











Hayami et al.

Figure 3. Response of synthetic promoters to an
UV-B pulse. In vivo luciferase activity in plants
expressing a firefly luciferase reporter under the
control of the native ELIP2 promoter and various
synthetic promoters was measured every 30 min
for 24 h following a pulse of UV-B irradiation. For
each construct, the average of four to five inde-
pendent transgenic lines are shown, with sp
values provided once for every 3-h interval. For
the native promoter and the negative vector con-
trol, results of four to five assays of a single line are
shown. Throughout the analysis, seedlings were
illuminated with continuous white light at 6 W m™.
A, Response of the native promoter. B, Response
of synthetic promoters containing a single ele-
ment. Sixty seedlings per line were plated in a
petri dish with a diameter of 100 mm and sub-
jected to assay. Luminescence of a dish was
measured with an array of 24 (6 X 4) multipliers.
C, Response of synthetic promoters containing a
combination of multiple elements.

the response. In addition, functionality of all the predicted
elements, A, B, and C, has been validated.

Table I shows that changing the order of Elements B
and A from the native sequence (B+A) to A+B, or re-
versing the sequence (complement [B+A]), had a rela-
tively modest effect on the UV-B response. While
responses controlled by single or multiple elements that
included the repressor Element C varied between 0.9-
and 5.7-fold, responses controlled by combinations of
Elements A and B varied between 44.7 and 80.5 (Table I).
This suggested that the order and direction of the ele-
ments are not critical for their function.

We next examined the dose response to UV-B. Brown
and Jenkins (2008) identified two groups of UV-B-activated
genes according to their response to fluence rate. The first
group responds to lower fluence and includes LONG
HYPOCOTYL5 (HY5), CHALCONE SYNTHASE, and ELIP1.
Their activation is mediated by an UV-B photoreceptor,
UVRS. The second group responds to higher fluence
rates and includes WRKY30 and UDP-glucosyltansferase
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74E2. Their activation is independent from UVRS. We
observed responses of the native ELIP2 promoter and
the synthet1c B+A promoter at fluence rates as low as
2.6 pmol m~ (Flg 4). This response is comparable or
more sensitive to response of HY5 as determined by a
different assay system from ours (Brown et al., 2009),
which may suggest that response of the ELIP2 native
promoter and the synthetic B+A promoter are also
regulated by UVRS. This suggestion is confirmed by an
almost complete loss of UV-B response of ELIP2 in the
uvr8 mutant (Brown et al., 2005).

Comparison of the native ELIP2 promoter and syn-
thetic B+A promoter revealed a difference in their dose
responses. The native ELIP2 promoter appeared to sat-
urate at approxnnately 10.5 umol m™ - Increasing the
fluence to 52.6 ,umol m" (F1g 4) did not result in a sig-
nificant increase in luciferase activity. By contrast, the
response controlled by the B+A promoter did not
show saturation under the experimental conditions we
employed. This difference could be due to the increase in
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Table I. Summary of luciferase activities at the peak (3 h) of the UV-B
response

The effect of a pulse of UV-B irradiation on luciferase activity (av-
erage and sb of three or more independent transgenic lines) is shown
as FC at the highest values around 3 h (2—4 h) after the UV-B pulse. For
the native promoter, results of three independent assays of one rep-
resentative transgenic line are shown. FCs comparable to the native
promoter (38.6-fold [77.2 X 0.5] to 154.4-fold [77.2 X 2]) are high-
lighted in bold. All the constructs are illustrated in Figure 2.

FC
Construct Average D
Native promoter 77.2 8.5
A 1.9 0.4
B 2.4 0.7
C 1.2 0.5
B+A 64.9 15.5
C+A 1.0 0.1
C+B 0.9 0.1
C+B+A 5.7 1.1
B+C 1.1 0.2
A+B 44.7 29.3
Comp(B+A) 80.5 18.4

copy number of Elements B and A in B+A relative to the
native promoter.

The function of Elements A, B, and C were then con-
firmed by loss-of-function analysis. Mutations were in-
troduced into Elements A, B, B’, and C (Supplemental Fig.
52), and their response to UV-B was analyzed. Mutations
in Elements A or B caused a partial loss of the UV-B re-
sponse, and simultaneous mutations in Elements B and B’
almost abolished the response (Supplemental Figs. S3 and
54). These results revealed that Elements B and B’ are
functionally redundant and are responsible for almost all
of the 77.2-fold induction of the ELIP2 promoter (Fig. 3).
The partial loss of response (to 37.9-fold) produced by
mutation of Element A suggests that this element is
functionally redundant for the UV-B response, although
the corresponding element has not been identified in our
analysis. Disruption of Element C increased luciferase ac-
tivities at both the basal and induced levels, with the
overall effect of reducing the magnitude of the UV-B re-
sponse (Supplemental Fig. S4). The results under condi-
tions of induction are consistent with the results from
synthetic promoters, confirming a role of Element C as a
repressor. The results at basal levels, however, are incon-
sistent with the results from synthetic promoters, where
basal levels are elevated by addition of Element C to A+B.
The reason for this inconsistence is not known now.

Taken together, these results show that all three ele-
ments detected by in silico prediction using microarray
data are all functional, two of which (A and B) function
as a pair to control the stress response, with the third (C)
acting as a repressor.

