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ABSTRACT

The SEPALLATA (SEP) genes of Arabidopsis thaliana
encode MADS-domain transcription factors that
specify the identity of all floral organs. The four Ara-
bidopsis SEP genes function in a largely yet not
completely redundant manner. Here, we analysed in-
teractions of the SEP proteins with DNA. All of the
proteins were capable of forming tetrameric quartet-
like complexes on DNA fragments carrying two se-
quence elements termed CArG-boxes. Distances be-
tween the CArG-boxes for strong cooperative DNA-
binding were in the range of 4–6 helical turns. How-
ever, SEP1 also bound strongly to CArG-box pairs
separated by smaller or larger distances, whereas
SEP2 preferred large and SEP4 preferred small inter-
site distances for binding. Cooperative binding of
SEP3 was comparatively weak for most of the inter-
site distances tested. All SEP proteins constituted
floral quartet-like complexes together with the floral
homeotic proteins APETALA3 (AP3) and PISTILLATA
(PI) on the target genes AP3 and SEP3. Our results
suggest an important part of an explanation for why
the different SEP proteins have largely, but not com-
pletely redundant functions in determining floral or-
gan identity: they may bind to largely overlapping,
but not identical sets of target genes that differ in the
arrangement and spacing of the CArG-boxes in their
cis-regulatory regions.

INTRODUCTION

SEPALLATA (SEP)-like MADS-domain transcription fac-
tors constitute a subfamily of homeotic proteins that reg-
ulate a plethora of processes during flower development,
ranging from floral meristem specification to floral or-
gan and ovule identity determination (1). The Arabidopsis
thaliana genome contains four SEP genes, termed SEP1,

SEP2, SEP3 and SEP4, formerly known as AGL2, AGL4,
AGL9 and AGL3, respectively (2,3). In sep1 sep2 sep3 triple
mutants, primorida that normally develop into petals, sta-
mens and carpels develop into sepal-like organs (2). Also
the determinacy of floral growth is disturbed in sep1 sep2
sep3 triple mutants, and floral organs are continuously pro-
duced inside of the fourth floral whorl (2). This drastic mu-
tant phenotype is not seen in the single mutants and the
genes have therefore been considered to be largely redun-
dant (2). The severity of the mutant phenotype is further
increased if all four SEP genes are mutated. sep1 sep2 sep3
sep4 quadruple mutants develop flower-like structures pos-
sessing only leaf-like organs instead of the sepals observed
in sep1 sep2 sep3 flowers (3). Analysis of further mutant
combinations revealed that SEP4 is not only involved in
specifying sepal identity but also contributes to the speci-
fication of the other floral organs (3). The picture emerg-
ing from this data set is that SEP genes determine floral
organ identity in an additive yet largely redundant manner
(3). Phylogenetic analyses indicate that a basal duplication
leading to a clade containing SEP1, SEP2 and SEP4 and
a second clade containing SEP3 occurred prior to the ori-
gin of the lineage that led to the extant angiosperms (4).
SEP1/2/4- and SEP3-like genes thus coexisted for many
millions of years and remained highly conserved through-
out angiosperm evolution, indicating that there is some
selective advantage of keeping several copies of SEP-like
genes (5). Genetic evidence that SEP1, SEP2 and SEP3
are not completely redundant to SEP4 is already provided
by the different phenotypes of the triple compared to the
quadruple mutants described above. Furthermore, SEP4
has a more prominent role in determining meristem identity
as compared to that of the other SEP genes, because double
mutants of SEP4 and the floral homeotic gene APETALA1
(AP1) display a cauliflower-like mutant phenotype which is
observed neither in the single mutants nor when other sep
mutants are combined with ap1 (3). Redundancy among
SEP1, SEP2 and SEP3 is not complete either. For exam-
ple, sep3 single mutants have phenotypes that resemble in-
termediate ap1 mutant alleles, with petals that develop sepa-
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loid characteristics (6). Also, double mutants in which the
sep3–2 mutant allele is combined with the weak lfy-2 allele
possess dramatic floral defects that are not observed in ei-
ther of the single mutants (7). This indicates that the other
SEP genes cannot compensate for the mutated sep3 allele
when lfy is also mutated.

Taken together, these data raise the question of how the
similarities and differences among the different SEP genes
are caused by molecular interactions. At least two (not mu-
tually exclusive) explanations may be considered: The func-
tional differences between the various SEP genes may be
caused by differences in expression patterns, expression lev-
els or stabilities of the SEP mRNAs or proteins. Alterna-
tively, different SEP genes were retained because the pro-
teins they encode have inherently different biochemical or
biophysical properties. Concerning the first possibility, dif-
ferences in the expression pattern among the four SEP
genes are indeed well documented (3,8–11). For example,
SEP1, SEP2 and SEP4 are expressed throughout the flo-
ral meristem and in the sepal primorida very early during
flower development. In contrast, SEP3 is expressed in the
floral meristem but not in the sepal primordia (3,8,10–11).
Unlike the other SEP genes, the expression of SEP4 is not
confined to the flower but also detected in leaves and floral
stems (9). It is very likely that these differences in expres-
sion pattern also relate to different functions of the SEP
genes (5). However, while variations in transcript stability,
expression strength and pattern may contribute to differen-
tial functions of the SEP genes, there are several lines of ev-
idence indicating that diversification of the biophysical and
biochemical properties of SEP proteins have occurred, too.
For example, SEP3 has a stronger transcription activation
potential than SEP1 and SEP2 (12). Also, the interaction
partners of the different SEP proteins differ (13–15). In-
triguingly, in a large scale yeast two-hybrid screen, there was
only a single MADS-domain protein detected with which
all SEP proteins could interact, namely, SUPPRESSOR OF
OVEREXPRESSION OF CONSTANS1 (SOC1) (13).

While the transcription activation ability and protein–
protein interactions of SEP proteins have been studied in
some detail (12–15), one of the most critical determinants
of transcription factor function, i.e. its interaction with
DNA, has gained relatively little attention so far. It is known
for SEP1, SEP3 and SEP4 that they bind as homodimers
to DNA-elements termed CArG-boxes (for CCArichGG;
consensus 5′-CC(A/T)6GG-3′) (16–17,18). However, an-
other important aspect of SEP protein function is that
they likely constitute tetrameric DNA-bound complexes to
govern flower development. The formation of these floral
quartet-like complexes is of special interest as they have
been proposed to assemble cooperatively on DNA (5,19).
When DNA-binding is cooperative, small increments in
protein concentration can lead to drastic changes in tar-
get gene occupancy, essentially resulting in a switch-like
regulation of target genes (20). SEP proteins are involved
in sharp developmental transitions like the ones that oc-
cur during the initiation of flowering and the specification
of floral organs, which may require such a switch-like reg-
ulation of target genes (20). We previously presented evi-
dence indicating that SEP3 forms tetrameric complexes that
bind cooperatively to DNA fragments carrying appropri-

ately spaced CArG-boxes (18). Furthermore, we provided
evidence indicating that SEP3 is able to constitute a DNA-
binding heterotetramer with APETALA3 (AP3) and PIS-
TILLATA (PI), two MADS-domain proteins essential for
petal and stamen formation (21). However, whether the
other SEP proteins can assemble cooperatively on DNA as
homo- and heterotetrameric complexes and to which extent
DNA-binding differs among the individual SEP proteins re-
mained unknown. Also, knowledge about differential co-
operative DNA-binding on bona fide target genes remains
scarce.

