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In Arabidopsis (Arabidopsis thaliana), transcriptional control of seed maturation involves three related regulators with a B3
domain, namely LEAFY COTYLEDON2 (LEC2), ABSCISIC ACID INSENSITIVE3 (ABI3), and FUSCA3 (ABI3/FUS3/LEC2
[AFLs]). Although genetic analyses have demonstrated partially overlapping functions of these regulators, the underlying
molecular mechanisms remained elusive. The results presented here confirmed that the three proteins bind RY DNA elements
(with a 59-CATG-39 core sequence) but with different specificities for flanking nucleotides. In planta as in the moss Physcomitrella
patens protoplasts, the presence of RY-like (RYL) elements is necessary but not sufficient for the regulation of theOLEOSIN1 (OLE1)
promoter by the B3 AFLs. G box-like domains, located in the vicinity of the RYL elements, also are required for proper activation of
the promoter, suggesting that several proteins are involved. Consistent with this idea, LEC2 and ABI3 showed synergistic effects on
the activation of the OLE1 promoter. What is more, LEC1 (a homolog of the NF-YB subunit of the CCAAT-binding complex)
further enhanced the activation of this target promoter in the presence of LEC2 and ABI3. Finally, recombinant LEC1 and LEC2
proteins produced in Arabidopsis protoplasts could form a ternary complex with NF-YC2 in vitro, providing a molecular explanation
for their functional interactions. Taken together, these results allow us to propose a molecular model for the transcriptional regulation
of seed genes by the L-AFL proteins, based on the formation of regulatory multiprotein complexes between NF-YBs, which carry a
specific aspartate-55 residue, and B3 transcription factors.

Genetic and molecular analyses have delineated a
complex network of transcriptional regulators control-
ling gene expression programs essential to accomplish
seedmaturation inArabidopsis (Arabidopsis thaliana; for
review, see Kagaya et al., 2005b; Braybrook et al., 2006;
To et al., 2006; Braybrook and Harada, 2008; Santos-
Mendoza et al., 2008; Suzuki and McCarty, 2008;
Zhang and Ogas, 2009; Berger et al., 2011; Sreenivasulu
and Wobus, 2013). This network comprises activators
and repressors regulating phase transitions between
embryogenesis, seed maturation, and vegetative de-
velopment. Chromatin modifications also are involved,
which repress the expression of the activators in late-
maturing and germinating seeds as well as in vegeta-
tive organs (Suzuki and McCarty, 2008; Zhang and
Ogas, 2009; Berger et al., 2011).

Among the key transcriptional activators of the mat-
uration phase are three founding members of the B3
domain family, namely ABSCISIC ACID INSENSITIVE3
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(ABI3), FUSCA3 (FUS3), and LEAFY COTYLEDON2
(LEC2; Giraudat et al., 1992; Luerssen et al., 1998; Stone
et al., 2001). These AFL (ABI3/FUS3/LEC2) members
act in concert with proteins homologous to the NF-YB
subunit of the CCAAT box-binding protein called LEC1
and LEC1-LIKE (Lotan et al., 1998; Kwong et al., 2003;
Cagliari et al., 2014; Hilioti et al., 2014). These genes will
be named L-AFL (as proposed by Jia et al. [2013]). Ad-
ditionally, basic leucine zippers (bZIPs) such as bZIP53
and bZIP67 (Alonso et al., 2009; Mendes et al., 2013), the
MADS domain transcription factor AGAMOUS-LIKE15
(Thakare et al., 2008; Zheng et al., 2009), the MYB tran-
scription factorsMYB115 andMYB118 (Wang et al., 2009;
Barthole et al., 2014), the WD repeat motif-containing
EMB2757/TANMEI protein (Yamagishi et al., 2005),
and the homeobox GLABRA2 (Shen et al., 2006) also
were described as regulators of the maturation program.

LEC2, FUS3, and ABI3 share a B3 DNA-binding do-
main and play a major role in the transcriptional control
of seedmaturation (for review, seeKoornneef et al., 1984;
Giraudat et al., 1992; Meinke, 1992; Meinke et al., 1994;
Parcy et al., 1997; Lotan et al., 1998; Luerssen et al., 1998;
Harada, 2001). Complementary approaches have dem-
onstrated the regulatory action exerted by these AFLs on
embryo development, differentiation of zygotic tissues,
accumulation of storage compounds (i.e. seed storage
proteins [SSPs] and triacylglycerols [TAGs]), and acqui-
sition of desiccation tolerance. Mutations affecting the
AFL genes lead to partially overlapping and pleiotropic
embryo phenotypes. Mutant embryos display abnormal
suspensors, precocious cell cycle activation, growth of
apical and root meristems, and cotyledons similar to
young leaves accumulating high levels of chlorophyll
and/or anthocyanins and lower amounts of storage
compounds.Mutant seeds are less tolerant to desiccation
and/or display precocious germination.

Several maturation-induced genes encode SSPs (e.g.
At2S1-4 and CRA1) and proteins involved in the storage
of TAGs (e.g. OLEOSIN1 [OLE1] and HSD1; Kagaya
et al., 2005a; SantosMendoza et al., 2005; Braybrook et al.,
2006; Baud et al., 2009; Wang and Perry, 2013; Barthole
et al., 2014). The B3 AFLs directly activate the expression
of these genes through RY elements present in their
promoter sequences (Fujiwara and Beachy, 1994; Ezcurra
et al., 2000; Reidt et al., 2000; Reinders et al., 2002;Mönke
et al., 2004). In agreement with this regulation, the core
RYmotif (59-CATG-39) was shown to be necessary for the
correct expression of several other seed-specific genes in
Arabidopsis (Bäumlein et al., 1986, 1992; Stålberg et al.,
1993; Conceição and Krebbers, 1994; Ellerström et al.,
1996). This motif also is found in the promoter sequence
of legume andmonocot SSP genes (Dickinson et al., 1988;
Bobb et al., 1997; Suzuki et al., 1997).

If the B3 DNA-binding domains of the AFL tran-
scription factors display some variability in terms of
DNA recognition (Golovenko et al., 2014), both FUS3
and ABI3 interact with RY motifs in vitro (Reidt et al.,
2000; Mönke et al., 2004), and in vivo analyses have
allowed defining a consensus sequence recognized by
the two transcription factors (Mönke et al., 2004, 2012;

Wang and Perry, 2013). These results are consistent
with the partially redundant phenotypes revealed both
by loss- and gain-of-function analyses (To et al., 2006).
In addition, yeast one-hybrid experiments and gel-shift
assays have established that LEC2 and FUS3 can bind
sequences containing RY elements separated by aG box
(Kroj et al., 2003; Braybrook et al., 2006). Therefore, it
was proposed that the B3 AFLs may act in concert with
other transcription factors (e.g. bZIPs) interacting with
these G boxes to confer proper expression to their
common target genes during seed maturation (Sakata
et al., 1997; Ezcurra et al., 1999; Hobo et al., 1999;Wobus
and Weber, 1999; Kurup et al., 2000; Nakamura et al.,
2001; Bensmihen et al., 2002; Brocard-Gifford et al., 2003;
Lara et al., 2003; Zahn et al., 2005; Zhang et al., 2005;
Nakashima et al., 2006).