HL and Cold Responses

Plants harboring luciferase under the control of
the minimum synthetic promoter responsive to UV-B
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(B+A) and several other combinational constructs were
subjected to HL and cold stress responses. Luciferase
activity in plants with the native ELIP2 promoter
showed a 10.4-fold increase after a 3-h treatment with
HL (Fig. 5A) and remained at a similar level after 6 h
(11.6-fold). These results are consistent with microarray
data (Fig. 1) and our previous in vitro reporter analysis
(Kimura et al., 2001). A negative control PC::Luciferase
(LUC) that contains a native plastocyanin promoter
(Vorst et al., 1993) showed a negative response.

Luciferase activity in plants harboring the B+A syn-
thetic promoter increased 7.2-fold after 3-h treatments
with HL (Fig. 5A), demonstrating that the B+A pro-
moter is responsive to HL stress. Addition of Element C
(C+B+A) reduced the response to HL, similar to what
was observed in response to UV-B (Fig. 3B). The lack of
response to HL in plants harboring the C+A and C+B
synthetic promoters was also similar to what was ob-
served upon exposure to UV-B. These results showed
that the same minimal combination as required for the
UV-B response, Element B+A, confers the HL stress
response as well.

Next, we examined the cold response of the synthetic
promoters. Luciferase activity in plants harboring lucif-
erase under control of the native ELIP2 promoter in-
creased 16.9-fold in response to 24-h cold treatment (Fig.
5B), consistent with the cold response identified by
microarray analysis (Fig. 1). The peak of the cold re-
sponse was between 12 to 24 h after the start of the stress
treatment (data not shown), compared with the more
rapid UV-B and HL responses that peaked 3 to 6 h after
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Figure 4. Response of the native promoter and the B+A synthetic pro-
moter to varying UV-B fluences. Response of luciferase reporters driven
by the native ELIP2 and the Element B+A synthetic promoter to UV-B
pulses (0.58 wmol m~2s~") with durations from 0 to 15 min is shown as FC.
FC is calculated as a ratio of luciferase activity at the peak around 3 h
(2—4 h) after UV-B pulse to the activity before the pulse (0 h). Doses of
shown data are 2.6, 5.3, 10.5, and 52.6 umol m.
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Figure 5. Response of synthetic promoters to HL A 14
and cold stresses. The average and sp of three i
assays of a typical transgenic line for each con- >
struct is shown. Responses to HL and cold stresses g < 10
are shown as FC of in vivo luciferase activity. A, 32
Response to 0 to 6 h of HL stress. Vector, Native o8
Prom, and PC::LUC are fusions with no insertion 3 O 6
of elements, the native ELIP2 promoter, and a o % A
plastocyanin promoter, respectively. The absolute E =
level of luciferase activity at 0 h is designated as £ 2
1.0 for each construct. B, Response to cold stress B

after cold treatment at 4°C under weak light con- 0153 6
ditions for 24 h. Control (Cont) indicates FC of Vector
LUC activity of plants left in growth conditions at
22°C.
B
20
18

16
14
12
10

In vivo LUC Activity (Fold Change)

(= I\ R 2]

Vector

start of the treatments (Figs. 3 and 4). The native ELIP2
gene also showed a slow transcriptional response as
revealed by real-time quantitative reverse transcription
(qRT)-PCR (data not shown).

Element B+A was also able to mediate the response
to cold stress, with luciferase activity increasing 13.8-
fold after 24 h of cold treatment, a comparable change to
that mediated by the native promoter (16.9-fold). Once
again, addition of Element C suppressed the response
relative to that controlled by the B+A synthetic pro-
moter. Two control constructs, PC::LUC and 35S::LUC
(Kimura et al., 2001), also showed no response (Fig. 5B).

In summary, the results from our analysis of re-
sponses mediated by synthetic promoters demonstrate
that the minimal combination of elements necessary for
the UV-B response, Element B+A, is also responsible for
the HL and cold responses.

Response to Circadian Rhythm of Element B+A

Circadian oscillation of an ELIP gene was first re-
ported in pea (Kloppstech, 1985). In our work, luciferase
activity under control of the native ELIP2 promoter
showed clear circadian oscillation with a progressive
reduction of amplitude (Fig. 6.) after a shift to continuous
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light. The same was true in plants expressing luciferase
under the control of the B+A synthetic promoter. Inter-
estingly, the oscillation was more robust when luciferase
was expressed under control of Element B+A compared
with the native promoter. The reduction in amplitude
after the shift to continuous light was also not as pro-
nounced as was observed with the native promoter.
Having identified circadian oscillation in the response to
light, we then used our octamer-based frequency com-
parison method to test for putative regulatory elements.
Both Element C and Element B emerged as predicted
elements for circadian oscillation (Supplemental Fig. S5),
consistent with the results of our functional analysis
(Fig. 6).

A summary of the response to UV-B, HL, cold, and
circadian oscillation controlled by the native promoter
and each of the synthetic promoters (Table II) illustrates
how Element B+A can account for all the observed re-
sponses of the native promoter.

Green Tissue-Specific Expression Mediated by
Element B+A

Many genes responding to environmental cues show
tissue specificity in their expression. One could imagine
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Figure 6. Response of synthetic promoters to circadian rhythm. In vivo
luciferase activity during 12-h-light/12-h-dark cycles and after a shift to
continuous light (CL) conditions is shown. The average and sp FC of
three independent plates are shown.

that regulation of an environmental response and tissue
specificity are achieved separately, with one promoter
containing an element for environmental response and
another for tissue specificity. If this is true, Element B+A
would not be expected to show tissue specificity
because this combination contains environmental-
responsive elements. We tested this hypothesis by
analyzing the tissue specificity of luciferase activity
under control of the native ELIP2 promoter and the
B+A and C+B+A synthetic promoters using an elec-
tron multiplying (EM) CCD camera.

