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Cold acclimation is a multigenic trait that allows hardy plants to develop efficient tolerance mechanisms needed for winter
survival. To determine the genetic nature of these mechanisms, several cold-responsive genes of unknown function were
identified from cold-acclimated wheat (Triticum aestivum). To identify the putative functions and structural features of these
new genes, integrated genomic approaches of data mining, expression profiling, and bioinformatic predictions were used.
The analyses revealed that one of these genes is a member of a small family that encodes two distinct groups of
multispanning transmembrane proteins. The cold-regulated (COR)413-plasma membrane and COR413-thylakoid membrane
groups are potentially targeted to the plasma membrane and thylakoid membrane, respectively. Further sequence analysis
of the two groups from different plant species revealed the presence of a highly conserved phosphorylation site and a
glycosylphosphatidylinositol-anchoring site at the C-terminal end. No homologous sequences were found in other organ-
isms suggesting that this family is specific to the plant kingdom. Intraspecies and interspecies comparative gene expression
profiling shows that the expression of this gene family is correlated with the development of freezing tolerance in cereals
and Arabidopsis. In addition, several members of the family are regulated by water stress, light, and abscisic acid. Structure
predictions and comparative genome analyses allow us to propose that the cor413 genes encode putative G-protein-coupled
receptors.

To achieve their complete life cycle and reproduc-
tion in temperate regions, hardy plants like winter
wheat (Triticum aestivum) have developed two major
evolutionary adaptative mechanisms: vernalization
and cold acclimation (CA). Overwintering plants
sense the upcoming winter and delay flowering by
postponing the transition from the vegetative to the
cold-sensitive reproductive phase (Simpson et al.,
1999). In addition, they develop the high degree of
freezing tolerance (FT) needed for winter survival
(Fowler et al., 1999). Following low temperature (LT)
acclimation, some winter cereals can tolerate temper-
atures as low as �33°C. The regulatory mechanisms
underlying these two processes and how they are
interconnected are far from being fully understood.
To gain further knowledge on the strategies that
plants use for winter survival, the identification of
cold-regulated (COR) genes is needed. A survey of
the literature reveals that the expressions of a large
number of genes are altered during the process of CA

(Thomashow, 1999; Breton et al., 2000; Seki et al.,
2002). These genes could be classified into four
groups based on the presumed function of the en-
coded proteins. The first group comprises genes en-
coding structural proteins that may be involved in
protecting the cell during LT stress. The second
group represents those genes that regulate gene ex-
pression and signal transduction pathways, such as
transcription factors, protein kinases, phosphatases,
and the enzymes involved in phosphoinoside metab-
olism. The third group represents genes encoding
enzymes involved in the biosynthesis of different
osmoprotectants and membrane lipids and those of
the antioxidative response. The fourth group con-
tains cold-induced genes encoding proteins of un-
known function.

To gain insight into the function of these novel
proteins, a combination of expression profiling and
bioinformatic analyses can be used to predict prop-
erties and features that may be important for their
function. When a novel gene is found to be up-
regulated by LT and its expression shows an associ-
ation with the plants’ capacity to develop FT, it is
reasonable to assume that the encoded novel protein
may play a role in FT. By taking advantage of in-
traspecies variability in FT, a second level of associ-
ation can be determined. Previous studies have
shown that, compared with winter varieties, the less
hardy spring wheat varieties cannot maintain the
expression of COR genes (e.g. the WCS120 family) at
a high level and that this differential expression is
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closely associated with their low degree of FT (Sar-
han et al., 1997). A third level of association can be
further established by taking advantage of the natu-
ral diversity of plant species. For example, species
such as rice (Oryza sativa) and maize (Zea mays) are
highly sensitive to LT above the freezing point,
whereas species such as winter wheat and rye can
tolerate temperatures as low as �33°C. This associa-
tion can help differentiate between cold-responsive
genes related to cold performance from those related
to the acquisition of FT.

As a subsequent step, each novel LT-regulated pro-
tein sequence can be analyzed using available bioin-
formatic tools. These tools help in the identification
of sorting signals, conserved posttranslational modi-
fications, transmembrane helices, and secondary and
tertiary structures. The most recent prediction soft-
ware incorporate machine-learning algorithms in the
form of a neural network and a hidden Markov
model (Blom et al., 1999; Krogh et al., 2001). Com-
parative studies have shown that their prediction
accuracy is often superior to older programs (Möller
et al., 2001; Tusnàdy and Simon, 2001) and is bound
to improve further when more newly characterized
proteins are included in their training data sets.
Knowledge gained from analyzing novel proteins
with such tools can lead to the identification of im-
portant functional domains, an element needed to
design future experiments to confirm the predicted
function.

In the present study, the integrated approaches of
expression profiling, structural analysis, and bioin-
formatic predictions were used to study a novel un-
known gene family named cor413. This family en-
codes two distinct groups of proteins containing five
putative transmembrane domains (TMD). COR413-
plasma membrane (COR413-PM) proteins are poten-
tially targeted to the plasma membrane and COR413-
thylakoid membrane (COR413-TM) proteins to the
thylakoid. The use of intraspecies and interspecies
comparative gene expression analysis shows that the
regulation of this gene family is associated with the
development of FT in cereals and Arabidopsis. A
proposed structural and functional model for the
COR413 protein family is discussed.

RESULTS

Identification of TaCOR413-PM1 Homologs

Differential screening of a wheat cold-acclimated
cDNA library was used to isolate LT-responsive
clones. One of these clones, Tacor413-pm1 (previously
Wcor413), was selected for detailed molecular char-
acterization (Danyluk, 1996). Sequence analysis re-
vealed that the longest open reading frame (ORF)
encodes a 210-amino acid (23 kD), highly hydro-
phobic protein with a predicted pI of 9.0 (Table I,
TaCOR413-PM1).

