin vivo (J. L. Riechmann and E. M. Meyerowitz,
recognize the same or very similar sets of binding sites regulate thgpublished results). Another possible mechanism by which the
expression of different groups of downstream genes? MADS domain homeotic proteins could direct the development
Although AP1, AP3—PI and AG recognize similar sets of targeif different organs is that they may act in conjunction with
sites, their intrinsic DNA-binding specificities are not identicalcofactors that modulate their ability to regulate the transcription
differences in than vitro DNA-binding affinities are detected. It of downstream genes. This could be a process in which DNA
is possible that these differences contribute to the biologiceending by the plant MADS-domain proteins might be involved,
specificity of these proteins. However, if subtle differences ithrough determining DNA topology in nucleoprotein complexes,
DNA-binding affinities are, by themselves, the main determiallowing interactions with other proteins that may bind to
nants of the functional specificity of these four homeatic proteingdjacent DNA sites, or facilitating the recognition by accessory
their concentrations in the cell should be critical and thus finelgroteins of their respective target sites, as has been suggested fo
regulated. The available data, on the contrary, have not reveatedF €).
a tight link between protein concentration and developmental This situation of diverse and highly specificvivo functions
outcome. First, none of ttap1, ap3 pi or ag alleles studied to by related proteins with similar DNA-binding properties is
date has been shown to be a haplo-insufficient mutation wifeminiscent of that encountered for theosophila homeotic
respect to organ identity. In additiaxG, AP3andPI have been Selector proteins. Homeodomain proteins also show very similar
ectopically expressed under the control of the constitutive 338irinsic DNA-binding specificities vitro (with affinities on the
promoter and shown to produce the expected organ ident@jder of Kq = 108-10° M) (36). Some differences in the
changes31-33). These data indicate that the levels of expressidANA-binding - specificities are also detected, which might
of AP1, AP3, Pl and AG can be varied within a certain ranggontribute in part to the functional specificity of the protedis (-
without affecting their control of organ identity (it remains anHowever, the analyses of different mutant and chimeric proteins
open possibility that the level of protein of each gene is aldB €ctopic expression experiments have shown that the specificity
regulated posttranscriptionally). Certain thresholds of homeotff action of the homeodomain proteinsvivo also depends on
protein concentration or function likely exist: the phenotype thatrotein—protein interactionsg). Examples of direct interactions
is conferred by the ectopic expressiomGfor AP3can vary in  between the MADS box proteins of animals and fungi and
its severity between different transgenic lines, presumably owirgglditional cofactors are already abundant. Some of these
to different levels of transgene expressidh33). Nonetheless, interactions result in modulation of the MADS box protein
the only functions identified in the ectopic expression exper@Ctivity and a concomitant cell-specific differential gene express-
ments are those that are particular to the wild-type expression'®f. eventually leading to cell specialization or to different
each of those genes, and no new or different functions are shog@yelopmental pathways. The yeast MADS domain protein
by these proteins in the different transgenic lines. Therefore, thCM1 is required for transcription in the three yeast cell types,
thresholds of protein concentration or function could in part bgut through interactions with different cofactard orotein a2
related to the DNA-binding activity of each of these proteins, bifomeodomain protein) it regulates the transcription of cell-type
they do not indicate that the specific functions of each protein c§REcific genes. Thus the regulatory activities of MCM1 are
be changed by under- or overexpression, as would be expecteggfermined by the availability of accessory proteins in conjunc-
subtle DNA affinity differences were responsible for specifid®n With the sequence context of the MCML binding sites
functions. (10,39). The MADS domain protein MEF2A physically interacts
AP1, AP3-PI and AG dimers were found to induce similalvith mugcle bHLH transcription factors tolcontro_l thg cascade of
degrees of DNA bending toward the minor groove. It idnYogenic development through cooperative activation of muscle
noteworthy that a truncated core AG proteinpG induced the ~ 98Ne expressior41).
same DNA distortion as the full-length AG protein, suggesting
that the results obtained in the circular permutation and phasiggganization of AP1, AP3, Pl and AG proteins
analysis experiments were not affected by a possible extendedg
shape of the proteins (as has been described in other3gses; As expected from the high degree of sequence similarity, the
In addition, the crystal structure of core SRF bound to DNA hasrganization of the AG, AP3 and Pl MADS boxes is similar to
recently been determined and showed the DNA bent around tiat of SRF: the basic N-terminal half is essential for DNA-bind-
protein @). The similarity of the conformational changes inducedng and the C-terminal half is required for dimerizati®d ).
by AP1, AP3-PI and AG dimers suggests that the differelBince the MADS box proteins bind to DNA as dimers, the
regulatory specificities of these three complexes do not ariseinimal DNA-binding domain includes the conserved 56 aa
through the generation of different DNA structures that coulMADS box, and an additional C-terminal extension, whose
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sequence is not conserved throughout the family but is necessBEFFERENCES
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