Luciferase activity under control of the native ELIP2
promoter (Fig. 7) showed constitutive expression around
the shoot apical meristem under control conditions. This
region contains young chloroplasts under development,
and expression of ELIP2 is thought to be involved in
protection of developing chloroplasts (Kimura et al.,
2003). Strong luminescence was observed after exposure
to UV-B, HL, and cold predominantly in the cotyledons,
with minor expression in the roots and hypocotyls.
Tissue-specific expression in green tissues is reasonable,
considering the possible role of ELIP2 as a photo-
protectant for PSII. Luminescence in seedlings express-
ing luciferase under the control of Element B+A was also
localized in green tissues. Once again, addition of Ele-
ment C (C+B+A) reduced the total stress responses by
differential change of the stress response among tissue.
Under control conditions, seedlings expressing lucifer-
ase under the control of Element C+B+A showed lucif-
erase expression around the shoot apical meristem that
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was observed with B+A (Fig. 7). Thus, the minimum
combination for UV-B, HL, and cold stress responses,
B+A, also confers precise tissue-specific expression,
restricting the responses to green tissues.

Expression Profile of Genes Containing Elements A and B

With the knowledge that the combination of Elements
B and A is the stress-responsive unit, the next question
was whether the stress responses could be predicted
based on specific promoter sequences. As a first step, we
searched the database composed of 24,956 promoters
(Hieno et al., 2014) for genes containing Elements A and
B in the promoter region. A total of 236 genes containing
Element A and 71 genes containing Element B in the
promoter region was identified (Supplemental Table S1).
The ELIP2 promoter was the only one that contained
both Elements A and B. The expression profiles of these
genes were analyzed using microarray data. The average
responses of genes containing either Element A or B to
UV-B, HL, and cold (Table III) were not significantly
different than the corresponding global average. The
biggest change was observed in promoters containing
Element B in the UV-B response (1.70-fold versus 0.99-
fold for the global average), but even this difference was
not statistically significant.

Next, the percentages of positively responsive genes
to the environmental stresses were calculated. The
global control contained 10.4% of genes that showed a
response to UV-B with more than a 2-fold increase
(FC > 2; Table III). The percentage was similar (11.3%)
among the genes containing Element A. By contrast, the
percentage was higher (23.7%) among the genes con-
taining Element B, suggesting a significant contribution
of Element B to the UV-B response. As for the HL re-
sponse, 3.9% of the global control showed a response.
The percentages were much higher for genes containing

Table 1l. Summary of stress responses controlled by the native ELIP2
promoter and synthetic promoters

Responses to each stress and circadian rhythm are summarized. **,
Responses controlled by synthetic promoters that are strong and
comparable to those controlled by the native promoter; *, Responses
that are significant but reduced compared with **; —, no significant
response or no expression; ND, not determined. All the constructs are
illustrated in Figure 2.

Promoter HL UV-B Cold Circadian
Native promoter ok ok *ok sk
A - - - ND
B - - ND ND
¢ - - ND ND
B+A ET3 ET3 ET3 sk
C+A _ _ ND ND
C+B _ _ ND ND
C+B+A * * _ ND
B+C _ _ ND ND
A+B ND EE3 ND ND
Comp(B+A) ND % ND ND
847
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Figure 7. Tissue-specific expression of luciferase. In vivo luciferase ac-
tivity was detected using an EM-CCD camera and visualized in pseudo-
color. Fluorescence images were superimposed over a black and white
image of seedlings under light. Exposure times varied between sections,
therefore comparison of luminescence between panels is not valid.

Elements A (10.8%) or B (24.5%). The global percentage
of genes responding to cold stress was 6.5%, and the
ratio was higher for genes containing Element B
(16.9%). Therefore, genes containing Element B are
more likely to respond to UV-B, HL, and cold stress.
Genes containing Element A, and B’, are more likely to
respond to HL stress. These results suggest a more
significant role for Element B on these stress responses
than Element A.

During the analysis described above, we noticed that
genes containing Element B tended to be genes that were
responsive to all three of the stresses (UV-B, HL, and
cold). Thus, we tested whether the responses to different
stresses were correlated. Statistically positive but very
weak correlation was observed between UV-B and HL
stress responses among the global set genes (r = 0.16; Fig.

8A), and the correlation became more strong among genes
displaying Element A (r = 0.50; Fig. 8D). However, genes
containing Element B showed a strong correlation (r =
0.74; Fig. 8G). Similarly, genes containing Element B show
a strong correlation between UV-B and cold (r = 0.75; Fig.
8H) and also between HL and cold (r = 0.82; Fig. 8I). On
the other hand, genes containing Element A showed sta-
tistically significant but weak correlations between UV-B
and HL, UV-B and cold, and HL and cold (Fig. 8, D-F).
These results revealed that Element B in the promoter re-
gion is not sufficient to produce the responses because
genes with no response to the stresses are included but is
sufficient for unifying these three stress responses.

Direct Binding of HY5 to Element B and Restricted Role in
ELIP2 Expression

We have suggested that that a combination of Ele-
ments A and B mediates the responses of ELIP2 to UV-B,
HL, and cold stress. The next question is which tran-
scription factors mediate these stress responses. One
possible transcription factor is HY5, because microarray
analyses have shown that ELIP2 expression is reduced in
hy5 mutants (compared with the wild type) under HL
and UV-B stress (Ulm et al., 2004; Brown et al., 2005;
Kleine et al., 2007). To date, however, there has been no
report of direct regulation of ELIP2 by HY5. Element B
(GGCCACGCCA) is different from the reported HY5
target sequence (G-box: CACGTGGC; Chattopadhyay
etal., 1998) and has a critical mutation in the ACGT core
(Fig. 1B). Nonetheless, we examined if HY5 can bind to
Element B in vitro using two different approaches.

