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Floral organs are specified by the combinatorial action of MADS-
domain transcription factors, yet the mechanisms by which MADS-
domain proteins activate or repress the expression of their target
genes and the nature of their cofactors are still largely unknown.
Here, we show using affinity purification and mass spectrometry that
five major floral homeotic MADS-domain proteins (AP1, AP3, Pl, AG,
and SEP3) interact in floral tissues as proposed in the “floral quartet”
model. In vitro studies confirmed a flexible composition of MADS-
domain protein complexes depending on relative protein concentra-
tions and DNA sequence. In situ bimolecular fluorescent complemen-
tation assays demonstrate that MADS-domain proteins interact
during meristematic stages of flower development. By applying a tar-
geted proteomics approach we were able to establish a MADS-do-
main protein interactome that strongly supports a mechanistic link
between MADS-domain proteins and chromatin remodeling factors.
Furthermore, members of other transcription factor families were
identified as interaction partners of floral MADS-domain proteins
suggesting various specific combinatorial modes of action.

protein complex isolation | transcriptional regulation |
chromatin activation | histone marks

lower development is one of the best understood develop-

mental processes in plants. According to the classic ABC
model (1), floral organs in the model plant species Arabidopsis
are specified by the combinatorial activity of three functional
gene classes. The A class genes represented by APETALAI
(AP1) and APETALA?2 (AP2) specify sepal identity, and together
with B class genes APETALA3 (AP3) and PISTILLATA (PI),
they determine the identity of petals. The C class gene AGA-
MOUS (AG) alone determines carpel identity and, together with
B class genes, it specifies stamen identity. The ABC model was
extended to the ABCE model, in which E class genes [SEPAL-
LATAI-4 (SEPI-4)] are required for the specification of all four
types of floral organs (2, 3). Based on genetic and yeast n-hybrid
protein interaction data, it was later proposed in the “floral
quartet model” that floral organs are specified by combinatorial
protein interactions of ABCE-class MADS-domain transcription
factors, which are thought to assemble into organ-specific quater-
nary protein complexes that bind to two CArG boxes, DNA con-
sensus sequence CC[A/T]¢GG, in regulatory regions of target genes
(4, 5). E-class proteins have a special role in this model as major
mediators of higher-order complex formation. Although inter-
actions that were predicted in this model were further supported
by additional in vitro DNA-binding assays and protoplast FRET-
FLIM experiments (6-8), formation and composition of these
complexes in endogenous tissues remained unknown.

Heterologous interaction studies in yeast and genetic data sug-
gest recruitment of transcriptional coregulators such as SEUSS
(SEU) and LEUNIG (LUG) by floral MADS-domain proteins
(9). Ovule-specific MADS-domain protein complexes were found
to form higher-order interactions with BELL1 (BEL1), a member
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of the homeobox family of transcription factors in a yeast-based
screen (10). Also, interactions between other plant MADS-do-
main proteins and proteins that are functionally analogous to
polycomb group (PcG) proteins, as well as putative components of
histone-deacetylase complexes, have been reported, suggesting
these types of interactions play a role in the activity of the tran-
scriptional regulatory complexes (11-13). Unraveling the in planta
interactome of floral homeotic MADS-domain proteins could,
therefore, advance our understanding of the mechanism and
specificity underlying target gene regulation by these proteins.

In this study, we identified MADS-domain protein complexes by
immunoprecipitation, followed by mass spectrometry (MS) and la-
bel-free quantification. Our results indicate that MADS-domain
proteins interact not only with each other but also with non-MADS
transcriptional regulators. Chromatin remodeling and modifying
factors represent the most prominent group among these interactors.

