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Cold temperatures trigger the expression of the CBF family of
transcription factors, which in turn activate many downstream
genes that confer freezing tolerance to plants. It has been shown
previously that the cold regulation of CBF3 involves an
upstream bHLH-type transcription factor, ICE1. ICE1 binds to
the Myc recognition sequences in the CBF3 promoter. Apart
from Myc recognition sequences, CBF promoters also have Myb
recognition sequences. We report here that the Arabidopsis
MYBI15 is involved in cold-regulation of CBF genes and in the
development of freezing tolerance. The MYB15 gene transcript
is up-regulated by cold stress. The MYB15 protein interacts with
ICE1 and binds to Myb recognition sequences in the promoters
of CBF genes. Overexpression of MYBIS5 results in reduced
expression of CBF genes whereas its loss-of-function leads to
increased expression of CBF genes in the cold. The mybl5
mutant plants show increased tolerance to freezing stress
whereas its overexpression reduces freezing tolerance. Our
results suggest that MYB15 is part of a complex network of tran-
scription factors controlling the expression of CBFs and other
genes in response to cold stress.

Cold temperatures have a huge impact on the survivability
and distribution of living organisms. Plants, being sessile, have
evolved efficient mechanisms to sense and adapt to low tem-
perature stress. Plant responses to adverse low temperature are
manifested at physiological, molecular and biochemical levels.
Many temperate plants have the potential to increase their
freezing tolerance after a prior exposure to nonfreezing tem-
peratures, a process known as cold acclimation (1-3). At the
molecular level, a specific set of proteins is induced in response
to low temperature, which helps plants cope with chilling and
freezing stress (4 — 8). Proteins induced during cold acclimation
include enzymes involved in respiration and metabolism of car-
bohydrates, lipids, phenylpropanoids, and antioxidants, molec-
ular chaperones, antifreeze proteins, and many others with a
presumed function in tolerance to cellular dehydration caused
by apoplastic freezing (1, 4, 9).
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Promoters of many of the cold-responsive genes have the
DRE/CRT/LTRE (dehydration responsive element/C-repeat/
low temperature responsive element) sequence, a cis element
necessary and sufficient for gene transcription under cold stress
(10-12). The CBF/DREB family of transcription factors binds
to this sequence and activates cold-responsive genes (11, 13).
The CBF transcription factor genes are also induced by cold,
and their induction is regulated by components upstream in the
cold response pathways (14 —17). In addition, it has been shown
that a loss-of-function mutation in CBF2 results in increased
expression of CBFI and CBF3, implying that CBF2 negatively
regulates the expression of CBFI1 and CBF3 (18).

In addition to the CBF pathway, recent studies have revealed
the presence of parallel pathways associated with cold acclima-
tion (19-21). Some important components mediating cold tol-
erance through CBF-independent pathways include homeodo-
main and MYB-type transcription factors (22, 23). Support for
the existence of CBF-independent pathways has also come
from the analysis of the eskimol mutants of Arabidopsis (24),
which are constitutively freezing tolerant, without any apparent
effect on the CBF regulon. Apart from large changes in gene
transcript levels, extensive reconfiguration of the metabolome
also takes place in response to cold temperatures (25, 26).

A critical component in the activation of CBF3 and a number
of other cold-responsive transcription factor genes in Arabi-
dopsisis ICE1 (14). ICE1 is a constitutively expressed transcrip-
tion factor of the bHLH? family that can bind to the Myc rec-
ognition elements in the CBF3 promoter. A dominant mutation
in ICEI blocks the cold induction of CBF3 and many other
transcription factors, and reduces the expression of their down-
stream genes (14, 27). Apart from Myc recognition sequences,
many putative Myb binding sequences are present in the pro-
moters of CBF genes (28) indicating that MYB-like transcrip-
tion factors may also play a role in controlling CBF gene expres-
sion. Furthermore, some reports suggest that the interplay of
MYC-like bHLH transcription factors and MYB co-transcrip-
tion factors and/or WD repeat containing factors is required for
transcriptional activation of target genes (29, 30).

In the present study, we have identified a MYB-like tran-
scription factor involved in the cold regulation of CBF genes.
This transcription factor, referred to as MYB15, interacts phys-
ically with ICE1. MYB15 binds to sequences in the promoters of
CBF1, 2,and 3 genes. Transgenic plants overexpressing MYB15

2 The abbreviations used are: bHLH, basic helix-loop-helix; GST, glutathione
S-transferase; GFP, green fluorescent protein; Lug, luciferase; RNAi, RNA
interference; EMSA, electrophoretic mobility shift assay; WT, wild type.
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show reduced levels of CBF3, CBF2 and CBF1 transcripts in the
cold. MYBIS5 loss-of-function mutant plants show increased
levels of CBF3 as well as CBFI and CBF2. Overexpression of
MYBIS5 results in decreased tolerance to freezing stress,
whereas its knock-out mutant exhibits increased freezing tol-
erance. These results suggest that MYB15 is involved in the
cold-regulation of CBF genes and in cold stress tolerance.

EXPERIMENTAL PROCEDURES

Gene Expression Analysis—For RNA analysis, 10-day-old
seedlings of wild-type and icel mutant plants grown on sepa-
rate halves of the same Murashige-Skoog (MS) nutrient agar
plate were used. Total RNA extracted from control and stressed
plants was analyzed by RNA blotting as described by Liu and
Zhu (31). RNA isolated from the transgenic plants overexpress-
ing MYBI15, the RNAI line of MYB15 and the myb15 T-DNA
mutant was extracted and transferred to nylon membranes.
The membrane was probed with MYB15 cDNA corresponding
to the full-length open reading frame, or gene-specific probes of
CBF3, CBF2, and CBF1. B-Tubulin or actin gene was used as a
loading control. For checking the MYB15 expression analysis in
various tissues RNA was extracted from roots, leaves, stems,
and flowers. 2 ug of total RNA was used to make cDNA using
Superscript I cDNA synthesis kit (Invitrogen). The first strand
cDNA template was used to amplify MYBI5 gene using forward
primer 5'-GGAATTCCATATGACGAGCTCGAACAGTAC-
TAG-3' and reverse primer 5'-CGCGGATCCCTAGCCAAT-
ACATCGAACCAGAAG-3'. B-Tubulin gene was amplified as
an internal loading control using the following primers: for-
ward primer: 5'-GTCAAGAGGTTCTCAGCAGTA-3" and
reverse primer 5'-TCACCTTCTTGATCCGCAGTT-3".

