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In response to cold, Escherichia coli produces cold shock pro-
teins (CSPs) that have essential roles in cold adaptation as RNA
chaperones. Here, we demonstrate that Arabidopsis cold shock
domain protein 3 (AtCSP3), which shares a cold shock domain
with bacterial CSPs, is involved in the acquisition of freezing
tolerance in plants. AtCSP3 complemented a cold-sensitive
phenotype of the E. coli CSP quadruple mutant and displayed
nucleic acid duplex melting activity, suggesting that AtCSP3
also functions as an RNA chaperone. Promoter-GUS transgenic
plants revealed tissue-specific expression of AtCSP3 in shoot
and root apical regions. When exposed to low temperature, GUS
activity was extensively induced in a broader region of the roots.
In transgenic plants expressing an AtCSP3-GFP fusion, GFP sig-
nals were detected in both the nucleus and cytoplasm. An
AtCSP3 knock-out mutant (atcsp3-2) was sensitive to freezing
compared with wild-type plants under non-acclimated and
cold-acclimated conditions, whereas expression of C-repeat-
binding factors and their downstream genes during cold accli-
mation was not altered in the atcsp3-2 mutant. Overexpression
of AtCSP3 in transgenic plants conferred enhanced freezing tol-
erance over wild-type plants. Together, the data demonstrated
an essential role of RNA chaperones for cold adaptation in
higher plants.

Many plant species acquire substantial freezing tolerance
after exposure to low but non-freezing temperatures, a proc-
ess known as cold acclimation (1). Cold acclimation (CA)?>
induces cellular and physiological changes including alter-
ation in gene expression (2). Cold-regulated (COR) genes are
highly expressed during cold acclimation and contribute
substantially to acquiring freezing tolerance. The C-repeat-
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binding factors (CBF) or dehydration responsive element-
binding protein 1 (DREB1) have been identified as transcription
activators for COR gene expression (3, 4). They play a key role
in the signal transduction pathway for cold acclimation and
ectopic expression of CBF genes in plants confers tolerance
against freezing and other related stresses (3, 4). In addition to
the major CBF-dependent pathway, CBF-independent path-
ways are also thought to be necessary for cold acclimation
(5-7). Elucidating the role of these non-CBF pathways is thus
required to fully understand cold acclimation mechanisms in
plants.

Cold acclimation is also observed in diverse organisms
including bacteria, where it is known as the cold shock
response. The major cold shock protein (CSP) in Escherichia-
coli, CspA, is dramatically induced immediately following a
temperature downshift and accumulates to represent up to 10%
of total soluble protein (8, 9). Nine members of the CSP gene
family (cspA to cspl) have been identified in E. coli, and four of
these have been shown to be induced by cold shock (10). The
three-dimensional structure of CSP proteins consists of a
closed five-stranded anti-parallel B-barrel capped by a long
flexible loop and contains two consensus RNA-binding motifs
(RNP1 and RNP2) that contribute to bind nucleic acids (8, 11,
12). CSPs can destabilize the secondary structures in RNA and
thus function as RNA chaperones to regulate transcription and
translation in bacteria (11, 13). Bacterial CSPs are considered to
be the most ancient form of the RNA binding protein, which is
also found in eukaryote proteins as a RNA-binding domain
called the cold shock domain (CSD) (13).

Among the most widely studied eukaryotic CSD proteins is
the Y-Box protein family. All vertebrate Y-box proteins contain
a variable N-terminal domain, cold shock domain, and a C-ter-
minal auxiliary domain. Y-box protein was originally identified
as a protein binding to the Y-box sequence (CTGATTGG) of
the major histocompatibility complex (MHC) class II gene pro-
moter (14). Subsequent studies have shown that Y-box proteins
are transcription factors that can negatively or positively regu-
late gene expression in several genes (15, 16). Despite the func-
tion as a transcription factor, the majority of the human Y-box
protein YB-1 is found in the cytosol as part of the messenger
ribonucleoprotein complex (mRNP). YB-1 stimulates or inhib-
its translation depending on the YB-1/mRNA ratio (17, 18).
Another class of eukaryotic CSD protein is the newly emerging
LIN28 family. Initially identified as a heterochronic gene in
Caenorhabditis elegans (19), LIN28 is now known to function
in the enhancement of translation (20), biogenesis of miRNA
(21), and generation of induced pluripotent stem cells (22).
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Highly conserved CSD is also found in a diverse genera of
lower and higher plants (23). In wheat, the wheat cold shock
protein 1 (WCSP1) accumulates in crown tissue during cold
acclimation (24) and is composed of a CSD and a glycine-rich
domain containing three CCHC zinc fingers (Fig. 14). WCSP1
displays activity to bind ssDNA, dsDNA, and RNA, and
unwinds nucleic acid duplexes (24 -26). Heterologous expres-
sion of WCSPI in an E. coli cspA, cspB, cspE, cspG quadruple
deletion mutant complemented its cold sensitive phenotype.
WCSP1 was also demonstrated to have transcriptional anti-
termination activity in E. coli (26). These studies indicated that
WCSP1 functions as a RNA chaperone to destabilize RNA sec-
ondary structures. However, the detailed functions of WCSP1
in planta remain to be elucidated.