The first approach made use of a recently developed
assay (in vitro genomic DNA binding assay coupled with
immunoprecipitation and next-generation sequencing
[gDB-seq]) to analyze genomic fragments that bind to
HYS5 in vitro (Kurihara et al., 2014). In this assay, frag-
mented Arabidopsis genomic DNA is incubated with the
HYS5 protein, and fragments bound to HY5 are collected
by immunoprecipitation. The genomic locus is then
identified by determining the sequences of precipitated
fragments. A positive signal was detected at the promoter

Table IIl. Transcriptional response of promoters containing Elements A, B, and B’ to UV-B, HL, and cold

Average and sp of transcriptional response to UV-B (Kilian et al., 2007), HL (Yamamoto et al., 2004), and
cold (Lee et al., 2005) identified by microarray analysis are shown as log,(FC). The number of genes
containing Elements A, B, and B’ in the promoter region are 236, 71, and 419, respectively. The number of
genes analyzed is less because expression levels of some genes were below detectable levels. The value in
parenthesis is retransformed from log,(FC) to the decimal expression of the FC. Rows indicated as FC > 2
show the percentage of genes responding to a stress treatment with an increase of more than 2-fold.
*, Statistical significance (P < 0.05) over global percentage, judged by Fisher’s Exact Test.

Gene

Expression Global Element A Element B Element B’

UV-B —0.01 = 1.10(0.99) 0.02 = 1.16 (1.01) 0.77 = 2.23 (1.70) —0.01 = 1.00 (0.99)
FC > 2 10.4% 11.3% 23.7%* 10.3%

HL —0.08 = 0.66 (0.94) 0.16 = 0.90 (1.11) 0.74 = 1.38 (1.67) 0.10 = 0.72 (1.07)
FC > 2 3.9% 10.8%* 24.5%* 7.0%*

Cold —0.08 = 0.82 (0.95) 0.24 = 1.08 (1.18) 0.32 = 0.95 (1.25) 0.03 = 0.84 (1.02)
FC > 2 6.5% 11.0% 16.9%* 7.9%
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region of ELIP2 (AT4G14690) that covers the positions of
both Elements B and B’ (Fig. 9A). This assay does not give
pinpoint detection at 1-bp resolution because utilized
DNA fragments are approximately 150 bp long,
similar to the chromatin immunoprecipitation cou-
pled with next-generation sequencing assay.

The second approach was a luminescence-based, in
vitro binding assay called AlphaScreen. In this assay, the
HY5 protein and synthetic oligonucleotide probes la-
beled with biotin are mixed together with donor beads
that produce singlet oxygen (‘O,) by light excitation and
acceptor beads that emit light by 'O, Binding activity is
detected as an excitation hght-mduced luminescence
signal. The HY5 protein and a 30-bp promoter fragment
containing Element B showed strong signal over control
(approximately 150-fold; data not shown). Addition of
nonbiotinylated competitors containing Elements B and
B’ reduced the binding signal (Fig. 9B), demonstrating
binding of HY5 to both Elements B and B’. By contrast,
addition of the competitor with mutated Element B or
nonspecific competitors containing Elements A and C
did not show reduction of the binding activity of HY5 to
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Figure 8. Possession of Elements A and
B and correlation between two stress
responses. The horizontal and vertical
axes show transcriptional responses
to indicated stresses represented in
log,(FC), where -2, 0, and 2 means FC
as 0.25, 1, and 4, respectively. One
dot represents one gene. The corre-
lation coefficient is shown as r for
each section. All the nine correlations
shown here are statistically signifi-
cant with an assumption of Student’s ¢
HL test distribution.
Element A:HL~Cold
r=0.29

global: HL~Cold
r=0.20

HL

Element B:HL~Cold
r=0.82

Element B. These results show specific binding of HY5 to
Element B and, with less affinity, to Element B’.
Having demonstrated specific binding of HY5 to Ele-
ments B and B’, we then examined the expression of
ELIP? in hy5 mutants by real-time reverse transcription
(RT)-PCR to examine whether HY5 is also involved in the
cold response of ELIP2. Disruption of HY5 in the hy5
mutant resulted in a partial loss of the HL and UV-B re-
sponses of ELIP2 (Fig. 9C), consistent with previous re-
ports from microarray analysis (Ulm et al., 2004; Brown
etal., 2005; Kleine et al., 2007). These results, together with
in vitro binding of HY5 to Elements B and B’ (Fig. 9B),
lead us to conclude that HY5 directly regulates the acti-
vation of ELIP2 under conditions of UV-B and HL stress
through its specific binding to Elements B and B'. The
observed partial involvement of HY5 in these stress re-
sponses suggests that the role of HY5 is redundant with
another transcription factor(s) that regulates the response
of ELIP2 to UV-B and HL. To our surprise, the cold re-
sponse of ELIP2, which also required Element B, was not
affected by the mutation of HY5 (Fig. 9C). This indicates
that HY5 is not involved in the cold response of ELIP2.
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Figure 9. Direct interaction between A
HY5 and Element B. A, A genome
browser view of gDB-seq. The gene