Due to partial functional redundancy and the
overlapping expression patterns of the B3 AFL genes
(Roscoe et al., 2015), it is difficult to infer the specific in
planta function of each AFL from genetic analyses. In
the same line, ectopic overexpression of one of these
proteins may trigger aspecific B3 effects, as observed
previously with various transcriptional regulators (Xu
et al., 2014), leading to possible misinterpretation. In
order to decipher the specific role of each B3 AFL, we
first conducted comprehensive analyses of the DNA-
binding specificity of these proteins in vitro. In paral-
lel, a functional analysis of the promoter of a known
target of these AFLs, OLE1 (At4g25140), was carried
out in planta. Interactions of the AFLs with the puta-
tive cis-regulatory elements identified in this promoter
were then investigated both in planta and in the moss
Physcomitrella patens protoplasts. Last, the molecular
interactions between the B3 AFLs and other transcrip-
tional regulators like LEC1 were analyzed in moss pro-
toplasts and in vitro. The results obtained showed that a
regulatory complex comprising LEC2, ABI3, LEC1, and
NF-YC2 is responsible for the synergistic effects of the
L-AFL regulators. These results provide new insights
into our understanding of the molecular mechanisms
underpinning the transcriptional control of maturation-
related genes in Arabidopsis.

RESULTS

Comprehensive Characterization of the DNA-Binding
Sites of LEC2, ABI3, and FUS3 in Vitro

The DNA-binding sequences of the three AFL
regulators were investigated in vitro using either
high-throughput selection of ligand by exponential
enrichment (SELEX) or protein-binding microarrays
(Godoy et al., 2011; Franco-Zorrilla et al., 2014). The
results confirmed that the three factors bind rela-
tively similar elements made of a core 4-bp sequence
(59-CATG-39) flanked by nucleotides whose relative
importance differs depending on the protein consid-
ered (Fig. 1; Supplemental Fig. S1A). FUS3 has a
strong requirement for the two positions flanking the
core sequence (59-GCATGC-39), whereas the specificities
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of ABI3 and LEC2 are more relaxed, since these proteins
only require the 4-bp core sequence. These analyses
provided us with models (PWMs) for the DNA-binding
specificities of the B3 AFLs that could be used to identify
putative binding sites in the regulatory regions of their
target genes. OLE1, which encodes an oleosin partici-
pating in TAG storage in maturing embryos, is a known
target of the B3AFLs (Braybrook et al., 2006;Mönke et al.,
2012). Scanning of a 257-bp OLE1 promoter with these
models resulted in the identification of threeRY-like (RYL)
elements (Fig. 1B; Supplemental Fig. S1B). The same sites
were identified for ABI3, LEC2, and FUS3. In order to
investigate the functions of these elements in vivo, a
functional analysis of theOLE1 promoter was carried out.

Functional Dissection of the OLE1 Promoter in Planta

A deletion series of the OLE1 promoter was fused
translationally to the uidA reporter gene and stably in-
troduced into plants. For each construct, at least 14 (and
up to 38) independent transformants were obtained
and analyzed for GUS activity (Fig. 2A). Both 526- and

257-bp fragments yielded strong activation of the
reporter gene in maturing embryos. Deletion to po-
sition 2220 clearly decreased GUS activity. Further
deletions to positions 2187 and 2140 resulted in a
complete loss of activity. In light of these observa-
tions, the minimal 257-bp OLE1 promoter fragment
was analyzed further. This promoter region contained
the three RYL motifs, named RYL1 (59-TGCATGAT-39),
RYL2 (59-TGCATGGT-39), and RYL3 (59-CACATGCA-
39), that were identified previously as putative binding
sites of the B3 AFLs (Fig. 1B). These elements share a
common 59-CATG-39 sequence that fits well the con-
sensus binding site determined for LEC2, ABI3, and
FUS3 (Fig. 1A). This sequence is present in the four top-
scoring motifs bound by FUS3 and ABI3 (Supplemental
Fig. S1A). Interestingly, this promoter also contained
three G box-like elements (GBL), two of those (GBL1
and GBL2) fitting perfectly the known consensus (59-
CACGTG-39) and the third one (GBL3) harboring a dif-
ferent nucleotide composition (59-AACGTG-39; Fig. 1B).

Different mutated versions of the OLE1 minimal
promoter (Supplemental Fig. S2) cloned upstream of
the uidA reporter gene were stably introduced into
Arabidopsis (Fig. 2, B and C). Mutation of one (mut H,
F, and G) or two (mut I, J, and K) RY elements did not
strongly affect the activity of the promoter, even though
mutation of the RYL2 element led to slight and repro-
ducible reduction of this activity (mut F, I, and J).
Mutations of the three RYL elements (mut L) almost
completely abolished the activity of the promoter.
These results demonstrated a partial functional re-
dundancy between the three elements in planta and
confirmed the requirement for at least one RYL cis-
regulatory element within the promoter of OLE1 for
its activation in maturing embryos. Similar analyses
for the GBL elements (mut A, 3, B, C, D, E, and 2)
demonstrated that at least two GBLs are required for
proper promoter activity. These results confirmed the
importance of the GBL elements, which also display
partial functional redundancy. Interestingly, combin-
ing the mutations of two RYL and one GBL elements
yielded contrasting results ranging from no activation
(mut Q, R, and S) to slightly decreased activation in
comparison with the native promoter (mut M, N, P, T,
U, and W), showing that not all combinations of RYL
and GBL elements are equivalent in planta (Fig. 2D).
Taken together, these results demonstrated both the
partial redundancy and functional interactions of the
RYL and GBL elements for the transcriptional activa-
tion of OLE1 in Arabidopsis embryos.

Synergistic Effect of the L-AFLs on the Activation of the
OLE1 Promoter

The ability of each transcriptional regulator to activate
the OLE1 promoter was investigated in the moss
P. patens following a procedure established by Thévenin
et al. (2012). The regulators were transiently expressed in
the presence of a reporter GFP placed under the control

Figure 1. Characterization of the B3 AFL-binding sites. A, Logos rep-
resenting the DNA-binding specificities of ABI3, FUS3, and LEC2 as
identified in vitro. Sequences presented for FUS3 and ABI3 correspond
to the top-scoring 8-mers obtained for these proteins in protein-binding
microarray assays; their corresponding position weight matrices
(PWMs) were used for logo representations. The motif presented for
LEC2 was derived from high-throughput SELEX experiments using
MEME (see “Materials andMethods”). Scores are in arbitrary units (bits).
B, Positions of the different cis-regulatory elements identified in the
OLE1 promoter. The RYL elements identified using PWMs obtained in A
are highlighted in blue, whereas GBL elements identified using PLACE
(http://www.dna.affrc.go.jp/PLACE/index.html) are highlighted in red.
Numbers placed above the DNA sequence indicate nucleotide posi-
tions from the translational start site.
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Figure 2. Functional dissection of the OLE1 promoter in planta. A, At top is a schematic representation of the RYL and GBL
elements identified within the OLE1 promoter sequence. A series of 59 deletions was generated, and translational fusions to the
uidA gene were prepared. The corresponding transgenic embryos were assayed for GUS activity at the torpedo, bent-cotyledon,
andmaturing stages. The length of the promoter tested is indicated at left. B and C, Mutations of the RYL (B) andGBL (C) elements
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of a 257-bp-long OLE1 promoter that contained all reg-
ulatory elements (Fig. 3 and supplemental Fig S3.). The
results obtained showed that LEC2, ABI3, and FUS3 are
able to induce the activity of this promoter. The strongest
activationwas observedwithABI3 and theweakestwith
FUS3. When expressed alone, LEC1 had no effect on the
activity of the OLE1 promoter. Combinations of tran-
scription factors were then assayed. LEC2 and ABI3
synergistically activated the expression of the reporter
gene. LEC1 further enhanced this transcriptional activ-
ity, whereas FUS3 did not (FUS3, therefore, was ex-
cluded from the next experiments).
The specific role of an amino acid residue (Asp-55)