Using electrophoretic mobility shift assays (EMSAs) we
show here that the four SEP proteins from Arabidop-
sis possess the ability to bind cooperatively to DNA as
tetramers. For all SEP proteins, cooperative DNA-binding
was strongest for a relatively short distance of 4–6 helical
turns between the CArG-boxes. However, differences in the
degree of cooperative binding as well as in the preferred dis-
tances between the CArG-boxes were detected. Differences
were also detected in the binding of SEP protein complexes
to genuine target gene promoters. Thus, the high functional
similarities as well as the subtle differences among the SEP
genes are reflected at the level of cooperative DNA-binding
of the SEP proteins. This could be one of the molecular
mechanisms explaining how both redundant and distinct
functions of the SEP proteins are established.

MATERIALS AND METHODS

Cloning of the SEP cDNAs into pTNT vector

Full-length coding regions of all SEP cDNAs were cloned
into pTNT for in vitro translation. The SEP3 construct used
in this study has been described previously (18). SEP1 (gi.
145358077), SEP2 (gi. 42563430) and SEP4 (gi. 145359878)
were amplified from a cDNA pool and cloned into pTNT
using XhoI/SalI (SEP1 and SEP2) and XbaI/XhoI (SEP4)
recognition sites. AP3 and PI constructs used have been de-
scribed previously (22). Primers used for cloning are listed
in Supplementary Table S1.

Design of DNA probes

A CArG-box was defined as a sequence having the con-
sensus 5′-CC(A/T)6GG-3′. A maximum of two mismatches
to this sequence were allowed. However, these mismatches
were not permitted to introduce a G at the two positions
occupied by a C in the consensus or a C at the two po-
sitions occupied by a G in the consensus. In addition, the
mismatches were not allowed to totally eliminate the CC or
GG nucleotides flanking the A/T-rich core.

DNA probes containing only one CArG-box and those
containing two CArG-boxes spaced by 6–9 helical turns
have been described previously (18,21). For all other DNA
probes, corresponding single stranded oligonucleotides
were annealed. After annealing, the double stranded frag-
ments were cloned into pBluescript SK II+ using an EcoRI
restriction site or into pJET1.2. For EMSA analysis, DNA
fragments were excised from the plasmid and gel purified.
The oligonucleotide employed in saturation binding assays
was used directly after annealing without cloning into a vec-
tor and gel purification.
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DNA fragments were labelled radioactively using ei-
ther the Klenow fragment (exo-) and [�-32P] dATP, or T4
polynucleotide kinase and [� -32P] ATP. Labelled probes
were purified using the illustra ProbeQuant kit (GE health-
care). The labelled probes were stored at −20◦C.

Sequences of the probes used are listed in Supplementary
Table S2.

In vitro transcription/translation and EMSAs

In vitro transcription/translation was done using the SP6
QuickCoupled Transcription/Translation mix (Promega)
according to the manufacturer’s instructions. Freshly trans-
lated proteins were used directly. Only in exceptional cases
the protein solution was shock frozen in liquid nitrogen
and stored at −80◦C until later use. The composition of the
protein-DNA binding reaction was essentially as described
previously (18) except that the concentration of competitor
DNA was 386 ng per reaction. The competitor DNA used in
the binding buffer was poly(dI-dC) for the assays involving
probes from the regulatory regions of the AP3 and SEP3
gene and herring sperm DNA for all other assays. The con-
centration of probe used was ≈0.015 nM. The volume of the
in vitro translated protein solution used for a single binding
reaction varied between 0.1 and 5 �l (when 0.1 or 0.5 �l
protein was used, it was diluted tenfold with bovine serum
albumin (10 mg/ml in water) for ease of pipetting).

The reaction was incubated on ice for several hours to
overnight for the DNA and protein to interact. The reac-
tion mix was then loaded onto a native 5% polyacrylamide
gel with 0.5× TBE running buffer. Gel run was performed
at room temperature at 7.5 V/cm for 150–200 min. After-
wards, the gel was dried and exposed onto a phosphorim-
ager screen. Phosphorimager screens were scanned using
the FLA 7000 (Fujifilm). The images were analysed using
Multi Gauge (Fujifilm).

In EMSAs, SEP4 behaved differently from the other SEP
proteins in that binding was always relatively weak. Dur-
ing later stages of the project (i.e. when saturation binding
assays and the analyses of binding to putative direct tar-
gets were conducted) we were not able to reliably obtain
detectable DNA-binding of SEP4, the reasons for which
are not entirely clear. However, it seems as though different
batches of the in vitro translation mixture yielded very dif-
ferent amounts of active (i.e. DNA-binding) SEP4 protein.
Very likely, batches used in later stages of the project were
not suitable for producing sufficient amounts of active SEP4
protein. Though this is a suboptimal situation, too low con-
centration of functional protein in certain in vitro transla-
tion reactions do not hinder conclusions on SEP4 binding
specificity in experiments where protein-DNA complexes
were detected and hence the respective data were taken into
account for the analyses.

Calculation of kcoop ratios

The ratio of two macroscopic association constants Ka and
Kb for protein dimers binding to two different DNA probes
a and b that each carry two binding sites can be expressed as

Ka

Kb
= YP2 Da

[Pa ]2 · YDa

· [Pb]2 · YDb

YP2 Db

(1)

similar to what has been described previously (23). YDa

and YDb represent the fraction of free DNA for probe a and
b, respectively, and YP2Da and YP2Db represent the fraction
of the respective DNA probes that are bound by two pro-
tein dimers. [Pa] and [Pb] are the concentrations of free pro-
tein dimers in each of the reactions. Here and in the sub-
sequent equations we assume that in the absence of DNA
the protein is present predominantly in dimeric form. This
is a necessary simplification as the dissociation constant for
dimerization is unknown. However, previous data indicate
that most of the protein indeed exists in dimeric form in so-
lution at the concentrations used, as binding curves based
on this assumption fitted well to the experimental data (18).
Also in the present work, binding curves generated under
this assumption were in good agreement with the original
data.

For a probe carrying two CArG-boxes, the macroscopic
association constant Ka (or Kb) for the simultaneous bind-
ing of two dimers can be expressed as the product of the
microscopic association constants

Ka = ka1ka2kcoop (2)

where ka1 is the microscopic association constant for bind-
ing of the first protein dimer and ka2 the microscopic asso-
ciation constant for binding of the second dimer to DNA.
kcoop is the constant describing cooperative interactions
(24). For the experiments analysed, DNA-probes carry-
ing two identical CArG-boxes were used. Thus, ka1 should
equal ka2 and Equation (2) simplifies to

Ka = k2
a1kcoop (3)

(24). Combining Equations (1) and (3), the ratio of the
two macroscopic association constants can then be ex-
pressed as

Ka

Kb
= k2

a1kcoopa

k2
b1kcoopb

(4)

As only the affinities to DNA probes carrying identi-
cal CArG-boxes are compared, ka1 should equal kb1. Thus,
Equation (4) simplifies to

Ka

Kb
= kcoopa

kcoopb
(5)

Combining Equations (1) and (5) yields

kcoopa

kcoopb
= YP2 Da

[Pa ]2 · YDa

· [Pb]2 · YDb

YP2 Db

(6)

As the proteins are produced by in vitro translation, the
total protein concentration, and hence also the concentra-
tion of free protein dimers ([Pa] and [Pb]), remain unknown
in our assays. However, for