A search in the GenBank nonredundant sequence
database using the BLAST program revealed that
TaCOR413-PM1 is a novel protein with no character-
ized homologs. Data mining of the GenBank EST
database with TaCOR413-PM1 revealed that plants
possess several homologs of this protein. A combina-
tion of EST sequencing and in silico reconstitution
allowed the generation of 27 new COR413-related pro-
tein sequences from plants. Using pair wise sequence
alignments with the initial TaCOR413-PM1, these pro-
teins were clustered into two distinct groups (Table I).
The first group is named COR413-PM and contains
members sharing more than 54% overall identity with
TaCOR413-PM1 (Table I). The second group is named
COR413-TM and contains members sharing less than
30% overall identity with TaCOR413-PM1 (Table I).
However, a region of 40 amino acids shows a higher
degree of homology among all members of both
groups (Supplemental Figs. 1–3, square brackets; they
can be viewed at www.plantphysiol.org).

Data mining of cereal EST databases and rice
genomic sequence helped in the identification of two
different COR413-PM members in wheat, maize, and
barley (Hordeum vulgare), whereas only one was iden-
tified in rice (O. sativa subsp. indica cv 93-11; Yu et al.,
2002). In addition, four COR413-PM proteins were
identified in the Arabidopsis genome. On the other
hand, only one member belonging to the COR413-TM
group was identified in the four cereal species ana-
lyzed. In Arabidopsis, two COR413-TM were found
in tandem repeat on chromosome 2 (The Arabidopsis
Genome Initiative, 2000). Furthermore, a search in
the GenBank EST database revealed that other dicot-
yledonous plants such as tomato (Lycopersicon escu-
lentum), soybean (Glycine max), ice plant (Mesembry-
anthemum crystallinum), poplar (Populus spp.), and
cotton (Gossypium hirsutum) as well as the coniferales
Cryptomeria japonica and Pinus taeda possess se-
quences encoding homologs of the COR413 groups
(see Supplemental Table II; supplemental tables can
be viewed at www.plantphysiol.org).

Other embryophytes such as the marchantiales
Marchantia polymorpha and the moss Physcomitrella
patens also have COR413 homologs. The deduced
moss COR413 proteins share slightly higher identity
with the COR413-PM group, suggesting that they are
related to this group (Table I). Because of their lower
degree of homology, they were classified separately
in this study as moss COR413 (Table I). This lower
homology may result from the evolutionary distance
between moss and other plants listed in Table I.
Because no entries encoding COR413 homologs were
found in the green algae Chlamydomonas reinhardtii
sequence database, it is possible that COR413 would
be present only in multicellular Viridiplantae.
COR413 homologous sequences were neither found
in other eukaryotes nor in prokaryote databases, sug-
gesting that this family is specific to the plant
kingdom.
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The cor413 Genes Encode Membrane Proteins
Potentially Targeted to the Plasma and
Thylakoid Membranes

The analyses of both COR413-PM and -TM se-
quences revealed that they are rich in hydrophobic
amino acids, suggesting that they may be membrane
proteins (Supplemental Figs. 1 and 2). The sequence
alignments of both groups show many regions of
high identity (shaded in black in Supplemental Figs.
1 and 2). In addition, many residues normally con-
sidered important for protein structure or activity
such as Cys residues and Pro residues are conserved
within COR413-PM or COR413-TM proteins (Supple-
mental Figs. 1–3, asterisks). Five of the Pro residues
are even conserved between members of both groups
(yellow-shaded asterisks). On the other hand, the
sequence alignments also revealed that approxi-
mately the first 50 amino acids of COR413-PM and
the first 80 amino acids of COR413-TM are poorly
conserved. This observation prompted us to analyze
these regions for subcellular targeting signals.

Analysis using the PSORT program revealed that
there is no consensus targeting or retention signal

present in COR413-PM sequences (Nakai and Kane-
hisa, 1992; Supplemental Table III). Although the
program suggested different cellular localizations for
each member, the average score was slightly higher
for the plasma membrane localization. Because many
proteins targeted to the plasma membrane possess a
cleavable signal peptide, COR413-PM sequences
were analyzed with SignalP (Nielsen and Krogh,
1998). The analysis of SignalP-HMM results revealed
that six proteins have a high probability to possess a
non-cleavable signal anchor for endoplasmic reticu-
lum (ER) translocation (Supplemental Table III).
These results are consistent with those obtained with
PSORT and suggest that COR413-PM proteins are
targeted to the plasma membrane. Moss COR413
shows the same features as the COR413-PM group,
suggesting that they are also targeted to the plasma
membrane (Supplemental Table IV). Using several
secondary structure prediction programs available
on the Network Protein Sequence Analysis server,
we found that the N-terminal region of COR413-PM
proteins contains a possible hinge-like structure con-
sisting of two segments of 20 to 25 residues predicted

Table I. Characteristics of cor413-pm, -tm, and moss cor413 genes

Genes from wheat (Ta), barley (Hv), rice (Os), maize (Zm), sorghum (Sb), Arabidopsis (At), alfalfa (Mt), soybean (Gm), tomato (Le), potato (St),
C. japonica (Cj), and P. patens (Pp) were translated, and the length in amino acids and pI of the longest ORF is presented. For genes sequenced
in this study, accession numbers are provided. For sequences constructed from data available in the EST database, one accession number is
provided and identified in italic. More information can be found in Supplemental Table VII on the source EST for in silico sequencing and on
the Arabidopsis Genome Initiative number for Arabidopsis proteins.

Type Name GenBank Accession No.
Amino Acid

Residues
pI

Identity with
TaCOR413-PM1

Identity with
TaCOR413-TM1

%

COR413-PM Tacor413-pm1 AAB18207 210 9.0 100 29
Tacor413-pm2 AAL23724 208 9.7 78 27
Hvcor413-pm1 BE421687 210 8.6 95 28
Hvcor413-pm2 BF628071 208 9.3 79 27
Oscor413-pm1 AF283006 210 9.4 71 26
Zmcor413-pm1 AY181208 212 9.4 72 27
Sbcor413-pm1 BI075784 213 9.1 72 28
Atcor413-pm1 AF283004 197 9.1 55 26
Atcor413-pm2 AF283005 203 9.4 55 25
Mtcor413-pm1 BF003463 198 8.6 55 26
Mtcor413-pm2 BG647116 199 8.6 55 25
Mtcor413-pm3 BG456396 195 5.2 54 26
Gmcor413-pm1 BE211677 198 9.1 59 27
Lecor413-pm1 AW039062 198 9.2 56 23
Lecor413-pm2 BG642925 202 8.6 61 24

