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Biological functions of only some plant transcriptional repressors are known owing to the lack of
knockout lines or unclear phenotypes because of redundancy. Here we show that strong viral acti-
vation domain VP16 fusion to the transcriptional repressor FLOWERING LOCUS C reversed its func-
tion and caused a stronger phenotype than that of the multiple-knockout line of redundant genes,
suggesting the potential of this technique to identify transcription factor function that cannot be
detected in a single-knockout line. Loss-of-function of transcriptional coactivator Mediator25 did
not affect VP16 activity despite their in vivo interaction, suggesting the existence of other key mech-
anism(s) in plants.

Structured summary of protein interactions:
VP16 and Med25 physically interact by bimolecular fluorescence complementation (View interaction)
VP16 physically interacts with Med25 by anti tag coimmunoprecipitation (View interaction)

� 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction

Most single loss-of-function mutants in Arabidopsis do not show
any detectable phenotype because of gene redundancy [2], which
makes gene function analysis difficult. CRES-T (Chimeric REpressor
gene Silencing Technology) is one technique that solves such prob-
lems and is now widely used in basic and applied research
[16,26,27]. CRES-T is a powerful plant gene silencing system, which
converts a transcriptional activator into a strong repressor by
fusion with a plant-specific small repression peptide SRDX, which
contains the plant-specific repression motif xLxLxL named EAR
motif. CRES-T causes a strong, dominant phenotype, which can
often be observed only by multiple-knockout mutations of redun-
dant genes. However, this technique is ineffective for native tran-
scriptional repressors to cause thier knockout phenotypes, and
progress in transcriptional repressor functional analyses has been
hampered by gene redundancy. A promising technique besides
CRES-T is conversion of transcriptional repressors to activators by
fusion with the strong transactivation domain of VP16 (hereafter
called ‘‘VP16’’), which has been isolated from the herpes simplex
virus [41]. Several reports have shown that fusion with VP16 is
capable of turning a repressive transcription regulator into an acti-
vator, which causes a similar or stronger phenotype compared to
those of knockout Arabidopsis plants [21,12,6,40,10]. However, data
is lacking which compares the phenotype and target gene expres-
sion in multiple-knockout lines and the VP16-fusion line to show
how much the VP16 fusion system is capable of inducing a strong
phenotype, which can only be seen in multiple-knockout lines,
such as in the CRES-T system. In addition, Ohta et al. [32] reported
that VP16 transactivation activity is strongly inhibited by fusion
with the tobacco ETHYLENE RESPONSIVE ELEMENT BINDING FAC-
TOR 3 (ERF3) fragment containing a repression motif. This result
suggests that there are cases in which VP16 fusion to the transcrip-
tional repressor fails to convert the function. Furthermore, the
molecular mechanism of VP16 transcriptional activation in plants
is unknown. Therefore, it is important to evaluate the phenotype
and target gene expression in a VP16 fusion line and multiple-
knockout lines, and show how functional conversion by VP16
fusion occurs in plants.
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Fig. 1. 35S:FLC-VP16 plants flower early under long- and short-day conditions.
Flowering time distribution in 35S:FLC, 35S:FLC-VP16, and vector control plants
under long- (A) and short-day conditions (B). Total leaf numbers at the bolting stage
were counted, and plant numbers were normalized to adjust to that of the vector
control. n = 18–35.

3666 S. Fujiwara et al. / FEBS Letters 588 (2014) 3665–3672
Mediator, first identified in Saccharomyces cerevisiae [18,8], is
the central coactivator of transcription in eukaryotes ranging from
yeast to humans [37]. Mediator forms a large protein complex that
binds to the C-terminal domain of the RNA polymerase II holoen-
zyme, acting as a bridge between this enzyme and transcription
factors. Studies show that this complex influences almost all tran-
scription stages [3]. Mediator25 (Med25), a metazoan-specific
Mediator subunit, has been identified as a specific VP16 target in
mammalian cells and is critical for VP16 transactivation activity
[28,42]. The Med25 N-terminus is required for Mediator protein
complex formation, and the C-terminal activator-interacting
domain (ACID) is essential for interaction with VP16. The Arabidop-
sis Mediator complex components were identified by Bäckström
et al. in 2007. Interestingly, 21 of the components are relatively
conserved in other organisms, but another six are Arabidopsis spe-
cific. PHYTOCHROME AND FLOWERING TIME1 (PFT1, [4]) was
identified as Med25 in Arabidopsis based on the conserved N-ter-
minus. ACID of Med25 is less conserved between metazoans and
plants compared to the conservation among plants, suggesting a
plant-specific function or machinery. ACID of Arabidopsis Med25
interacts with many transcription factors in the yeast two-hybrid
system [35,5], suggesting its importance in transcriptional regula-
tion in plants. However, whether plant Med25 also interacts with
VP16 and whether it is required for VP16 transactivation activity
is unknown.