√
Ka · [Ds ] < 0.14 (7)

with [Ds] being the total concentration of DNA sites, the
fraction of protein bound to the DNA is negligible and thus
the total protein concentration [Pt] is very close to the con-
centration of free protein, essentially as described (25). In
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our experiments, we kept the total DNA site concentra-
tion below 0.03 nM (equalling two times the probe con-
centration of 0.015 nM, as probes carry two binding sites).
Furthermore, saturation binding assays showed that the
equilibrium affinity constant of individual SEP dimers to
DNA is around 60·106 M−1 for SEP1 and SEP2 and around
150·106 M−1 for SEP3 (see below). Taking this into account
and inserting Ka as given by Equation (3) into Equation (7)
approximately yields kcoop < 6000 for SEP1 and SEP2 and
kcoop < 950 for SEP3. If these conditions are fulfilled and if
protein aliquots from the same in vitro translation are used
to determine kcoop ratios, then [Pa] ≈ [Pt] ≈ [Pb] and hence
Equation (6) simplifies to

kcoopa

kcoopb
= YP2 Da · YDb

YDa · YP2 Db

(8)

kcoop ratios exceeding 950 and 6000 cannot be determined
using Equation (8). However, such high ratios would also
imply large differences in probe saturation that were anyway
difficult to quantify reliably and therefore were not taken
into account for the analysis (Figure 2).

Determination of cooperativity constants

Beyond determining kcoop ratios (see above), apparent kcoop
values were determined in EMSAs in which increasing con-
centrations of in vitro translated protein were added to a
constant amount of DNA probe. kcoop was inferred using
equations previously described (24) using GraphPad Prism
5. The SEP protein concentrations were not known in our
assays. However, using the volume of the in vitro translation
mixture as a proxy for the SEP protein dimer concentra-
tion, we inferred apparent kcoop values essentially as previ-
ously described (18). The detection of single dimers bound
to DNA is of critical importance for inferring kcoop val-
ues (25). In our experimental setup, kcoop values appeared
to vary considerably when fractional saturation of single
dimers bound to DNA was below 0.065 in all lanes anal-
ysed for a specific experiment. Using equations described
previously (26) it follows that a kcoop value of ≈200 is the
upper limit that can be determined by our assay.

Saturation binding assay

To determine the DNA-binding affinity of the SEP pro-
teins as dimers, a short DNA probe harbouring a consensus
CArG-box sequence from the regulatory intron of AGA-
MOUS (AG) was used in EMSAs. In these assays, a con-
stant amount of the SEP protein (provided by 2–4 �l of
the in vitro translation solution containing the protein) was
titrated against increasing concentrations of DNA (1.05,
2.25, 4.50, 9.00, 18.00, 36.23, 72.45, 108.60 and 144.90 nM
in each reaction, respectively), similar to what has been de-
scribed (22,27–28).

Briefly, the apparent equilibrium association constant for
a protein dimer binding to naked DNA is

Kdim N = [PD]
[P] · [D]

(9)

with [PD], [P] and [D] being the concentration of the
protein-DNA-complex, free protein and free DNA, respec-
tively.

The concentration of free protein can be expressed as

[P] = [Pt] − [PD], (10)

where [Pt] is the total concentration of protein dimers that
are capable of DNA binding (excluding aberrant, e.g. mis-
folded, proteins that cannot bind DNA).

Substituting [P] by [Pt] − [PD] in Equation (9) yields

Kdim N = [PD]
([Pt] − [PD]) · [D]

(11)

Rearrangement yields

[PD] = [Pt] · [D]
1

Kdim N
+ [D]

(12)

Plotting [PD] versus [D] enables the determination of [Pt]
and KdimN using a non-linear regression analysis with Equa-
tion (12) and GraphPad Prism 5.

The rational of this experimental design is that DNA con-
centration is increased in a stepwise fashion to a value at
which protein-DNA-complexes do not increase in concen-
tration anymore. At these DNA concentrations virtually all
functional protein is bound by DNA. As the DNA concen-
tration used is known, inferences about the concentration
of the protein-DNA complex and hence about the concen-
tration of functional protein, i.e. [Pt] and about KdimN can
be made.

The Gibbs energy �Gdim N for the binding of a SEP dimer
to naked DNA was determined using the equation

�Gdim N = −RT ln Kdim N (13)

with R being the gas constant (8.314 · 10−3 kJ/(K·mol))
and T the absolute temperature (274.15 K; corresponding
to 1◦C, the temperature at which the protein-DNA reaction
was incubated).

Calculations of protein concentrations necessary for half-
occupancy of DNA

Fractional saturation in a system where two DNA-binding
sites can be occupied by a protein ligand can be determined
using previously described equations (24). Considering a
system with two identical neighbouring CArG-boxes, the
fractional saturation YP2DN for two dimers bound simulta-
neously to naked DNA is

YP2 DN =
Kdim N · Kdim N · kcoop · [P]2

1+(Kdim N+Kdim N) · [P]+Kdim N · Kdim N · kcoop · [P]2
(14)

Half-occupation is defined here to be achieved when
YP2DN = 0.5; i.e. when 50% of the DNA fragments are
bound by two protein dimers. We used transition curves
based on Equation (14) to infer the protein dimer concen-
tration [P] at which half-occupation is achieved.

To calculate the half saturation of DNA in which one
CArG-box is covered by histones, we first inferred the Gibbs
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energy �Gdim H for binding of a single protein dimer to the
CArG-box covered by histones using the equation

�Gdim H = �Gdim N + �G P (15)

where �GP is the energy cost (or penalty) of breaking a set
of histone-DNA contacts and thereby exposing the dimer
binding site which is covered by histones. The equilibrium
association constant for binding of a single dimer to nucle-
osomal DNA can in turn be determined using the equation

Kdim H = e−�G H/RT (16)

Kdim H can then be inserted in Equation (14) to determine
the fractional saturation YP2DH for two dimers bound simul-
taneously to DNA on which one of the two CArG-boxes is
covered by histones:

YP2 DH =
Kdim N · Kdim H · kcoop · [P]2

1+(Kdim N+Kdim H) · [P]+Kdim N · Kdim H · kcoop · [P]2
(17)

The protein dimer concentration [P] necessary for half-
occupation was determined using transition curves as de-
scribed above for naked DNA.

RESULTS

All Arabidopsis SEPALLATA proteins cooperatively form
homotetrameric quartet-like complexes in vitro

It had previously been shown that SEP3 has the ability to
bind as a homodimer to a DNA fragment carrying a sin-
gle CArG-box and that four SEP3 proteins bind to a DNA
probe carrying two CArG-boxes (18). The different com-
plexes can be identified by EMSAs based on their char-
acteristic gel electrophoretic mobilities (18). To determine
whether SEP1, SEP2 and SEP4 bind to DNA with the same
stoichiometry as SEP3, EMSAs using DNA probes carry-
ing one and two CArG-boxes were performed. The CArG-
box sequence was derived from the regulatory intron of AG.
In these EMSAs, SEP1, SEP2 and SEP4 formed protein-
DNA complexes with electrophoretic mobilities very simi-
lar to the respective SEP3-DNA complexes (Figure 1). This
indicates that all four SEP proteins bind as homodimers to
DNA fragments carrying one CArG-box (Figure 1, com-
pare lanes 2, 6 and 14 with lane 10) and that two SEP-dimers
bind to DNA fragments carrying two CArG-boxes (Fig-
ure 1, compare lanes 1, 5 and 13 with lane 9).