COR413-TM Tacor413-tm1 AY181206 221 10.2 29 100
Hvcor413-tm1 AF465840 215 10.4 30 88
Oscor413-tm1 AY181210 222 10.7 27 69
Zmcor413-tm1 AY181209 226 10.5 27 64
Atcor413-tm1 AAK76616 226 10.5 25 44
Atcor413-tm2 AAL87293 225 10.6 24 45
Mtcor413-tm1 BF639516 234 10.0 23 41
Lecor413-tm1 AW034114 221 9.8 26 53
Stcor413-tm1 BG047649 220 9.8 26 53
Cjcor413-tm1 AY181207 241 10.3 27 39

Moss COR413 Ppcor413-1 AAL16410 207 5.7 44 26
Ppcor413-2 BJ200341 204 7.0 44 28
Ppcor413-3 BJ169989 205 7.1 45 30
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to form �-helices that are separated by a Gly-rich
region (Supplemental Fig. 1).

The use of the targeting signal programs PSORT,
iPSORT, and TargetP for COR413-TM sequence anal-
yses revealed that they are all likely to be targeted to
the thylakoid membrane (Supplemental Table V; Na-
kai and Kanehisa, 1992; Emanuelsson et al., 2000;
Bannai et al., 2002). Chloroplast targeting signals are
generally highly basic and rich in Ser and Thr (Agar-
raberes and Dice, 2001). The N-terminal sequence of
all COR413-TM members shows these two properties
(Supplemental Fig. 2).

COR413 Proteins Contain Five TMD

As expected from the overall amino acid composi-
tion, the Kyte and Doolittle hydrophobicity plot of
TaCOR413-PM1 shows a highly hydrophobic pattern
with six clear spikes (Supplemental Fig. 1, S1–S6;
Kyte and Doolittle, 1982). Superposition of the Kyte
and Doolittle plot of the 15 available COR413-PM
sequences showed that the overall hydrophobicity is
well conserved among the different members (Fig.
1A). To analyze the number of TMD and the possible
topology of COR413-PM proteins, the newly devel-
oped and accurate membrane topology prediction
program TMHMM was used (Krogh et al., 2001;
Möller et al., 2001). The final prediction generated by
the program for each COR413-PM members is listed

in Supplemental Table III, and the compilation of all
TMD predictions is presented in Figure 1B. These
analyses allowed us to propose two structural mod-
els (Fig. 2). In the first, COR413-PM proteins would
have five TMD with the N-terminal end outside and
the C-terminal end inside (Fig. 2, model 1). This
model is supported by the following observations:
(a) The final prediction of 11 of 15 proteins have
this topology; and (b) the compilation of the
N-probability graphs for TMD shows that the five-
TMD topology is favored. In this compilation, spike 4
was chosen as the third TMD in nine of the 11 pro-
teins. The data analysis of the inside/outside proba-

Figure 1. Hydropathy and transmembrane predictions. A, Compila-
tion of Kyte and Doolittle profiles of all group COR413-PM and -TM
members. S1 to S6, Spikes 1 to 6. B, Compilation of profiles gener-
ated by TMHMM 2.0 for all group COR413-PM and -TM members.
TMD1 to TMD5, Transmembrane helices 1 to 5. For group COR413-
TM, the two profiles were generated without the N-terminal chloro-
plastic targeting signal (cut after the conserved Cys residue identified
in Supplemental Fig. 2).

Figure 2. Proposed models for COR413-PM proteins and compari-
son with the GPCR Rhodopsin-like family. Green boxes and green
lines, TMD and interconnecting loops, respectively. Boxes and lines
shaded in blue, Region containing the highest similarity with
COR413-TM proteins. S1 to S6 correspond to Kyte and Doolittle
spikes from Figure 1. In model I and II, S6 is separated from the rest
of the proteins due to the addition of a GPI anchor. Red box,
Phosphorylation sites. Pink line, Lipidic anchor. Orange circle, Po-
sition of the highly conserved DRT (COR413-PM) or DRY (GPCR)
triplet motif.
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bility graphs generated by TMHMM and the calcu-
lation of the median probability revealed that the
N-terminal topology is favored (64%). Although
model 1 is the software’s preferred topology, it does
not take into account the following points: (a) All 15
proteins contain six hydrophobic spikes suggesting
six TMD; and (b) four proteins of 15 are predicted to
have six TMD with TMHMM. Therefore, an alter-
native model could be proposed where group
COR413-PM members would have six TMD with
both the N-terminal and C-terminal ends inside (Fig.
2, model 2). The main difference with the first model
is the inverted topology in the first one-half of the
protein.

COR413-TM sequences were analyzed before and
after removal of the putative N-terminal chloroplas-
tic targeting signal. The comparison of the 10 Kyte
and Doolittle profiles clearly shows that COR413-TM
proteins possess six hydrophobic spikes (S1–S6 in
Supplemental Fig. 2 and Fig. 1A). Despite the clear
hydrophobic pattern, TMHMM had difficulties gen-
erating clear topology predictions (Supplemental Ta-
ble V). However, the compilation of the 10 TMHMM
graphs suggests that group II may also have a five-
TMD structure (Fig. 1B). Because no clear consensus
can be deduced for the TMHMM inside-outside to-
pology, it is impossible to predict which loops are
exposed on the lumenal and stromal side of the thy-
lakoids. The extracellular loop 1 of COR413-PM
model 1 (Fig. 1, S3) falls in the region that is con-
served between COR413-PM and -TM, and corre-
sponds to the second predicted loop and the third
TMD of COR413-TM (Supplemental Figs. 1–3; iden-
tified in blue in Fig. 2).