500 bp}

model for ELIP2 (AT4G14600) is high-
lighted in yellow. Positions of Elements
B and B’ are shown in bold. The graph at
the bottom of this section shows the
accumulation of sequence reads of
DNA fragments bound with HY5 pro-
tein. The arrow indicates a binding peak
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position of HY5 to ELIP2 promoter. B, In B ,, C 000
vitro binding assay of HY5 to Elements
B and B’ determined by AlphaScreen.
The relative luminescence signal with % 1
no competitor is designated as 1.0. E
For competition assays, the Element B g 08 » 100
probe labeled with biotin was incu- A ®
bated with X3 nonbiotinylated com- a:? °
petitors shown in the figure. Capitalized e g8 5
sequences in the probe and competitors i ‘»
represent regions of Elements B, B', A, 2 o4 2 10
or C. Competitors A and C are nonspe- ] =
cific competitors. C, Stress responses of & 0.2 ":
ELIP2 in hy5. Relative expression levels ‘ 2
of ELIP2 normalized with UBQT deter- I <
mined by real-time RT-PCR are shown. 0 - 1
competitor - B B Bmut A C
B: gtaatgaggaGGCCACGCCAtcagtttact
Bmut: gtaatgaggAAAARAAAAAAAtcagtttact
i* : :ttccaactaGACGTGGCCtctcaccgatc - I
H attactctacTACACACCacacaaaaaca .
C: gaaagttccaaTACGCGCGaaacaagattg WI ays WY hy5 s hy5 Wr hys

In summary, our results strongly suggest that Element
B is a target of multiple transcription factors, including
HY5, with distinct physiological roles. These transcrip-
tion factors build integrated stress responses, making
Element B a unification point for multiple stress signals.

DISCUSSION

The response of transcription to external signals is a
central part of the environmental acclimation of plants,
one that is regulated by complex networks. To under-
stand these networks, studies on individual signaling
pathways from perception to gene regulation is not
enough. Mechanisms for the divergence and convergence
of signaling pathways should be understood as well.

Synthetic Promoter Approach to Explore
Transcriptional Network

In this work, we have provided a successful example
of prediction-oriented functional analysis of a plant
promoter. A key factor in this success is the accuracy and
sensitivity of promoter prediction. Previously, we de-
veloped a unique methodology of promoter prediction
using microarray data (Yamamoto et al., 2011) and used
the method to identify unique promoter elements that
regulate the response of a malate transporter gene,
ALUMINUM-ACTIVATED MALATE TRANSPORTERI1

850

control HL Uv-B Cold

(Tokizawa et al., 2015), to soil stresses. In this report, we
utilized promoter prediction as the basis for design of
synthetic promoters to identify cis-regulatory elements
that can conduct environmental stress responses of
ELIP2. Our results demonstrate that combining pro-
moter prediction with an in planta assay of synthetic
promoters is a practical approach.

The expression profile of ELIP2 is not simple, because
multiple stress responses are observed. Nonetheless, the
ELIP? promoter contained only three predicted cis-
regulatory elements for response to UV-B, HL, and cold.
As a result, gain-of-function analysis using synthetic pro-
moters was straightforward. Some promoters appear to be
more complex. For example, a promoter of a transcription
factor responding to a wide range of environmental and
biological stresses has seven predicted cis-regulatory ele-
ments (data not shown). If we were to test all the predicted
elements and all the possible pairs, we would have to
prepare tens of synthetic promoters. In such cases, im-
provement of bioinformatics analysis to predict possible
functional pairs would be helpful for future studies.

Elements A and B Form the Unit for Multiple
Stress Responses

In this report, we have shown that Element B+A is
sufficient to give the HL response (Fig. 5A). Statistical
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analyses of genomic information suggested that Ele-
ment B is the major receiver of the HL signal (Table III).
Element B is related to the SORLIP1 element (GCCACQC)
which has been reported to be indispensable for the
HL response of ELIP1 and ELIP2, as revealed by loss-
of-function analysis in the native promoter (Rus
Alvarez-Canterbury et al., 2014). Our results are con-
sistent with this report; however, we have also
revealed that Element B is not functional in isolation
but requires a partner, Element A.

We found that Element B+A is also sufficient for the
UV-B and cold stress responses (Figs. 3 and 5B; Table II).
Therefore, a single unit comprised of Elements A and B
receives multiple stress signals (UV-B, HL, and cold) and
produces an integrated stress response. Loss-of-function
analysis of the native ELIP2 promoter showed that the
stress response was abolished by simultaneous disruption
of Elements B and B’ (Supplemental Fig. 52), supporting
an idea of a critical role for Element B (and B') in the ELIP2
promoter.

The individual roles of Elements A and B are still to
be elucidated, but our statistical analyses (Fig. 8; Table
III) suggest that Element B is both the receiver and the
integrator of the stress signals. By contrast, we suggest
that Element A is supportive in the response. One
possible role of Element A is a booster that is necessary
for transcription. Another possibility is that Element A
has a role as a receiver of some general or common
stress signal that does not have specificity to individual
stresses. The latter idea also fits with the small enrich-
ment of stress-responsive genes containing Element A
in the promoter (Table III).

Loss-of-function analyses indicate that Element B’, an
element with a single base pair mismatch with Element B
(Fig. 1B), is involved in the UV-B response of the native
ELIP2 promoter (Supplemental Fig. S2). However, the
mismatch in Element B” occurs at a critical site. As a re-
sult, B" acquires an ACGT muotif, the core sequence rec-
ognized by proteins of the bZIP family (Foster et al.,
1994; Jakoby et al., 2002). Therefore, the corresponding
transfactors for Element B’ may be in part different from
the ones for Element B. Because the statistical analysis on
the possession of elements and expression profiles (Table
III) suggests that Element B’ is less specific for the stress
responses, Element B’ could have additional function(s),
related to bZIP factors, compared with Element B.