We have also previously provided evidence that SEP3
binds to DNA probes carrying two CArG-boxes separated
by 6–9 helical turns by forming a homotetramer and loop-
ing the DNA between the binding sites (18). To investi-
gate whether SEP3 can accommodate binding to CArG-
boxes separated by distances smaller than 6 helical turns
and whether also SEP1, SEP2 and SEP4 are capable of
forming homotetrameric complexes and looping the DNA,
a series of DNA-probes having two identical CArG-boxes
(the CArG-box sequence was derived from the regulatory
intron of AG) separated by 1–9 helical turns in steps of half-
helical turns each (assuming 10.5 bp/turn), were employed.
If tetramer formation occurs, it would be expected to be

stronger when the CArG-boxes are separated by an inte-
gral number of helical turns than when the spacing is non-
integral, as previously described (18).

Our analyses indicated that for all four SEP proteins, two
dimers bound relatively strongly to CArG-boxes separated
by 5 helical turns (Figure 2). However, binding strength
of two SEP-dimers to DNA decreased when a probe with
CArG-boxes spaced by 5.5 helical turns was used and in-
creased again when the distance between the binding sites
was 6 helical turns (Figure 2, compare lanes 10–12 in A and
B, lanes 11–13 in C and D; see Figure 2E–H for a quan-
titative evaluation). This stereo-specific pattern of strong
and weak binding to CArG-boxes separated by integral
and half-integral numbers of helical turns was observed for
SEP1, SEP2 and SEP4 over the entire range of CArG-box
distances for which binding could be detected (Figure 2).
For SEP3 the periodicity in binding was only observed for
CArG-boxes separated by 4 or more helical turns, whereas
the signal corresponding to 2 dimers bound to DNA in-
creased for CArG-boxes spaced between 2 and 4 helical
turns without showing a periodic pattern of strong and
weak binding (Figure 2G). Besides a periodic increase and

Figure 1. Binding of the SEP proteins to CArG-boxes. Above the gel, 0, 1
and 2 denotes the number of CArG-boxes present on the different probes.
On the probe containing two CArG-boxes, these were separated by 6 heli-
cal turns. DNA probes were ≈150 bp long. The proteins applied are noted
above the gel. Bands labelled ‘4’ ‘2’ and ‘0’ represent the respective number
of protein molecules bound. � represents a negative control in which the in
vitro translation assay was programmed with a pTNT vector not contain-
ing a cDNA insert and incubated with the probe containing two CArG-
boxes. The numbers below the gel picture denote lane numbers, with 4, 8,
12 and 16 representing empty lanes.The volumes of in vitro translated pro-
tein solution used for the binding reactions were: 1 �l in lanes 1 and 9; 1.5
�l each in lanes 10 and 11; 2 �l each in lanes 5 and 13; 3 �l each in 14
and 15; 4 �l each in lanes 2 and 3; 5 �l each in lanes 6, 7 and 17 (differ-
ent volumes were chosen to detect the different protein-DNA complexes
easily).
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Figure 2. Stereo-specific DNA-binding and tetrameric complex formation by the four SEP proteins. DNA probes with two identical CArG-boxes spaced
by 1–9 helical turns, as noted above the gel were used. Labelled DNA probes were incubated together with 0.2 �l in vitro translated SEP1 solution (A), 1.5
�l SEP2 solution (B), 0.2 �l SEP3 solution (C) and 1 �l SEP4 solution (D), respectively. E–H. Quantitative analysis of stereo-specific DNA-binding by
the four SEP proteins. Ratios of cooperativity constants are plotted for each DNA probe taking the cooperativity constant of the probe with CArG-boxes
spaced by 5 helical turns as a reference. Error bars represents the standard error of the mean (n = 3 to 6). Asterisks indicate probes with which a complex
of two protein dimers bound to DNA was either never or only once detected. Lane and band labelling is analogous to Figure 1. M denotes the marker lane
in which a radioactively labelled DNA ladder (100 bp ladder, NEB) was applied. The electrophoretic mobility of complexes composed of four proteins
and DNA varied slightly depending on the DNA probe used (compare lanes 8, 9 and 10 in Figure 2D, for example). This can very likely be attributed
to the ability of MADS-domain proteins to bend DNA (18,22). If two MADS-domain protein dimers bind on the same face of the DNA-helix, bending
angles add up and the protein-DNA complex migrates relatively slowly through the gel. The formation of a looped complex would further reduce the
electrophoretic mobility. In contrast, if dimers bind on opposite sides of the helix, the bends counteract each other and the protein-DNA complex can
migrate relatively fast through the gel.

Table 1. Equilibrium affinity constants of SEP proteins binding to a single CArG-box

Protein Kdim N (·106 M−1) Gibbs energy (kJ/mol)

SEP1 52 ± 7 -40.5
SEP2 68 ± 22 -41.1
SEP3 150 ± 30 -42.9
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decrease in binding affinity of the SEP proteins, we also
observed that the binding strength of two SEP-dimers to
DNA was dependent on the distance between the CArG-
boxes. To compare differences in binding of the individual
proteins to the different DNA probes, relative cooperativ-
ity constants were calculated using Equation (8). Binding
to a probe in which CArG-boxes were separated by 5 heli-
cal turns was used as a reference here (Figure 2E–H). These
analyses showed that SEP1, SEP2 and SEP3 bound most
strongly to DNA probes having CArG-boxes separated by
6 helical turns; whereas SEP4 showed maximum binding
when the CArG-boxes were separated by 4 helical turns
(Figure 2E–H).

In general, SEP1 and SEP3 constituted complexes com-
posed of four proteins bound to DNA over a wide range of
CArG-box distances from 2 to 9 helical turns. In contrast,
binding of SEP2 to CArG-boxes separated by less than 4
helical turns was barely detectable at the protein concentra-
tions used. Yet another binding pattern was observed for
SEP4, which preferred binding to CArG-boxes separated
by small distances and showed only very weak binding for
CArG-boxes separated by more than 6 helical turns.

For none of the SEP proteins could we reproducibly de-
tect binding of four proteins to CArG-boxes separated by 1
or 1.5 helical turns, although very faint signals were occa-
sionally observed (Figure 2).

The above described analyses indicated that all SEP pro-
teins bind cooperatively to DNA probes with suitably sep-
arated CArG-boxes. To further substantiate these findings
we extended our analyses beyond the determination of rel-
ative cooperativity constants and attempted to determine
apparent kcoop values. kcoop is a constant describing coop-
erativity of binding of two SEP dimers to two CArG-boxes
on the same DNA fragment. kcoop values of 1 indicate that
binding is not cooperative whereas values above 1 are in-
dicative of cooperativity in binding (24). Determination of
kcoop also allowed estimating differences in the degree of co-
operative binding among the SEP proteins. Binding of all
four SEP proteins to DNA-probes having a pair of CArG-
boxes separated by 2, 6 and 9 helical turns (Figure 3) was
analysed.