important for LEC1 function (Lee et al., 2003) and pre-
sent in LEC1 but not in the homologous proteinNF-YB7
(Asp being changed to Lys) was then investigated.
LEC1, but neither NF-YB7 nor a mutated version of
LEC1 (LEC1m D55K), could enhance the activity of the
transcriptional complex, demonstrating the importance
of residue Asp-55 in this activation (Fig. 4).
The synergistic effect observed between LEC1, LEC2,

andABI3 could result from an enhanced transcriptional
activity of ABI3 or LEC2 or from changes in their DNA-
binding properties within the complex. LEC1 also could
affect promoter activity by providing, directly or indi-
rectly, additional activation domains to the complex.
To test the first hypothesis, ABI3 and LEC2 were fused
to VP16, a strong transcriptional activation domain
(Sadowski et al., 1988; Wilde et al., 1994; Parcy et al.,
1998). Fusion proteins were expressed alone or in com-
bination with LEC1 to test whether LEC1 still increased
the transcriptional activity of complexes containing tran-
scription factors fused to VP16 (Supplemental Fig. S4).
VP16-LEC2 exhibited a stronger transcriptional activity
than LEC2, demonstrating that the VP16 domain was
fully active (Supplemental Fig. S4A). Yet, the addition of
LEC1 further enhanced the activity of the VP16-LEC2-
containing complex, suggesting that enhancement of the
complex activity by LEC1 did not result from an increase
in the transcriptional activity of LEC2 itself. A negative
effect of the VP16 domain on ABI3 activity (lower acti-
vation of ProOLE expression, either alone or in combi-
nation with LEC1 or LEC2) prevented us from drawing
any conclusion concerning ABI3 (Supplemental Fig. S4B).

Functional Interactions of the L-AFLs with the
cis-Regulatory Elements of Oleosin Promoters

To study the interactions between the L-AFL complex
and the cis-regulatory elements of its target promoters,

we first performed activation assays in moss proto-
plasts using the promoters of two oleosin genes closely
related toOLE1, namelyOLE2 andOLE3. The promoter
sequences of OLE1 and OLE3 both display repeats of
RYL and GBL domains close to the translational start
codon (Supplemental Fig. S5). On the contrary, RYL
and GBL elements are scattered over a longer distance
in ProOLE2. ProOLE2 was weakly induced by the
L-AFL complex, whereas a strong and synergistic in-
duction of ProOLE3 by the L-AFLs was observed,
similar to the one reported previously for ProOLE1.
These results showed that the relative positions of RYL
and GBL elements within a promoter sequence dra-
matically affect the ability of the L-AFL complex to
activate this promoter.

To further elucidate the interactions existing between
the regulators under study and the cis-regulatory el-
ements characterized, activation assays were then
performed using mutagenized versions of the OLE1
promoter (Supplemental Fig. S2). The activation of
mutagenized promoter versions by LEC2, ABI3, or a
combination of the three regulators LEC1, LEC2, and
ABI3 was tested (Fig. 5). Mutation of a single RYL el-
ement (mut H, F, or G) had limited impact on the ac-
tivation by ABI3 or by the combination of the three
proteins, whereas activation by LEC2 alone was
strongly decreased. Mutation of two or three RYL el-
ements (mut I, J, K, and L) dramatically affected the
ability of the transcriptional regulators, alone or in
combination, to activate the promoter. Mutations af-
fecting the GBL1 or GBL3 element (mut A and B) did
not affect the induction of the reporter gene by the
regulators tested, whereas mutation of the GBL2 ele-
ment (mut 3) affected its induction by the complex
(Fig. 5). Consistent with the results observed in planta,
deletion of the three GBL domains dramatically af-
fected promoter activity (mut 2). Taken together, these
results confirmed the functional interactions between
the L-AFL complex and the RYL and GBL elements
under study in the OLE1 promoter sequence. They
also established the strong requirement of LEC2 for
RYL elements to activate a promoter.

Molecular Interactions between the L-AFL Regulators and
the OLE1 Promoter

The ability of L-AFL proteins to interact physically
with the OLE1 promoter was tested in vitro by elec-
trophoretic mobility-shift assay (EMSA; Supplemental
Fig. S6). Both LEC2 and ABI3 proteins were able to

Figure 2. (Continued.)
were generated in the context of the 257-bp OLE1 promoter, and translational fusions to the uidA gene were prepared. The
corresponding transgenic embryos were assayed for GUS activity. D, Combinations of mutations affecting GBL and RYelements
were generated in the context of the 257-bp OLE1 promoter, and translational fusions to the uidA gene were prepared. The
corresponding transgenic embryos were assayed for GUS activity. From left to right are the name of the mutagenized promoter
under study, a schematic representation of the promoter with mutagenized elements in black, representative photographs of
stained embryos at three different stages of the maturation process, and a bar graph showing the partition of staining intensities
(from 0 = colorless to 4 = intense staining) among a population of n independent transformants.
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interact with the ProOLE1 double-stranded probe
(Supplemental Fig. S6, left). Surprisingly, LEC1 also
was able to bind ProOLE1 in vitro, although LEC1 has
never been reported to bind DNA before. A supershift
(Supplemental Fig. S6, arrows) was detected when
LEC1 and LEC2, or LEC1, LEC2, and ABI3, were tested
in combination, but not when LEC1 and ABI3, or LEC2
and ABI3, were mixed together. The intensity of this
supershift appeared to be well correlated with LEC1
abundance (Supplemental Fig. S6, right). Competition
experiments with wild-type nonlabeled probe demon-
strated the specificity of these interactions.

Molecular Interactions between the L-AFL Regulators

Interaction studies between the four regulators were
first investigated using a yeast two-hybrid approach
(Supplemental Fig. S8). Due to a strong autoactivation
of the reporter genes by LEC2 and ABI3 fused to the
GAL4 DNA-binding domain, only a limited subset of
interactions could be tested. No interaction was detected
(Supplemental Fig. S8A) except the homodimerization of
LEC1 (Supplemental Fig. S8B). This homodimerization
was not affected by the D55K mutation.