Results

Floral Homeotic MADS-Domain Proteins Interact in Floral Tissues. To
analyze interactions of floral homeotic MADS-domain proteins
in floral tissues, we made use of transgenic plant lines that ex-
press the MADS-domain proteins AP1, AG, AP3, and SEP3
from their native promoters linked to GFP as C-terminal fusions
(14, 15). Protein complexes were isolated by immunoprecipita-
tion using anti-GFP antibodies and characterized by LC-MS/MS,
followed by label-free protein quantification analysis. This ap-
proach allowed us to identify proteins that were enriched in
immunoprecipitation (IP) samples compared with control sam-
ples and provide an approximation of their relative abundance.
Our results confirmed all major protein interactions proposed in
the floral quartet model (Fig. 14). We identified the class B
floral homeotic proteins AP3 and PI as major interaction part-
ners of each other and found them in similar abundance in the
IP samples. Also, putative higher-order complex partners, such
as SEP3 (E-class), AP1 (A-class), and AG (C-class) were iden-
tified as interaction partners of AP3 and PI. SEP3, which acts
as a major mediator of higher-order complex formation (6),
appears to be the most abundant interaction partner of class B
proteins. SEP3 was also identified as interaction partner of AP1
and AG, whereas its paralog SEP4 was only detected as inter-
action partner of AP1 and FRUITFULL (FUL), supporting its
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floral meristems. Left, pAG:AG-eYFP/ B
N + pSEP3:SEP3-eYFP/C. The yellow spots
are characteristic of the nuclear local-
ized interaction signal. The signal is
positioned in the FM center where sta-
mens and carpels will arise. Center,
pSEP3:SEP3-eYFP/N + pAP1:AP1-eYFP/C.
Most YFP signal is located in sepal tips
and at the edges of the FM from where
petals will be formed. Right, pAP3:AP3-
eYFP/N + pPIl:Pl-eYFP/C. Weak YFP sig-
nal is found in the meristematic domain
giving rise to petal and stamens, which
is characteristic for Pl and AP3 protein
expression patterns (Fig. S1 J and K).

SEP3/AP1

1-6, flower bud stages; FM, flower meristem; IM, inflorescence meristem; P, petal initiation site; Sp, sepal; St, stamen initiation site. (Scale bars, 25 um.)

predominant role in MADS-domain protein complexes that act
during floral initiation and sepal development (3).

Using SEP3-GFP as bait, fruit- and ovule-specific MADS-
domain proteins, namely SHATTERPROOF1,2 (SHP1,2) and
SEEDSTICK (STK), were identified in addition to the ABC
floral homeotic protein classes. This supports the proposed role
of higher-order MADS-domain protein complexes in ovule
identity specification, referred to as “D-class” function (16).
Stamen and carpel complex partners, such as AG and B-class
proteins, were more strongly represented than AP1 when using
SEP3 as bait. This could reflect the abundance of certain com-
plexes in the inflorescence tissues that were sampled, where the
largest relative amount of tissue corresponds to later stages of
floral organ differentiation. In the AG-GFP IP, an almost equal
amount of AP3/PI and AG proteins were enriched, although
one should expect less AP3/PI interacting with AG because
of the formation of the carpel identity complexes. This could
reflect differences in complex stability, tissue sampling, efficiency
of elution from the bait protein in the IP, or estimation of
protein levels.

Using AP1-GFP as bait, we also identified a lowly abundant
interaction with SUPPRESSOR OF OVEREXPRESSION OF
CONSTANS 1 (SOC1), which is a major regulator of floral
transition (17). In addition, SOC1 was identified as a major in-
teraction partner of FUL, supporting the existence of a FUL/
SOC1 protein complex acting in floral transition. Using FUL-
GFP as bait, we also identified several floral homeotic proteins,
in particular AP1 and SEP proteins, as FUL interaction partners.
In contrast to endogenous FUL, some expression of the FUL-
GFP transgene has been observed in stages 1 and 2 floral buds,
and later in whorl 2 and 3 (14), which might explain the observed
interactions of FUL and floral MADS-domain proteins. Re-
markably, using AP1 or FUL as bait, most tagged protein
appeared not to be present in a heteromeric complex, because
interaction partners are far less abundant than the bait protein
(Fig. 14). This could reflect the presence of these proteins in
a homodimeric or monomeric form or a low stability of hetero-
meric complexes for these proteins during the biochemical iso-
lation procedure. Although AP1 and FUL fusions to GFP can
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complement the respective mutant phenotypes (14, 18), it
remains possible that the level of transgenic AP1- and FUL-GFP
is elevated or stabilized compared with that of endogenous
protein. This could potentially result in an overrepresentation
of these proteins relative to their interaction partners in these
transgenic lines.