All four SEP proteins bound with strong cooperativity to
CArG-boxes separated by 6 helical turns (Figure 3), as is
indicated by the low amount of singly bound dimers seen
in all gels. The kcoop value determined for SEP3 binding
to this probe was slightly lower than previously estimated
(18), possibly owing to difficulties to precisely determine rel-
atively high kcoop values. For SEP1, cooperativity was also
high for CArG-boxes separated by 2 and 9 helical turns
(Figure 3A). However, while for a probe in which CArG-
boxes were spaced by 6 helical turns a tetrameric signal was
readily detected with the lowest protein concentration used,
this was not the case for DNA-probes in which CArG-boxes
were spaced by 2 or 9 helical turns (Figure 3A, compare
lanes 2, 8, 14), indicating that cooperativity was strongest
for the probe with CArG-boxes separated by 6 turns. In
comparison to SEP1, SEP3 appeared to bind with slightly
lower cooperativity to CArG-boxes separated by 6 helical
turns and with much weaker cooperativity to CArG-box
pairs separated by 2 and 9 turns (Figure 3C). For SEP2, for-
mation of potential tetrameric protein-DNA complexes was

observed only at relatively high protein concentrations for
CArG-boxes separated by 2 and 9 helical turns, indicating
that cooperative binding is much lower here, as compared
to the probe with CArG-boxes spaced by 6 helical turns
(Figure 3B). However, tetrameric complexes were observed
at relatively high protein concentrations for CArG-boxes
separated by 9 turns but not or only weaker with CArG-
boxes separated by 2 helical turns, indicating that cooper-
ative binding is relatively stronger with CArG-boxes sepa-
rated by 9 helical turns (Figure 3B). SEP4 behaved inverse to
SEP2, with relatively strong binding to CArG-boxes spaced
by 2 helical turns and very weak binding to CArG-boxes
separated by 9 helical turns (Figure 3D). Overall, the data
obtained from these cooperative binding analyses are con-
sistent with the results of the stereo-specific binding assay
described above.

SEP dimers bind with different affinities to DNA

As differences in cooperative DNA-binding were observed
among the SEP proteins, we were interested to know if the
binding affinity of individual dimers to DNA also differed.
For this purpose, saturation-binding assays were carried out
in which a constant amount of SEP protein was titrated
against increasing amounts of a DNA probe carrying a sin-
gle CArG-box. The CArG-box used possessed the same se-
quence as the one in the previous experiments. The appar-
ent association constant KdimN was slightly higher for SEP3
than for SEP1 and SEP2 (Table 1, Supplementary Figure
S1), indicating that also at the level of individual dimers
binding to DNA, affinity differences among the SEP pro-
teins may exist. For SEP4, binding to the single CArG-box
was very weak or undetectable and therefore we were not
able to determine an apparent association constant (see Ma-
terials and Methods).

SEP proteins assemble into floral quartet-like complexes on
CArG-boxes of direct target genes

In the above described experiments, self-tailored DNA-
probes were used to study tetrameric complex assembly of
the SEP proteins. To examine whether tetrameric complexes
can also constitute on direct target genes of SEP proteins,
DNA-binding to CArG-boxes in the regulatory regions of
AP3 and SEP3 was analysed. The regions containing the
CArG-boxes in these two target genes are evolutionarily
conserved (Supplementary Figure S2) and have been shown
to be of regulatory importance (15,29–30).

To study the binding of SEP proteins to AP3, a region
spanning base pairs 220 to 123 upstream of the trans-
lation start site and carrying three CArG-boxes (termed
CArG1, CArG2 and CArG3 here, with CArG3 being clos-
est to the transcription start site; Figure 4) was used as a
probe (Supplementary Table S2). This probe is termed rAP3
(regulatory region of AP3) henceforth. Also, derivatives of
this probe were analysed in which one or two of the three
CArG-boxes were mutated by substituting nucleotides C
and G surrounding the A/T-rich CArG-box core with A’s
or T’s (Supplementary Table S2). These derivatives were
termed rAP3m1 (CArG1 mutated); rAP3m2 (CArG2 mu-
tated); rAP3m3 (CArG3 mutated); rAP3m1,2 (CArG1 and
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Figure 3. EMSAs to determine cooperativity of DNA binding by the four SEP proteins with DNA probes having CArG-boxes separated by 2, 6 or 9
helical turns. Increasing amounts of in vitro translated SEP proteins were titrated against a constant amount of DNA. The DNA probes used are denoted
below the gels. The volumes of in vitro translated protein solution used for the binding reactions were (in �l): 0.1, 0.2, 0.5, 1.0, 1.5 and 2.0 for SEP1 (A), 0,
0.2, 0.5, 1.0, 1.5, 2.0 (only for the 9 turns probe), 3.0 and 5.0 for SEP2 (B), 0.1, 0.2, 0.5, 1.0, 1.5 and 2.0 for SEP3 (C), 0.2, 0.5, 1.0, 1.5, 2.0, 3.0 and 5.0 for
SEP4 (D). In the right most lane of each gel, the respective protein was incubated with a DNA probe containing one CArG-box only for size comparison.
Lane and band labelling is analogous to Figures 1 and 2. Quantitative analysis of the binding of individual proteins to the different probes is shown beside
the respective gel. Fractional saturation is plotted as a function of the volume of in vitro translated protein solution (circles: two dimers or one tetramer
bound; squares: one dimer bound; triangles: free DNA). Graphs were determined as described (18,24) with the broken lines indicating inferences below
or above the protein amounts tested. kcoop values are shown below each graph (n ≥ 3). Based on comparisons of band intensities of complexes comprising
four proteins bound to DNA also kcoop comparisons are shown below the graphs. As described in Materials and Methods, kcoop values above 200 could
not be resolved reliably. n.d., not determined. In these cases, the number of data points for which substantial protein binding was observed was too low to
estimate kcoop.
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of in vitro translated protein solution used in the binding reaction was 2 �l. If more than one protein is denoted, co-translations were used. Lane and
band labelling is analogous to Figure 1. �-�′ represents a negative control in which the in vitro translation assay was programmed by empty pTNT and
pSPUTK vectors not containing a cDNA insert. 4′ represents a potential heterotetrameric protein-DNA complex.

CArG2 mutated) and rAP3m1,3 (CArG1 and CArG3 mu-
tated). Binding of SEP1 and SEP2 to rAP3m1 and rAP3m3
was very weak. In contrast, binding to the wild-type frag-
ment rAP3 as well as to rAP3m2 resulted in the formation of
easily detectable protein-DNA complexes (Figure 4, com-
pare lanes 1, 3 and 18, 20 to lanes 10, 12 and 27, 29, for
example). This indicates that SEP1 and SEP2 bound co-
operatively to rAP3, and that CArG1 and CArG3, but not
CArG2, are important for this cooperative binding.

As floral quartet-like complexes containing SEP, AP3
and PI are implicated in controlling petal development
(12,31) and believed to activate AP3, we aimed to deter-
mine if complexes composed of SEP1, AP3 and PI or of
SEP2, AP3 and PI could be reconstituted. In these experi-
ments, AP3 and PI were always added together, as only the
heterodimer is capable of binding to DNA (32) and form-
ing DNA-bound tetramers with SEP3 (Supplementary Fig-
ure S4). Indeed, when AP3, PI and SEP1 or SEP2 were co-
translated and incubated with rAP3, a protein-DNA com-
plex of slightly higher mobility than that of the correspond-
ing SEP1 or SEP2 homotetramer was detected (Figure 4,
compare lanes 1 and 2 or 3 and 4, respectively), indicating
that SEP1 or SEP2, AP3 and PI together bind to this DNA-
probe. Such a complex was also detected with rAP3m2, but
not or only very weakly with rAP3m1 or rAP3m3, indicat-
ing that CArG1 and CArG3 are also critical for heterote-
tramer formation (Figure 4).