One of the most studied Arabidopsis transcriptional repressors is
FLOWERING LOCUS C (FLC), a MADS-box transcription factor
[24,39,7,13]. FLC is one of the main negative flowering regulators
that suppress the transition from the vegetative to the reproduc-
tive phase. FLC forms dimers and functions with other redundant
MADS-box proteins to suppress flowering by repressing the tran-
scriptions of floral activators, such as FLOWERING LOCUS T (FT), a
gene encoding florigen, and SUPPRESSOR OF OVEREXPRESSION OF
CO (SOC1), another MADS-box transcription factor [25,14,22,
23,9,11,38]). FLC knockout causes early flowering, and multiple
knockout mutants of FLC and its redundant gene SHORT VEGETA-
TIVE PHASE (SVP) show a stronger early-flowering phenotype under
short-day conditions. Although FLC expression regulation has been
analyzed in detail [7,13], the molecular mechanism by which FLC
represses the expression of these target genes is undefined. FLC
has a typical plant-specific repression motif xLxLxL (ELMLKL) in
its C-terminus [26]; however, whether this motif is required for
its transcriptional repression activity is unknown.

In this study, we clearly demonstrate that VP16 fusion to FLC
reversed its transcriptional repressor activity, leading to a stronger
early-flowering phenotype than that of a single FLC loss-of-func-
tion line and an flc svp double loss-of-function line. Our results sug-
gest the efficacy of VP16 fusion for transcriptional repressor
studies such as those using the CRES-T system. We also suggest
the involvement of Med25 and other unidentified mechanisms in
VP16-mediated transcriptional activation machinery in plants.

2. Materials and methods

2.1. Plant materials and growth conditions

All Arabidopsis thaliana plants used in this study were Columbia
ecotype. flc (flc-101) and svp (svp-32) were obtained from the Ara-
bidopsis Biological Resource Center. flc svp was generated by cross-
ing. Plants were grown at 22 �C under long-day (16-h light and 8-h
dark) or short-day conditions (8-h light and 16-h dark). Plants
were grown on Murashige and Skoog medium containing 0.8%
agar, 30 mg/l hygromycin, and 250 mg/l vancomycin. To observe
flowering, plants were grown on medium and transferred to soil
14–16 days after they started growing.
2.2. Vector construction

Information on the vectors used in this study is summarized in
Supplementary Table 1. The FLC or Med25 coding region, without a
stop codon, was amplified by polymerase chain reaction (PCR)
from an Arabidopsis cDNA library fusing Gateway attB1 and attB2
sequences (Life Technologies, Carlsbad, CA, USA) at the 50 and 30

ends, respectively, to prepare plasmids for constitutive expression
of FLC, FLC-VP16, FLC-SRDX, or FLAG-Med25. Each fragment was
cloned into pDONR207 (Life Technologies) and introduced into
the binary vectors pDEST_35S_3fstop_BCKH [33], pDEST_35S_
VP16_HSP_GWB5, pDEST_35S_SRDX_HSP_GWB5 (described
below), or pGWB11 [30], respectively, using Gateway LR Clonase
II (Life Technologies). The 35S promoter-omega-attR1-ccdB-
attR2-VP16 or 35S promoter-omega-attR1-ccdB-attR2-SRDX frag-
ments from pDEST35SVP16HSP [34] or pDEST_35S_SRDX_HSP
[33], respectively, were digested with Hind III and cloned into the
Hind III site of R4pGWB5_SRDX_HSP [33] after removing the
attR4-ccdB-attR2-SRDX fragment to construct pDEST_35S_
VP16_HSP_GWB5 and 35S_SRDX_HSP_GWB5.