Arabidopsis thaliana has four CSD proteins that displayed
differential regulation in response to low temperature (23).
Two of these proteins (AtGRP2/AtCSP2/At4g38680 and
AtGRP2b/AtCSP4/At2g21060) contain two CCHC zinc fingers
and the other two (AtCSP1/At4g36020 and AtCSP3/
At2g17870) contain seven CCHC zinc fingers within the gly-
cine-rich region (23). AtCSP2 has been subject to further char-
acterization (27-29) and shown to unwind a nucleic acid
duplex and partially complement the E. coli cspA, cspB, cspE,
cspG quadruple deletion mutant (27). AtCSP2 is regulated by
developmental cues, as well as low temperature (27, 28), and is
possibly involved in flowering time control (28). AtCSP2
mRNA (27, 28) and protein levels (27) increased during cold
acclimation, and localization of AtCSP2::GFP was shown to be
in the nucleolus and cytoplasm (27).

To elucidate the regulatory mechanism of Arabidopsis CSD
proteins during cold acclimation, we have chosen the Arabi-
dopsis AtCSP3 (At2g17870) protein for further characteriza-
tion. AtCSP3 was shown to function as an RNA chaperone,
sharing this biochemical function with bacterial CSPs and
wheat WCSPL. In vivo functional analyses with overexpressors
and a knock-out mutant as well as expression analyses indicate
that AtCSP3 regulates freezing tolerance in Arabidopsis during
cold acclimation independent of the CBF/DREB1 pathway.

EXPERIMENTAL PROCEDURES

Recombinant Protein Production and Biochemical Char-
acterization—For recombinant protein production, AtCSP3
was amplified from A. thaliana (Col-0) cDNA template with
the primers listed in supplemental Table S2. The amplified PCR
products were digested with Sall and NotI and ligated into pre-
digested pGEX-6P-3 (GE Healthcare) to produce pGEX-
AtCSP3. Construction of pGEX-WCSP1 and pGEX-CspA was
described previously (26). Recombinant proteins were overex-
pressed in E. coli BL21 cells containing each plasmid and were
purified with GST-Sepharose column chromatography and
PreScission protease (GE Healthcare) digestion (25, 26). Gel
shift analysis and in vitro DNA-melting assays with the purified
recombinant AtCSP3 protein were performed as previously
described (25).

Bacterial Complementation—AtCSP3 was cloned into the
pINIII vector by creating an in-frame N-terminal Ndel and a
C-terminal BamHI sites using PCR primers (supplemental
Table S2). Construction of pINIII-WCSP1 and pINIII-cspA
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was described previously (26). These pINIII constructs were
transformed into E. coli BX04 (AcspA, AcspB, AcspE, AcspG)
cells. Cultures of BX04 cells with respective plasmids were
diluted and spotted onto LB-ampicillin plates and grown at
either 37 or 17 °C.

AtCSP3 Promoter:GUS and AtCSP3 Promoter:AtCSP3-GFP
Analysis—The promoter region of AtCSP3 (1219-bp) was
cloned by genomic PCR with a primer set (supplemental Table
S2). The PCR product was digested with Pstl and BamHI and
inserted into pBI121 (Clontech). Arabidopsis (Col-0) plants
were transformed by the Agrobacterium-mediated floral dip
method (30). Tissues from transgenic plants were fixed and
stained in 1 mMm 5-bromo-4-chloro-3-indolyl-3-p-glucuronide
(X-gluc) solution.

