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he ER chaperone calreticulin plays
vital roles in numerous cellular
processes, including Ca?-homeostasis,
apoptosis and cell adhesion, in animal
cells. Although calreticulin has been
systematically characterized in animal
cells, the focus has been on one of the
isoforms. However, recent advances in
the plant calreticulin field have revealed
functional divergence of calreticulin iso-
forms. While two of the plant isoforms
appear to work within a general ER
chaperone framework, the third isoform
is associated with folding of receptors for
brassinosteroids and bacterial peptides.
Hence, the discovery of functional spe-
cialization of plant calreticulins opens
up new vistas for calreticulins also in the
animal field.

Calreticulins  (CRTs) are ubiquitously
expressed chaperones that fold newly syn-
thesized proteins and regulate Ca** homeo-
stasis in the Endoplasmic Reticulum (ER)
of animal and plant cells.! In addition,
CRTs affect apoptosis, cell adhesion and
regulation of gene expression in animal
cells,? reflecting the diverse processes that
are affected by this protein family. While
various functional aspects of the proteins
have been long established in animals, it
is only recently that comparable insights
have been made in plants. Curiously, the
results obtained in plants point towards
functional specialization of the CRT
homologs, something that has not been
reported yet in animals.

The CRT family consists of two mem-
bers in animals (CRT1 and 2; 3), and
three members in higher plants (CRT1a,
CRT1b and CRT3; 4). Based on expres-

sion of the two CRT genes in mouse it has
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been speculated that CRT1 is the main
CRT isoform, whereas CRT2 may func-
tion in specialized tissue- and cell types.?
The function of CRTs in plants was for
many years associated with protein fold-
ing’ and Ca** homeostasis,® consistent
with their animal homologs. In addition,
modulation of CRT expression revealed
that CRT functions are necessary for
plant regeneration,” and resistance to
various environmental stresses,*’ but the
exact role for CRTs in these processes
remain elusive. Interestingly, a recent
report revealed that the third CRT iso-
form, CRT?3, retains defective forms of the
brassinosteroid receptor BRI in the ER in
Arabidopsis.”® This paper also showed that
neither the two other CRT isoforms, nor
the membrane-spanning CRT homolog
Calnexin (CNX), could retain the defec-
tive BRI1 suggesting functional specializa-
tion of the CRT3 isoform. Subsequently,
several reports revealed that CRT3 also
appears to mediate folding of the elf18
responsive EF-Tu receptor (EFR) associ-
ated with Pathogen-Associated Molecular
Patterns (PAMPs) in Arabidopsis.'"'? In
addition, CRT3 was unable to comple-
ment crtla crtlb double mutant pheno-
types, corroborating diverged functions of
the Arabidopsis CRT3 isoform." Hence,
it is clear that the CRT3 isoform perform
different functions as compared to CRT'1a
and CRT1b in Arabidopsis.
Transcriptionally coordinated genes
tend to be functionally related.!*" Indeed,
while the Arabidopsis CR71a and CRT16
genes appear co-expressed with many ER
genes, which gene products are associ-
ated with protein folding and process-
ing, the CRT3 gene is co-expressed with
genes associated with pathogen responses
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Figure 1A. Co-expression networks of calreticulin isoforms in Arabidopsis and rice. (A) Co-expression network for Arabidopsis CRT1b. Nodes in the net-
work represent genes, and edges represent significant co-expression between any two given genes. Different colors indicate different strength of co-
expression. Genes of particular interest have been boxed and putative annotations indicated. The networks were generated via PlaNet derived tools."

and signal transduction (Fig. 1A,B).”
These data support a role for CRT1a and
CRT1b in a more general ER chaperone
framework and a more specialized role
for CRT3 in Arabidopsis. To investigate
whether a similar relationship also is evi-
dent in rice, we took advantage of the
newly developed tool PlaNet that compare
co-expressed subnetworks between plant
species.’® From the comparative analysis,
using CRT16 and CRT3 from Arabidopsis
as bait genes, respectively, it is clear that
the observed functional divergence for
the Arabidopsis CRT1a/1b and CRT3 is
also to be expected for the rice homologs
(Figs. 1C,D). In other words, the rice
CRT1I is co-expressed with many genes
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encoding ER chaperones and proces-
sive enzymes, while the rice CR73 is co-
expressed with many pathogen- and signal
transduction-related genes (Figs. 1C,D).
In particular, the rice CR73 gene is co-
expressed with a BRII-related gene, per-
haps pointing towards a function of CR73
for folding of BRI1-related proteins also in
rice.

The CRTs and CNXs classically
hold three distinct domains; the N-,
P- and C-domains.” While the N- and
C-domains simply refer to the domain-
locations in the proteins, i.e., at the
N-terminus and C-terminus, respec-
tively; the P-domain was named due to
two repeated proline-rich segments.'® The
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N-domain holds a typical signal sequence
targeting the proteins to the ER, and the
domain is likely to be involved in protein
folding together with the P-domain."”
The C-domain contains an ER-retention
signal (typically K/HDEL), and contrib-
utes to the main Ca**-binding ability
of the CRTs.>”" The two proline-rich
segments in the P-domain are normally
repeated three times each, and are well
conserved among animal and plant
CRTs.*" These repeats are involved in
interactions between CRTs and protein
disulfide isomerases, such as the Erp57.%°
These interactions may promote chap-
and

mutations in several amino acids in this

erone abilities in animal cells,?
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Figure 1B. Co-expression networks of calreticulin isoforms in Arabidopsis and rice. (B) Co-expression network for rice CRT1. Nodes in the network rep-
resent genes, and edges represent significant co-expression between any two given genes. Different colors indicate different strength of co-expres-
sion. Genes of particular interest have been boxed and putative annotations indicated. The networks were generated via PlaNet derived tools.'

domain affect the CRT-Erp57 interac-
tions, for example mutations of Glu239,
Asp241, Glu243 and Trp244 in rabbit
CRT1.#" These amino acids correspond
to Glu256, Asp258, Glu260 and Trp261
in the full-length mouse CRT1 sequence.