To obtain detailed spatial information on in planta inter-
actions of MADS-domain proteins, we applied the bimolecular
fluorescence complementation (BiFC) assay (19) using MADS-
domain proteins expressed from their endogenous promoter and
fused to either the N-terminal or C-terminal half of eYFP. Using
this method, we confirmed the interactions of SEP3 and AG,
SEP3 and AP1, and AP3 and PI in floral meristems (Fig. 1B and
Fig. S1 A-I). The interactions were mainly detected at stages of
meristem development when floral organ identities are initially
specified. Whereas AG/SEP3 and AP1/SEP3 heterodimers showed
preferentially nuclear localization, the AP3/PI heterodimer shows
an even distribution throughout the whole cell.

Formation of Quaternary MADS-Domain Protein Complexes on the
DNA. It is still not well understood how heteromeric higher-order
MADS-domain protein complexes assemble and associate with
their target DNA. To date, only DNA-binding homotetrameric
and quartet-like complexes consisting of a SEP3 homodimer and
AP3/PI heterodimer have been reconstituted in vitro (7, 8).

We identified a regulatory region in the SEP3 promoter that
was bound in planta by several MADS-domain proteins, such as
AP1, SEP3, FUL, and AG (Fig. 24 and Fig. S2 4 and B) (20, 21),
and chose this region to study the DNA-binding of higher-order
MADS-domain protein complexes. The distal SEP3 promoter
region between —2.6 and —3.1 kb containing these MADS
transcription factor binding sites is required for the positive
autoregulation of SEP3 in an inducible system and triggers en-
hancement of expression in floral tissues (Fig. S2 C-G), and is
also bound by AP1 during early floral meristematic stages (21).