A genomic fragment including the promoter and coding
regions of AtCSP3 (2125 bp) was amplified by PCR (supplemen-
tal Table S2) and cloned into pENTR directional TOPO vector
(Invitrogen) and further transferred into pGWB4 binary vector
(T. Nakagawa, Shimane University) using the Gateway system
(Invitrogen). Independent T2 progeny of 10-day-old transgenic
seedlings were used for analyzing GFP activity. To visualize
nuclei, seedlings were soaked in solution of 4’,6’-diamidino-2-
phenylindole (1 pg/ml).

T-DNA Knock-out Mutant and Overexpression of AtCSP3—
The homozygous atcsp3-2 mutant was identified by genomic
PCR. Disruption of AtCSP3 expression was confirmed by semi-
quantitative RT-PCR using gene-specific primers (supplemen-
tal Table S2). Total RNA extraction and cDNA synthesis were
performed as described (27). 35S:AtCSP3 was generated by
cloning AtCSP3 into the Xbal-Sacl site of pBI121. Homozygous
T3 plants were used for analysis. For complementation analysis,
promoter of 35S::A¢CSP3 was replaced by the 1219-bp AtCSP3
promoter, and the resulting construct was used to transform
atcsp3-2 using Agrobacterium.

Northern and Western Blot Analysis—Total RNA extraction
and gel blot analysis were performed as described (24). Specific
hybridization probes for CBFs (31), COR15A (32), COR47 (33),
RD29A, and KIN1 (33), and ZAT12 (34) were generated by PCR
(supplemental Table S2). Protein extraction and Western blot
analysis were performed as described (27). Chemiluminescent
signals were analyzed using a LAS3000 luminoimager (Fuji
Photo Film, Tokyo, Japan).

Freezing Tolerance Analysis—Freeze-thaw survival was de-
termined as previously described (5). Non-acclimated and cold-
acclimated (7 days at 4 °C) seedlings were transferred to a pro-
grammed freezer LU-112 (TABAI Tokyo, Japan) set at —2 °C
and maintained for 2 h prior to ice nucleation with ice chips and
further incubation at —2 °C for 14 h. Subsequently, the cham-
ber temperature was cooled at a rate of —1 °C per hour. Plates
were then maintained at 4 °C for 12 h for thawing. Survival rate
was scored after 7 days.

For electrolyte leakage tests, one excised rosette leaf was
placed in a tube containing 300 ml of ice-containing distilled
water for ice nucleation and the tube was maintained at —2 °C
for 1 h in the programmed freezer. The chamber was then
cooled at a rate of —1°C h™'. The tubes were removed upon
reaching the designated temperatures and were placed at 2 °C
for 1 h for slow thawing and subsequently shaken at 25 °C for
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FIGURE 1. Biochemical characterization of AtCSP3. A, schematic repre-
sentation of the primary structure of AtCSP3 aligned with E. coli CspA and
wheat WCSP1. B, complementation of cold sensitive growth of BX04
(AcspAAcspBAcspEAcspG) with AtCSP3, cspA, and WCSP1. Overnight cul-
tures of BX04/pINIll, BX04/AtCSP3, BX04/cspA, and BX04/WCSP1 were
diluted to adjust cell density, spotted onto plates, and incubated at 37 °C
for 1 day or 17 °Cfor 3 days. C, nucleic acid melting activity of AtCSP3.One
pmol of annealed molecular beacon (a) was incubated with 300 pmol of
GST(G), AtCSP3 (3), WCSP1 (W), CspA (A), or equal amount of the buffer (b).
Fluorescence is expressed as a relative value against fluorescence of dena-
tured beacon (d).
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2 h. The electrolyte leakage was measured using a compact
conductivity meter C-172 (HORIBA, Kyoto, Japan). Electrolyte
leakage was expressed as the percentage conductivity of the
sample frozen to —80 °C.

Microarray Analysis—Total RNA was prepared from 10-
day-old seedlings of WT and the atcsp3-2 mutant with RNeasy
Plant Mini Kit (Qiagen). 44k Agilent Arabidopsis 3 microarray
(Agilent Technologies) were utilized for the analysis. Hybrid-
ization, washing, and scanning were carried out according to
the manufacturer’s instructions. The microarray analysis was
performed with RNA isolated from two independently har-
vested plant tissues.