Yeast 2-Hybrid Interaction Studies—MYB15 was amplified with
primers 5'-GATGGGAAGAGCTCCATGCTG-3' and 5'-CCG-
CTCGAGCTAGCCAATACATCGAACCAG-3' and cloned in
the Smal and Xhol sites of the pACT?2 vector (prey vector). The
C-terminal region (corresponding to 266 —494 amino acids) of
ICE1 was amplified from pMal-ICE1 DNA (ICE1 cloned in MBP
fusion vector) as a template with 5'-TGAGACTGGGATTGAG-
GTTTCTG-3' and 5-CAAGCTTGCCTGCAGGTCGAC-3’
primers and cloned in the Smal and Sall sites of pAS2 vector
(bait vector). For mapping, the interacting domain deletions of
the C-terminal portion of ICE1 were PCR-amplified with gene-
specific primers and cloned in Ncol and BamHI sites of the
pAS2 vector. Prey and different bait plasmids were co-trans-
formed in the Y190 strain of yeast, and colonies were selected
on SC-Trp-Leu medium (32). Resultant colonies were assayed
for B-Gal activity.

Expression and Purification of Fusion Protein in Escherichia
coli—Full-length MYB15 open reading frame (cloned in pGEMT-
easy) was amplified with the gene-specific primer 5'-CGGGATC-
CATGGGAAGAGCTCCATGCTGTG-3' and SP6 primer. The
amplicon was cloned in the BamHI and Sall sites of the pMAL
vector (NEB, Beverley, MA) and pGEX 4T-1 vector (Amersham
Biosciences). Full-length AtMYB79 cDNA was amplified with
5'-CGGGATCCGAATGGTGGAAGAAGTTTGGAGAAA-
3" and 5'-CCGCTCGAGTTAACAAAATGGAATCACCAA-
GTT-3" and cloned in BamHI and Xhol sites of pGex 4T-1 vector.
The MBP-MYBI15 fusion protein was purified according to the
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manufacturer’s instructions. GST-fused MYB15 and AtMYB79
constructs were transformed into E. coli BL21(codon plus) cells
(Stratagene, La Jolla, CA). Single colonies were grown overnight
at 37 °C, transferred to fresh 20X volume of Luria-Bertani
media and further cultured for 1 h. Recombinant protein
expression was induced by 1 mm isopropyl B-p-thiogalactopy-
ranoside for 4 h at 37 °C. The cells were harvested by centrifu-
gation (5,000 X g, 10 min, 4 °C), and the pellets were resus-
pended in prechilled lysis buffer (10 mm Tris, pH 8.0, 150 mm
NaCl, 1 mm EDTA, and 100 ug/mllysozyme) and incubated on
ice for 15 min. Dithiothreitol (50 mm), phenylmethanesulfonyl
fluoride (1 mm), and N-lauroyl sarcosine (1%) were added
before 1-min sonication. The sonicate was clarified by centrif-
ugation at 30,000 X g for 15 min at 4 °C. Triton X-100 (1.5%)
was added in the supernatant and mixed, followed by the addi-
tion of glutathione-agarose beads (Sigma). After overnight
incubation at 4 °C, the beads were pelleted and washed exten-
sively with prechilled PBS. GST-fused proteins were eluted
with 100 mm glutathione (Sigma), 50 mm Tris, pH 8.8.

DNA Binding—For binding with CBF promoters, different
fragments were PCR-amplified from the CBF promoters
(details of the regions are shown in Fig. 3) with KOD polymer-
ase (Novagen, San Diego, CA). Amplified fragments were
eluted from agarose gel with use of the QiaQuick gel purifica-
tion kit (Qiagen, Valencia, CA). Eluted fragments were end-
labeled with [y-P**]JATP and T, polynucleotide kinase. A total
of 500 pg of the labeled probe was incubated with 500 ng of
purified MBP-MYBI15 fusion protein at room temperature for
30 min. For competition, purified protein was incubated with
100 ng of unlabeled fragments for 30 min at room temperature
prior to their incubation with the labeled probe. The DNA-
protein complex was resolved on 5% polyacrylamide gel in 0.5X
TBE and visualized by autoradiography.

Transient Expression Assays—MYBI15 cDNA was cloned in
Smal and Sall sites of the plant expression vector [**S]GAL4-
DB (33). The plasmid DNA of the resulting effector GAL4-ICE1
(14) and a GAL4 responsive reporter, GAL4-LUC (33), were
delivered into Arabidopsis protoplasts by PEG-mediated DNA
uptake (34).

In Vitro Pull-down Assay—In vitro pull-down assays were
carried out to confirm the physical interaction of MYB15 and
ICE1. Full-length MYBI5 cloned in pGEM-T easy and
AtMYB?79 (cloned in EcoRI and Xhol sites of pBCSK; Strat-
agene) were used for in vitro transcription and translation. Full-
length ICEI and ABI2 open reading frames were cloned in
EcoRI/Sall and Ncol/EcoRI sites of pCITE4a. A total of 2 ug
each of the linearized plasmid was in vitro transcribed with use
of the Megascript T7 RNA polymerase kit (Ambion, Austin,
TX), and 10 ug of the purified transcript of MYBIS and
AtMYB79 was in vitro translated with use of the Flexi Rabbit
Reticulocyte system (Promega, Madison, W1) in the presence of
[**S]methionine. S-tag-ICE1, and S-tag-ABI2 transcripts were
translated in the absence of [**S]methionine, and their proteins
were purified with use of the S-tag purification kit (Novagen)
according to the manufacturer’s instructions. S-Tag-ICE1 and
S-tag-ABI2 bound on the S-Tag slurry were used to pull down
35S_labeled MYB15. In a separate experiment, >*S-labeled ICE
was produced and used for pull-down assays with either GST-
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MYB15 or GST-MYB79 proteins. Pull-down assays were per-
formed as described (32).