Two pairs of CArG boxes (pairs named “2” and “3”) were
identified to be located closest to the site of maximum ChIP
enrichment (Fig. 24), of which CArG box pair “3” showed the
strongest binding of MADS-domain proteins in vitro (Fig. 2B
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Fig. 2. Assembly of the MADS-domain protein complexes in a distal region
of the SEP3 promoter. (A) Graphic representation of the SEP3 locus with
a 4.1-kb promoter region and the SEP3 and AP1 ChIP-SEQ profiles. Frag-
ments used in the EMSA experiments were flanked with the biotin primers
used for amplification and detection. Vertical lines in the sequence map
indicate position of the CArG boxes. (B) EMSA of the different MADS-do-
main protein complexes with the SEP3 wild-type promoter fragment and
possible model representations of formed protein-DNA complexes. (C) Left,
EMSA of the SEP3/AG/AP3/PI protein mix with the “SEP3 wt" DNA fragment
containing two CArG boxes. Center, EMSAs where the concentration of
a single protein component was gradually reduced from approximately
equimolar amounts to 0. Only the part of the gel containing the slow mi-
grating complexes (rectangle in the left EMSA) is shown. Right, Model rep-
resentation of the higher-order protein complexes formed in the presence of
SEP3, AG, AP3, and PI binding to the SEP3 promoter fragment in vitro. (D)
EMSA of the SEP3/AG protein mix with the truncated versions of the SEP3
wild-type DNA fragments. The SEP3 wt fragment was shortened from both
3’ and 5’ ends and contains either a single or double binding site. CArG3 (96
bp) — A, CArG3 (96 bp) - B, and CArG3 (96 bp) - C are different, randomized
versions of the 3’-end flanking region of the CArG3 fragment.
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and Fig. S34). We choose fragment “3” containing a CArG box
pair (CArG 3 and CArG 3') for further analysis. AG, SEP3, and
AP1 proteins bind as homodimers to this sequence, as does the
AP3/PI heterodimer (Fig. 2B). When the SEP3 protein was in-
cubated with either AG or AP1, we observed the predominant
formation of DNA-binding heteromeric higher-order complexes,
which were abolished when using a truncated SEP3 protein
(SEP3AC) missing the C terminus and the last a-helix of the K-
domain that is involved in higher-order complex formation (Fig.
2B). Weak bands corresponding to higher-order complexes were
visible in the presence of either SEP3, SEP3AC, or AG protein
(marked with asterisks in Fig. 2B), which could arise from two
MADS dimers binding separately to two DNA-binding sites on
this probe. Next, we analyzed the DNA binding of heteromeric
higher-order complexes consisting of SEP3, AP3, and PI to-
gether with either AP1 (petal specification) or AG (stamen
specification). We noticed that two bands were present in the
shift corresponding to tetrameric complexes, indicating that at
least two different higher-order complexes can potentially be
formed on this DNA sequence in the presence of four different
MADS-domain proteins (Fig. 2C). The composition of these
complexes was analyzed by protein titration experiments. The
results show that SEP3 is required for both complexes to form.
AG is present in the upper complex, whereas the lower band may
correspond to two complexes, one with and one without the AG
protein. AP3 and PI proteins are present in the lower complexes
because decrease of their concentrations affects only these
complexes. When all proteins are present in similar concen-
trations, the stronger DNA-binding SEP3/AG/SEP3/AG and the
weaker SEP3/AG/AP3/PI and/or SEP3/SEP3/AP3/PI complexes
are formed (Fig. 2C). Furthermore, we also observed formation
of higher-order complexes consisting of SEP3 and AP1, as well
as SEP3, AP1, AP3, and PI, on this SEP3 promoter element (Fig.
S3B). These results suggest that MADS-domain protein com-
plexes with different composition can coexist within a cell and
may compete for interaction partners and DNA-binding sites.

To evaluate the roles of the two CArG boxes in recruiting
higher-order complexes, we generated DNA probes where the
sequence was gradually shortened. We found that the presence
of only one CArG box was sufficient to recruit heteromeric
higher-order MADS-domain protein complexes; however, a min-
imum length of DNA sequence is required (in this case ~85 bp)
(Fig. 2D). This result indicates that additional non-sequence-
specific DNA contacts stabilize binding of higher-order com-
plexes to the DNA in the presence of only one CArG box, which
supports and extends a previous finding (8).

MADS-Domain Proteins Act Together with Nucleosome Remodelers
and Other Transcriptional Regulators. Gel-filtration experiments
performed on nuclear protein extract demonstrated that SEP3 is
part of a large protein complexes of around 670 kDa, which is far
beyond the molecular mass of a MADS heterotetramer (Fig.
34). Therefore, we analyzed which non-MADS proteins were
enriched in the nuclear MADS immunoprecipitates by LC-MS/
MS and label-free quantification (Datasets S1 and S2). Among
proteins that were consistently enriched in the IP datasets of all
MADS-domain proteins, we found several classes of nucleo-
some-remodeling factors, as well as RELATIVE OF EARLY
FLOWERING 6 (REF6), recently characterized as histone
H3K27 demethylase (22) (Table 1). This suggests that MADS-
domain proteins can recruit or redirect the basic chromatin
remodeling machinery to modulate the promoter structure of
their target genes. Selected interactions were confirmed by re-
ciprocal complex isolation and coimmunoprecipitation (Fig. S4).
The notion that MADS-domain transcription factors recruit
the nucleosome remodeling machinery to target gene promoters
via more flexible, but in some cases less stable interactions are
supported by the finding that interactions of PI with CHRO-
MATIN REMODELING 4 (CHR4) and CHR11/17 are stabi-
lized by the presence of DNA (Fig. S4).