COR413-PM Proteins Contain Conserved Putative
Phosphorylation and Glycosylated Phosphatidylinositol
(GPI)-Anchoring Sites

Motif searches against the PROSITE, Pfam, and
Smart databases, after exclusion of patterns with a
high probability of occurrence, did not detect known
motifs. However, the neural network-based NetPhos
phosphorylation site prediction software generated
several interesting findings (Blom et al., 1999). Even
though the TaCOR413-PM1 sequence contains eight
Ser residues, 10 Thr residues, and four Tyr residues,
only one Thr residue is predicted to be a phosphor-
ylation site (Supplemental Fig. 1 in yellow). Analysis
of the other COR413-PM members with the NetPhos
software always identified a putative phosphoryla-
tion site at this position (Supplemental Fig. 1). Inter-
estingly, in both of our models, this phosphorylation
site is located on the internal side of the membrane
where it may be the target for intracellular kinases
(see Fig. 2). For the chloroplastic COR413-TM pro-
teins, NetPhos predicted a phosphorylation site in
the same region (between TMD3 and TMD4) for eight
of the 10 proteins. The other two proteins are those

from Arabidopsis, which raises the possibility that
the prediction of the phosphorylation site for the
chloroplastic proteins may be incorrect (Supplemen-
tal Fig. 2).

The DGPI program predicted a GPI-anchoring site
at the C-terminal end of all COR413-PM family mem-
bers (D. Buloz and J. Kronegg, unpublished data).
The conserved features are a highly hydrophobic
C-terminal end and a consensus cleavage site needed
for the addition of the GPI anchor (Supplemental
Fig. 1). This second posttranslational modification
fits well with our structural models because GPI
anchors are modifications located on the external
side of the membrane (Fig. 2). This modification will
result in the cleavage of the second extracellular loop
as schematized in Figure 2. The chloroplastic
COR413-TM proteins’ C-terminal tail is also very
hydrophobic but the potential cleavage sites are less
conserved.

cor413 Genes Are Regulated by Environmental Stresses

Northern-blot analyses indicated that Tacor413-pm1
and Tacor413-tm1 transcripts are strongly up-
regulated by LT in leaf tissues (Fig. 3A). In contrast,
the Tacor413-pm2 transcript was down-regulated. The
LT kinetics study in winter wheat cv Norstar leaves
shows that the Tacor413-pm1 and tm1 transcripts ac-
cumulate rapidly within 24 h and remain at high
levels throughout the acclimation period (Fig. 3A). In
comparison, the transcripts accumulation in the less
freezing-tolerant spring wheat cv Glenlea peaks at
24 h and then declines (Fig. 3A). When the plants are
deacclimated at 24°C for 5 d, Tacor413-pm1 and tm1
transcripts decline to the nonacclimated control lev-
els in both cultivars. The intra- and interspecies com-
parative expression analyses are shown in Figures 3B
and 4. Tacor413-pm1 and tm1 mRNA levels are higher
in winter wheat cultivars compared with the less FT
spring wheat cultivars (Glenlea and Concorde).
These results suggest that the accumulation of
Tacor413-pm1 and tm1 transcripts is associated with
the capacity of the plants to develop FT. This figure
also shows that Tacor413-pm2 level is slightly down-
regulated by long term LT treatments because tran-
script levels are higher in nonacclimated wheat
leaves than in the 36-d-acclimated ones. The use of
the wheat Tacor413-pm1 and tm1 full-length probes
revealed that LT-sensitive oat and LT-tolerant barley
and rye also possess cold-inducible homologs of the
cor413 family (Fig. 4A). The wheat probes did not
detect any signal in rice, but the use of rice-specific
probes showed that the transcript level of Oscor413-
pm1 is detectable but not LT-regulated under the four
temperature regimes used. In contrast, Oscor413-tm1
transcripts are practically undetectable (Fig. 4B). Re-
sults obtained with the maize Zmcor413-pm1 and -tm1
probes using similar treatments have shown that
both transcripts are undetectable (data not shown). In

Breton et al.

68 Plant Physiol. Vol. 132, 2003



Arabidopsis, the Atcor413-pm1 and Atcor413-tm1
transcripts accumulate in response to the LT treat-
ments, but Atcor413-pm2 transcripts are undetectable
(Fig. 4C).

To determine whether the wheat and Arabidopsis
cor413 gene families are specifically regulated by LT,
plants were subjected to different stress treatments
(Figs. 4C and 5A). RNA gel-blot analysis indicated

that water stress induces the accumulation of
Atcor413-pm1 and -tm1 as well as Tacor413-pm1 and
-tm1 transcripts to a level comparable to 1 d of LT
exposure. Exogenous application of the stress-
associated growth regulator abscisic acid (100 �m)
also induced the accumulation of the four transcripts.
Taken together, these results suggest that the
AtCOR413-PM1 and TM1 proteins could be dicotyle-

Figure 3. Accumulation of Tacor413-pm and -tm mRNAs during CA
in spring and winter wheat. A, Accumulation of Tacor413-pm and
-tm mRNAs during CA in spring wheat cv Glenlea and winter wheat
cv Norstar. NA7, NA12, nonacclimated control plants grown for 7
and 12 d; CA1, CA6, and CA36, 7-d-old plants were cold-acclimated
plants for 1, 6, and 36 d; DA5, cold-acclimated plants (36 d) were
deacclimated for 5 d. B, Accumulation of Tacor413-pm and -tm
mRNAs during CA in spring and winter wheat cultivars. Total RNA
(7.5 �g) from shoots of two spring wheat genotypes (cv Glenlea
[Glen], LT50 [lethal temperature that kills 50% of the seedlings] of
�8°C; and cv Concorde [Con], LT50 of �8°C), four winter wheat
genotypes (cv Monopole [Mon], LT50 of �15°C; cv Absolvent [Abs],
LT50 of �16°C; cv Fredrick [Fred], LT50 of �16°C; and cv Norstar
[Nor], LT50 of �19°C. NA, Nonacclimated plants grown for 13 d;
CA36, 7-d-old plants were cold acclimated for 36 d. The 28S ribo-
somal band stained with ethidium bromide is included to show RNA
loads.