Expression and Localization of MYB15—For construction
of the MYBI5 promoter-GUS fusion, a 2.0-kb fragment
upstream of the start codon of MYB15 cDNA was PCR-am-
plified with 5'-CCCAAGCTTATACCATATCAAATCTG-
AGAAAG-3’ and 5'-CGCGGATCCATTTGTGATTGCT-
GATAAAAGAAG-3' primers from the Arabidopsis (Col-0
ecotype) genomic DNA and cloned in HindIII and BamHI
sites of pPCAMBIA1391Z. The resultant plasmid was mobilized
in Agrobacterium strain and transformed in Col-0 Arabidopsis
plants by floral infiltration (35). The transgenic plants were
selected on MS medium containing 30 mg/liter of hygromycin.
Transgenic seedlings were histochemically stained with 5-bromo-
4-chloro-3-indolyl-B-p-glucuronide at 21 days as described in
Jefferson et al. (36) and visualized under an Olympus FZX12 dis-
secting microscope. For construction of the GFP fusion, full-
length MYBI15 cDNA was PCR-amplified with 5'-CCGGAATT-
CATGGGAAGAGCTCCATGCTGTGAG-3' and 5'-CGCGG-
ATCCCTAGCCAATACATCGAACCAGAAG-3' primers and
cloned in EcoRI and BamHI sites of pEGAD vector containing a
bialaphos acetyltransferase selectable marker gene (37). For con-
focal microscopy, MYB15-GFP transgenic seedlings selected on
MS medium supplemented with 50 mg/liter phosphinothricin
were mounted on glass slides, and images were visualized under a
Zeiss 510 Meta confocal microscope with a 488-nm excitation
laser and a 522/DF35 emission filter.

Transgenic Plants and T-DNA Knock-outs—MYBI5 was
amplified with 5'-GCTCTAGAATGGGAAGAGCTCCATG-
CTGTGA-3" and 5'-GGGGTACCCTAGCCAATACATCGA-
ACCAGA-3' and cloned in Xbal/Kpnl sites of pRT105 vector.
The cassette containing the 35 S promoter-MYB15-nos termi-
nator was excised from the resulting plasmid and cloned in the
Pstl site of the pCAMBIA3300 vector. The final construct was
mobilized into the GV3101 Agrobacterium strain. Transforma-
tion of Arabidopsis plants (CBF3-LUC background) was car-
ried out by Agrobacterium-mediated floral infiltration. The T1
transgenic plants were selected by spraying 30 mg/liter basta 3
times, at 3-day intervals, 2 weeks after imbibition. Seeds from each
T1 plant (T2) were individually collected and used in the initial
analysis. Selected T2 plants were further propagated, and homozy-
gous lines of overexpression plants were used for analysis. For the
construction of the RNAi construct, 348 bp of MYB15 was ampli-
fied with 5'-GGACTAGTCGGCGCGCCGATATCGATGAAA-
GCTTCT-3" and 5'-GGTACCATTTAAATCTAGAGCCCGG-
CTAAGAGATCT-3' primers. The resulting PCR product was
cloned in Ascl and Swal sites of the pFGC5948 vector. The con-
struct was introduced into Arabidopsis (CBF3-LUC background)
and transformants were selected on MS medium supplemented
with 30 mg/liter hygromycin.

Seeds of T-DNA mutant of MYBI15 available in ABRC
(SALK _151976) were used to find the homozygous T-DNA
insertion line. After confirmation of homozygous T-DNA
insertion, gene knock-out was confirmed by RT-PCR of MYB15
with gene-specific primers. RNA was extracted from the
homozygous line and analyzed for CBF expression.

Freezing Tolerance Assays—For the freezing tolerance assay,
seeds of the MYB15 overexpression line and wild-type plants
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(CBF3-LUC) were sown in pot media. lon leakage test after
freezing was carried out essentially as described by Ishitani et al.
(15). Briefly, for each treatment, one excised leaf was placed in a
test tube containing 100 ul of deionized H,O, and the tube
was placed in a circulating freezing bath (VWR Scientific, San
Francisco, CA) set at 0°C. For each temperature treatment
three replicates were taken. The temperature of the bath was
programmed to decrease to —10 °C at 2 °C per hour. When the
designated temperature was reached, tubes were removed and
placed immediately on ice to allow gradual thawing. The leaf-
lets then were transferred carefully to another tube containing
25 ml of deionized water and shaken overnight, followed by
measurement of conductivity. The tubes with the leaves were
then autoclaved. After cooling down to room temperature, con-
ductivities of the solutions were measured again. The percent-
age of electrolyte leakage was calculated as the percentage of the
conductivity before autoclaving over that after autoclaving. The
ion leakage experiment was repeated twice with three replicates
in each experiment. Representative results from one of the
experiments are presented here.

Whole plant freezing was assayed as described (24). Briefly,
wild-type and myb15 seeds were sown in separate halves of the
same agar (0.9%) plate with Gamborg basal salts and 1.5%
sucrose. Three plates were used for each point of freezing tem-
peratures. After 2 days of stratification at 4 °C, the plates were
kept at 22 °C under 50 = 2 umol quanta m~ *s ' continuous
light. Ten-day-old seedlings were cold-acclimated at 4 °C*
1°Cand 30 =* 2 pmol quanta m ™~ s~ ' light for 4 days. Plants in
Petri dishes were placed on ice in a freezing chamber (Percival
Scientific) set to —1 °C = 0.1 °C for 16 h. Ice chips were sprin-
kled on the plants before the chamber was programmed to cool
at 1 °C/h. The Petri dishes were removed after being frozen at
the desired temperatures for 2 h, thawed at 4 °C for 12 h in the
dark, and then transferred to 22 °C under 50 * 2 umol quanta
m~*s~ ' continuous light. Survival of the seedlings was scored
visually after 2 days.

RESULTS

MYBIS5 Expression in Wild Type and icel Mutant Plants—To
find candidate MYB transcription factors that may function
together with ICE1 in cold response pathways, we examined
DNA microarray data from a comparison of the transcriptomes
of wild type and icel mutant plants treated with cold for 6 h
(14). We found that the expression of AtMyb15 (designated as
MYBI5 herein) was higher in icel mutant than that in the wild
type. RNA blot analysis showed that MYB1S5 expression is up-
regulated by cold stress in both the wild type and icel mutant
plants (Fig. 1A). Consistent with the microarray data,
MYBIS expression level is higher in icel after 6 h of cold
treatment. The expression level is also higher after 3 h of cold
treatment, but the level becomes lower in icel after 12 h of
cold treatment (Fig. 1A4).