Element C as a Signal Repressor

Element C contains a CGCG motif, making it a pos-
sible target for CAMTA /AtSR transcription factors. In
this report, we have shown that repression of the in-
duced activity of the C+B+A synthetic promoter com-
pared with the B+A promoter (Fig. 3C) and derepression
of the induced activity by mutation of Element C of the
native promoter compared with the native promoter
(Supplemental Fig. 54). This clearly indicates that Ele-
ment C acts as a repressor in the activated state. Further
studies are necessary to elucidate the role of Element C in
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the absence of stress and the speculation that Element
C might be regulated by the Ca*" ion.

Synthesis of Transcriptional Responses by Combination of
cis-Regulatory Elements

Activation of stress responses by the combination of
Elements A and B evokes several pioneering reports of a
synthetic response by the combination of two elements.
Shen and Ho (1995) reported that a combination of Abscisic
Acid-Responsive Element and Coupling Element1 is nec-
essary for the response of plants to abscisic acid. Puente
et al. (1996) reported that combination of a weak light-
responsive element, GATA, and a dark-responsive ele-
ment, GT1, resulted in a strong light response. While these
reports provided well-documented examples, the lack of
further studies has limited the development of a concep-
tual model for the regulation of transcription by a combi-
nation of regulatory elements. Our report provides another
example of a functional unit composed of two elements.
As discussed previously, the asymmetric roles of Elements
A and B in the stress responses is newly suggested.

Consideration of the combination of two distinct ele-
ments is also useful in the prediction of gene expression
according to promoter sequences. When combinations

—0-0

— J
E o

ELIP2

*Coupling of two elements for functionality

*Asymmetric roles: B as possible signal receiver

*Receiving multiple environmental signals
(UV-B, HL, Cold, and circadian)

* Involvement of multiple transcription factors for B

Figure 10. Proposed model for the function of Elements A and B in the
ELIP2 promoter. The role of Element B as a receiver of the UV-B, HL, and
cold signals is suggested by a higher correlation between the possession
of Element B and the transcriptional responses (Fig. 8; Table Il). HY5 is
involved in the UV-B and HL responses through direct binding of HY5 to
Elements B and B’ in the ELIP2 promoter. No involvement of HY5 is
proposed for the cold response (Fig. 9). The merge of multiple envi-
ronmental signals on the ELIP2 promoter is achieved at Element B.
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are considered, the accuracy of the prediction has been
considerably improved (Zou et al., 2011). This feature
may suggest that many transcriptional responses are
achieved by combinations of elements.

One of our surprises in our work was the tissue
specificity of the response regulated by the combination
of Element B+A (Fig. 7). This means that the minimum
set required for induction of the UV-B, HL, and cold
responses is also sufficient to confer a tissue-specific
expression profile. Similar findings were also reported
for the light response, where the unit of GT1 and GATA
generated a light response with cotyledon-specific ex-
pression at the seedling stage (Puente et al., 1996).

The ability of a minimum set to control both the in-
duction and tissue specificity of a response suggests one
possibility that an overall environmental response might
be composed of multiple responses with different
tissue specificities. Identification of transfactors and
their characterization will improve our understand-
ing of this phenomenon.

Signal Unification

A common symptom of UV-B, HL, and cold stresses
is excess activation of PSI and PSII and the resultant
photoinhibition. Therefore, integration of these stress
signals and activation of ELIP? that plays a role in
photoprotection is plausible. How might such an inte-
grated stress response be achieved?

Recent genetic studies have shown that activation of
Arabidopsis ELIP2 by UV-B is fully dependent on
UVRS8 (Brown et al., 2005), while activation by HL is
dependent on CRY1 (at least partially; Kleine et al.,
2007). The UVR8-dependent UV-B response and the
CRY1-dependent HL response both require HY5 as a
mediator (Brown et al., 2005; Kleine et al., 2007). Our
finding that HY5 directly binds to Element B (Fig. 9) is
consistent with these reports and strongly suggests di-
rect regulation of ELIP2 by HY5. We also suggest an-
other factor mediating UV-B response in addition to
HY5 (Fig. 9). This could be another bZIP protein, HY5
HOMOLOG (HYH), because redundant regulation of
ELIP1 by UVR8 through HY5 and HYH is reported
(Brown and Jenkins, 2008). Brown et al. (2005) has also
reported reduction of UV-B response of HY5 in hy5
mutants, and recently, HY5 is shown to be able to bind
one of the promoter elements that is necessary for the
UV-B response of HY5 expression, the T/G-box, in vitro
(Binkert et al., 2014).

The localization of UVR8 and CRY1 in the nucleus
(Brown et al., 2005; Yu et al., 2010) could be interpreted
as evidence that the entirety of these signaling pathways,
from signal perception of UV-B and HL to activation of
the ELIP2 promoter by HY5, is located within the nu-
cleus. However, we have previously reported that the
HL response of ELIP2 is inhibited by dichlorophenyl-
dimethylurea (Kimura et al., 2003) and activated by
norflurazon, an inhibitor of carotenoid biosynthesis
(Kimura et al., 2001). This suggests a role for the
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chloroplast in the HL response. These apparently con-
flicting results make it difficult to propose a simple
working model of the signaling pathways involved in
the activation of ELIP2 by these environmental stresses.
One possibility might be the involvement of Element A
in this feedback regulation by chloroplast activity.