To test other interactions between the regulators,
pull-down experiments were performed with recom-
binant hemagglutinin (HA)- or Myc-tagged proteins
coexpressed inArabidopsis protoplasts in the presence of
a plasmid carrying the OLE1 promoter. Proteins were
immunoprecipitated using anti-HA antibodies and pro-
tein G-agarose beads. The immunoprecipitated proteins
were then analyzed by western blot using both HA an-
tibodies (as a control for immunoprecipitation) and anti-
Myc antibodies to discover coprecipitated partners (Fig.
6; Supplemental Fig. S7). No interaction was detected
using LEC1, LEC2, or ABI3 (Supplemental Fig. S8). Be-
causeNF-YC, amember of theNF-Y complex,was shown
previously to interactwith LEC1 (Hackenberg et al., 2012),

it was subsequently included in the experiments. Pairwise
interactions were thus observed between NF-YC2 and
LEC1 (or LEC1m D55K; Supplemental Fig. S6, A–C) but
notwith LEC2 (Supplemental Fig. S6, C andD). Then,NF-
YC2, LEC2, and LEC1 (or LEC1m) were coexpressed si-
multaneously in the presence of the OLE1 promoter. A
strong band and a faint band corresponding toMyc-LEC1
(or LEC1m) and Myc-LEC2, respectively, were repro-
ducibly detected in the immunoprecipitated fraction (Fig.
6B, bottom, columns 1 and 2, respectively). This result
demonstrated that the three proteins can form a ternary

Figure 3. Synergistic effects of LEC2, LEC1, and ABI3
on the activation of ProOLE1 in moss protoplasts.
Transient expression assays were carried out in moss
protoplasts. GFPactivity was measured in protoplasts
transfected with the ProOLE1-257:GFP reporter and
constructs allowing the expression of B3 AFL (LEC2,
ABI3, or FUS3) or LEC1, alone or in combination.
Means of at least three replicates 6 SD are presented.
AU, Arbitrary units; NS, nonsignificant. Asterisks in-
dicate significant differences. *P value 5%, ***P value
0.1%. Statistical analysis is provided in Supplemental
Table S3.

Figure 4. Enhanced activation of ProOLE1 by NF-YB proteins is specific
to the LEC1 type. Transient expression assays were carried out in moss
protoplasts. GFPactivity was measured in protoplasts transfected with the
ProOLE1-257:GFP reporter and constructs allowing the expression of LEC2,
ABI3, and LEC2 and ABI3 together with different NF-YB proteins, namely
LEC1, NF-YB7 (At2g13570), and LEC1m (LEC1 D55K). Means of at least
three replicates 6 SD are presented. AU, Arbitrary units; NS, nonsignifi-
cant. Asterisks indicate a significant difference. ***P value = 0.001. Sta-
tistical analysis is provided in Supplemental Table S3.
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complex with the OLE1 promoter. Moreover, the detec-
tion of LEC2 was affected when replacing LEC1 by
LEC1m (Fig. 6).

DISCUSSION

Genetic analyses have unraveled functional inter-
actions occurring in Arabidopsis seeds between the
L-AFLs and the transcriptional regulation they exert,
being mediated through RYL and GBL cis-regulatory
elements present in their target promoters. Molecu-
lar analyses then established that the three B3 AFL reg-
ulators can bindRYL elements in vitro or in Saccharomyces
cerevisiae. More recently, interactions of ABI3 and FUS3
withRYLandGBLdomainswere demonstrated in planta
by chromatin immunoprecipitation (ChIP) approaches

(Wang and Perry, 2013), although the binding to cis-
regulatory elements reported in these experiments
could be direct or indirect. Here, we bring new insights
into the functional andmolecular interactions between
B3 AFLs and LEC1 (NF-YB9) on one side and between
these regulatory proteins and the different RYL and
GBL cis-regulatory elements present in their target
promoters on the other side.

RY and G Boxes Are Involved in the Regulation of OLE1
Expression in Maturing Embryos

We have conducted comprehensive in vitro analyses
of DNA sequences bound by the B3 AFLs LEC2, ABI3,
and FUS3 and showed that they recognize a similar 6-bp
consensus sequence (59-gCATGc-39), which encompasses
the core RY motif 59-CATG-39. Specific binding of FUS3

Figure 5. Importance of the RYL and GBL cis-
regulatory elements in the activation of proOLE1
by the L-AFLs in moss protoplasts. At top is a
schematic representation of the RYL (RYL1–RYL3)
and GBL (GBL1–GBL3) elements identified in the
minimal OLE1 promoter. At bottom are results
from transient expression assays carried out in
moss protoplasts with different mutagenized ver-
sions of the OLE1 promoter. GFP activity was
measured in protoplasts transfected with the
ProOLE1:GFP reporter and constructs allowing
the expression of LEC2, ABI3, or a combination of
LEC2, LEC1, and ABI3. From left to right are the
name of the mutagenized promoter under study, a
schematic representation of the promoter with
mutagenized elements in black, and a bar graph
showing fluorescence intensities in moss proto-
plasts expressed as a ratio of the intensity mea-
sured with and without expression of the L-AFLs.
Statistical analysis is provided in Supplemental
Table S3.
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to the RY element has been shown by band-shift assays
(Reidt et al., 2000) or biacore (Mönke et al., 2004), and the
59-CATGCA-39 motif was found overrepresented within
sequences boundbyFUS3 (Wang andPerry, 2013). In our
data, FUS3 exhibits a strong affinity for a longer con-
sensus, namely 59-cGCATGCg-39, that fits well the ChIP
data of Wang and Perry (2013). Overall, the core RY se-
quence is always identified for the three B3 domain-
containing factors with few differences in the 59 and 39
ends of the core sequence. Scanning of theOLE1minimal
257-bp promoter sequence with the PWMs led to the
identification of three peaks, matching with RYL do-
mains. Interestingly, a comparison of the promoter
structures of the relatedOLE1,OLE2, andOLE3 genes, all
induced in maturing seeds and regulated by ABI3
(Mönke et al., 2012), revealed contrasting organizations
of their RYL andGBLmotifs. The promoters ofOLE1 and
OLE3 displayed similar arrangements of GBL and RYL
elements close to the translational start site and exhibited
a similar synergistic induction by the L-AFLs in moss
protoplasts. On the contrary, this synergistic activation
was not observed with the OLE2 promoter, where GBL
and RYL motifs are scattered over a long distance. These
results and others (Che et al., 2009; Wang and Perry,
2013) emphasize the importance of the organization of
RYL and GBL elements for the efficient activation of
maturation-related genes by the L-AFLs. Further analy-
ses with mutagenized versions of ProOLE1 carried out in
vivo (both in moss protoplasts and in planta) confirmed
the importance of RYL and GBL elements for mediating
the induction by L-AFLs. At least one RYL and two GBL
domains are required for proper ProOLE1 activity in
planta. Nevertheless, it is still unknown whether the B3
AFLs can directly bind a GBL element. Although a direct

interaction cannot be excluded, neither our in vitro ex-
periments nor recent ChIP analyses carried out with
FUS3 (Mönke et al., 2004;Wang and Perry, 2013) support
this idea. Rather, one can hypothesize that additional
factors such as bZIPs are necessary for direct binding of
the GBL elements. In agreement with this, the involve-
ment of bZIP proteins in the accumulation of reserves
during seed maturation is well established (for review,
see Kroj et al., 2003; Vicente-Carbajosa and Carbonero,
2005). What is more, interactions between bZIPs and
ABI3 were reported (Lara et al., 2003; Alonso et al., 2009),
and some bZIPs (e.g. bZIP67 and bZIP28) already have
been demonstrated to interact with LEC1 to activate
seed-specific promoters (Yamamoto et al., 2009; Liu and
Howell, 2010). Consistent with this hypothesis, bZIP
homologs have been described in P. patens (Yotsui et al.,
2013),whichmayexplainwhy the L-AFL system requires
GBL elements for a stronger activation of the ProOLE1
promoter.