Figure 4. Accumulation of Cor413-pm and -tm mRNAs during CA in
cereals and Arabidopsis. A, Differential accumulation in various
species. In this study, total RNA (7.5 �g) from oat (Avena sativa L. cv
Laurent, LT50 of �6°C), barley (cv Winchester, LT50 of �7°C), and
winter rye (Secale cereale L. cv Musketeer, LT50 of�21°C) were used.
NA, Nonacclimated plants grown for 13 d; CA36, 7-d-old plants
were cold acclimated for 36 d. B, Accumulation in rice (O. sativa
subsp. indica cv IR36). Plants grown for 24 h under the correspond-
ing day/night temperatures in degrees Celsius. C, Accumulation in
Arabidopsis. NA, Nonacclimated plants grown for 40 d under short
photoperiod; CA4h, CA1, CA4, CA7, CA14, and CA21, cold-
acclimated plants for 4 h and 1, 4, 7, 14, and 21 d; CTRL, dehydra-
tion control plants were removed from pots and placed in water; WS,
water-stressed plants were water-stressed by removing them from
pots and allowing them to dry for the indicated periods of time; ABA,
plants treated with 0.1 mM ABA (Sigma-Aldrich, St. Louis) for 2 and
18 h. The 28S ribosomal band stained with ethidium bromide is
included to show RNA loads.
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donous orthologs of the wheat COR413-PM1 and
TM1 proteins.

Tissue Specificity and Light Regulation of
cor413 Genes

The expression data in Figure 5B shows that, under
LT conditions, Tacor413-pm1 is expressed more abun-
dantly in leaves and roots, whereas the chloroplastic
protein-encoding Tacor413-tm1 accumulated only in
the photosynthetic tissues. To further investigate the
association of the Tacor413-tm1 expression profile
with photosynthetic tissue, we analyzed the regula-
tion of the cor413 family members under different
light conditions. The results in Figure 5C show that
the LT-induced expression of Tacor413-pm1 is not
light dependent and is not associated with the chlo-
roplast differentiation stage. In contrast, Tacor413-
tm1 LT accumulation is dependent on the chloroplast
differentiation stage because Tacor413-tm1 accumula-
tion is higher in light-grown plants than in etiolated
plants.

To take advantage of the large body of information
generated from the different plant EST projects, we
analyzed systematically each GenBank cor413-related
entry for information regarding tissue specificity.
The result of our survey is presented in Supplemen-
tal Table II. In addition to the leaf and roots tissues,
cor413-pm and cor413-tm transcripts were found in
wheat pre-anthesis spike, maize glume, and rice
panicle. In dicotyledonous plants, they are found in
Arabidopsis flower buds, cotton post-anthesis fiber
bolls, potato (Solanum tuberosum) sprouting eyes, al-
falfa (Medicago sativa) root tips, soybean immature
flowers, and tomato flower buds and maturing fruits.
Cor413 members were also found in P. taeda bark
tissue, P. patens protonemata, and M. polymorpha im-
mature sex organs. This survey reveals that
cor413-pm and -tm expression is not restricted to the
plant vegetative stage but also occurs in the final
phase of the reproductive stage.

DISCUSSION

A combination of comparative expression profiling
and bioinformatic tools was used to identify and to
characterize a novel family of plant multispanning

Figure 5. Accumulation of Tacor413-pm and -tm mRNAs under
stress conditions and tissue specificity in winter wheat cv Norstar. A,
Accumulation of Tacor413-pm and -tm mRNAs under different stress
conditions. NA, Nonacclimated plants grown for 7 d; CA1, plants
cold acclimated for 1 d; HS1 and 3 h, plants exposed to 40°C for 1
and 3 h (heat shock); ABA18h, plants treated with 0.1 mM ABA
(Sigma-Aldrich) for 18 h; NaCl, plants treated with 300 mM NaCl for

18 h; DHN CTRL, dehydration control plants grown for 7 d;
DHN30% and 70%, water stressed plants with a relative water
content of 30% and 70%. B, Tissue specificity in winter wheat cv
Norstar. Leaf, crown, and roots of nonacclimated plants (NA) and 6-d
cold-acclimated (CA6) plants. C, Tacor413-tm1 expression is depen-
dent on the chloroplast differentiation stage. NA, Nonacclimated
plants grown for 7 d in the presence of a light cycle (8 h of light:16
h of dark; green) or in the dark (etiolated); NA�L, 7-d-old etiolated
plants after one light cycle; CA, 7-d-old green or etiolated plants cold
acclimated for 24 h in the presence of light (L) or in the dark (D). The
28S ribosomal band stained with ethidium bromide is included to
show RNA loads (7.5 �g).
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transmembrane proteins. Data mining of various nu-
cleotide databases and protein sequence alignments
revealed that the higher plant COR413 family can be
clustered into two distinct groups. Sequence analyses
revealed four important conserved features on
COR413-PM and two on COR413-TM. These features
are related to the cellular localization, the structure,
and the presence of a phosphorylation site and of a
GPI-anchoring site.

The bioinformatic approach used allowed us to
propose that COR413-PM proteins are targeted to the
plasma membrane and that COR413-TM proteins are
targeted to the thylakoid membrane. The predicted
localization of COR413-TM proteins is further cor-
roborated by the fact that their corresponding tran-
scripts are more abundant in photosynthetic tissues
and are regulated by the chloroplast differentiation
stage. The existence of some EST entries from non-
photosynthetic tissues such as alfalfa developing
flowers, Arabidopsis flower buds, potato sprouting
eyes, and barley etiolated tissues suggests that the
proteins may also be associated with other plasts.

The hidden Markov-based TMHMM software pre-
dicted that both COR413-PM and -TM proteins are
likely to possess five transmembrane helices and that
the N-terminal end of group COR413-PM may be
located on the extracellular side of the plasma mem-
brane. Although this is the most probable topology
for the moment, TMHMM had a difficulty reaching a
consensus topology, especially with COR413-TM
proteins. This may be due to the fact that TMHMM,
which uses a machine-learning algorithm, was tested
using a data set containing very few plant membrane
proteins (Krogh et al., 2001). This hypothesis sug-
gests that the prediction of plant membrane protein
structures will certainly become more accurate with
time when more plant data becomes available for
data set generation. This particular program was
used for two main reasons: first, it is considered the
most accurate prediction software (Möller et al.,
2001), and second, because it is based on a hidden
Markov algorithm. A recent review on membrane
protein topogenesis concluded that the current
knowledge makes it impossible to establish consen-
sus rules because too many different processes seem
to influence simultaneously the insertion of the pro-
tein into the membrane (Goder and Spiess, 2001). On
the basis of this conclusion, we believe that machine
learning algorithms such as the hidden Markov al-
gorithm can better take into account the subtle dif-
ferences in amino acids that cannot be deduced by
any other method.