We also identified previously characterized interaction part-
ners of MADS-domain proteins, the transcriptional coregulator
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Fig. 3. Interactions between MADS-domain transcription factors and other
transcriptional regulators. (A) Gel filtration reveals that SEP3 is present in
large nuclear complexes. (B) SEP3 promoter and genomic locus representa-
tion with the quantitative PCR fragments in the distal enhancer site (e) and
weaker proximal promoter site (p). Fragments were designed according to
ChIP-SEQ profiles of AP1 and SEP3 (see Fig. 2A). Vertical bars indicate CArG
box sequences. (C) Enrichment analysis of H3K27me3 at the MADS binding
site in the distal SEP3 enhancer (e). ChIP was analyzed by quantitative PCR;
material was obtained from inflorescence tissue of 355:AP1-GR ap1 cal be-
fore (0 h) or 48 h after dexamethasone treatment and then subjected to ChIP
with antibodies specific to H3K27me3. Results are presented as fold en-
richment of input chromatin. Graphs represent average values from tripli-
cates. Error bars represent SE of the mean. Asterisks indicate values that are
significantly different from wild-type leaves (*) or from untreated 35S:AP1-
GR ap1 cal plants (**) (P < 0.05 using Student t test). (D) Enrichment analysis
of H3K27me3 in the proximal SEP3 promoter (p). For both C and D,
H3K27me3 signal is reduced 48 h after AP1 induction compared with signal
in 35S5:AP1-GR ap1 cal uninduced tissues. (E-H) Scanning electron microscopy
(SEM) pictures of chr11 chr17 double mutant inflorescences. (E) Overview of
an inflorescence showing aberrations in floral organ development. (F) Close-
up of a dissected chr11 chr17 flower (sepal in front was removed) with
malformed stamens and petals replaced by pin-like structures (see arrow).
(G) Close-up of a developing chr11 chr17 flower showing outgrowth of pin-
like structures that replace the petals. (H) Incompletely closed carpel.

SEU, as well as its interaction partner LEUNIG-HOMOLOG
(LUH) (9) (Table 1). Next to basic transcriptional regulators, we
identified members of several other transcription factor families
as potential MADS interaction partners. AUXIN-RESPONSE
FACTOR 2 (ARF2) and SQUAMOSA PROMOTER BIND-
ING PROTEIN LIKE 8 (SPL8) were among the proteins that
were enriched in AP1 (and AG) IP samples (Table 1). Analysis
of the ChIP-SEQ data of AP1 identified the enrichment of the
ARF binding motif (Fig. S5), which is also enriched in SEP3
ChIP-SEQ peaks (20). In addition, we found that the DNA-
binding motif of SPL8 (23) was enriched in the AP1 and SEP3
ChIP-SEQ peaks, suggesting that they assemble into complexes
that bind to nearby sites in the same genomic region (Fig. S5).

Also, the homeodomain transcription factors BELLRINGER
(BLR), KNOTTED-LIKE 3 (KNAT3), and BELI-LIKE
HOMEODOMAIN 1 (BLH1) were identified as complex part-
ners of AP1. Because interactions between BELL-like and
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KNOTTED-like proteins have been found in yeast two-hybrid
(Y2H) experiments (24), our data suggest the formation of larger
complexes consisting of MADS and homeodomain transcription
factors. Targeted yeast three-hybrid (Y3H) experiments with
a selected set of MADS-domain protein dimers revealed that
mainly KNATS3, and, to a lesser extent, BLR and BLH1, is found
as a direct interaction partner of floral MADS dimers AP1/SEP4
and AP1/SEP3 (Fig. S64).