Semi-quantitative RT-PCR as well as in silico examination
using Genevestigator indicated that MYBIS is expressed con-
stitutively at low levels in all plant tissues (not shown). Trans-
genic plants expressing the GUS reporter gene under the con-
trol of the MYBI15 promoter were analyzed to determine the
tissue distribution of MYBIS5. GUS activity was detected in
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FIGURE 1. MYB15 gene expression pattern and regulation. A, MYB15 transcript in wild-type (WT, CBF3-LUC
background) and iceT mutant plants under normal and cold stress conditions. The tubulin gene was used as a
loading control. B, histochemical localization of GUS activity in seedling, stem, and flower of transgenic Arabi-

dopsis expressing a MYB15 promoter-GUS fusion construct.

A Prey/bait B

interacted strongly with the C-ter-
minal portion (266-494 amino
acids) of ICE1 (Fig. 2A4). The inter-
action of MYB15 and ICE1 was spe-
cific, because the prey vector or
AtMYB79 failed to activate the
reporter gene (Fig. 2A). The C-ter-
minal portion of ICE1 was further
narrowed down by deletions (Fig.
2B) and then used as baits to deter-
mine the MYBI5 interacting
domain in ICEL. The region corre-
sponding to amino acid residues
358-494 of ICE1 was found to
interact with MYB15 (Fig. 2C).

We used protein pull-down assays
to confirm the interaction between

| |

ICE1 and MYB15. GST-MYB15 was

pACT/ICE1

PACT-MYB15/ICE1

PACT-AtMYBT9Y/ICE1 R

Bait
o

w

-

FIGURE 2. MYB15 interacts with ICE1. A, different prey and bait combinations used for the yeast 2-hybrid
assay are indicated. B, different regions (a-c) of ICE1 used as bait to map its interacting domain. The boxed area
in the line diagram represents the bHLH region of ICE1 protein. C, interaction of the depicted regions of ICE1
with MYB15 as prey. D, in vitro pull-down assay with GST-tagged proteins. The combinations used are indicated
at the top, and the molecular mass markers (kDa) are indicated at the /eft of the panel. Coomassie Blue-stained
gel of the GST-tagged proteins is shown in the left panel, and the autoradiogram is shown in the right panel.
[**SIICE1 used for the pull-down assay is shown in the far right. E, in vitro pull-down assay with S-tagged
proteins. The combinations used are indicated at the top, and the molecular mass markers are indicated at the

left of the panel.

roots, leaves, stems, and floral parts (Fig. 1B), further indicating
that MYBIS is ubiquitously expressed.

MYBIS5 Interacts with ICE1—Yeast 2-hybrid analysis was
used to determine whether MYB15 might interact with ICEL.
Different portions of ICE1 protein were used as bait, and full-
length MYB15 was used as prey to determine their interaction.
Because the full-length ICE1 protein itself gave strong activa-
tion of the B-Gal reporter gene we used portions of ICE1 as bait.
MYBI15 did not interact with N-terminal portion (1-266 amino
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able to pull down 3°S-labeled ICE1
(Fig. 2D). Similarly S-tagged ICE1
was able to pull down 3°S-labeled
MYB15 (Fig. 2E). Their interaction
Qefo was specific, because neither GST-
-\Q;\Q MYB79 nor S-Tag-ABI2 was able to
pull-down either ICE1 or MYB15
proteins, respectively. These results
suggest that MYB15 interacts spe-
cifically with ICEL.

MYBIS5 Binds to Myb Recognition
Sites in the Promoters of CBF
Genes—Electrophoretic  mobility
shift assays (EMSA) were carried
out to determine whether MYB15
could bind to elements in CBF pro-
moters. Different portions of the
CBF promoters were PCR-ampli-
fied and used for EMSA. One major
complex was observed with frag-
ments II (—750/—500) and III
(—500/—300) of the CBFI pro-
moter, whereas other regions of the
CBF1 promoter had no binding with
MYB15 (Fig. 34). When CBF2 pro-
moter fragments were used, binding
was observed with fragments I
(—1000/—750) and II (—500/—270),
whereas no binding was observed
with fragment III (—270/—20).
MYB15 was able to bind to all 4 fragments of the CBF3 pro-
moter. These complexes were abolished by the addition of cold
competitors with the same sequences.

Transcription factors belonging to the Myb family have bind-
ing specificity to either type I Myb recognition sequences
(-CNGTT(A/G)-) or type II (-G(G/T)T(A/T)GTT(A/G)-) and
type IIG (-G(G/T)T(A/T)GGT(A/G)-; Ref. 38) Myb recogni-
tion sequences. MYB15 preferentially binds to type II and type
I1G and binds to a much lesser extent to type I Myb recognition

a (303-365)
b (358-494)
c (395-494)
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sequence (38). The CBF promoter regions used in this study
was found to have many sequences closely related to Type II
and Type IIG Myb recognition sites. A detailed presentation of
the sequences present in the regions of these promoters and the
binding of MYB15 is shown in Table 1. The results indicate that
MYBI5 can bind to the CBF promoters, and the binding is
possibly mediated by the Myb recognition sequences.

A CBF1 promoter

1 ] 1] v v
-1000/ -750/ -500/ -300/ -150/
-750 -500 -300 -150 +1
MYB15 -+ + -+ o+ -+ o+ -+ o+ - o+ o+

COMP - - + - - + -

-

= = + = = +
T EPETE

B CBF2 promoter
|

-1000/ -500/ -270/
-750 -270 -20
MYB15 -+ 4+ -+ o+ -+ o+
COMP - - + - - s - - +

C CBF3 promoter

1 I I} v
-984/ -784/ -563/ -324/
-785 -563 -324 -84
MYB15 -+ o+ -+ -+ o+ -+ o+
COMP = -+ - - + - -+ - -+
- =

FIGURE 3. Evaluation of MYB15 protein binding to CBF promoter ele-
ments by EMSA. A, CBF1 promoter; B, CBF2 promoter; C, CBF3 promoter. Five
fragments for CBF1(l, —1000 to —750 bp; Il, =750 to —500; Ill, =500 to —300;
IV, =300 to —150 and V, —150 to +1), three fragments for CBF2 (I, —1000 to
—750; Il, =500 to —270 and Ill, —270 to —20) and four fragments for CBF3 (I,
—984to —785;Il, =784 to —563;1ll, =563 to —324 and IV, —324 to —84) were
PCR-amplified and used for EMSA studies.