The use of the neural network-based predictor Net-
Phos 2.0 (Blom et al., 1999) suggested that
COR413-PM members are likely to possess a differ-
ent phosphorylation site on the second intracellular
loop. It is worth mentioning that the software pre-
dicted a phosphorylation site in the loop between
TMD3 and TMD4 of the wheat TaCOR413-PM1 and

-PM2 proteins, and this loop is a region that is highly
divergent between the two proteins. This suggests
that the two proteins may be regulated by different
kinases (Supplemental Fig. 1).

The last consensus prediction was obtained from
the anchoring site predictor DGPI. This program
found the presence of a cleavage site and a favorable
environment for the addition of a GPI anchor (proper
hydrophobic tail length and hydrophilic region
length) at the second extracellular loop of
COR413-PM proteins. The only feature that DGPI did
not detect on COR413-PM sequences is the presence
of an N-terminal cleavable signal peptide for trans-
location to the ER, and neither was this feature de-
tected by the accurate SignalP signal sorting predic-
tor (Nielsen and Krogh, 1998). However, SignalP did
predict the presence of a non-cleavable signal anchor
for ER translocation in several COR413-PM. It is thus
possible that in our case, a signal anchor may replace
the signal peptide. Although no multispanning trans-
membrane proteins are currently known to be GPI-
anchored (Borner et al., 2002), the results obtained
from our bioinformatic analyses do not at this point
rule out the possibility that COR413-PM proteins
could be GPI-anchored. The GPI-modified proteins
are usually identified by their presence in the soluble
fraction after GPI cleavage by specific lipases. Thus,
multispanning transmembrane proteins will always
remain attached to the membrane fraction and will
not be identified as GPI-containing proteins. Thus a
special experimental procedure needs to be devel-
oped to confirm our hypothesis.

Gene Expression Studies

To understand the function of the COR413 family,
expression patterns were determined during several
environmental stresses. The expression of one mem-
ber of group COR413-PM and one from group
COR413-TM was closely associated with the acquisi-
tion of FT in several plant species such as wheat, rye,
and Arabidopsis. This observation is in agreement
with the recent microarray analysis that identified
Atcor413-pm1 as an LT-inducible gene in Arabidopsis
(Seki et al., 2001; clone FL3–5A3). On the other hand,
group Cor413-pm and -tm transcripts were not in-
duced in the LT-sensitive species rice and maize.
Together, these results suggest that the cor413 expres-
sion is not associated with a general metabolic re-
sponse to LT. Furthermore, the wheat and Arabidop-
sis cor413-pm1 and -tm1 genes were also induced by
water stress and abscisic acid. Interestingly, a cor413
homolog was found in an EST survey of ABA-treated
protonemata cells of the moss P. patens (Machuka et
al., 1999). Furthermore, recent results have shown
that a P. patens homolog of cor413 is induced by ABA
and slightly by LT, and these increases were associ-
ated with the development of FT of the protonemata
cells (Nagao et al., 2001).
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Putative COR413 Function

It is known that the plasma membrane is the pri-
mary site of freezing injury (Steponkus, 1984). To
date, only highly soluble amphipatic proteins have
been proposed to act as membrane-stabilizing pro-
teins (Artus et al., 1996; Danyluk et al., 1996). As an
integral membrane protein, COR413-PM could play a
structural role by stabilizing the plasma membrane
lipid bilayer. If the proposed function is exact, the
existence of a thylakoid COR413 may suggest that
this membrane also needs structural reinforcement.

The second proposed hypothesis is that the
COR413 protein family is associated with environ-
mental stress signaling. This hypothesis is based on
the comparison between our structural model (Fig. 2,
model 1) and that of the mammalian Rhodopsin-like
G-protein-coupled receptor (GPCR) family (Bockaert
and Pin, 1999). GPCR is the largest family of recep-
tors in animals, and sequence alignment studies have
helped classify them into five large clusters. The
largest cluster is named the Rhodopsin-like class A
GPCR and contains at least 1,000 different members
(Horn et al., 1998). All of these proteins share little
sequence identity, but one triplet motif (E/D-R-Y) is
highly conserved and has been the subject of numer-
ous mutational studies (Scheer et al., 1996; Alewijnse
et al., 2000; Chung et al., 2002, and refs. therein). It is
located on the internal side of the membrane at the
border of the third TMD and second intracellular
loop of GPCR (Fig. 2). The aspartic/Glu residues
contribute to maintain the receptor in its quiescent
state (Chung et al., 2002). A similar motif (D-R/K-T)
was found in the most conserved region of
COR413-PM and moss COR413 (Supplemental Figs.
1 and 3), and it is also located on the internal side of
the membrane at the border of TMD1 and the first
intracellular loop (Fig. 2). Although there is compel-
ling biochemical and molecular evidence for the ex-
istence of GPCR-based signaling in plants (the three
components of the heterotrimeric G-protein are iden-
tified), no receptor has been clearly shown to act as a
GPCR (Millner, 2001). Two plant proteins are actu-
ally considered GPCR. The first is the MLO protein
family that is related to the animal GPCR family
because it also possesses seven TMD (Devoto et al.,
1999). The second GCR1, was isolated by its sequence
homology with the Dictyostelium spp. cAMP GPCR
(Josefsson and Rask, 1997; Plakidou-Dymock et al.,
1998). These cAMP receptors are not clustered with
the Rhodopsin-like family, but GCR1 possesses a
motif similar to the D-R-Y triplet (H-R-T). On the
basis of transgenic studies Colucci et al. (2002) re-
cently suggested that GCR1 may be the gibberellic
acid receptor.