Specific Roles of the B3 AFL Regulators

B3 proteins are classified into five subfamilies (Auxin
Response Factor, Reproductive Meristem, High Level
of Suc Inducible, Related to ABI3/VP1, and ABI3;
Yamasaki et al., 2004), each subgroup exhibiting dis-
tinct DNA-binding characteristics (Boer et al., 2014;
Franco-Zorrilla et al., 2014). They share a conserved B3
DNA-binding domain and can contain additional do-
mains (e.g. B1 and B2) involved in protein-protein in-
teractions (Romanel et al., 2009). The B3 AFLs, namely
ABI3, LEC2, and FUS3, belong to the same subclass of
ABI3-related transcription factors. Genetic and molec-
ular analyses have demonstrated that these B3 AFL
proteins have partially overlapping though nonidenti-
cal functions in planta (To et al., 2006; Mönke et al.,
2012; Wang and Perry, 2013). Our results show that the
three transcription factors can activate the OLE1 pro-
moter at similar levels when expressed alone in moss
protoplasts. Nevertheless, only ABI3 and LEC2 display
clear synergistic effects. The differential ability of these
actors to cooperate and/or to be part of common tran-
scriptional complexes may explain why their functions
are not identical. Different DNA-binding properties or
protein-protein interaction capacities may constitute
the molecular bases explaining these different be-
haviors. Nonoverlapping expression patterns of these
transcriptional regulators also may play a part in speci-
fying their functions in developing embryos.

LEC1 Acts Synergistically with LEC2 and ABI3

LEC1 (NF-YB9) is a member of the NF-YB protein
family, which encodes components of an NF-Y regu-
latory complex (comprising NF-YA, NF-YB, and NF-
YC subunits) involved in the recognition of the CCAAT
box in yeast (Ronchi et al., 1995; Mantovani, 1999;
Motta et al., 1999; Romier et al., 2003). With regard to

Figure 6. Interaction of LEC1, LEC2, and NF-YC2 in pull-down exper-
iments. Coimmunoprecipitation experiments were performed using
native or mutated LEC1 (LEC1m D55K) as a bait and LEC2 as a prey in
the presence (or absence) of NF-YC2 and of a proOLE1:GFP construct.
HA- and Myc-tagged proteins were coexpressed in Arabidopsis proto-
plasts and unraveled by western blot using anti-Myc and anti-HA an-
tibodies, respectively. INPUT, 2% of the full protein extract; IP,
immunoprecipitated sample. Asterisks indicate heavy (black) and light
(red) chains of the antibody used for immunoprecipitation.
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the large number of NF-Y genes present in plant ge-
nomes (in comparison with mammals and fungi), other
roles have been postulated for these proteins in plants
(Gusmaroli et al., 2001, 2002; Petroni et al., 2012).
Members of the NF-YB family have thus been shown to
work through mechanisms independent from the
CCAAT box and to interact with proteins other than the
NF-Ys (Masiero et al., 2002; Wenkel et al., 2006; Liu and
Howell, 2010; Li et al., 2011). Similarly, LEC1 interacts
functionally with ABRE-binding bZIP67 and bZIP28 to
directly activate seed-specific genes (Yamamoto et al.,
2009; Liu and Howell, 2010; Mendes et al., 2013).
In a somehow similar manner, this study establishes

that LEC1, although unable to activate the OLE1 pro-
moter alone, enhances the transcriptional activity of
LEC2 andABI3. Interestingly, NF-YB7, amore distantly
related protein used as a negative control, and a mu-
tated version of LEC1 (D55K) did not. These results
emphasized the importance of the amino acid Asp-55 in
LEC1 for exerting a synergistic effect with LEC2 and
ABI3. Consistent with these results is the role played by
the Asp-55 residue in LEC1 function in planta (Lee
et al., 2003).
To further elucidate the role of LEC1 in the syner-

gistic activation of ProOLE1 by the L-AFLs, we tested
the effect of LEC1 acting in concert with B3 AFL pro-
teins fused to the strong VP16 activation domain.
Consistent with previous negative results obtained
with VP16-ABI3 in yeast one-hybrid experiments (Kroj
et al., 2003), the lack of activity of the chimerical protein
prevented us from drawing any conclusion concerning
ABI3. On the contrary, VP16-LEC2 was highly func-
tional, and its activity was still further enhanced by the
addition of LEC1, suggesting that the role of LEC1 in
the complex is not to stimulate the transcriptional ac-
tivity of individual B3 AFLs. Instead, LEC1 may favor
the stability of the multiprotein complex, enhance the
DNA-binding efficiency of the B3 AFLs, or provide
additional activation domains to the complex.

LEC1 and LEC2 Can Form a Ternary Complex in the
Presence of NF-YC2

The tagged recombinant LEC1 and LEC2 proteins
produced in Arabidopsis protoplasts can be coimmu-
noprecipitated when coexpressed with NF-YC2. Inter-
estingly, the D55Kmutation of LEC1 strongly impacted
the coimmunoprecipitation of LEC2. This result is
consistent with the lack of activity of the mutated
LEC1m (D55K) and of NF-YB7 (Lys-55) in moss pro-
toplasts. Then, homodimerization of LEC1 was dem-
onstrated in yeast two-hybrid experiments. Taken
together, these results provide some molecular bases
for the key role played by LEC1 in structuring a com-
plex (comprising NF-Y proteins and B3 AFLs) that is
essential for the control of seed maturation (Lee et al.,
2003). TheAsp-55 residue found in LEC1 is of particular
importance for the recruitment of LEC2 in the presence
of NF-YC2. Interestingly, this amino acid is specific to

LEC1 and L1L, which are evolutionarily closely related
and functionally redundant proteins (Kwong et al.,
2003; Xie et al., 2008; Laloum et al., 2013).

A Model for the Transcriptional Activation of Maturation-
Related Genes by the L-AFLs

Taken together, the results of this study provide some
important new insights into the molecular mechanisms
underlying the partially overlapping functions of the B3
AFLs and the specific role of LEC1 in maturing seeds.
They allow us to propose a model for the transcriptional
activation of seed genes by LEC1, LEC2, ABI3, and NF-
YC2 proteins through the formation of regulatory com-
plexes (Fig. 7). In this model, LEC2 and ABI3 can bind
RYL elements directly and independently. LEC1, which
is able to form homodimers, also participates in the
complex, and the amino acid Asp-55 of the protein is
essential for LEC1 function through its synergistic action
with LEC2 and ABI3. LEC1, as an NF-YB subunit, is
expected neither to activateDNA transcription alone nor
to directly bind DNA. In this respect, the shifted band
obtained with LEC1 in gel-shift assays is surprising.
LEC1 and L1L differ from the other NF-YB subunits and
exhibit specific amino acid residues, some of which are
essential for their activity. It might be that some of these
residues may confer DNA-binding properties to LEC1.
This aspect should be investigated further by performing
a thorough structure-function analysis of the protein.
Regardless of these DNA-binding capabilities, LEC1 re-
mains unable to activate transcription by itself.