TABLE 1

MYBIS Is Nuclear-localized and Is a Transcriptional Acti-
vator in Transient Assays—To examine the subcellular local-
ization of the MYB15 protein, full-length MYB15 cDNA was
fused in-frame to the C terminus of the green fluorescent
protein (GFP) coding sequence. GFP-MYBI15 fusion driven
by a CaMV 35 S promoter was expressed in transgenic Ara-
bidopsis plants. Confocal imaging of GFP fluorescence in the
transgenic plants showed that the GFP-MYB15 fusion pro-
tein is present in the nucleus (Fig. 4A4), suggesting that
MYBI15 is nuclear-localized under nonstressed conditions.
Cold stress did not change the nuclear localization of MYB15
(data not shown).

Transient expression assays were carried out to determine
whether MYB15 might be a transcriptional activator or repres-
sor. An effector plasmid was constructed by fusing MYB15 with
the DNA binding domain of the yeast GAL4 transcriptional
activator under the control of a CaMV 35 S promoter (GAL4-
MYBIS5; Fig. 4B). When the GAL4-MYB15 and a GAL4-respon-
sive reporter gene, GAL4-LUC, were delivered into Arabidopsis
protoplasts by PEG-mediated DNA uptake, the luciferase activ-
ity increased 10-fold relative to the control with or without an
effector plasmid containing only the GAL4 DNA binding
domain (Fig. 4B). These results indicate that MYB15 might be a
transcriptional activator.

MYBIS Overexpression Reduces the Expression of CBF Genes
under Cold Stress—MYB15 was overexpressed under the control
of the CaMV 35 S promoter in wild-type Arabidopsis plants har-
boring the CBF3-LUC reporter gene. CBF3-LUC luminescence
intensities were analyzed in homozygous seedlings of the MYB15
overexpression lines. As in the wild type, no detectable lumines-
cence was observed in MYB15 overexpression lines without cold
treatment. After cold treatment, CBF3-LUC was expressed at a
high level in wild-type plants (Fig. 5, A and B). However, MYB15
overexpression lines did not show high CBF3-LUC expression
even after the cold treatment (Fig. 5, A and B).

Northern analysis confirmed that MYBIS was ectopically
expressed to high levels in the overexpression lines (Fig. 5C).
Under conditions of cold stress, MYBIS5 transcript levels increased
to even higher levels in the overexpression lines. We also examined
the expression of MYBI13 and MYBI4, two genes most closely
related to MYBIS. These two genes were not up-regulated sub-
stantially by cold stress (Fig. 5C). Their transcript levels appeared
to be reduced in MYB15 overexpression lines (Fig. 5C).

Presence of type Il and type IIG Myb recognition sequences in the promoters of CBF1, -2, and -3
The fragments used for mobility shift assay are indicated in the left columns, and the binding is indicated in the column to the right of the sequences.

CBF1 CBF2 CBF3
Frag. I -TTGTTG-(Type II) —“ -TTGTTA-(Type II) ++2 -TTGTTA-(Type II) +++¢
-TTGTTG-(Type II) -TTGTTA-(Type II) -TTGTTA-(Type II)
Frag. I -TGGTTA-(Type II) +++ -TTGTTA-(Type II) +++ -TTGTTA-(Type II) +++
-TGGTTG-(Type II) -TAGTTA-(Type II)
Frag. 11 -TGGTTA-(Type II) +++ -TTGTTG-(Type II) +4
-TTGGTG-(Type IIG)
Frag. IV - -CGGTTA-(Type II) ++4+
Frag. V —-CCGTAA-(TypeI) -
“ —, no binding.

? 4+, medium binding.
¢+++, strong binding.
44 weak binding.
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We further analyzed one of the overexpression line (no. 10)
for expression of CBFs and their downstream genes. Under
control conditions, transcript of none of the CBF genes was
detected in either the wild type or MYBI15 overexpression line.

A

B Gald x 4 TATA
Reporter

Nos
LuciFERASE HI}

- CaMV 358 Nos
t 7
ector o R ICE1/MYB15
— 50 -
=
> 40 '|'
; 30 4
© 20 |
©
O 10 T
o
) y
Control ICE1 MYB15
Effectors

FIGURE 4. MYB15 is a nuclear-localized transcriptional activator. A, local-
ization of GFP-MYB15 protein in the nuclei of root cells of GFP-MYB15 trans-
genic plants. B, relative luciferase reporter activities after transfection with
Gal4-Luc and 35 S-Gal4DB-MYB15 or 35 S-Gal4DB-ICE1. To normalize values
obtained after each transfection, a gene for luciferase from Renilla was used
asaninternal control. Luciferase activity is expressed in arbitrary units relative
to the activity of Renilla luciferase (42).

A

0°C (24 h)

3 6 12 4°C (h)

Under 3 h of cold stress, more CBF3 as well as CBF1 and CBF2
transcript was present in the wild-type plants as compared with
the MYBIS overexpression line (Fig. 5D). At the other time
points, there was less difference in the expression of CBF
genes between the wild type and MYB15 overexpression line.
No substantial difference in COR15A and RD29A, two down-
stream genes of CBFs, was seen between the different geno-
types (Fig. 5D).

MYBI15 Knock-down or Knock-out Causes Increased Expres-
sion of CBF Genes under Cold Stress—We generated MYBI15
RNAi lines in the CBF3-LUC background to study the effect of
MYBI5 loss-of-function. In the RNAi lines, CBF3-LUC expres-
sion was induced by cold treatment to much higher levels com-
pared with the wild-type (Fig. 6, A and B). MYB15 gene knock-
down in the RNAi lines was confirmed by RT-PCR analysis (Fig.
6C). We tested the expression of endogenous CBFs and their
downstream genes in one of the MYB15 RNAI lines (no. 9). At
3 h of cold stress there was little difference in expression of
CBF1 and CBF2 genes in wild type and RNAi line no. 9 (Fig. 6D).
However, CBF3 exhibited higher expression in the RNAI line
no. 9, than WT at this time point. At 6 and 12 h of cold stress
CBF1, CBF2, and CBF3 genes all had higher transcript levels in
the RNAI line as compared with the wild type. However, the
downstream genes COR15A and RD29A had no substantial dif-
ferences in their expression between wild type and the RNAi
line (Fig. 6D).