RESULTS

Biochemical Function of AtCSP3 Protein—AtCSP3 is com-
prised of a cold shock domain (CSD) with two consensus RNA-
binding motifs (RNP1 and RNP2) and a glycine-rich region
interspersed by seven CCHC-type zinc finger motifs (Fig. 1A).
Recombinant AtCSP3 protein was purified and its nucleic acid-
binding activity was tested by gel shift analysis (supplemental
Fig. S1). Band shifts appeared on gels indicated that AtCSP3
was able to bind ss/dsDNA and mRNA (supplemental Fig. S1, B
and C). To determine if AtCSP3 complements the CSP function
in E. coli, BX04 (AcspA, AcspB, AcspE, AcspG), which is defec-
tive in growth at low temperature (35), was utilized. BX04
transformed with the vector alone showed no visible growth at
17 °C, whereas this growth defect was suppressed by expression
of AtCSP3 in BX04 (Fig. 1B). Similar suppression of the growth
defect was observed with BX04 cells expressing cspA or
WCSPI1. The main activity of E. coli CSPs is to melt double-
stranded nucleic acid. It was therefore tested if AtCSP3 has
nucleic acid melting activity. An in vitro molecular beacon sys-
tem (26) was utilized to quantitate the melting activity. Recom-
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FIGURE 2. Expression in response to cold and subcellular localization of
AtCSP3. A, semi-quantitative RT-PCR with RNA from shoot and root tissues of
10-day-old seedlings. B, histochemical localization of GUS activity in AtCSP3
promoter-GUS transgenic seedlings. 10-day-old seedlings grown on agar
plates were treated with cold stress (4 °C for 1 or 3 days). The top row (panels)
shows whole seedlings. Middle and bottom rows show root tip including distal
elongation zone and the central portion of the root, respectively (indicated by
arrows). Scale bars are: top, 1 um; middle, 50 wm; bottom, 20 um. C, fluores-
cence microscopicimages of the cells expressing the AtCSP3-GFPfusion gene.
Deconvolution images of primary root tip from 10-day-old transgenic seed-
ling were visualized for GFP (left and middle panel). DAPI staining (right panel)
was performed for nuclear localization. Scale bars are 10 um.

binant AtCSP3 exhibited a relative beacon fluorescence (27.3%)
that is substantially higher than that with buffer alone (14.4%)
or GST (14.0%) (Fig. 1C), indicating melting activity of AtCSP3.
Under the conditions utilized, a slightly higher activity was
observed with WCSP1, however, the activity exhibited by CspA
(80.0%) was distinctively higher than that of both plant CSD
proteins (Fig. 1C).

Expression of AtCSP3 during Cold Acclimation—RT-PCR
analyses were performed to investigate regulation of AtCSP3
expression (Fig. 2A). AtCSP3 transcripts were transiently up-
regulated by cold treatment in both shoot and root of 10-day-
old seedlings (Fig. 24). To determine the temporal and spatial
expression pattern of A¢tCSP3 expression, we analyzed trans-
genic plants transformed with an AtCSP3 promoter:GUS
fusion construct. During seed germination, GUS activity was
not detected in dry or imbibed seeds of the transgenic plants.
GUS activity was first detectable in primary root after 2 days of
germination (supplemental Fig. 52, A—C) and was limited to the
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The atcsp3-2 Mutant Exhibits Re-
duced Freezing Tolerance— A T-DNA
mutation line (WiscDsLox353G12)
containing a T-DNA inserted 171-
bp downstream of the AtCSP3 start
codon (Fig. 3A) was obtained from
the ABRC collection. RT-PCR anal-
ysis confirmed the specific disrup-
tion of AtCSP3 expression in this
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atcsp3-2 mutant did not show any
abnormal morphological or devel-
\ opmental phenotypes under nor-

\ mal growth conditions (Fig. 3C).
To understand the role of AtCSP3
in cold acclimation, we examined
freezing tolerance of the 10-day-old
seedlings in wild-type and atcsp3-2
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FIGURE 3. Freezing tolerance of the atcsp3-2 mutant. A, schematic representation of the position of T-DNA
insertion within the cold shock domain of AtCSP3. B, RT-PCR expression analysis of AtCSP genes in WT and the
atcsp3-2 mutant. The tubulin gene was amplified as a control. C, phenotypes of 3- (left) and 5-week-old (right)