Based on genetic data, BLR was previously shown to regulate
meristem maintenance, as well as internode, flower, and fruit
development (25, 26). Together with the closely related factor
POUND-FOOLISH (PNF), it controls floral evocation by reg-
ulation of LEAFY (LFY), AP1, and other factors (27). BLR also
represses AG in floral and inflorescence meristems, acting syn-
ergistically with the general corepressors LUG and SEU (25).
Because of the related functions of BLR and AP1 and their
coexpression in floral meristems, we used targeted ChIP of BLR
on selected AP1 binding sites to test whether AP1 and BLR may
regulate flower initiation by binding to common sites in the ge-
nome, possibly as part of a protein complex. Indeed, we found
that BLR and AP1 binding sites overlap in the regulatory regions
of several genes that control floral transition and meristem
specification such as the LFY, API, AP2, and TARGET OF
EARLY ACTIVATION TAGGED (EAT) 1 (TOEI) [at least
threefold enrichment of BLR-GFP ChIP in 7 out of 11 tested
AP1-bound regions (21)] (Fig. S6C). We also confirmed the in-
teraction of BLR and AP1 by protein complex isolation experi-
ments using BLR as a bait (Fig. S6B).

Next, we analyzed the expression patterns of plants expressing
promoter:gene-GFP fusions of several potential MADS inter-
actors. All showed expression in developing flower meristems or
at later stages of flower differentiation (Fig. S6D). The nucleo-
some remodelers BRAHMA (BRM) and CHRI17, as well as
REF6 and the other chromatin-associated proteins, are broadly
expressed throughout floral meristems, suggesting that they
achieve their functional specificity through recruitment to target
gene promoters by transcription factors, such as MADS-domain
proteins.

Biological Roles of Interactions Between MADS-Domain Proteins
and Chromatin-Associated Factors. We identified the H3K27me3
demethylase REF6, as well as nucleosome remodelers, as pro-
tein complex partners of floral MADS-domain proteins, sug-
gesting that MADS-domain proteins regulate transcription by
modulating chromatin structure and accessibility. We, therefore,
tested local H3K27me3 distribution at DNA regions bound by
MADS-domain proteins, using the SEP3 genomic locus as an
example (Fig. 3B). We studied the H3K27me3 distribution at the
SEP3 promoter and genomic loci before and after induction of
the AP1-GR fusion protein in ap! cal background. SEP3 is one
of the earliest genes directly activated by AP1, first weakly 8 h
after AP1 induction and more strongly after 2 d (21, 28). Sur-
prisingly, no change in H3K27me3 status associated with gene
activation is detectable within the first SEP3 intron (Fig. S7),
whereas in contrast, we observed a clear reduction in the level of
H3K27me3 in the distal enhancer element and less pronounced
in the proximal promoter (Fig. 3 C and D). These results suggest
that AP1-mediated activation of SEP3 is (initially) associated with
removal of H3K27me3 in the SEP3 promoter. Because SEP3 is
also a target of the H3K27me3 demethylase REF6 (22), which is
an interaction partner of AP1, it is tempting to speculate that AP1
can redirect or enhance REF6 activity at the SEP3 promoter.
The functions of SWI/SNF-type chromatin remodelers BRM
and SPLAYED (SYD), as well as the CHD-type remodeler
PICKLE (PKL), in the regulation of flower and carpel de-
velopment have been characterized previously (29-33). In con-
trast, no flower-specific functions of the ISWI-type nucleosome
remodelers CHR11 and CHR17 have been described so far. We,
therefore, investigated flower phenotypes of chrll chrl7 double
mutants and found pleiotropic phenotypic alterations: sepals
were abnormally curled and longer comparing to other organs
(Fig. 3E), petals and stamens were replaced by pin-like structures
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Table 1. List of potential interaction partners enriched in the MADS-GFP IP experiments
AG-GFP IP AP3-GFP IP PI-GFP IP SEP3-GFP IP AP1-GFP IP
Protein Log2 Peptide Log2 Peptide Log2 Peptide Log2 Peptide Log2 Peptide
name ratio number ratio number ratio number ratio number ratio number
Nucleosome-associated factors
PKL — — — — — — 2.67 4 — —
CHR4 3.12 8 1.78 5 2.27 5 3.47 7 3.82 14
SYD 0.71 2 — — — — 1.17 2 3.1 5
BRM 0.65 2 0.17 2 — — 1.05 3 2.51 4
CHR11 2.32 19 2.09 17 1.79 17 2.32 19 3.38 25
CHR17 2.8 17 1.38 19 2.71 16 2.29 19 3.67 24
INO80 1.06 2 — — — — — — 3.43 7
REF6 2.34 4 0.87 3 — — 3.22 2 3.55 5
General transcriptional coregulators
LUH — — — — — — 293 2 5.62 6
SEU 0.28 2 — — — — — — 1.61 2
Transcription factors
KNAT3 — — — — — — — — 4.29 2
BLH1 — — — — — — — — 2.34 3
BLR — — — — — — — — 1.69 3
ARF2 — — — — — — — — 2.28 3
SPL8 3.04 3 — — — — 0.78 2 1.69 2