Microarray data indicates that overexpression of a key
regulator of the cold stress response, DREB1A/CBF3,
results in a reduction in the expression of ELIP2, rather
than activation (Maruyama et al., 2009). So, while the
DREB/CBF pathway is a central part of the cold stress
response in Arabidopsis (Chinnusamy et al., 2007), it is
not involved in the cold activation of ELIP2. Some al-
ternative regulatory process must be involved. This is
consistent with the fact that neither Element A nor B (Fig.
1B) have the core sequence (CCGAC) of C-REPEAT/
DEHYDRATION-RESPONSIVE ELEMENT (Stockinger
et al., 1997), the target element of DREB/CBF. We have
shown that HY5 is not involved in the cold stress re-
sponse of ELIP2? (Fig. 5B), indicating that another tran-
scription factor(s) plays a role in the cold response,
possibly through Element B, the same element targeted
by HY5. Identification of the corresponding transcrip-
tion factor(s) in addition to HY5 is expected to reveal the
molecular mechanism of the signal integration.

Taken together, a model of signal transduction path-
ways for ELIP2 activation by environmental stresses
emerges (Fig. 10). UV-B/UVRS (Ulm et al., 2004; Brown
and Jenkins, 2008) and HL/CRY1 (Kleine et al., 2007)
signals stimulate transcription of HY5, and HY5 binds to
Element B of the ELIP2 promoter to activate transcrip-
tion of ELIP2. As shown by expression analysis of the /1y5
mutant, the involvement of HY5 in activation of ELIP2
by UV-B and HL is only partial (Fig. 9C). Therefore, the
model provides parallel arrows with the route through
HY5 from UV-B and HL to Element B. The HY5 tran-
scription factor is not involved in the cold response (Fig.
9C); cold activation of ELIP2 is achieved independently
from HY5. The clustering of stress signals at Element B
fits with the expression profiles of genes containing the
element (Fig. 8; Table III). The model illustrates that ac-
tivation of Element B is not sufficient to elicit transcrip-
tion of ELIP2, but activation of Element A is also
necessary. However, the role of Element A in activating
ELIP? remains unresolved. Identification of the tran-
scription factor(s) for this element is required to develop
a more complete understanding of the role of Element A
and the molecular basis of the cooperative action of El-
ements A and B.

MATERIALS AND METHODS

Prediction of Regulatory Elements in the ELIP2 Promoter
and Bioinformatic Analysis

Microarray data from experiments testing the response of Arabidopsis
(Arabidopsis thaliana) to UV-B (Kilian et al., 2007), HL (Yamamoto et al., 2004),
and cold (Lee et al., 2005) were used for the prediction of regulatory elements
according to our octamer-based frequency comparison method (Yamamoto et al.,
2011). The promoter sequences used for prediction in this study included a set of
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14,959 promoters whose positions have been experimentally identified (Yamamoto
et al., 2009, 2011) or a new set composed of 24,956 promoters redetermined by
sequencing of 34 million transcription start site tags (Hieno et al, 2014). This
analysis evaluates the degree of overrepresentation of each octamer in some stress-
responsive promoters identified by microarray analysis over total promoters in an
analyzed genome. The degree is calculated as the RAR. A region in a scanned
promoter with high RAR is predicted as a putative transcriptional regulatory el-
ement for the stress response (Yamamoto et al., 2011).

Other sequence analyses in silico were achieved using homemade Perl scripts
and Excel (Microsoft Japan). Identification of promoters containing Elements
A and B was done based on the presence of sequences for Element A (TACA-
CACC) and Element B (GGCCACGCC or GCCACGCCA) with no mismatch in
either strand. Arabidopsis genes containing Elements A and B in their promoter
regions are listed in Supplemental Table S1.

Preparation of Promoter::LUC Fusions

The yy446 to yy449 binary vectors containing a luciferase reporter (LUC;
H.A. Naznin, Y. Yoshioka, A. Hieno, M. Hyakumachi, and Y.Y. Yamamoto,
unpublished data) were used in this study. Further information about them is
available at our Web site (http://wwwl.gifu-u.acjp/~yyy/yyy/plasmid.
html). A native ELIP2 promoter from —1,002 to +89 relative to the transcription
start site was amplified by PCR with primers (ELIP2-F_Hind: CGC-AAG-CTT-
AAT-TTA-GAA-ATT-AAC-TCA-CAC-ACA-3' and ELIP2-R: 5'-CGC-GGA-
TCC-TGA-TTA-GGT-TTT-CTA-AAA-GCC-GA-3'). The product was digested
with HindIll/ BamHI and inserted into the HindIII/ BamHI site of yy448 to make
yy608. Modified native promoters with mutated elements were prepared by
site-directed mutagenesis using PCR with appropriate primers and introduced
into yy448. Synthetic promoters were prepared by insertion of annealed syn-
thetic oligonucleotides into the Sacl/BamHI site of yy447 or HindIIl/ BamHI site
of yy449. All constructs were checked by sequencing.

Transgenic Arabidopsis containing a plastocyanin promoter fused to a lu-
ciferase reporter gene (PC::LUC) was a generous gift from Dr. Sjef Smeekens
(Vorst et al., 1993). Preparation of 35S:LUC has been described previously
(Kimura et al., 2001).