DNA fragments of green fluorescent protein (GFP) or b-glucu-
ronidase (GUS) without a stop codon were amplified by PCR and
introduced into pDEST_35S_VP16_HSP_GWB5 (as described above)
to construct 35S:GFP-VP16 and 35S:GUS-VP16. The
pDEST_35S_VP16_HSP_GWB5 vector, without the LR reaction,
was used to generate vector control transgenic plants for flowering
and quantitative reverse-transcription PCR (qRT-PCR) analysis.
The FT or SOC1 3 kb promoter regions were amplified by PCR to
add the Gateway attB1 [33] and attB2 sequences cloned into
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pDONRG-P4P1R using the BP reaction (Life Technologies) and then
transferred into the R4L1pDEST_GLHSP vector by the LR reaction
for reporter plasmid construction. The HSP terminator fragment
fused with the Xba I/BamH I sites was amplified by PCR and cloned
into the Xba I/BamH I sites of pGL4.10 (Promega Inc., Madison, WI,
USA) to construct R4L1pDEST_GLHSP. The plasmid was digested
with Sfi I and ligated with the attR4-ccdB-attL1 fragment fused
with Sfi I sites, which were amplified from R4L1pDEST_GUS_BCKK
[34] by PCR. The primers used for PCR are shown in Supplementary
Table 2.

To construct binary vectors for the BiFC assay, the XbaI-SacI
fragment from nYFP/pUGW0 [31], nYFP/pUGW2, or cYFP/pUGW2
(Ito and Uemura, unpublished) was introduced into the XbaI-SacI
site of pDEST_35S_SRDX_HSP_GWB5 (described above), and then
the DNA fragment of FLC, FLC-VP16, VP16, GUS, or Med25 in
pDONR207 was introduced into the constructs using the LR reac-
tion. nYFP/pUGW0, nYFP/pUGW2 and cYFP/pUGW2 vectors were
produced by the same strategy as reported by Hino et al. [15].

2.3. RNA extraction and qRT-PCR

RNA extraction and qRT-PCR were performed as described pre-
viously [10]. The gene-specific primers used for qRT-PCR are
shown in Supplementary Table 2.

2.4. Transient effector–reporter analysis

Protoplasts were isolated from Arabidopsis mesophyll cells and
transiently transformed using the polyethylene glycol method
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Fig. 2. Early-flowering phenotype of 35S:FLC-VP16 plants is similar to or even stronger tha
and 35S:FLC-VP16 plants grown for 18 days under long-day condition. Bars = 1 cm. (B) Rel
plants. The plants were grown for 8 days under long-day conditions, and their whole seed
are shown for 35S:FLC and 35S:FLC-VP16 plants. Mean values of three replicates are shown
between the control and each value (P < 0.05). (C and D) Flowering time comparison of t
short-day (D) conditions. Mean values of total leaf numbers at bolting are shown. 35S:F
produced 60 leaves. Error bars represent standard deviation. Asterisks represent selecte
according to Yoshida et al. [43]. Firefly luciferase driven by FT or
SOC1 50 upstream 3 kb sequence was employed as a reporter. Along
with the reporter construct, 35S:FLC, 35S:FLC with an SRDX or VP16
binary vector was introduced as an effector. The plasmid construc-
tion is described in the ‘‘Vector Construction’’ section. A modified
Renilla luciferase gene (hRLUC; Promega) driven by the 35S pro-
moter (phRLHSP; [29] was used to normalize the reporter activity
as the internal reference.

2.5. Immunoprecipitation assay

Transient protein co-expression in Nicotiana benthamiana and
co-immunoprecipitation were performed as described previously
[20] with some modifications as follows. Dynabeads Protein A (Life
Technologies) was used for immunoprecipitation. Sodium dodecyl
sulfate–polyacrylamide gel electrophoresis was performed with e-
PAGEL (Atto, Tokyo, Japan), and the proteins were transferred to a
polyvinylidene difluoride membrane using the Trans-Blot Turbo
Transfer System (Bio-Rad, Hercules, CA, USA). The blots were incu-
bated with a-GFP antibody (1:2500; Abcam, Cambridge, UK) or a-
FLAG-HRP (1:15,000; Sigma–Aldrich, St. Louis, MO, USA) and were
detected using ECL prime (Life Technologies).