Mutations in ¢7z3 result in reduced lev-
els of the EFR, and consequently impaired
EFR-triggered immune responses,'"'? pre-
sumably because CRT3 aids in the folding
of EFR. Given that the P-domain plays a
key role in CRTs ability to fold proteins,*
it is likely that sequence divergences in
this region may explain the differences
in observed phenotypes. To identify
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diverging sequence elements between the
CRT isoforms, we aligned CRT sequences
corresponding to the P-domain (span-
ning between amino acid 204 and 305 in
mouse CRT1), and looked for amino acids
that consistently were different between
the CRT1a/1b and the CRT3 isoforms
in four plant species, and compared these
to the mouse CRT1 (Fig. 2). We subse-
quently used the resolved structure of the
P-domain from mouse CRT1 and threaded
the corresponding CRT3 sequence from
Arabidopsis onto this structure (Fig. 2).
While several amino acids differ between
the two sequences, two differences may
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have functional implications. The first
corresponds to a substitution of the posi-
tivity charged glutamic acid (Glu260) in
mouse CRT1 to the non-polar leucine
in Arabidopsis CRT3, located at the tip
of the P-domain fold (A in Fig. 2). It is
plausible that this substitution may influ-
ence a putative interaction between the
CRT3 and protein disulfid isomerases,
such as Erp57, that also are present in
plants.?? Likewise, a negatively charged
aspartic acid (Asp246) in mouse CRTT is
substituted to a positively charged lysine
in Arabidopsis CRT3 (B in Fig. 2), which
perhaps also may affect protein-disulfide
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Figure 1C. Co-expression networks of calreticulin isoforms in Arabidopsis and rice. (C) Co-expression network for Arabidopsis CRT3. Nodes in the net-
work represent genes, and edges represent significant co-expression between any two given genes. Different colors indicate different strength of co-
expression. Genes of particular interest have been boxed and putative annotations indicated. The networks were generated via PlaNet derived tools.'®
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Figure 1D. Co-expression networks of calreticulin isoforms in Arabidopsis and rice. (D) Co-expression network for rice CRT3. Nodes in the network
represent genes, and edges represent significant co-expression between any two given genes. Different colors indicate different strength of co-
expression. Genes of particular interest have been boxed and putative annotations indicated. The networks were generated via PlaNet derived tools."®
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Figure 2. Amino acid differences between plant CRTs and mouse CRT1. Upper part displays the resolved structure of the mouse CRT1 P-domain part
(aa 204 to 305) with the corresponding sequence for Arabidopsis CRT3 threaded onto it. The figure was generated using pyMol (DeLano Scientific, CA
USA). B-sheets are indicated as flat arrows in the structure. Amino acids that differ from plant CRT3 isoforms (indicated in alignment in lower part), but
are identical in plant CRT1a/1b and mouse CRT1 are indicated in yellow. Amino acids that differ in the mouse CRT1 (indicated in alignment in lower
part), but are identical in plant CRT1a/1b and CRT3 are indicated in white/red/blue. These amino acids are marked as they appear in Arabidopsis CRT3.
(A-C) in upper part indicates changed amino acids corresponding to the tip region of the P-domain. The lower part shows alignment of amino acids
corresponding to the P-domain of CRTs from four plant species, and mouse CRT1 (IHHN CRT_P-domain). The amino acid numbers correspond to the
numbers in mouse CRT1. Asterics indicate high-lighted amino acids in the upper part.

isomerase interactions. It is important to
note that these substitutions only occur
in the plant CRT3 homologs and that the
CRT1a/1b homologs have maintained the
glutamic acid and aspartic acid in these
positions (Fig. 2). Hence, it is plausible
that these differences may account for
diverging phenotypes in the ¢rzla/lb and
¢crt3 mutants. In addition, several amino
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acids that are conserved among plant CRT
isoforms have changed in mouse CRT]I,
for example the negatively charged glu-
tamic acid (Glu257; number correspond-
ing to mouse CRT1 sequence) in the
plant CRTs corresponds to a methionine
in the mouse CRT1 (C in Fig. 2). Such
changes may signify diverging functions
of CRTs across Kingdoms, which has
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been suggested through complementa-
tion experiments where plant CRTs only
partially complemented adhesion phe-
notypes in CRT1 deficient mouse cells.”?
Apart from the P-domain it is of course
also plausible that differences in other
domains may influence the functional-
ity of the CRTs. For example, it appears
likely that the highly charged C-domain
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in Arabidopsis CRT3 is involved in the
retention of BRI1 in the ER.1°

In brief, while both animal and plants
contain two distinct isoform groups of
CRTs, diverging functions of the mem-
bers of these groups have only been shown
in Arabidopsis. Based on conserved co-
expression relationships we find it likely
that these diverging functions also are evi-
dent in rice. Considering the importance
of CRT1 in animal growth and develop-
ment we hypothesize that also a detailed
comparative characterization of the CRT1
and CRT2 in animal cells may reveal
functional specialization.
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