Plant Transformation and Establishment of
Transgenic Lines

Prepared binary vectors were introduced into Agrobacterium tumefaciens
GV3101 (pMP90; Koncz and Schell, 1986) and used for transformation of Ara-
bidopsis (ecotype Columbia) by the floral dip method (Clough and Bent, 1998).
T1 seedlings showing resistance to 10 g mL™ phosphinothricin in germination
medium (Valvekens et al., 1988) were subjected to competitive PCR to identify
single-copy insertion lines (Yamamoto et al., 2003). At least eight independent
transgenic lines, preferentially single-copy insertion lines, were prepared for
each construct. Lines showing recognizable morphological disorders in the T2
generation were removed from the analysis. Eight to 24 lines were first sub-
jected to expression analysis upon exposure to UV-B, and a representative line
showing a typical response that was shared by more than one-half of the ana-
lyzed lines was selected for each construct. Irregular lines that did not show the
typical response were removed from further analysis. When no representative
response was obtained, additional lines were prepared and subjected to the
expression analysis.

Stress Treatments and in Vivo LUC Assay

Plants were sprayed with 1% (w/v) luciferin (Dojindo) and 0.01% (v /v)
Triton X100 1 d before the assay (Kimura et al., 2001) and analyzed with a
photomultiplier-based, automated luminescence counter (Ishiura et al., 1998). Two
types of luminescence counters are available: one type assays small culture dishes
with a diameter of 30 mm, while the other possesses 24 (6 X 4) photomultipliers for
assays of 24-well culture plates. Unless otherwise mentioned, 13 seedlings per line
were planted in a small dish and subjected to assay using the former type of photon
counters. The latter type was also used to assay culture dishes with a diameter of 100
mm and provides greater sensitivity for low-luminescence samples. In this case, total
counts of 24 photomultipliers were summed up for a signal of a large dish con-
taining 60 seedlings. It should be mentioned that each photomultiplier has different
sensitivity even if they have the same product number, and thus comparison be-
tween results of different photomultipliers need some caution. Luminescence im-
ages were obtained with an EM-CCD camera (C9100-13, Hamamatsu Photonics) set
in a dark chamber (Kimura et al., 2003).
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Eight-day-old seedlings grown on germination medium supplemented with
0.8% (w/v) Bacto agar and 1% (w/v) Suc under continuous white light (6 W m?2=
15 uE m™? s at 22°C were subjected to stress treatments. HL irradiation was
achieved using a 1,000-W xenon lamp as described previously (Kimura et al.,
2001). UV-B and UV-A treatments were achieved using fluorescence tubes
(TL20W/12RS, Phillips Electronics) or black-light tubes (FL30SBL-B, NEC), re-
spectively, for 15 min at a light intensity of 6 W m > measured by an UV radiometer
(SD204B2-Cos, Irradian). After UV treatments were complete, seedlings were returned
to continuous white-light conditions. The temperature was kept at 22°C throughout
the treatments. Cold treatment at 4°C was provided in a growth chamber (MIR-154-PJ,
Panasonic Healthcare) under continuous white light at a light intensity of 6 W m™.

A typical line per construct was assayed in triplicate for Figures 4 to 7.

Real-Time qRT-PCR

Total RNA was extracted from shoots of stress-treated plants of the wild type
(ecotype Columbia) and transfer DNA-tagged HY5 disruptants (SALK_096651c;
Alonso et al., 2003) and subjected to real-time qRT-PCR analysis as described
previously (Tokizawa et al., 2015). Primers used for RT-PCR are ELIP2_F
(5'-TATTGACTACACGCAACATCAGAA), ELIP2 R (5'-GTTTTCTCCCTTT-
GATAACTCCAT-3'), UBQI_F (5'-TCGTAAGTACAATCAGGATAAGATG-3'),
and UBQI_R (5'-CACTGAAACAAGAAAAACAACCCT-3').

In Vitro Protein-DNA Binding Assay

Invitro translated HisTag-HY5-human influenza hemagglutinin Tag protein
was purified using Ni-agarose, checked for intactness of the preparation by
immunoblotting, and subjected to gDB-seq (Kurihara et al., 2014).

The amplified luminescence proximity homogeneous assay (AlphaScreen,
PerkinElmer Japan) was used to determine exact binding sites of HY5. In this
assay, FlagTag-HY5 was prepared using wheat (Triticum aestivum) germ extracts
(BioSieg, Tokushima) according to the manufacturer’s instruction. After checking
intact preparations by immunoblotting using an anti-Flag antibody (Wako Pure
Chemical Industries), the translation products containing wheat germ extracts were
used without purification for the binding assay. A negative control of translation
products without HY5 mRNA did not show any binding to the utilized DNA probe
(data not shown). A biotinylated double-strand oligo DNA containing Element B
(Fig. 9B, shown as B) was used as a probe of the binding assay (AlphaScreen)
according to the manufacturer’s instructions in a modified buffer containing 25 mm
HEPES-KOH (pH 7.6), 40 mm KCl, 0.01% (v/v) Tween 20, and 0.1% (w/v) bovine
serum albumin. AlphaScreen signals, which monitor interaction between donor
beads tagged with anti-Flag antibody and acceptor beads labeled with streptavidin,
were expressed as relative value of luminescence signals over the one with the cor-
responding nonbiotinylated DNA probe. Nonbiotinylated competitor probes (Fig. 9B,
shown as B, Bmut, B’, A, and C) were added to examine specificity of the binding.

Supplemental Data

The following supplemental materials are available.
Supplemental Figure S1. Sequences of synthetic promoters.
Supplemental Figure S2. Sequences of loss-of-function promoters.

Supplemental Figure S3. UV-B responses of native ELIP2 promoters with
disrupted regulatory elements.

Supplemental Figure S4. Expression levels of native ELIP2 promoters with
disrupted regulatory elements.

Supplemental Figure S5. Prediction of circadian responsive transcriptional
regulatory elements of the ELIP2 promoter.

Supplemental Table S1. Gene list containing Elements A and B in the
promoter region.
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