All protein enrichment values (log2 ratio) that showed significant differences at False Discovery Rate (FDR) 0.01, except for the AP3-GFP IP, where the FDR
threshold was 0.05 because of the higher variability within samples and controls, are bolded. For the results of the detailed statistical analysis with the

Student’s t-test P values, see Dataset S2.

or were significantly reduced in size, and carpels did not fuse
completely (Fig. 3 F-H). These floral morphogenetic defects
correlate with a function for CHR11 and CHR17 in the MADS
complexes.

Discussion

Specificity of DNA binding and mechanisms of gene regulation
by transcription factors can depend on recruitment of cofactors
to specific regulatory DNA sequences. Here, we showed that
a well-known class of transcription factors, the MADS-domain
proteins not only interact with each other, as proposed in the
“floral quartet” model (5), but also form large complexes with
other types of transcriptional regulators in planta, shedding light
on mechanisms by which MADS-domain proteins regulate the
transcription of their target genes.

According to the current model, SEP proteins are major
mediators of higher-order complex formation of MADS-domain
proteins. Our complex isolation results suggest some functional
diversification within the SEP subfamily, which is partly sup-
ported by genetic data (3) and the results of yeast n-hybrid assays
(3, 6). The A-class gene API does not only specify the identity of
the outer two floral whorls but also plays a role in the switch from
inflorescence to floral meristem identity, in a partially redundant
fashion with the two related genes CAULIFLOWER (CAL) and
FUL (34). The presence of SOC1 and FUL in the AP1 IP may
reflect the role of AP1 in Arabidopsis floral meristem specifica-
tion. API and SOCI are only transiently coexpressed around
stages 2-3 of flower development (17). AP1 has also been shown
to repress SOC! in the two outer floral whorls (35). This sup-
ports a role for heterodimers formed by antagonistically acting
MADS-domain proteins in the transition from inflorescence to
floral meristem identity, as has been suggested previously (36).
Several other MADS-domain proteins, such as SHORT VEG-
ETATIVE PHASE (SVP), are also binding partners of AP1
according to Y2H studies (36), but they were not detected in our
AP1-GFP IP experiments, perhaps because of the very low
abundance of these proteins in the native inflorescence tissues
that were used in our analysis and their limited overlap in ex-
pression with AP1.

Based on our in vitro EMSA studies, we propose that different
heteromeric MADS-domain protein complexes can coexist
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within the nucleus and may compete for partly overlapping sets
of DNA-binding sites. The observation that one CArG box is
sufficient to recruit a heteromeric higher-order MADS-domain
protein complex suggests a mechanism by which these protein
complexes might be recruited to DNA target sites in vivo:
a preformed higher-order MADS-domain protein complex may
first bind to a single, accessible CArG box in a target gene
promoter. Then, upon bending of the DNA (37), the second
heterodimer present in the complex may bind to another CArG
box in the vicinity, which stabilizes the binding of the MADS-
domain proteins to DNA. This would suggest a more “active”
role of MADS-domain protein complexes in creating DNA loops
in native promoters.