NF-YC2, which is also part of the complex, interacts
with LEC1 (Calvenzani et al., 2012) and is essential for
the formation of LEC1/LEC2/NF-YC2 ternary com-
plexes in the presence of a target promoter in pull-down
assays (Fig. 6). This role of NF-YC2 is consistent with its
previously described involvement in the interactions
between LEC1 and bZIP67 (Yamamoto et al., 2009). To
explain the enhanced transcriptional activity of LEC2
and ABI3 by LEC1 observed in transient activation

Figure 7. Model for the transcriptional regulation of OLE1 expression
by the L-AFL proteins. In thismodel, LEC2 andABI3 transcription factors
directly and independently bind DNA and have a synergistic effect,
together with LEC1, on the activation of the ProOLE1 promoter. This
may be due to their cooperating in amultiprotein complex, as shown by
pull-down assays that unraveled the occurrence of LEC1/LEC2/NF-YC2
ternary complexes. bZIPsmay play a role in this complex, although they
were not tested in this study. D, Asp involved in the activity of LEC1;
blue bars, RYL element; red bars, GBL element.
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assays carried out in moss in the absence of AtNF-YC2,
one has to consider that, whereas moss does not possess
NF-YBs of the LEC1 type (containing the Asp-55 resi-
due instead of a Lys; Kirkbride et al., 2013; Cagliari
et al., 2014), NF-YA and NF-YC genes are present in
moss and may substitute for their Arabidopsis coun-
terparts. No direct evidence of direct or indirect binding
between LEC1 and ABI3 could be obtained so far, de-
spite the enhanced ABI3 activity observed in the pres-
ence of LEC1 in moss. Complementary analyses will be
required to elucidate the molecular bases of this func-
tional interaction.

A potential limit to the use of P. patens for performing
activation studies may reside in the presence of endoge-
nous transcription factors, such as B3s or bZIPs, that may
be able to bindArabidopsis promoter sequences and thus
interfere with the candidates under study. Thirty-three
B3 genes can be found in P. patens, seven of which be-
long to the ABI3-related or HIS families (Romanel et al.,
2009). A gene homologous to ABI3 was even identified
that partially complements the Arabidopsis abi3-6 mu-
tant (Marella et al., 2006). PpABI3 was shown to interact
cooperatively with PpNF-YC1 through the ACTT core
element, which is different from the ATGC core of RY
elements and the ACGT core of G boxes (Yotsui et al.,
2013). As for bZIPs, the transcripts of which have been
identified in P. patens (Richardt et al., 2010), it is difficult
to speculate on their ability to interact with the system
under study only on the basis of sequence similarities.
Even if the possibility of PpB3s or PpbZIPs binding to
ProOLE promoters cannot be ruled out (see above), the
very low expression level of the reporter gene when the
reporter construct was introduced alone inmoss strongly
suggests that the effect of endogenous P. patens factors
alone is extremely limited.

In conclusion, this study reveals that the molecular
mechanisms underpinning the transcriptional activa-
tion of maturation-related genes in seeds are much
more complex than previously thought. They involve a
set of protein partners assembled in a multiprotein
complex, the structure of which may vary depending
on the target promoter and the cell type considered.
Aside from this modular organization, specific post-
translational modifications of the components also may
contribute to regulate the activity of the complexes and
remain to be investigated.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Arabidopsis (Arabidopsis thaliana) seeds of the accession Columbia were
obtained from the Plant Observatory, Biological Resource Center (Institut Na-
tional de la Recherche Agronomique). Plants were cultured as described pre-
viously (Baud et al., 2002). Material used for RNA extraction was frozen in
liquid nitrogen immediately after harvest and then stored at 280°C.

Constructs for Plant and Moss Transformation

All the primers used in thiswork are described in Supplemental Table S1. For
deletions of the OLE1 promoter (ProOLE1), genomic DNA was PCR amplified

with Phusion High-Fidelity DNA Polymerase (Finnzymes) using primers car-
rying B1 and B2 Gateway recombination sites (Life Technologies). PCR pro-
ducts were cloned by BP recombination (according to the manufacturer’s
recommendations) into the entry vector pDONR207 and then LR recombined
into the destination vector pBS TPp-B for protoplast expression (Thévenin et al.,
2012) or pBI101-R1R2-GUS for plant transformation. Mutations of the ProOLE1
promoter cloned in pDONR207 were performed with the QuickChange Site
Directed Mutagenesis kit (Agilent) according to the manufacturer’s instruc-
tions. The mutations realized were as follows: GBL1*, ACGTG→AGTTG; GBL2*,
ACGTG→AGTTG;GBL3*, ACGTG→TTGTG; RYL1*, TGCATGAT→TACAACAT;
RYL2*, TGCATGGT→TACAACGT; and RYL3*, CACATGCA→CAGTTGTA (for
oligonucleotide sequences, see Supplemental Table S2).

AFL transcription factors were PCR amplified from complementary DNAs
(cDNAs) synthesized from RNAs extracted from developing seeds and BP
recombined into pDONR207 (for oligonucleotide sequences, see Supplemental
Table S1).

Expression in Plant and in Moss Protoplasts

For plant transformation, binary vectors were electroporated into Agro-
bacterium tumefaciens strain C58C1 (pMP90) and used for agroinfiltration of
Arabidopsis inflorescences (Bechtold et al., 1993). Primary transformants were
selected on Murashige and Skoog medium containing kanamycin (50 mg L21)
and then transferred to soil for further characterization. For each construct,
several independent transgenic lines were analyzed (at least 14 and up to 38;
Fig. 2). Transient expression in the moss Physcomitrella patens protoplasts
was performed as described (Thévenin et al., 2012). Briefly, transcription
factors were recombined into a specific vector (pBS TPp-A), allowing their
expression in moss protoplasts. The promoters were recombined in a second
vector (pBS TPp-B) upstream of a GFP reporter gene. Clones were selected
with carbenicillin (100 mg mL21). Moss was cultured on solid standard
PpNH4 medium (Trouiller et al., 2006).

Cytometry Analysis

The activation studies were based on the quantification of the fluorescent
signal in cotransformed protoplasts using a flow cytometer (Partec). Protoplasts
were analyzed as described by Thévenin et al. (2012). The instrument was
calibrated with calibration green beads (Sysmex-Partec; 05-4006). Transformed
protoplasts in suspension were filtrated with a 50-mm cell strainer to allow the
analysis of 20,000 to 250,000 events. All the graphs are presented as means of at
least three replicates 6 SD. The R stats package (https://www.r-project.org/)
version 3.2.1 was used for statistical analysis (R Core Team, 2015).