Temperature (°C)

tolerance of atcsp3-2 was dimin-
ished as compared with that of the
wild type (Fig. 3, D and E). Both wild
type and atcsp3-2 showed increased
freezing tolerance after cold accli-
mation, however, the difference in
freezing tolerance became more
prominent under the cold-accli-
mated condition (Fig. 3, D and E).
This suggested that AtCSP3 is
involved in both constitutive and

-8 10

wild-type and atcsp3-2 mutant plants grown in soil. D, freezing tolerance of 2-week-old wild-type and atcsp3-2

mutant seedlings grown on plates with CA and without NA. The photographs were taken at 7 days after
recovery from freezing treatment. £, survival rates for 2-week-old wild type and atcsp3-2 mutant seedlings with
or without cold acclimation at different freezing temperatures. F, electrolyte leakage of 3-week-old rosette
leaves of wild type and atcsp3-2 mutant with or without cold acclimation. For cold acclimation, plants were

treated at 4 °C for 7 days under continuous white light.

tip region of the primary root at 4 days postgermination. In
10-day-old seedlings, GUS staining was detected in both the
root tip and shoot apex (Fig. 2B). GUS expression in the root tip
and shoot apex was maintained in 3-week-old seedlings (sup-
plemental Fig. S2, Iand J). In response to cold, GUS activity was
induced and detectable in a broader region in roots of 10-day-
old seedlings (Fig. 2B). After flowering stage, pollen within
anthers (supplemental Fig. S2, G and H), and the base of siliques
(supplemental Fig. S2F) showed GUS staining.

To examine the subcellular localization of AtCSP3, the
promoter and coding region of AtCSP3 was fused in-frame to
the GFP reporter gene and introduced into transgenic
plants. AtCSP3-GFP was detected in both the nucleus and
cytoplasm of root tip cells (Fig. 2C). Similar to the GUS
reporter assay, expression of AtCSP3-GFP was detected in
the apical regions of roots (Fig. 2C) and shoots (data not
shown) and was expanded to a broader region in response to
cold (supplemental Fig. S2K). The nuclear and cytoplasmic
localization of GFP was not altered by cold treatment (data
not shown).
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cold-induced tolerance against
freezing. An electrolyte leakage
analysis was performed to compare
freezing tolerance at cellular levels.
Rosette leaves of atcsp3-2 plants
exhibited higher levels of leakage than the wild-type under non-
acclimated condition. After cold acclimation, wild-type showed
great induced tolerance against electrolyte leakage, while
atcsp3-2 showed only small induced-tolerance (Fig. 3F). To
establish the causal effect of AtCSP3 in the diminished freezing
tolerance, we transformed atcsp3-2 mutant plants with the
AtCSP3 gene containing its own 1.2-kb promoter region. Two
independent lines of transgenic plants restored freezing toler-
ance (supplemental Fig. S3).

Expression of Cold-inducible Genes in atcsp3-2 Mutant—To
determine whether the decreased freezing tolerance in atcsp3-2
mutant is associated with CBF/DREB1-dependent pathway, the
effect of the atcsp3-2 mutation on transcript levels of cold-in-
ducible and CBF (DREBI1)-regulated genes was measured.
Transcript levels of four CBF-regulon genes, COR15, COR47,
LTI78, KIN1, and a non-CBF-regulon gene, ZAT12, increased
in response to cold in both wild-type and atcsp3-2 in a similar
manner (Fig. 44). Expression of three CBF genes, CBF1, CBF2,
and CBF3, were also induced to similar levels by cold treatment
in both wild type and atcsp3-2, although the induction kinetics
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FIGURE 4. Expression of cold-inducible genes in wild type and atcsp3-2
mutant plants. Northern blot analysis with total RNA (10 n.g) from 10-day-old
seedlings that were treated with cold (4 °C) for the indicated times periods.
Ethidium bromide-stained rRNA was used as a loading control. A, transcript
levels of COR15A, COR47, LTI78, KIN1, and ZAT12 in wild type and atcsp3-2
mutant plants. B, transcript levels of CBF/DREBT genes in wild type and
atcsp3-2 mutant.

may be slightly altered (Fig. 4B). Together, these data suggested
that the CBF-dependent pathway is functioning in atcsp3-2 and
that the impaired freezing tolerance in atcsp3-2 may be due to a
defect in a non-CBF pathway.