2.6. BiFC assay

Transient protein coexpression in N. benthamiana was per-
formed as described previously [20]. Leaf epidermis was peeled
and subjected to microscopic analysis using the BZ9000-Genera-
tion II Biorevo (Keyence, Osaka, Japan).
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3. Results

3.1. Constitutive expression of VP16-fused FLC causes early flowering

To evaluate the efficacy of VP16 fusion to reverse functions of
transcriptional repressors, we selected FLC as a representative,
well-studied transcriptional repressor. We produced transgenic
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Fig. 3. FT and SOC1 transcription was upregulated by35S:FLC-VP16. FT and SOC1 transc
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Arabidopsis plants constitutively expressing FLC fused with VP16
at the C-terminus (hereafter called 35S:FLC-VP16) and compared
the plants with a vector control and FLC-overexpressing (35S:FLC)
transgenic plants. We found that all 35S:FLC-VP16 T1 plants flow-
ered early under both long- and short-day conditions compared
with the mean value of control plants; a total of 7.69 and 19.18
leaves at bolting, respectively (Fig. 1). In contrast, late-flowering
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plants were observed among the 35S:FLC T1 plants under both
long- and short-day conditions. The flowering phenotype of the
35S:FLC T1 plants varied between individual plants, showing late,
normal, and early flowering, which was comparable with a previ-
ous report [36]. We isolated homozygous transgenic lines with
high FLC transgene expression levels (Fig. 2A and B) and compared
their flowering time with that of flc and svp single- and flc svp dou-
ble-knockout lines under long- and short-day conditions (Fig. 2C
and D). SVP is reported to be a redundant floral repressor of FLC
and the flc svp double loss-of-function line shows a stronger
early-flowering phenotype under short-day conditions [9]. As
expected, 35S:FLC and 35S:FLC-VP16 showed late and early flower-
ing, respectively, compared with control plants under long- and
short-day conditions. The early-flowering phenotype was more
distinct under the short-day condition in which long-day Arabidop-
sis wild-type (WT) plants flowered late; flc and svp flowered earlier
than WT, and flc svp flowered much earlier, as mentioned earlier.
35S:FLC-VP16 flowered earlier than single- and double-knockout
lines. These data indicate that the VP16 fusion system worked
strongly and caused a strong phenotype as in a multiple loss-of-
function line with redundant genes.

3.2. FLC transcriptional repressor activity was converted to activator
activity by VP16 fusion

To identify the cause for the strong early-flowering phenotype
of 35S:FLC-VP16 plants, we analyzed the expression levels of major
repression targets of FLC and SVP, FT and SOC1 (Fig. 3A and B). As
expected, FT and SOC1 transcript levels in the late-flowering
35S:FLC were lower than those in control plants, but they were sig-
nificantly upregulated in the 35S:FLC-VP16 plants. Under short-day
conditions, in which the photoperiod pathway-dependent induc-
tion of FT and SOC1 expression does not occur in WT Arabidopsis,
FT and SOC1 transcript levels were low in the vector control and
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35S:FLC, but significant upregulation was observed in 35S:FLC-VP16
plants (Fig. 3B). The upregulation of FT and SOC1 in 35S:FLC-VP16
was stronger than that of flc, svp, and flc svp, suggesting a stronger
effect on target gene expression by VP16 fusion to FLC.

To test whether this upregulation was caused by reversion of
FLC transcriptional repressor activity due to VP16 fusion, we per-
formed a transient assay using the Arabidopsis mesophyll cell
protoplast system (Fig. 3C). The activities of luciferase (LUC)
fused with the FT (FTpro:LUC) or SOC1 promoter (SOC1pro:LUC)
were significantly lower when 35S:FLC was used as the effector
compared with that when the negative control effector plasmid
35S:GUS-VP16 was used. In contrast, 35S:FLC-VP16 significantly
induced FTpro:LUC and SOC1pro:LUC activities. These results show
that FLC transcriptional repressor activity was effectively con-
verted to activator activity by fusion with VP16, and this could
be the cause of the multiple-knockout-like phenotype of
35S:FLC-VP16.

