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In the present paper we report the cloning and sequencing of the cDNA encoding two calreticulin isoforms from Xenopus
laevis central nervous system. The two isoforms display 93 % identity at the amino acid level. The predicted amino acid
sequences of the amphibian calreticulins are very similar (76 %) to those ofmammalian liver and skeletal muscle. Xenopus
laevis calreticulins are characterized by a very acidic c-terminal domain endowed with the endoplasmic-reticulum retention
signal KDEL. The cDNAs of both clones encode an N-glycosylation consensus sequence. A third clone of calreticulin was
also identified. The restriction map of this clone was clearly distinct from that of the two sequenced clones. These results
indicate the existence of multiple calreticulin isoforms in the central nervous system and open questions about their
functional role in different cells and/or subcellular compartments.

INTRODUCTION

Calreticulin is a high-capacity Ca2l-binding protein present in
the microsomal fraction of most tissues, including heart, skeletal
muscle, liver, kidney and brain [1-5]. Because of its abundance,
widespread distribution among different cell types and Ca2+-
binding characteristics (Bmax 40 mol of Ca2+/mol of protein;
kd- 1 mM), this protein has been suggested to play a major role
in intravesicular Ca2+ buffering in non-muscle cells [2].

Calreticulin has been recently cloned and sequenced from
mouse liver by Smith & Koch [3] and from rabbit skeletal muscle
by Fliegel et al. [5]. The mammalian proteins display 960%
sequence similarity at the amino acid level; the minor differences
are most likely due to species-specific differences. Some evidence
exists, however, indicating that a family of calreticulin isoforms
may be expressed in mammalian tissues. For example, the
purification of calreticulin from rabbit liver consistently
demonstrated the presence of a major 59 kDa band as well as the
presence of a minor 61 kDa component. Amino acid sequencing
of the purified proteins indicated that the major and minor bands
had similar, but not identical, N-terminal sequences [2]. The
expression of different Ca2+-buffering proteins may be of para-
mount importance for the identification of functionally distinct
Ca2+ stores.

In the present paper we report the cloning and sequencing of
the cDNA encoding amphibian brain calreticulin. We dem-
onstrate that at least two isoforms of the protein are expressed in
the central nervous system of Xenopus laevis.

METHODS

Isolation of Xenopus laevis cDNA clones
A cDNA Xenopus laevis brain library in Agtl 1 was screened

with affinity-purified anti-(rabbit liver calreticulin) antibodies [2]
as described by Young & Davis [6].

DNA manipulations
Hybridization to 32P-labelled cDNA probes was carried out as

previously described [7]; radiolabelling was carried out by the
random-primer method using either [0t-32P]dATP or [a-32P]dCTP
[8]. Templates for sequencing were prepared in the Bluescript
cloning vector. The exonuclease III/mung-bean-nuclease de-
letion mutants were sequenced by the dideoxy chain-termination

method [9] using the T7 polymerase sequencing kit supplied by
Pharmacia. All other manipulations of nucleic acids were carried
out according to standard procedures [10].

Sequence analysis
DNA and amino acid sequences were analysed with the

GENEPRO sequence-analysis computer program.

RESULTS

Screening of approx. 3 x 106 plaque-forming units of the
Xenopus laevis cDNA brain library with affinity-purified anti-
(rabbit liver calreticulin) antibodies led to the isolation of a
1.8 kbp clone. The putative clone was digested with EcoRl and
yielded two fragments: a 1.3 kbp and a 500 bp fragment. The
latter was subcloned into Bluescript and sequenced to determine
similarity to calreticulin. Since the cDNA fragment encoded an
amino acid sequence highly similar to that of mammalian
calreticulin [3,5], it was used to further screen the Agtl 1 Xenopus
laevis brain library. After screening approx. 0.5 x 106 plaque-
forming units, three putative clones were identified; clone 6, 3
and 8, of approx. 2.6, 2.1 and 2.4 kbp. In Fig. 1 the restriction
maps of these clones are compared. Clone 6 had a restriction
map which differed from that of the other clones, even though
partial sequencing revealed nucleotide similarity, suggesting its
cDNA also encoded calreticulin. This clone was not investigated
further.