For SEP3, the binding pattern was slightly different. A
complex migrating with an electrophoretic mobility similar
to that of SEP1 and SEP2 homotetramers was detected with
rAP3 (Figure 4, lane 5); however, strong signals presumably

representing individual dimers bound to CArG1 or CArG3
were obtained with rAP3m1, rAP3m3 and rAP3m1,2 (Fig-
ure 4, lanes 14, 31, 39). We were therefore not able to de-
cide whether the complex formed on rAP3 constitutes a
SEP3 homotetramer or two dimers of SEP3 bound inde-
pendently to CArG1 and CArG3. However, when SEP3 was
co-translated with AP3 and PI, a novel complex binding
to rAP3 was detected. The electrophoretic mobility of this
complex was slightly higher than that of the presumptive
SEP3 homotetramer (Figure 4, compare lanes 5 and 6), in-
dicating that a heterotetramer has been formed.

In principle, the slight mobility differences observed
when SEP proteins alone and in combination with AP3/PI
bound to rAP3 may also be interpreted as independent
binding of SEP homodimers and AP3/PI heterodimers to
the DNA probe. The fact that AP3/PI heteromdimers have
a lower molecular weight than SEP homodimers (51 kDa
versus 57–59 kDa) and that AP3/PI may bend DNA differ-
ently as compared to SEP proteins and hence induce differ-
ent DNA conformations is compatible with this view. How-
ever, AP3 and PI barely formed any protein-DNA com-
plex on rAP3 when no SEP protein was present (Figure 4,
lane 7), suggesting that SEP proteins facilitate binding of
AP3/PI to DNA, a fact that is most easily explained with
the formation of heterotetrameric complexes.

In summary, SEP1, SEP2 and SEP3 can assemble with
AP3 and PI into heterotetrameric complexes on the regula-
tory region of AP3.

We were not able to reproducibly detect binding of SEP4
to rAP3 (Supplementary Figure S3). Very likely, this was
due to the insufficient production of DNA-binding SEP4
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protein (see Materials and Methods). However, a weak
protein-DNA complex was observed when SEP4 was co-
translated with AP3 and PI, indicating that SEP4 can at
least constitute a heterotetrameric complex with AP3 and
PI (Supplementary Figure S3).

We also analysed binding of individual SEP proteins
alone and in combination with AP3 and PI to a highly con-
served regulatory region of the SEP3 gene that covered base
pairs 3053 to 2931 upstream of the translation start, termed
rSEP3 here. This fragment contains two CArG-boxes (Sup-
plementary Table S2) that have been shown to be bound by
SEP3 in vitro and in vivo (15,33), suggesting that like AP3,
also SEP3 is under direct autoregulatory control.

Varying amounts of SEP3 were incubated with a constant
amount of rSEP3. With low amounts of protein, protein-
DNA complexes of intermediate mobility were resolved,
indicative of a single dimer bound to either of the CArG-
boxes (Figure 5, lanes 31 and 32). Using higher amounts of
protein, complexes of lower electrophoretic mobility were
also resolved (Figure 5, lanes 33 and 34). The two CArG-
boxes on rSEP3 have different sequences (Supplementary
Figure S2B) and hence are probably bound with differ-
ent affinities. It is therefore difficult to say whether the
low-mobility complexes observed with high protein con-
centrations are formed cooperatively (24). In any case, the
binding of SEP1 to rSEP3 was markedly different from
that of SEP3. For SEP1, individual DNA-bound dimers
were barely detected; instead, only complexes of low elec-
trophoretic mobility were observed (Figure 5, compare
lanes 8, 9 with lanes 31 to 34). This indicates that SEP1
homotetramers bound cooperatively to rSEP3. We next as-
sayed whether also heterotetrameric complexes composed
of SEP1 or SEP3 and AP3/PI could be reconstituted on
the rSEP3 fragment. Low amounts of either SEP proteins
or AP3/PI alone did not show any or only very limited
binding to rSEP3 (Figure 5). However, co-incubation of
low amounts of SEP1 or SEP3 with increasing amounts
of AP3/PI readily led to the formation of protein-DNA-
complexes of low electrophoretic mobility, indicating that
heterotetrameric complexes were formed with rSEP3 (Fig-
ure 5, lanes 14–17 and 39–42). SEP2 barely showed any
binding when assayed alone, but heterotetrameric com-
plexes were observed when SEP2 was co-incubated with
AP3/PI (Figure 5, lanes 18–21). Binding of SEP4 to rSEP3
either alone or in combination with AP3/PI was very weak
(Figure 5, lanes 43–46), thereby making inferences on co-
operative binding of SEP4 to rSEP3 impossible.

Cooperative binding decreases binding energy substantially

In our assays we determined binding of SEP proteins
to ‘naked’ DNA. However, nucleosomal DNA present in
the plant nucleus may impose considerable constraints on
protein–DNA interactions. We therefore calculated pro-
tein concentrations necessary for half-saturating naked and
nucleosomal DNA. Half-saturation is defined here as the
protein dimer concentration at which 50% of the DNA
fragments have both their CArG-boxes occupied by SEP
dimers. We calculated the protein concentrations necessary
to half-occupy both CArG-boxes simultaneously for DNA
possessing inter-site distances of 2 or 6 helical turns us-

ing Equations (14) and (17). The equilibrium association
constants KdimN, determined for the binding of a single
dimer to naked DNA (Table 1) and the kcoop values deter-
mined for the respective probes and proteins (Figure 3) were
employed for the calculations. For the binding to naked
DNA (Figure 6A), half-occupation was achieved at a pro-
tein dimer concentration of ≈1.5 nM when the proteins
bound strongly cooperatively to the DNA (i.e. when CArG-
boxes were separated by 6 helical turn for SEP1, SEP2 and
SEP3 or by 2 turns for SEP1; Figure 6B and C, Supplemen-
tary Table S3). Binding of SEP3 to the DNA probe in which
CArG-boxes were separated by 2 helical turns was barely
cooperative. This was reflected in the ≈10-fold higher pro-
tein concentrations (15 nM) required for half-saturation.

We next calculated half saturation under the assumption
that one of the two CArG-boxes is covered by histones (Fig-
ure 6A). Biophysical studies have shown that DNA rapidly
unwraps and rewraps around the histone octamer, lead-
ing to transient accessibility of transcription factor binding
sites (34–37). The energy penalty for accessing binding sites
buried within nucleosomes is around 6.0–25.0 kJ/mol, de-
pending on how deep within the nucleosome the binding site
is located and hence how likely the binding site is exposed
by unwrapping and rewrapping (34–35,38). To estimate the
protein concentrations necessary for half-occupation in a
nucleosomal context, an energy penalty of 20.92 kJ/mol (5
kcal/mol) was introduced. In this case, half occupation was
achieved at a dimer concentration of ≈1000 nM when bind-
ing was cooperative (Figure 6B and C). This concentration
corresponds to ≈42 000 SEP dimers per nucleus when a nu-
clear volume of 70 �m3 (39) is assumed. However, when
binding of two dimers was largely non-cooperative (binding
of two SEP3 dimers to CArG-boxes separated by 2 helical
turns), half saturation was calculated to be achieved only at
very high protein dimer concentrations of 60 600 nM (Fig-
ure 6B and C), which would correspond to ≈2 500 000 SEP3
protein dimers per nucleus.