Whereas the quaternary complexes that we reconstituted
in vitro may represent “core” complexes, we found that floral
MADS-domain proteins are part of large complexes or struc-
tures in planta. In addition to MADS-domain proteins, we also
identified members of other transcription factor families as po-
tential components of MADS-domain protein complexes. This
suggests that MADS-domain proteins may also act in a combi-
natorial fashion with non-MADS transcriptional regulators.
Most prominent were members of the homeobox transcription
factor family. Homeobox transcription factors form complex,
intrafamily interaction networks (24). Therefore, the interaction
between MADS-domain protein complexes and individual
homeodomain proteins may recruit other members of the family
to target gene promoters. Future experiments using more spe-
cific plant material for complex isolation might result in a more
sensitive detection of additional interactions between MADS-
domain proteins and non-MADS transcription factors that may
cooperate in the regulation of subsets of target genes.

In the complex isolation experiments, we confirmed a pre-
viously identified interaction between AP1 and the transcrip-
tional corepressor SEU (9). We also identified the SEU
interaction partner LUH, which acts in a partially redundant
manner with LUG (38). In addition, we identified several types
of ATP-dependent nucleosome remodelers and their interaction
partners in complexes of MADS-domain proteins, possibly as
part of larger complexes that are stabilized in the presence of
DNA. Chromatin-associated proteins were particularly abundant
in the AP1 IP. This could reflect an interaction of AP1 with
other proteins to reorganize chromatin structure in target gene
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promoters during the switch from inflorescence to floral meri-
stem identity. One possible role for the interaction between AP1
and nucleosome remodelers could be in the activation of other
floral homeotic genes, because, for example, the SWI/SNF-type
chromatin remodeler BRM and PKL have previously been
shown to play a role in this process (30, 31). The presence of
SYD in the AP1 IP suggests that it can interact with AP1 in
activation of LFY and supports the theory of mechanistic control
of MADS-domain proteins target genes by modification of the
chromatin states (32). The interaction of AP1 and other floral
MADS-domain proteins with the H3K27me3 demethylase REF6
also suggests a role in the modification of specific chromatin
states, specifically in antagonizing PcG mediated transcriptional
repression. This is further supported by the finding of specific
reduction of H3K27me3 around MADS DNA-binding sites in the
SEP3 promoter upon AP1 induction. The defects in flower de-
velopment that are observed in mutants of chromatin remodelers
support the finding that chromatin-associated factors act together
with MADS-domain transcription factors to control flower initi-
ation and differentiation. Examples are phenotypes of brm (31),
pkl (29), and chrll chrl7 mutants, as well as phenotypes of
overexpression of the H3K27me3 demethylase REF6 and the ref6
curly leaf (clf) double mutant (22). The timed activation of the
KNUCKLES (KNU) gene by AG via modification of chromatin
states may be another example of interaction between MADS-
domain transcription factors and chromatin remodelers (17).
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To summarize, our results show that MADS-domain proteins
associate with other transcription factors and chromatin-associ-
ated proteins into larger structures. Future experiments need to
reveal the roles of specific complexes in the selection of target
genes and thereby specification of distinct floral organ identities.
They also need to reveal how common interactions between
DNA sequence-specific transcription factors and the nucleosome
remodeling machinery are in plants.

Materials and Methods

High-resolution LC-MS/MS of protein immunoprecipitates and quantitative
data analysis with the MaxQuant software were essentially described before
(39). ChIP experiments, in general, were performed as described previously
(40). Detailed experimental and data analysis procedures are provided in S/
Materials and Methods.
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