Calreticulin cDNA clones 3 and 8 were sequenced in both
directions by the exonuclease III/mung-bean-nuclease deletion
method. Clone 3 had one open reading frame of 1233 bp, bound
by an 800 bp 3' untranslated region. It coded for a protein having
a molecular mass of approx. 48 kDa. The deduced amino acid
sequence begins with a 12-residue-long region which exhibits
structural properties common to other signal sequences. It
contains hydrophobic residues followed by a small amino acid
(alanine) which precedes the cleavage site [11] (Fig. 2). The N-
terminus of processed rabbit liver calreticulin could be aligned
with that of Xenopus laevis brain calreticulin beginning with
residue + 1. Clone 8 was apparently incomplete and lacked the
first 11 N-terminal amino acids found in the mature protein; it
had one open reading frame of 1152 bp bound by a 1200 bp-long
3' untranslated region. Overall calreticulin clone 3 and 8 are 93 %
and 89% identical at the amino acid and nucleotide level
respectively. The amino acid differences are scattered throughout

The nucleotide sequence data reported will appear in the EMBL, Genbank and DDBJ Nucleotide Sequence Databases.
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Fig. 1. Restriction endonuclease mapping of calreticulin cDNA clones 6, 3 and 8

The boxed area indicates coding region. The open box indicates the signal sequence. The straight line indicates the non-coding region. Clone 6
was only partially sequenced, subjected to restriction-enzyme digestion and its size determined by gel electrophoresis.
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Fig. 2. Comparison of the deduced amino acid sequences of calreticulin cDNA clones 3 and 8
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Identical residues and conservative substitutions are indicated by colons and full stops respectively. The signal sequence is negatively numbered.
The potential glycosylation site is boxed.

the molecule. Altogether, there are nine conservative and 15 non-
conservative substitutions. In particular, the number ofpositively
charged residues is similar (44), except that clone 8 has a lysine-
for-glutamine substitution at position 244. There are few
deletions, which are restricted to the C-terminal region and
mainly involve negatively charged residues: starting from amino
acid 12, clone 3 contains a total of 111 negatively charged
residues as opposed to the 106 present in clone 8. Clone 3 has an
extra glutamate residue and two aspartate residues (EDD) at
position 370-372 and a glutamate at position 392 (Fig. 2).
The deduced amino acid sequence ofXenopus laevis calreticulin

displays 76% similarity to that of rabbit skeletal muscle and
mouse liver calreticulin [3,5]; the differences are mainly located
at the N- and C-termini, whereas the proline-rich domain is more
conserved. Altogether the percentage of charged residues of the
two molecules is similar: 14.5 as opposed to 13.6% positively

charged amino acids and 26.3 % as opposed to 27.8 % negatively
charged residues in rabbit skeletal muscle and Xenopus laevis
brain calreticulin respectively. Like mammalian calreticulin, the
amphibian protein has a glycosylation consensus sequence pre-
ceding the C-terminal acidic domain (residue 339, clone 3;
residue 316, clone 8; boxed sequence in Fig. 2).