When the SALK T-DNA lines became available, we identi-
fied a homozygous T-DNA mutant in MYB15 (Fig. 7A). RT-
PCR analysis showed that the homozygous line (no. 28) had a
complete loss of MYBIS5 transcript whereas both the wild type
and a heterozygous line (no. 30) showed MYBIS expression
(Fig. 7B). The homozygous T-DNA mutant was analyzed for
the expression of the CBFs and their downstream genes. Both
the mutant and WT plants showed strong expression of CBF1I,
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EX 50
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- oh 24h
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FIGURE 5. Ectopic expression of IYB15 leads to decreased CBF expression under cold stress. A, images of seedlings and luminescence of the wild type and
the MYB15 overexpression lines (7 and 10). Images were taken after 24-h cold treatment. B, quantitation of luminescence intensities from the wild type and the
MYB15 overexpression lines (7 and 10) in response to cold stress. C, steady state levels of MYB15 and related Myb transcription factors MYB13 and MYB14
transcripts in MYB15 overexpression lines 7 and 10. Actin was used as a loading control. D, steady state levels of CBF1, 2, 3 and downstream genes COR15A and

RD29A transcripts in MYB15 overexpression line 10.
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FIGURE 6. MYB15 knock-down by RNAi leads to increased CBF expression. A, luminescence of the wild type and MYB15 RNAi lines 9 and 13. B, quantitation
of luminescence intensities from the wild-type and the MYB15 RNAi lines 9 and 13 during cold stress. C, RT-PCR of WT and RNAi line (9). Tubulin (TUB) was used
aninternal control. D, steady state levels of CBF1, -2, -3,and downstream genes COR15A and RD29A transcripts in MYB15 RNAi line 9. Actin was used as a loading

control.
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FIGURE 7. Analysis of the myb15 T-DNA line. A, graphical representation of the T-DNA insertion in MYB15.
B, RT-PCR of homozygous (28), heterozygous (30) and WT plants to confirm gene knock-out. C, expression
levels of CBFs, COR15A and RD29A genes in the homozygous T-DNA line. The duration of the cold treatment are
indicated at the top. Actin was used as a loading control.

expression in the mutant as com-
pared with wild type after 48 h of
cold stress. Similarly, RD29A had
higher expression in the myblS
mutant as compared with the wild
type at the 12 and 48 h time points
during cold stress. These results
indicate that MYBIS may play a
negative role in controlling the
expression of the CBF genes in vivo.
We checked the expression of
MYB13 and MYB14, and found that
their expression was not altered in
the myb15 T-DNA mutant (data not
shown).

MYBI15 Negatively Regulates
Plant Freezing Tolerance—To eval-
uate the effect of over and underex-
pression of MYBIS on plant freez-
ing tolerance, an electrolyte leakage
test was conducted. Overexpression
of MYBIS resulted in higher levels
of electrolyte leakage, indicating a
decreased freezing tolerance (Figs.

-2, and -3 after 3 h of cold treatment. However, these genes
appeared to have higher levels of expression in the mutant as
compared with the wild-type seedlings (Fig. 7C). The higher
levels of expression of the CBF genes in the mutant were more
evident at 6 h of cold stress (Fig. 7C). However, after 12 h of cold
treatment, the expression of the CBF genes was similar between
the mutant and wild-type plants (Fig. 7C). CORI5A had higher
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8, A and B). The LT, values for the wild-type and MYB15
overexpression plants were —6.8 °C and —6.0 °C, respectively,
under nonacclimation conditions. After acclimation, the LT,
for the wild-type plants increased to —9.8 °C but was only
—7.9 °C for the MYB15 overexpression plants. In contrast, the
mybl5 T-DNA mutant was more tolerant to freezing stress
under both acclimation and nonacclimation conditions (Fig. 8,

o
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FIGURE 8. Effect of MYB15 overexpression and knock-out on plant freezing tolerance. A—D, ion-leakage test. Error bar represents S.E. (n = 3). A, WT and
overexpression line 10 without acclimation. B, WT and overexpression line 10 after acclimation for 48 h at 4 °C. C, WT and T-DNA knock-out line without
acclimation, D, WT and T-DNA knock-out line after acclimation for 48 h at 4 °C. E, survival rate of myb15 and WT seedlings after freezing at different tempera-

tures. Error bars represent S.E. in the mean percentage of survival (n = 3).

Cand D). The LT, values for the nonacclimated wild-type and
mutant plants were —4.9 °C and —7 °C, respectively.

The myb15 mutant was also subjected to a whole seedling freez-
ing assay to evaluate the role of MYB15 in plant survival after freez-
ing treatment. The myb15 mutant exhibited increased survival as
compared with wild-type seedlings under different freezing tem-
peratures (Fig. 8E). For example, nearly 60% of the mutant seed-
lings but only about 40% of wild-type seedlings survived a —12 °C
freezing treatment. Together, these results show that MYBI5
overexpression results in decreased freezing tolerance, whereas its
knock-out results in increased freezing tolerance.

DISCUSSION

Cold acclimation involves a cascade of transcriptional
events. Certain constitutively expressed transcription factors
are presumably activated in response to cold, and these would
turn on the transcription of cold-induced transcription factors
such as the CBFs. CBF proteins can then activate the expression
of downstream cold-responsive genes that encode proteins

DECEMBER 8, 2006+ VOLUME 281+NUMBER 49

with protective effects. ICE1 has been identified as a constitu-
tive transcription factor upstream of CBF3 (14). In the present
study, another transcription factor, MYB15, was found to play a
role in the regulation of CBF genes under cold stress. MYB15
physically interacts with ICE1l. Combinatorial interactions
between transcription factors have been shown to be important
for the regulation of downstream genes (29, 30, 39). Although
the functional consequence of MYB15-ICEL1 interaction on the
expression of the CBF genes is unclear at the present time, the
observation of such an interaction, together with other func-
tional data, strongly support a role for MYB15 in cold-regulated
gene expression.