Microarray analysis utilizing the 44 k Agilent Arabidopsis
3 microarray (Agilent Technologies) revealed a total of 19
genes that were down-regulated in atcsp3-2, with a ratio of
=2.5 (supplemental Table S1). Most of the down-regulated
genes in atcsp3-2 were considered abiotic stress-inducible
according to data from the Arabidopsis eFP Browser (sup-
plemental Table S1). Semi-quantitative RT-PCR analysis was
performed to confirm the expression of six of cold inducible
down-regulated candidates (Fig. 5). The expression of the cyto-
chrome P450 (At5G57220), putative peroxidase (At5g39580),
glutathione S-transferase (At1g02930), WRKY18 (At4g31800),
DC1 domain-containing (At5g40590), and NRT2.1 (At1g08090)
was lower in atcsp3-2 mutant. Expression of these genes was
induced in wild-type and atcsp3-2 mutant plant after cold treat-
ment (4 °C, 24 h), however, their expression was still suppressed
in atcsp3-2 (Fig. 5).

Overexpression of AtCSP3 Confers Freezing Tolerance—To
analyze the effect of AtCSP3 expression on freezing tolerance,
we selected two homozygous 35S::AtCSP3 transgenic lines with
different transgene expression levels (Fig. 6A). The levels of
AtCSP3 accumulation in the overexpression lines were higher
than that of wild type (Fig. 6B). The 35S::AtCSP3 plants showed
no difference in phenotype compared with wild type under nor-
mal growth conditions except for a shorter statue of the S3-35
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FIGURE 5. RT-PCR expression analysis of genes selected from microar-
ray analysis. Wild-type and atcsp3-2 mutant seedlings were treated with
or without cold acclimation for 24 h. Primers of six down-regulated genes
in atcsp3-2 mutant plants were described in supplemental Table S2. The
tubulin gene was amplified as a control.
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FIGURE 6. Effect of AtCSP3 overexpression on freezing tolerance.
Northern (A) and Western (B) blot analyses of 10-day-old seedlings and
3-week-old rosette leaves in two independent transgenic lines (53-31 and
S3-35). C, phenotypes of 5-week-old WT and AtCSP3 overexpression
plants (S3-31 and S3-35). D, freezing tolerance of 2-week-old wild-type
and the S3-31 line under NA and CA conditions. The photographs were
taken 7 days after freezing treatment. E, survival rates for 2-week-old WT,
$3-31, and S3-35 seedlings under NA and CA conditions. F, electrolyte
leakage of 3-week-old rosette leaves from WT, S3-31, and S3-35.
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line (Fig. 6C), which may be due to possible negative effects of
highly elevated overexpression of AtCSP3 in this line. To eval-
uate effect of over/ectopic expression of AtCSP3 on freezing
tolerance, the 35S::AtCSP3 lines and wild-type plants were
exposed to freezing temperatures under non- or cold-accli-
mated conditions (Fig. 6, D and E). As shown in Fig. 5D,
35S::AtCSP3 transgenic plants displayed higher survival rate
than wild-type plants at the freezing temperature of —5°C
(NA) and —8°C (CA). Comparison of the survival after a
range of freezing temperatures indicated both 35S::AtCSP3
lines were more freezing tolerant than wild-type under NA
and CA conditions (Fig. 6E). Although the level of transgene
expression did not directly correlate with the tolerance, this
can be explained by the possible negative effects on plant
growth caused by the extreme high expression of AtCSP3 in
S3-35. Electrolyte leakage measurement also indicated that
the rosette leaves of 35S::AtCSP3 plants were more freeze
tolerant than wild type under cold-acclimated and non-ac-
climated conditions (Fig. 6F).

DISCUSSION

Cold shock domain proteins have been identified in a variety
of organisms ranging from bacteria to mammals. In higher
plants, cold shock domain proteins are involved in the cold
response and share conserved functions with bacterial CSPs
(26, 27). In the current study, we have shown that the Arabi-
dopsis AtCSP3 functions as a RNA chaperone and is involved in
the acquisition of freezing tolerance.