3.3. Med25 interacts with VP16-fused protein in vivo

Med25 has been identified as a VP16 interactor in metazoan
studies and is essential for its transcriptional activation activity
[28,42]. ACID of Arabidopsis Med25 does not show high similarity
to that of metazoan Med25 [1], and it is unknown whether it
interacts with VP16. To test whether plant Med25 also interacts
with VP16 in vivo, we performed immunoprecipitation assays
using the N. benthamiana system to co-express the tagged Arabid-
opsis proteins (Fig. 4A). FLAG-tagged Med25 (FLAG-Med25) was
co-expressed with GFP-FLC, GFP-FLC-VP16, GFP-VP16, or GFP,
and the protein complex including the GFP-tagged proteins was
immunoprecipitated with an a-GFP antibody. FLAG-Med25 was
co-immunoprecipitated with the VP16-fused proteins, GFP-FLC-
VP16 and GFP-VP16, but not with GFP or GFP-FLC without
VP16 fusion, indicating that VP16 directly or indirectly interacts
with Arabidopsis Med25 in vivo. To further investigate the rela-
tionship between VP16 and Med25, we performed a BiFC analysis
in N. benthamiana leaves (Fig. 4B). Specific fluorescence was
detected only when the VP16-fused proteins and Med25 were
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co-expressed, suggesting a direct interaction between VP16 and
Med25 in vivo.

3.4. med25 single knockout does not affect VP16 activation activity

As we detected an interaction between VP16 and Med25, we
performed a transient assay in WT and med25 single-knockout line
(pft1–2, [19] to test whether Med25 is essential for VP16 activation
activity, as reported in metazoans (Fig. 5). No significant difference
was observed in reporter activities between the WT and pft1–2,
suggesting that Med25 is not an exclusive coactivator for VP16 in
Arabidopsis and that other key machinery exists for transcriptional
activation.

4. Discussion

In this study, we showed a clear example of the effectiveness of
VP16 fusion to the transcriptional repressor to cause a strong phe-
notype similar to or even stronger than the multiple-knockout line
of its redundant gene caused by transcriptional activation of direct
target genes (Figs. 1–3). These results indicate that VP16 fusion is a
useful technique to study the biological and molecular functions of
transcriptional repressors in plants because it induced a strong
phenotype that can only be seen when a multiple loss-of-function
line of redundant genes is generated. This is similar to the CRES-T
system, which has been widely used in plant transcriptional activa-
tor studies [16,27]. However, there is a report showing that VP16
fusion failed to reverse transcriptional repressor function [32].
Mutating the repression motif in addition to VP16 fusion could
be a more definite technique to successfully revert transcriptional
repressor function.

We found that Arabidopsis Med25 interacted with VP16
in vivo, as shown in metazoans, although plant and metazoan
Med25 show low homology (Fig. 4, [1]. This result suggests that
the transcriptional activation caused by the fusion of VP16 to
transcription factors is achieved through the function of the
Mediator complex, including Med25. Arabidopsis Med25 was orig-
inally isolated as a nuclear protein that acts downstream of phy-
tochromeB to regulate FT expression [4]. Bäckström et al. [1]
suggested that regulation of FT transcription by Med25 does
not occur through the CONSTANS (CO)-dependent pathway, in
which CO functions as a major FT activator in the photoperiod-
dependent floral induction pathway. Later, Iñigo et al. [17] sug-
gested that Med25 regulates flowering by regulating FT through
both CO-dependent and -independent pathways, in which an
unknown and putative transcription factor also plays a key role.
Constitutive expression of FLC-VP16 in Arabidopsis might mimic
the active state of native FT and SOC1 transcriptional activators
through formation of an active mode Mediator complex caused
by the VP16-Med25 association. However, to our surprise, single
loss-of-function of Med25 did not cause significant changes in
transcriptional activation activity of VP16-fused proteins
(Fig. 5), which was contrary to reports in animals. This finding
suggests a plant-specific mechanism for the VP16-dependent
activation machinery; there are other key regulators of transcrip-
tional activation required for VP16-dependent transcriptional
activation. Finding such other machinery could provide new
insights into understanding the transcriptional regulatory
mechanisms.

In summary, we report a clear example of the efficacy of VP16
fusion with a native transcriptional repressor that mimicked its
multiple-knockout phenotype. This finding indicates the utility of
the VP16 fusion technique for functional analysis of transcriptional
repressors in plants. We also demonstrated the interaction
between plant Med25 and VP16 in vivo, which could be involved
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in the transactivation activities of VP16-fused transcription factors.
However, no significant effect of Med25 loss-of-function to VP16
transactivation activity was observed, suggesting other unidenti-
fied key mechanisms. This line of findings provides important clues
for investigating the yet-to-be determined molecular mechanisms
of plant transcriptional regulation. Further functional analyses of
Med25, VP16, and their interactors in plants are crucial to under-
stand gene regulation mechanisms in plants and to develop new
technologies to control gene expression.
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