The interaction between R2R3MYB proteins and bHLH pro-
teins is known to occur through a conserved signature sequence in
MYB proteins and N-terminal domain in subgroup III of bBHLH
proteins (40). Neither ICE1 nor MYB15 have these conventional
signature sequences, therefore the interaction between them is
possibly mediated by novel interaction domains.

JOURNAL OF BIOLOGICAL CHEMISTRY 37643

2002 ‘€T [Hdy U0 SHIAIY VINHOLITVYD 4O AINN 1e B10-oglmmm woiy pepeojumoq


http://www.jbc.org

The Journal of Biological Chemis

e

MYB15 Involved in Regulating CBF Genes and Freezing Tolerance

MYBI5is expressed at alow level in all tissues and is localized
in the nucleus. Under cold stress, MYBI15 expression is up-reg-
ulated. Interestingly, the kinetics of this up-regulation is altered
in the icel mutant. ICE1 may directly (through binding to
MYBI15 promoter) or indirectly (i.e. through its downstream
genes) attenuate MYBIS expression in response to cold.
MYB15 belongs to the R2R3-Myb family of transcription fac-
tors and can bind to the promoter fragments of all three CBF
genes, consistent with the presence of type II Myb recognition
sequences in these promoters. The role of MYB15 in planta is
supported by data showing that M YB15 over- and underexpres-
sion alters the expression of CBF genes and affects freezing
tolerance.

Results from the transient assays showed that MYB15 has
transcriptional activation activity. However, data from MYB15
overexpression lines and T-DNA mutant plants indicated that
MYB15 is a negative regulator of CBF expression. The effect of
MYBI15 on CBFI and 2 is similar as on CBF3. The CBF genes
show increased expression in the T-DNA knock-out mutant
plants and decreased expression in the overexpression lines.
MYBI15 interaction with ICE1 and binding to CBF promoter
elements suggest a likely direct effect of MYB15 on CBF gene
expression, although we cannot rule out an additional indirect
effect. Interpretation of these genetic data could be compli-
cated by the complex network of transcriptional regulation of
genes. For example, in vitro studies showed that CBF2 is a pos-
itive regulator of downstream cold-responsive genes and its
overexpression in transgenic plants leads to increased expres-
sion of downstream cold-responsive genes and enhanced freez-
ing tolerance (13, 41, 42). However, in c¢bf2 knock-out mutant
plants, downstream cold-responsive genes and freezing toler-
ance are also increased (18). This paradoxical result may be
explained by a possible negative regulation of CBF2 on CBFI
and 3 expression, and the overcompensation of CBFI and 3
expression in ¢bf2 mutant then leads to the observed pheno-
types. An examination of Myb genes closely related to MYB15
revealed that MYB13 and 14 expression was reduced in MYBI15
overexpression plants, but their expression was not affected by
mybl15knock-out. Besides MYB15 and ICE1, there are probably
other Myb and Myc family of transcription factors involved in
the regulation of CBF genes. These proteins may interact with
themselves and/or with each other both physically and geneti-
cally and thus form a complex web of transcription factors. To
have a more complete understanding of MYB15 function in
cold responsive gene regulation, more of these transcription
factors will need to be identified and characterized in the future.
It is possible that MYB15 may function as both an activator and
repressor depending on the target promoter sequences and
interacting proteins, as have been documented for some tran-
scription factors in animals (43—47).

There is a further complication in understanding the role of
MYBI5 in cold-regulated gene expression. Although the CBF
genes are negatively affected by MYB15 levels, the CBF down-
stream genes CORI5A and RD29A are largely unaffected in the
MYB15 overexpression or underexpression (RNAi or T-DNA
knock-out) plants. Recent studies have suggested that the CBFs
are not the sole transcription factors involved in the regulation
of these downstream genes (22, 23). Besides negatively regulat-
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ing CBFs, MYB15 may at the same time positively regulate
other transcriptional activators of the downstream genes. It is
also possible that MYB15 may negatively regulate certain tran-
scriptional repressors of the downstream genes. These possibil-
ities point again to a complex web of transcriptional regulation
of cold responsive gene expression. Notwithstanding the pre-
cise function of MYBI5 in this transcriptional network, our
results show that MYB15 plays a role in freezing tolerance and
in the regulation of CBF genes under cold stress.