Three other features support the assumption that
group COR413-PM proteins are related to the Rho-
dopsin-like GPCR family. GPCR are regulated by
kinases, and the phosphorylation sites are often lo-
cated on the last intracellular loop (Pitcher et al.,

1998). It is on this loop that the conserved putative
phosphorylation site was predicted for the
COR413-PM proteins. The second feature is the pres-
ence of a lipid-anchoring site. It is known that satu-
rated acyl chains are sometimes added on GPCR to
link the C-terminal tail to the inner leaflet of the
plasma membrane (Fig. 2; Bouvier et al., 1995). There-
fore, a hydrophobic molecule is added to an already
highly hydrophobic protein, as is predicted for
COR413-PM members with the addition of a GPI
anchor. In animal cells, GPI anchors are used to
target the modified proteins into special cholesterol
and sphingolipid-rich membrane domains named
lipid rafts (Brown and London, 2000). These mem-
brane domains were shown to be the site of intense
signaling events. Similar domains were recently
identified in the plant plasma membrane (Peskan et
al., 2000). The third feature linking COR413-PM to
GPCR is the presence of seven highly conserved Pro
residues (Supplemental Fig. 1). In transmembrane
proteins such as GPCR, some highly conserved Pro
residues located inside the TMD are known to be
important for correct folding and function (Sansom
and Weinstein, 2000). The rigid body motion of the
two portions of a Pro-kinked TMD is proposed as a
key dynamic component in the rearrangement of
GPCR structure upon activation by ligand binding.
Interestingly, five of the seven Pro residues in
COR413-PM sequences are conserved in COR413-TM
sequences, suggesting that they may play the same
role in both subgroups (Supplemental Figs. 1–3).

On the basis of these analyses, one may ask what is
the specific ligand for COR413-PM? Several mole-
cules can act as GPCR ligands in animal cells, and
molecules sharing chemical characteristics with some
of these ligands do exist in plants (Supplemental
Table VI; Wink, 1997). Knowing that the larger extra-
cellular loop of COR413-PM members is the region
with the highest homology with the chloroplastic
COR413-TM, it is possible that both proteins bind the
same ligand. The exact biochemical properties and
function of this new protein family during LT accli-
mation remains to be determined. Nevertheless, the
combination of data mining, bioinformatic analyses,
and expression profiling presented here will help us
in the design of experimental procedures aimed at
answering those questions.

MATERIALS AND METHODS

Plant Material and Growth Conditions

In this study, we used two spring wheat genotypes (Triticum aestivum L.
cv Glenlea, LT50 of �8°C; and cv Concorde, LT50 of �8°C); four winter
wheat genotypes (T. aestivum L. cv Monopole, LT50 of �15°C; cv Absolvent,
LT50 of �16°C; cv Fredrick, LT50 of �16°C; and cv Norstar, LT50 of �19);
winter rye (Secale cereale L. cv Musketeer, LT50 of �21°C); oat (Avena sativa
L. cv Laurent, LT50 of �6°C); barley (Hordeum vulgare L. cv Winchester, LT50

of �7°C); rice (Oryza sativa subsp. indica cv IR36, LT50 of 4°C); maize (Zea
mays, LT50 of 4°C); and Arabidopsis ecotype Columbia (LT50 of �9°C).
Growth of plants and stress treatments were as previously described
(Frenette Charron et al., 2002).
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Cloning and Data Mining

The Tacor413-pm1 clone (previously pWcor413) was isolated by differen-
tial screening of a Lambda Zap II library constructed from poly(A�) RNA
isolated from 1-d cold-acclimated winter wheat (cv Norstar; Houde et al.,
1992). The Tacor413-pm1 clone was purified and excised as a pBluescript
vector following the library supplier’s protocol (Stratagene, La Jolla, CA).

Database searches to identify Tacor413-pm1 homologs were performed
using the Canadian Bioinformatics Resource (Halifax, Nova Scotia, Canada;
http://www.cbr.nrc.ca) and National Center for Biotechnology Information
(Bethesda, MD; http://www.ncbi.nlm.nih.gov/BLAST) Web implementa-
tion of BLAST (Altschul et al., 1990) against the GenBank nonredundant
sequence database and GenBank EST database (Benson et al., 2002). In the
first round of data mining, COR413 homologs were identified by using the
TaCOR413-pm1 protein sequence as query with TBLASTN against the Gen-
Bank EST database. In the second round, the identified EST from each
different plant species containing the longest 5� or 3� end were used as query
to search the same database. Overlapping ESTs were assembled, and a
consensus cDNA was deduced when two or more identical sequence could
be aligned. To obtain the largest number of complete COR413 sequences,
available clones were ordered, sequenced, and submitted to GenBank, and
the others were deduced from the available genomic and EST sequences.
The ORF of the assembled gene was identified using ORFinder on the NCBI
Web site (T. Tatusov and R. Tatusov, unpublished data; http://www.
ncbi.nlm.nih.gov/gorf/gorf.html). The longest ORF was always chosen (ex-
cept for CjCOR413� where the third ATG was chosen). The complete in
silico assembled nucleotide sequence and its encoded protein were then
used to screen back the EST database. This other round of data mining was
useful for the identification of very near homologs with subtle amino acid
differences. Only the complete COR413 homologs were used for subsequent
structural and functional domain prediction analyses. Survey of all the
homologs identified can be found in Supplemental Table VII. AtCOR413-
pm3 and AtCOR413-pm4 were not used in the bioinformatic analysis.
Although AtCOR413-pm3 and pm4 seem to be related to group COR413-
PM, their sequences are slightly different, and no other similar plant pro-
teins were found.

The degree of sequence identity in Table I was determined using ALIGN
(Pearson, 1990) on the Biology Workbench workstation (http://workbench.
sdsc.edu/). Group I and II sequences were aligned and analyzed by using
ClustalW (Thompson et al., 1994) on the Biology Workbench (http://work-
bench.sdsc.edu/) and Network Protein Sequence Analysis servers (Combet
et al., 2000; http://pbil.ibcp.fr/). Shading of amino acids was performed
with the BOXSHADE program at the BOXSHADE Web server at the
University of Lausanne (Switzerland; http://ulrec3.unil.ch/software/
boxshade/boxshade.html).