Microscopy and Image Analysis

Microscopic observationsof seeds andembryoswere carriedout asdescribed
previously (Baudetal., 2007). ForhistochemicaldetectionofGUSactivity, tissues
were incubated in 0.1 M phosphate buffer, pH 7.2, containing 2 mM 5-bromo-3-
indolyl-b-D-glucuronide (Duchefa), 0.1% (v/v) Triton X-100:water, 2 mM each
potassium ferrocyanide and potassium ferricyanide, and 10 mM Na2-EDTA. A
vacuum was applied for 1 h before incubating for 3 h at 37°C in the dark. After
incubation, the staining solution was removed and samples were cleared by
sequential changes of 75% and 95% (v/v) ethanol.

EMSA

The probe used comprised three GBL (underlined) and three RYL (boldface)
domains: 59-CAAACGTGTCTTTGAATAGACTCCTCTCGTTAACACATG-
CAGCGGCTGCATGGTGACGCCATTAACACGTGGCCTACAATTGCATG-
ATGTCTCCATTGACACGTGACT-39. It was obtained by annealing two
80-bp-long oligonucleotides exhibiting a 48-bp overlap that were 59 biotinylated
and synthesized by the Eurofins Company (59-ggCAAACGTGTCTTTGAATA-
GACTCCTCTCGTTAACACATGCAGCGGCTGCATGGTGACGCCATTAA-
CACGTGGCCTACA-39 and 59-ggAGTCACGTGTCAATGGAGACATCATGCAA-
TTGTAGGCCACGTGTTAATGGCGTCACCATGCAGCCGCTGCATGTGTTA-39).
The oligonucleotides were diluted and annealed for 5 min at 95°C in a PCR
thermal block. The sequences were then double stranded by the action of
Klenow enzyme (Klenow fragment; Thermo Scientific) for 1 h at room tem-
perature in order to obtain a 108-bp double-stranded biotinylated probe at a
concentration of 20 fmol mL21. Binding reactions were performed with the
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Shift Light Chemiluminescent EMSA kit (Thermo Scientific) and carried out
with a binding buffer (10 mM Tris, 150 mM KCl, 1 mM dithiothreitol, 0.05%
[v/v] Nonidet P-40, and 0.5 mg of poly [dI-dC], pH 7.5). One to 6 mg of
proteins was incubated for 5 min on ice in binding buffer before adding
20 fmol of biotinylated probe. The binding reactions were then incubated at
room temperature for 20 min in the dark. The competition reactions were
performed with a 25-fold increase of unlabeled probe. The electrophoresis
gel (5% acrylamide in 0.25% [v/v] glycerol and 0.53 Tris-borate/EDTA) was
subjected to a 60-min prerun at 120 V, and the binding reactions were loaded
onto the gel with 5 mL of loading buffer for 6 h of migration at 120 V and 4°C.
The gel was transferred to a GeneScreen plus DNAmembrane (Perkin-Elmer
Life Sciences) for 1 h at 25 V with 0.53 Tris-borate/EDTA using a Transblot
SD Semi Dry transfer cell system (Bio-Rad). DNA was cross-linked on the
membrane with a transilluminator for 60 s at 254 nm with the autocrosslink
function. The bands were revealed by chemiluminescence according to in-
structions of the Chemiluminescent Nucleic Acid Detection module kit
(Thermo Scientific) using the Fujifilm Las 4000 imaging system.

Expression and Purification of Recombinant Proteins

LEC1 and LEC2 coding sequences were PCR amplified from AFLs in
pDONR207 using primers carrying 59NcoI and 39 SalI restriction sites (for primer
sequences, see Supplemental Table S1). PCR products were ligated in the ex-
pression vector pETtrx-1a (Millipore) at the NcoI/XhoI sites with an N-terminal
His-thioredoxin tag inserted in the oligonucleotide sequence.ABI3 in pDONR207
was directly LR recombined into direpDest17 (Life Technologies) with an
N-terminal His tag inserted in the oligonucleotide sequence. Proteins were pro-
duced in Escherichia coli Rosetta [DE3, F2 ompT hsdSB(rB

2 mB
2) gal dcm (DE3)

pRARE (CamR)] and induced with 0.5 mM isopropyl-b-D-thiogalactopyranoside
(IPTG) at 28°C for 3 h, 17°C for 3 h, and 17°C overnight. Bacterial pellets were
sonicated in lysis buffer (20 mM Tris, 500 mM NaCl, 50 mM NaH2PO4, 10% [v/v]
glycerol, and 5mM imidazole, pH8). Lysateswere centrifuged at 21,000g for 45min
at 4°C. Soluble proteins were purified on nickel-nitrilotriacetic acid agarose
(Ni-NTA) resin (Bio-Rad) in lysis buffer with increasing concentrations of
imidazole (5–70 mM for washing and 300 mM for elution). Purified proteins
were then dialyzed in buffer (0.05 M phosphate, pH 7.2, 0.15 MNaCl, and 20% [v/v]
glycerol) at 4°C, concentrated on Amicon cell 10,000 MWCO (Millipore), and
finally quantified by the Bradford method (Bradford, 1976). After purification,
proteins were stored at 220°C before subsequent analyses.

Coimmunoprecipitation Experiments

TheHindIII/StuI fragments of the pGWB15 and pGWB18 vectors (Nakagawa
et al., 2007), containing promoter 35S/33 HA epitope/Gateway recombination
cassette/terminator and promoter 35S/43 Myc epitope/Gateway recombina-
tion cassette/terminator sequence, respectively, were cloned into HindIII/SmaI
sites of the pBluescript II KS + vector (Stratagene) and used as destination vectors
(pBS 35SHA-R1R2 and pBS 35SMYC-R1R2) for coimmunoprecipitation experi-
ments. LEC2, LEC1, andABI3 in pDONR207were recombined directly into these
destination vectors. NF-YC2 coding sequence was PCR amplified using primers
NF-YC2 FGWandNF-YC2RGW(for primer sequences, see Supplemental Table
S1) from an Arabidopsis Columbia cDNA library and recombined directly into
pDONR207 using BP Clonase, according to the manufacturer’s instructions. The
cDNAwas then further transferred into the destination vector using LR Clonase.

Cell suspension culture of Arabidopsis ecotype Columbia, subcultured
weekly in JPL medium (Takahashi et al., 2001), was used for the preparation of
protoplasts and transformations. Protoplasts were isolated and transfected by
the polyethylene glycol-mediated method (Kiegerl et al., 2000). After a 16-h
incubation, cells were harvested by centrifugation, and proteins were extracted
in an extraction buffer containing 25 mM Tris HCl, pH 7.7, 10 mM MgCl2, 15 mM

EGTA, 75 mM NaCl, 15 mM b-glycerophosphate, 0.1% (v/v) Tween 20,
10% (v/v) glycerol, 1 mM dithiothreitol, 1 mM NaF, 0.5 mM NaVO3, 0.5 mM

phenylmethylsulfonyl fluoride, and protease inhibitors (Complete; Roche).
From 500 mg of total protein extract of transfected Arabidopsis protoplasts,
HA-tagged proteins were immunoprecipitated with 500 ng of 3F10 anti-HA
monoclonal antibody (Roche) and washed three times with the extraction
buffer and once with 20 mM Tris-HCl, pH 7.5. Proteins bound to the beads
were eluted with 50 mL of SDS loading buffer. Coimmunoprecipitation of the
Myc-tagged proteins was revealed by SDS-PAGE followed by western blot
using the 9E10 anti-Myc monoclonal antibody (Roche Life Sciences) and ECL
detection (Amersham). The efficiency of the immunoprecipitation was tested
using HA-probe (Y-11) polyclonal antibody (Santa Cruz Biotech).