REFERENCES

Guy, C. L. (1990) Annu. Rev. Plant Physiol. Plant Mol. Biol. 41, 187-223
. Hughes, M., and Dunn, M. (1996) J. Exp. Bot. 47, 291-305
. Browse, J., and Xin, Z. (2001) Curr. Opin. Plant Biol. 4, 241-246
. Thomashow, M. F. (1999) Annu. Rev. Plant Physiol. Plant Mol. Biol. 50,
571-599
5. Knight, H., Veale, E. L., Warren, G. J., and Knight, M. R. (1999) Plant Cell
11, 875-886
6. Tahtiharju, S., and Palva, T. (2001) Plant J. 26, 461-470
7. Gong, Z., Lee, H., Xiong, L., Jagendorf, A., Stevenson, B., and Zhu, J. K.
(2002) Proc. Natl. Acad. Sci. U. S. A. 99, 11507-11512
8. Hsieh, T.H., Lee, ]. T,, Yang, P. T, Chiu, L. H., Charng, Y. Y., Wang, Y. C,,
and Chan, M. T. (2002) Plant Physiol. 129, 1086 —1094
9. Mohapatra, S. S., Wolfraim, L., Poole, R. ], and Dhindsa, R. S. (1989) Plant
Physiol. 89, 375-380
10. Yamaguchi-Shinozaki, K., and Shinozaki, K. (1994) Plant Cell 6, 251-264
11. Stockinger, E. J., Gilmour, S. J., and Thomashow, M. F. (1997) Proc. Natl.
Acad. Sci. U. S. A. 94, 1035-1040
12. Jiang, C., Iu, B, and Singh, J. (1996) Plant Mol. Biol. 30, 679 — 684
13. Liu, Q., Sakuma, Y., Abe, H., Kasuga, M., Miura, S., Yamaguchi- Shinozaki,
K., and Shinozaki, K. (1998) Plant Cell 10, 1391-1406
14. Chinnusamy, V., Ohta, M., Kanrar, S., Lee, B. H., Hong, X., Agarwal, M.,
and Zhu, J. K. (2003) Genes Dev. 17, 1043—1054
15. Ishitani, M., Xiong, L., Lee, H., Stevenson, B., and Zhu, J. K. (1998) Plant
Cell 10, 1151-1161
16. Lee, H., Xiong, L., Gong, Z., Ishitani, M., Stevenson, B., and Zhu, J. K.
(2001) Genes Dev. 15,912-924
17. Teige, M., Scheik], E., Eulgem, T., Doczi, R., Ichimura, K., Shinozaki, K.,
Dangl, J. L., and Hirt, H. (2004) T. Mol. Cell 15, 141-152
18. Novillo, F., Alonso, ]. M., Ecker, J. R., and Salinas, J. (2004) Proc. Natl. Acad.
Sci. U. S. A. 101, 3985-3990
19. Seki, M., Narusaka, M., Abe, H., Kasuga, M., Yamaguchi-Shinozaki, K.,
Carninci, P., Hayashizaki, Y., and Shinozaki, K. (2001) Plant Cell13,61-72
20. Fowler, S., and Thomashow, M. F. (2002) Plant Cell 14, 1675-1690
21. Kreps, J. A, Wu, Y., Chang, H. S,, Zhu, T., Wang, X., and Harper, J. F.
(2002) Plant Physiol. 130, 2129 -2141
22. Zhuy, ], Shi, H.,, Lee, B. H., Damsz, B., Cheng, S., Stirm, V., Zhu, J. K,
Hasegawa, P. M., and Bressan, R. A. (2004) Proc. Natl. Acad. Sci. U. S. A.
101, 9873-9878
23. Zhu,]., Verslues, P.E., Zheng, X., Lee, B. H., Zhan, X., Manabe, Y., Zhu, Y.,
Dong, C. H,, Zhu, J. K., Hasegawa, P. M., and and Bressan, R. A. (2005)
Proc. Natl. Acad. Sci. U. S. A. 102, 9966 —9971
24. Xin, Z.,and Browse, J. (1998) Proc. Natl. Acad. Sci. U. S. A. 95,7799 —7804
25. Cook, D., Fowler, S., Fiehn, O., and Thomashow, M. F. (2004) Proc. Natl.
Acad. Sci. U. S. A. 101, 15243-15248
26. Kaplan, F., Kopka, J., Haskell, D. W., Zhao, W, Schiller, K. C., Gatzke, N.,
Sung, D. Y., and Guy, C. L. (2004) Plant Physiol. 136, 4159 —4168
27. Lee, B. H., Henderson, D. A., and Zhu, J. K. (2005) Plant Cell 17,
3155-3175
28. Shinwari, Z. K., Nakashima, K., Miura, S., Kasuga, M., Seki, M., Yamagu-
chi-Shinozaki, K., and Shinozaki, K. (1998) Biochem. Biophys. Res. Com-
mun. 250, 161-170
29. Spelt, C., Quattrocchio, F., Mol, J. N. M., and Koes, R. (2000) Plant Cell 12,
1619-1631
30. Walker, A. R,, Davison, P. A., Bolognesi-Winfield, A. C., James, C. M.,
Srinivasan, N., Blundell, T. L., Esch, J. J., Marks, M. D., and Gray, J. C.

B wW N

VOLUME 281+-NUMBER 49-DECEMBER 8, 2006

2002 ‘€T [Hdy U0 SHIAIY VINHOLITVYD 4O AINN 1e B10-oglmmm woiy pepeojumoq


http://www.jbc.org

The Journal of Biological Chemis

e

31.
32.

33.
34.

35.
36.

37.

38.

DECEMBER 8, 2006+ VOLUME 281+NUMBER 49

MYB15 Involved in Regulating CBF Genes and Freezing Tolerance

(1999) Plant Cell 11, 1337-1349

Liu, J., and Zhu, J. K. (1997) Plant Physiol. 114, 591-596

Halfter, U., Ishitani, M., and Zhu, J. K. (2000) Proc. Natl. Acad. Sci. U. S. A.
97, 3735-3740

Ohta, M., Ohme-Takagi, M., and Shinshi, H. (2000) Plant J. 22, 29-38
Guo, Y., Xiong, L., Ishitani, M., and Zhu, J. K. (2002) Proc. Natl. Acad. Sci.
U S. A.99,7786-7791

Bechtold, N., and Pelletier, G. (1998) Methods Mol. Biol. 82, 259 —266
Jefferson, R. A., Kavanagh, T. A., and Bevan, M. W. (1987) EMBO J. 6,
3901-3907

Cutler, S. R., Ehrhardt, D. W., Griffitts, J. S., and Somerville, C. R. (2000)
Proc. Natl. Acad. Sci. U. S. A. 97,3718 =3723

Romero, L, Fuertes, A., Benito, M. J., Malpica, J. M., Leyva, A., and Paz-
Ares, ]. (1998) Plant ]. 14, 273-284

39.
40.
41.
42.
43.
44.
45.

46.
47.

Grotewold, E., Sainz, M. B., Tagliani, L., Hernandez, J. M., Bowen, B., and
Chandler, V. L. (2000) Proc. Natl. Acad. Sci. U. S. A. 97, 13579 —13584
Zimmermann, I. M., Heim, M. A., Weissharr, B., and Uhrig, J. F. (2004)
Plant J. 40, 22—34

Kasuga, M., Liu, Q., Miura, S., Yamaguchi-Shinozaki, K., and Shinozaki, K.
(1999) Nat. Biotech. 17, 287-291

Gilmour, S.J., Fowler, S. G., and Thomashow, M. F. (2004) Plant Mol. Biol.
54, 767-781

Peng, Y., and Jahroudi, N. (2002) Blood 99, 2408 —2417

Shrivastava, A., and Calame, K. (1994) Nucleic Acids Res. 22, 5151-5155
van den Heuvel M. (2001) Nat. Cell Biol. 3, E155-E156

Courey, A. ., and Huang, J. D. (1995) Biochim. Biophys. Acta 1261, 1-18
Flores-Saaib, R. D., and Courey, A. J. (2000) Cell Biochem. Biophys. 33,
1-17

JOURNAL OF BIOLOGICAL CHEMISTRY 37645

2002 ‘€T [Hdy U0 SHIAIY VINHOLITVYD 4O AINN 1e B10-oglmmm woiy pepeojumoq


http://www.jbc.org