Expression analysis indicated that the level of AtCSP3 tran-
scripts increased in response to cold in both shoots and roots
(Fig. 2, A and B), with a maximum level of expression at around
12 h of cold treatment. The fact that A¢CSP3 expression was not
modulated by drought, NaCl, or ABA (data not shown), sug-
gested that AtCSP3 function is mainly associated with cold
stress. The spatial expression pattern of AtCSP3 was character-
ized using a reporter gene fusion construct (Fig. 2B and supple-
mental Fig. S2). AtCSP3 promoter-GUS expression was limited
to shoot and root apical regions of vegetative plants, which are
considered to be tissues that primarily sense environmental
cues. The shoot apical meristem was reported to sense low tem-
perature signals during vernalization (36, 37), whereas root tips
are also known to sense environmental signals such as gravity
and water availability (38). In response to cold, GUS and GFP
expression was extended to a broader region of root (Fig. 2B,
and supplemental Fig. S2K). Because root growth was inhibited
during cold treatment, this extension was not due to cell divi-
sion of GUS-expressing cells. It is thus plausible that a signal
from root tip is transduced toward the basal part of root to
induce expression of AtCSP3.

Transgenic expression of AtCSP3-GFP driven by the native
AtCSP3 promoter revealed that AtCSP3 was localized to both
the nucleus and cytoplasm (Fig. 2C and supplemental Fig. S2K).
The nuclear and cytoplasmic localization is consistent with a
role for AtCSP3 involving interaction with mRNA. Arabidopsis
LOS4 encodes a DEAD-box RNA helicase and is required for
efficient export of RNA from the nucleus to the cytoplasm (39).
LOS4 also localizes to the nucleus and cytoplasm, and might be
important for nuclear pore remodeling under cold tempera-

AUGUST 28, 2009+VOLUME 284 -NUMBER 35

RNA Chaperone Regulates Freezing Tolerance

tures (39, 40). RNA helicases and RNA chaperones are involved
in various steps of RNA metabolism (41). In Bacillus subtilis,
CspB physically interacts with cold-induced DEAD-box RNA
helicases, CshA and CshB (42). It will be interesting to deter-
mine if plant CSD proteins interact with RNA helicases.

The atcsp3-2 mutant plant was more sensitive to freezing
than wild type under both NA and CA conditions (Fig. 3, D—-F).
A change in freezing tolerance may reflect altered expression of
cold-regulated genes, however, expression analysis of CBFs and
CBF regulon genes indicated that the CBF pathway is function-
ing normally in atcsp3-2 (Fig. 4). On the other hand, several
genes were identified that were down-regulated in atcsp3-2.
Most of these down-regulated genes in atcsp3-2 have been
linked to stress responses (supplemental Table S1 and Fig. 5);
however, it is not yet clear how they are related or their poten-
tial mechanistic role in freezing tolerance. It is interesting to
note that six of the down-regulated genes in atcsp3-2 are known
to be up-regulated in the ada2b-1 mutant (43). ADA2 is a his-
tone acetyltransferase with a putative transcriptional adaptor
function (43, 44). The ada2b-1 mutant is constitutively more
freezing tolerant than wild-type plants without overexpressing
COR genes (43), suggesting there may be a cross-talk between
the AtCSP3 and ADA2. Current information suggests that
AtCSP3 controls the expression of genes that are necessary for
freezing tolerance but are not CBF-regulated genes. Molecular
genetic analyses of several mutants such as eskl and /0s9 have
indicated a significant role for such CBF-independent pathways
in freezing tolerance in Arabidopsis (5, 6, 45).

The biochemical activity of AtCSP3 is very similar to that of
WCSP1, unwinding dsDNA, and binding RNA and DNA (sup-
plemental Fig. S1). In addition, AtCSP3 complemented the
E. coli csp mutant (Fig. 1B). These data suggested that AtCSP3
functions as RNA chaperone in vivo. AtCSP3 may thus act to
enhance translation of bulk or specific mRNA important for
freezing tolerance by destabilizing RNA duplex produced
under low temperature conditions. Another possibility is that
AtCSP3 regulates mRNA stability by mediating RNA duplex
formation, which can stabilize mRNA from exonucleolytic deg-
radation. In bacterial systems, RNA chaperones regulate gene
expression at both the transcription and post-transcription lev-
els. Our data, together with the recent finding that bacterial
CSPs can confer stress tolerance in plants (46), support a func-
tional conservation of plant and bacterial CSD proteins in
acquiring stress tolerance.
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