Yeast Experiments

LEC2, LEC1, and ABI3 in pDONR207 were directly LR recombined into
pDEST22 and pDEST32 vectors (Life Technologies) and stably cotransformed
into yeast. The yeast AH109 strain (Clontech) was grown on YPDA plates
(Clontech) at 28°C. A 2-d-old culture was collected and resuspended in 1 mL of
sterile water. The yeast was pelleted by centrifugation (at maximum speed for
15 s) and resuspended in 1 mL of 0.1 M lithium acetate in 13 Tris-EDTA solu-
tion. Five milligrams of each plasmid construct was mixed with 5 mL of carrier
DNA (Finnzymes, Fisher Scientific), 0.1 mL of yeast cell solution, and 0.6 mL of
40% [v/v] polyethylene glycol 4000/0.1 M lithium acetate/13 Tris-EDTA so-
lution. After a 30-min incubation at 28°C, the transformation mixture was heat
shocked at 42°C for 25 min. After centrifugation (at maximum speed for 15 s),
the pellet was resuspended in 250 mL of sterile water and plated onto synthetic
dextrose-Trp-Leu medium (Clontech). To analyze interactions, cotransformed
yeast cells were transferred to 100 mL of sterile water. Growth of a 5-mL yeast
solution was tested on selective medium. Colonies growing onmedium lacking
His or both His and Ala, and in the presence of various concentrations of 3-
aminotriazole, were considered as positive interactions.

Systematic Evolution of Ligands by Exponential
Enrichment Experiments (SELEX) for the LEC2 Protein

LEC2 coding sequencewas cloned inpET-trx 1a. LEC2proteinwas expressed
using E. coli strain Rosetta Blu (DE3). After induction by 0.5mM IPTG, cells were
grown overnight at 17°C under shaking. For cell lysis, the pellet of 1 L of culture
was sonicated in 35mL of loading buffer (500mMNaCl, 20mMTris‐HCl, pH 8, 5
mM imidazole, 5% [v/v] glycerol, and 5 mM tris(2-carboxyethyl)phosphine
TCEP) with one protease inhibitor cocktail tablet (Complete EDTA‐free; Roche)
and centrifuged for 40 min at 16,000g. The clear supernatant was incubated for
1 h with 1 mL of Ni-NTA resin (Qiagen). The resin was transferred into a col-
umn, washed with 15 mL of loading buffer and then 15 mL of washing buffer
(loading buffer with 20 mM imidazole), and eluted with 10 mL of elution buffer
(loading buffer with 300 mM imidazole). The protein concentration of each
fraction was estimated using the Bradford assay (Bradford, 1976).

For SELEX, a random library was first synthesized using the 73-mer
59-TGGAGAAGAGGAGAGATCTAGC(N)30CTTGTTCTTCTTCGATTCCGG-39
as a template with a fluorescent TAMRA-labeled forward primer (SElex-F) and
a nonlabeled reverse primer (SElex-R), as described previously (Moyroud et al.,
2011).

For each selection cycle, 1 mM protein was mixed with 10 nM fluorescent
double-stranded DNA in 225 mL of SELEX buffer (25 mM HEPES, pH 8, 1 mg
mL21 bovine serum albumin, 75 nM KCl, 10% glycerol, and 5 mM tris(2-
carboxyethyl)phosphine [TCEP]) with 60 mg mL21

fish sperm DNA added.
After a 15-min incubation under shaking at 4°C, 25-mLNi-NTAmagnetic beads
(Qiagen), previously equilibrated in SELEX buffer, were added to the reaction
mix to immobilize DNA/protein complexes via the His tag of the protein. After
30 min of incubation under shaking at 4°C, the reaction mix was placed on a
tube magnet for 1 min, and the supernatant was removed from the separated
beads to eliminate the unbound DNA. Six washes were performed subse-
quently at 4°C, each of them consisting of first adding 50 mL of SELEX buffer
and then 250 mL of SELEX buffer containing 20 mg mL21

fish sperm DNA.
Between the two buffer additions, an aliquot was taken to perform PCR (see
below). Each wash was followed by a 2-min incubation and 1 min on the tube
magnet to discard the supernatant, and finally, the magnetic beads were
resuspended in 50mL of SELEX buffer. Selected 73-mers were amplified by PCR
as described previously (Moyroud et al., 2011) using 1 mL of the magnetic beads
solution as a template. PCR products were quantified as described previously
(Moyroud et al., 2011), and the selection cycle was repeated two times, each
time using the newly synthesized fluorescent DNA as a library. The 73-mer
libraries obtained after three cycles of selection were used subsequently for
barcoding and high-throughput sequencing as described previously (Chahtane
et al., 2013). Sequenceswerefinally analyzedwithMEMEsoftware (http://meme.
nbcr.net/meme/cgi-bin/meme.cgi) to produce a PWM.

Protein-Binding Microarrays on ABI3-B3 and FUS3

The FUS3 coding sequence was PCR amplified using Phusion High
Fidelity DNA Polymerase (Thermo Scientific) and the oSB110R/oETH1132
primers. The amplified PCR product was subcloned into Zero Blunt (Life
Technologies) and further transferred into pETM-40 (Dümmler et al., 2005) at
NcoI-XhoI restriction sites to yield pETH221 expression vector, allowing the
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expression of FUS3 fused to a maltose-binding protein tag followed by a to-
bacco etch virus cleavage site.

The ABI3 B3 domain coding sequence was PCR amplified using Phusion
High Fidelity DNA Polymerase (Thermo Scientific) and the oSB109F/oSB109R
primers. The amplified PCR product was subcloned into Zero Blunt (Life
Technologies) and further transferred into pMAL-C5x (New England Biolabs)
at NdeI-NotI restriction sites to yield pETH214. This expression vector allows
the expression of the ABI3 B3 domain fused to a maltose-binding protein tag
followed by a Factor-Xa cleavage site.

These two proteins were expressed using E. coli strain Rosetta 2 (DE3). After
induction by 0.4 mM IPTG, cells were grown overnight at 17°C, and soluble
protein extracts were used for protein-binding microarray studies as described
previously (Godoy et al., 2011).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. E-score distribution of top four 6mers recognized
by FUS3 and ABI3.

Supplemental Figure S2. Schematic representation of the mutagenized
versions of the OLE1 promoter used in this study.

Supplemental Figure S3. Activation of the native or mutated OLE1 pro-
moter versions by LEC2 in moss protoplasts.

Supplemental Figure S4. Complementary analyses related to activation
studies in moss protoplasts.

Supplemental Figure S5. Test of synergistic effect of LEC2, LEC1, and
ABI3 on the activation of several oleosin promoters in moss protoplasts.

Supplemental Figure S6. In vitro binding of the L-AFLs to the OLE1
promoter.

Supplemental Figure S7. Complementary results to pull-down experiments.

Supplemental Figure S8. Study of protein-protein interactions in yeast.

Supplemental Table S1. Primers and genes used in this study.

Supplemental Table S2. List of primers used for site-directed mutagenesis
of ProOLE1.
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