DISCUSSION

The SEP proteins have distinct DNA-binding properties

Our protein-DNA interaction analyses indicate that the
four SEP proteins assemble on DNA in a largely similar
manner. All of them constitute tetrameric complexes by
cooperatively binding to DNA fragments carrying CArG-
boxes separated by only a few helical turns. Also, the de-
gree of cooperative binding dropped for inter-site distances
below or above the optimal CArG-box spacing. Interest-
ingly, in vivo binding analyses of SEP3 by ChIP-Seq studies
showed an enrichment of CArG-box pairs separated by 4
helical turns (33). This is consistent with our results where
high amounts of tetrameric SEP3 complexes were observed
when the CArG-boxes were separated by 4, 5 or 6 helical
turns (Figure 3). Thus, the inherent inter-site distance pref-
erences for cooperative DNA-binding determined here may
be a major factor in determining in vivo target gene speci-
ficity.

The inter-site distances for which cooperative DNA-
binding was detected were 63 bp or below and thus well
below the persistence length of DNA (about 150 bp). Bend-
ing of DNA shorter than the persistence length was long
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Figure 5. Binding of SEP proteins to CArG-boxes derived from the regulatory region of SEP3. The proteins used are denoted above the gel. The increasing
volumes of in vitro translated protein solution used in the binding reactions were 0.2, 0.5, 1.5 and 4.0 �l each. In case of mixing SEP with AP3 and PI, 0.2
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Lane and band labelling is analogous to Figures 1 and 2. � and �′ represents a negative control in which the in vitro translation assay was programmed
only by pTNT and pSPUTK vectors, respectively, not containing a cDNA insert. 4′ represents a potential heterotetrameric protein-DNA complex.

assumed to be energetically highly unfavourable (40). How-
ever, recent experimental evidence indicates that DNA flex-
ibility over distances below the persistence length is way
more common than has been previously anticipated (41–
43). Thus, the proposed SEP protein-induced DNA-looping
and tetramer formation over short inter-site distances may
require only a limited amount of interaction energy be-
tween the DNA-bound dimers. The hypothesis that protein-
induced DNA-loops are possible over these short distances
is further supported by the fact that the phage � repressor
and the lac repressor––both paradigms for protein–DNA
interactions––are capable of looping DNA over similarly
short distances (44,45).

Very likely, the ability to cooperatively bind to DNA is
of prime importance for SEP proteins to function as devel-
opmental switches during flower formation (20). The simi-
larity in the cooperative binding behaviour may therefore at
least partly explain why the different SEP proteins function
redundantly to a large extent during flower development.
Interestingly, SEP3, which showed the least cooperative
binding to CArG-boxes separated by 6 helical turns, showed
the strongest inherent affinity to an individual CArG-box
(Table 1). Thus, low cooperative binding may, at appropri-
ate targets, at least partly be compensated for by high affin-
ity of protein dimers to individual CArG-boxes.

However, despite overall similarities, it is evident that
each of the SEP proteins possesses characteristic DNA-
binding properties. For example, in our experiments SEP1
bound strongly cooperatively to CArG-box pairs separated
by small as well as large distances whereas for SEP2 and
SEP4 strong cooperative binding was detected only for large
or small distances, respectively (Figures 2 and 3). For SEP3,
cooperative binding was comparatively weak for most of
the inter-site distances tested (Figure 3). Differences in co-

operative DNA-binding persisted when regulatory regions
of SEP proteins’ target genes were analysed. For example,
SEP1 appeared to bind with higher cooperativity to rSEP3
than SEP3. These differences in cooperative binding be-
haviour may allow for an intricate regulation of different
sets of target genes, thereby accounting for different func-
tions performed by the individual SEP proteins.

We detected homo- as well as heterotetramer formation
of the different SEP proteins. Ectopic expression of SEP
proteins together with AP3 and PI leads to the develop-
ment of petaloid organs from primordia that normally de-
velop leaves (12,31). This indicates that a SEP/SEP-AP3/PI
heterotetramer is involved in petal specification (12,21).
Though AP1 is also important for determining petal iden-
tity, and was proposed to be part of the respective tetrameric
complex (19,46), there is also evidence that this protein is
not strictly required for petal development (see 21,47 for a
more comprehensive discussion on that subject). The de-
velopmental role of SEP homotetramers remains unclear
(18). Indeed, the data presented here support previous no-
tions that heterotetramer formation of SEP proteins with
other partners may in many cases be favoured over homote-
tramer formation (15,21,48). However, while SEP genes are
expressed at stage 2 of flower development (3,8,10–11), the
expression of their potential interaction partners AP3, PI
or AG is only detected from stage 3 onwards (49–51). This
raises the possibility that SEP proteins form homotetramers
at least during early stages of flower development when ap-
propriate partners for heterotetramer formation are absent
(18). Aditionally, SEP3 especially has been shown to have a
prominent role in activating AP3, PI and AG (7), support-
ing the hypothesis that individual SEP homotetramers pos-
sess divergent functions during flower development. How-
ever, it can presently also not be excluded that SEP pro-
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teins interact with other MADS-domain transcription fac-
tors like AP1 early during flower development to activate
AP3, PI and AG (52). These uncertainties notwithstand-
ing it is plausible to assume that the inherent differences in
DNA-binding among the individual SEP protein homote-
tramers will at least to some extent also be relevant for het-
erotetramer formation and thereby target gene regulation
by heterotetramers, and are therefore of considerable scien-
tific interest.

The differences in DNA-binding among the individual
SEP proteins may be one reason for the phenotypic dif-
ferences observed between some triple mutants. While sep1

sep2 sep3 plants show strong defects with all floral organs
being transformed into sepals, sep1 sep2 sep4 plants have
been described to be phenotypically normal (2,3). Our data
show that SEP4 binds cooperatively only to a restricted
range of CArG-box distances. The protein may therefore
not be able to regulate the entire set of target genes required
for floral organ development. This is in contrast to SEP3,
which, at a given protein concentration shows binding to
a larger range of distances between the CArG-boxes (Fig-
ure 2) and thus presumably to a wider spectrum of target
genes. This may partly explain why SEP3 but not SEP4
is able to govern floral organ development in the absence
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of SEP1 and SEP2 (2,3). It should be kept in mind, how-
ever, that other differences between the SEP proteins like
distinct spatio-temporal expression patterns and expression
strengths very likely also contribute to differences in SEP
functions.

Differential cooperative binding abilities could also be
responsible for the differential sensitivity of SEP proteins
to variations in gene dosage. SEP1/sep1 sep2 sep3 plants
and also sep1 SEP2/sep2 sep3 plants, but not sep1 sep2
SEP3/sep3 plants show defects in ovule development (53).
Cooperative binding affinity to certain inter-site distances
was stronger for SEP1 and SEP2 than for SEP3 (Figure 3).
Such a strong cooperativity in DNA-binding may create
a switch-like occupancy of target genes, thereby rendering
DNA-binding by SEP1 and SEP2 more susceptible to vari-
ations in protein concentration than DNA-binding of SEP3
(if concentration is varied in a range critical for the switch-
like occupancy of target genes). If gene dosage and protein
concentration are positively correlated, as seems plausible,
differences in cooperative binding abilities may lead to an
increased dosage sensitivity of SEP1 and SEP2 as compared
to SEP3.