Structural Analyses

For detection of specific targeting sequences, we used PSORT, iPSORT
(Nakai and Kanehisa, 1992; Bannai et al., 2002; http://psort.nibb.ac.jp/),
and TargetP v1.01 (Emanuelsson et al., 2000; http://www.cbs.dtu.dk). For
detection of signal peptides, SignalP v2.0 was used (Nielsen and Krogh,
1998; http://www.cbs.dtu.dk). Before performing structural prediction, a
Kyte and Doolittle hydropathic plot was generated by using the Protscale
program (http://ca.expasy.org/cgi-bin/protscale.pl) with the Kyte and
Doolittle option and a window of nine amino acids (Kyte and Doolittle,
1982). The superposition of COR413 hydropathic plot was generated by
transferring the raw data to Microsoft Excel (Microsoft, Redmond, WA). The
graph was constructed by aligning the data table to the last C-terminal
amino acid therefore compensating for the various protein N-terminal
lengths. For TMD prediction, TMHMM (http://www.cbs.dtu.dk) was used
(Krogh et al., 2001). The TMHMM data tables were processed with Microsoft
Excel as for hydropathic plot. �-Helical regions were identified with sec-
ondary structure prediction programs integrated in the Web implementa-
tion of ClustalW at the Network Protein Sequence Analysis Web site (Com-
bet et al., 2000; http://pbil.ibcp.fr).

Other Prediction Servers

For functional domain identification, we first used ScanPROSITE on the
Expasy Web server for PROSITE motif database screening (http://ca.
expasy.org/tools/scanprosite/) and NCBI RPS-BLAST for Pfam and Smart

conserved domain databases screening (Altschul et al., 1997; http://
www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). In a subsequent search,
we used most of the software available on the Expasy server (http://
ca.expasy.org/). Two types of the software gave interesting results. NetPhos
was used for consensus phosphorylation site detection (http://www.cbs.
dtu.dk; Blom et al., 1999), and DGPI was used for GPI-anchoring site
detection (http://129.194.186.123/GPI-anchor/index_en.html; D. Buloz and
J. Kronegg, unpublished data).

Expression Studies

Cereal RNA extraction and RNA gel-blot analysis were performed as
already described (Houde et al., 1992). Total RNA from Arabidopsis and
etiolated wheat were extracted using Tri Reagent (Molecular Research Cen-
ter, Cincinnati) according to the manufacturer protocol. To prevent cross-
hybridization between Tacor413-pm1 and -pm2 probe in northern analysis,
specific probes for the 3�-non-coding region of each cDNA were used. These
probes were generated by PCR with the following primers: Tacor413-
pm1, 5�-ttcatctacccggtctgggccgtc and 5�-ccaggaaacaaactaagacgtgacacc; and
Tacor413-pm2, 5�-agtctgggtcctggtgctc and 5�-tcataccagaactacaacaaatcg
(Tacor413-pm2 and Tacor413-tm1 clones were kindly provided by Dr Ander-
son [U.S. Department of Agriculture-Agricultural Research Service-Plant
Gene Expression Conter, Albany, CA). Northern blots of rice and maize
samples were performed using the complete Oscor413-pm1 or Oscor413-tm1
clones (kindly provided by Dr. Sasaki as part of the Japanese Rice Genome
Research Program of the National Institute of Agrobiological Sciences and
the Institute of the Society of Techno-Innovation in Agriculture, Forestry
and Fisheries; Yamamoto and Sasaki, 1997) and Zmcor413-pm1 or Zmcor413-
tm1 clones (kindly provided by Dr. Singh [Agriculture and Agri-Food
Canada]). The Arabidopsis Atcor413-pm1 and pm2 probes also showed cross-
hybridization. Therefore, probes specific to the 5� non-coding regions were
generated by PCR and used in the hydridizations. The first primer hybridized
with the vector cloning site left border (5�-atagagctcactagtccggaattcccggg-
tcga) and the second hybridized specifically to the Atcor413-pm1 or -pm2
sequences (Atcor413-pm1, 5�-gtatatggcggcgattgaagcaacc; and Atcor413-pm2, 5�-
tggcagcgaaagaagcgaggaatttga). For Atcor413-tm1 the complete cDNA was
used as probe. Dr. Newman (Department of Energy-Plant Research Labora-
tory, East Lansing, MI) kindly provided the three Arabidopsis clones from
Arabidopsis Biological Resource Center (Ohio State University, Columbus)
distribution services. Northern analyses for each sample were performed at
least three times from two biological replicates. For other COR413 sequence
analysis, Dr. Ujino-Ihara from the Forestry and Forest Products Research
Institute kindly provided the C. japonica clone, Dr. Bashiardes as part of the
Physcomitrella EST Program at the University of Leeds (UK) and Washington
University (St. Louis) kindly provided the P. patens clone, and Dr. Anderson
from Clemson University Genomic Institute kindly provided the barley clone.
All distributed clones are identified in Supplemental Table VII.
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cepted January 6, 2003.
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Houde M, Danyluk J, Laliberté J-F, Rassart E, Dhindsa RS, Sarhan F (1992)
Cloning, characterization and expression of a cDNA encoding a 50-
kilodalton protein specifically induced by cold acclimation in wheat.
Plant Physiol 99: 1381–1387

Josefsson LG, Rask L (1997) Cloning of a putative G-protein-coupled re-
ceptor from Arabidopsis thaliana. Eur J Biochem 249: 415–420

Krogh A, Larsson B, von Heijne G, Sonnhammer EL (2001) Predicting
transmembrane protein topology with a hidden Markov model: applica-
tion to complete genomes. J Mol Biol 305: 567–580

Kyte J, Doolittle RF (1982) A simple method for displaying the hydropathic
character of a protein. J Mol Biol 157: 105–132

Machuka J, Bashiardes S, Ruben E, Spooner K, Cuming A, Knight C, Cove
D (1999) Sequence analysis of expressed sequence tags from an ABA-
treated cDNA library identifies stress response genes in the moss Phy-
scomitrella patens. Plant Cell Physiol 40: 378–387

Millner PA (2001) Heterotrimeric G-protein in plant cell signaling. New
Phytol 151: 165–174
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