Floral quartets assemble on regulatory regions of target genes

Notably, SEP proteins formed heterotetrameric complexes
with AP3/PI on the regulatory regions of the target genes
SEP3 and AP3. Also, these heterotetramers formed more
readily than homotetramers (Figures 4 and 5), confirming
and extending previous observations made with complexes
composed of SEP3 and other floral homeotic proteins
(15,21,48). Intriguingly, cooperative DNA-binding to rAP3
required CArG1 and CArG3, but not CArG2. CArG1 and
CArG3 are separated by ≈7 helical turns, whereas the inter-
site distance between CArG1 and CArG2 or CArG2 and
CArG3 corresponds to 4.6 and 2.4 helical turns, respec-
tively. Probes with an inter-site distance of 7 helical turns are
strongly bound by SEP1, SEP2 and SEP3 but not by SEP4,
which may partly explain the differential complex forma-
tion properties on rAP3. It should be kept in mind, how-
ever, that the binding strength of dimers to the individual
CArG-boxes also contributes to the overall binding affinity.
For example, in contrast to CArG1 and CArG3, CArG2 is
barely bound, if at all, by MADS-domain protein dimers
(29,30), thus offering an additional explanation for the dis-
pensability of CArG2 for tetramer formation.

Cooperative binding to rSEP3 was observed although
the CArG-boxes were separated ≈5.4 helical turns from
each other. Though cooperativity would be expected to be
stronger if CArG-boxes are separated by full helical turns
it might still be possible to achieve cooperativity if bind-
ing sites are separated by a non-integral number of turns.
Factors that play a role here are the interaction strength be-
tween the two dimers, the flexibility of the proteins and the
DNA and the looping geometry. For example, it has been
demonstrated previously for the lac repressor that alterna-
tive looping geometries can also confer binding to non-
integrally spaced binding sites (54).

Our data support the idea that tetramer formation is a dy-
namic process and that differential tetramer binding affin-
ity may be one mechanism responsible for differential target

gene regulation (21,47). For example, early in development
SEP homotetramers may form and target a restricted set of
genes that function in floral meristem specification. Later,
complexes composed of SEP, AP3 and PI may form that
possess a higher DNA-binding affinity as compared to SEP
homotetramers, thereby also regulating genes that are not
targeted by SEP proteins alone (21). It remains to be deter-
mined to which extent the complex formation of SEP pro-
teins with floral meristem identity proteins like AP1 or flow-
ering time proteins like AGAMOUS-LIKE 24 (AGL24) or
SHORT VEGETATIVE PHASE (SVP) (14) is compatible
with this model.

Protein concentration and the formation of floral quartets

Our study indicates that tetramerization of SEP proteins
strongly depends on the distance between and orientation
of the two CArG-boxes to each other. For example, from
our calculations, ≈10 times the amount of SEP3 protein
is needed to achieve half-occupancy of CArG-boxes sep-
arated by 2 helical turns of DNA as compared to CArG-
boxes separated by 6 turns, if binding to naked DNA is
considered (Figure 6B and C). This may have profound in-
fluences on the dynamics of target gene regulation in vivo.
Furthermore, the sequence of the DNA between the CArG-
boxes may influence looping propensensity; if the region
between the CArG-boxes possesses an intrinsic curvature
looping may be facilitated in comparison to ‘straight’ DNA
(55). The affinity of a given SEP protein dimer for individ-
ual CArG-boxes may also vary (16–17,55), thereby intro-
ducing another layer of complexity. Finally, various com-
binations of CArG-box sequences, distances and orienta-
tions may constitute different cis-regulatory modules, which
could be occupied by SEP proteins at specific protein con-
centrations. Concentration-dependent target gene regula-
tion is well known from a number of systems, one paradig-
matic example being the regulation of zygotic genes by
maternal effect genes during Drosophila development (56).
Whether variations in SEP protein concentration during de-
velopment are responsible for differential target gene reg-
ulation has not been demonstrated so far. However, gene
dosage experiments indicate that differences in protein con-
centrations may play a role. As mentioned above, inactiva-
tion of one SEP1 allele in a sep2 sep3 double mutant back-
ground leads to severe abnormalities in ovule development
in otherwise normal flowers (53). A further reduction of
SEP1 activity by creating a sep1 sep2 sep3 triple mutant re-
sults in flowers consisting of sepals only (2). This may be
taken as evidence that high concentrations of SEP proteins
are necessary for ovule development and that lower con-
centrations suffice for the development of the floral organs.
Consistent with this conclusion, ectopic expression of SEP3
occasionally leads to the formation of ovules on first-whorl
sepals (47).

Clearly, however, more systematic and quantitative stud-
ies on the influence of protein levels on target gene expres-
sion have to be carried out to reveal whether variations
in protein concentration are employed to regulate different
target genes in different tissues and thus to generate com-
plex floral organs.
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Floral quartet formation and chromatin state

Our affinity estimates for the binding of two SEP dimers to
DNA indicate that protein concentrations necessary to half-
occupy binding sites are very low for naked DNA, but might
be considerably higher for nucleosomal DNA (Figure 6B
and C). Importantly, protein concentrations necessary for
half-occupation of nucleosomal DNA strongly depended
on the ability of SEP dimers to cooperatively interact with
each other. For example, while SEP3 concentrations neces-
sary for half-saturation of non-cooperatively versus coop-
eratively bound CArG-box pairs (i.e. inter-site distances of
2 turns versus 6 turns) differed ≈10-fold when naked DNA
was considered, concentration differences of more than 30-
fold were inferred for nucleosomal DNA (Figure 6B and
C). Thus, the degree of cooperative DNA-binding may well
contribute to differential target gene binding especially in a
nucleosomal context.

Abundance of individual transcription factors is usually
within the range of 250 molecules to 300 000 molecules per
nucleus (57–60). Although the number of SEP molecules
in a plant nucleus is not known, it is feasible to assume
that it falls into this range. According to our calculations,
a very high SEP3 dimer abundance of 2 500 000 molecules
per nucleus would be necessary to half-occupy nucleoso-
mal DNA if binding is non-cooperative. Non-cooperatively
binding SEP dimers may thus barely be able to bind histone-
associated DNA. In contrast, taking cooperative DNA-
binding and tetramer formation into account, compara-
tively moderate SEP amounts of around 42 000 molecules
per nucleus may suffice to half-occupy binding sites in a nu-
cleosomal context (Figure 6). It was recently demonstrated
that SEP3 binds to enhancer sites very early during flower
development and that chromatin accessibility changes only
subsequently (61). It was thus proposed that SEP3 acts as
a pioneer factor that modifies chromatin accessibility (61).
Even though our calculations are only rough estimates and
the true figures may vary substantially depending on the se-
quence of the CArG-boxes, the inter-site distance between
CArG-boxes and chromatin modifications, they neverthe-
less indicate that the ability of cooperative DNA-binding of
SEP proteins is of critical importance to invade nucleoso-
mal DNA and hence to act as pioneer factors.

It is interesting to note that transcription factors can
in principle cooperatively assemble on nucleosomal DNA
even if they do not directly interact with each other (35,62).
This is attained because transcription factors binding in
vicinity to each other may ‘share’ the energy penalty re-
quired to displace histones from DNA (35,62). Histones are
most effectively displaced by DNA-binding proteins whose
binding sites are spaced by up to 74 bp from each other
(35,62), a distance that is close to the CArG-box distances
for which highest cooperativity was observed in this study.

In conclusion, it remains an important goal for future re-
search to untangle the dynamic composition of tetrameric
MADS-domain protein complexes during flower develop-
ment and to further unravel the relevance of the CArG-box
sequences, the inter-site distance between the CArG-boxes,
the stereo-specific orientation of the CArG-boxes, the chro-
matin state and the binding differences among MADS-

domain proteins to approach at a detailed understanding
of how target gene specificity is determined.
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