DISCUSSION

Calreticulin is a microsomal low-affinity high-capacity Ca2+-
binding protein [1-5,12]. In view of its possible involvement in
intracellular Ca2+ storage, calreticulin has attracted a great deal
of interest, and a number of studies have been carried out to
define its Ca2+-binding characteristics, subcellular distribution
and primary structure [1-5,13,14].
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High-capacity low-affinity Ca2+-binding proteins appear to be
quite heterogeneous in the central nervous system. As part of a
comprehensive study on Ca2+-storage proteins, we report for the
first time the cloning and sequencing oftwo calreticulin isoforms.
Overall the deduced amino acid sequence of the Xenopus laevis
calreticulins is 76% similar to that of mouse liver [3] and rabbit
skeletal muscle [5]. The amphibian and mammalian proteins
show important similarities: (i) the number of negatively charged
amino acids is very similar; (ii) they contain a central proline-rich
region with internally repeated domains (see [3]); (iii) the
glycosylation consensus signal is retained by the amphibian
proteins; the conservation of such a site over millions of years of
evolution suggests that it may be relevant to protein function
and, indeed, at least in the liver, calreticulin is glycosylated
[2,15]; (iv) the C-terminus is composed of a stretch (38, clone 3;
34, clone 8; and 36, mouse liver) of acidic amino acids, followed
by the endoplasmic-reticulum retention signal KDEL [16]. This
stretch of negatively charged residues is a characteristic of
calreticulin and is believed to be responsible for most of the Ca2+-
binding capacity. In fact, Baksh & Michalak recently determined
the low- and high-affinity Ca2+-binding domains of mammalian
skeletal-muscle calreticulin [13]. They showed that the proline-
rich domain of calreticulin displays high-affinity Ca2+-binding
sites, whereas the acidic tail binds Ca2+ with low affinity. A
stretch of acidic residues is also present at the C-terminus of
calsequestrin, the low-affinity high-capacity Ca2+-binding protein
found in the sarcoplasmic reticulum of skeletal muscle [17,18].
Thus the calreticulins expressed in Xenopus laevis central nervous
system have the fundamental characteristic of Ca2+-storage
proteins, namely an acidic tail capable of binding Ca2+ with low
affinity. Little is known at present about the proteins interacting
with calreticulin, and the mechanism by which calreticulin
releases its bound Ca2 .
The subcellular localization of calreticulin is still debated

[2,14,15]; the presence of the endoplasmic-reticulum retention
signal KDEL at the C-terminus has been taken as evidence that
the protein is homogeneously distributed in endoplasmic-
reticulum cisternae. On the contrary, high-resolution
immunohistochemical localization in liver has suggested that
calreticulin, though present in the endoplasmic reticulum, is
concentrated in structures (calciosomes) whose relationship with
classical endoplasmic-reticulum cisternae is still unclear [2]. In
this context it should be mentioned that the situation in the
central nervous system is particularly complex; here not only
functionally different Ca2+ stores have been identified and
characterized [19,20], but also the expression of proteins involved
in Ca2+ homoeostasis reaches its maximal complexity. In par-
ticular, although calreticulin is abundant in the central nervous
system [2,5], rat cerebellum Purkinje neurons, the best
characterized cells in this context, apparently express an
immunologically distinct protein [21]. On the other hand, the
same cells in chick cerebellum express a protein which appears to
be indistinguishable from skeletal-muscle calsequestrin [22].
Furthermore, several isoforms of the Ca2+-ATPase and of the
InsP3 receptor have been cloned and found to be heterogeneously
expressed by cells of the central nervous system [23-27].
Immunohistochemical studies have shown that, in addition to
Ins(1,4,5)P3-gated Ca2+-release channels, the central nervous
system also expresses the ryanodine receptor, the Ca2+-release
channel of skeletal muscle [28-31]. The presence of distinct
intracellular Ca2+ stores is consistent with the existence of
multiple calreticulin isoforms. As far as the two calreticulin
clones we sequenced are concerned, we do not know whether the
proteins they encode are localized in separate compartments

within the same cell. In situ hybridization experiments will be
required to determine whether the different isoforms of
calreticulin occupy distinct regions of the central nervous system.

This work was supported by the CNR target project on Biotechnology
and Bioinstrumentation and CNR grant N.91.02429.CT14. We thank
Professor E. Boncinelli for the Agtl 1 Xenopus laevis expression library.
We thank Dr. P. Chiozzi for participating in the initial experiments and
Mr. Giovanni Ronconi for help with the Figures. We thank Professor
F. DiVirgilio for helpful comments.

REFERENCES

1. Khanna, N. C., Tokuda, M. & Waisman, D. M. (1987) Methods
Enzymol. 139, 36-50

2. Treves, S., DeMattei, M., Lanfredi, M., Villa, A., Green, N. M.,
MacLennan, D. H., Meldolesi, J. & Pozzan, T. (1990) Biochem. J.
271, 473-480

3. Smith, M. J. & Koch, G. L. E. (1989) EMBO J. 8, 3581-3586
4. MacLennan, D. H. & Wong, P. T. S. (1971) Proc. Natl. Acad. Sci.

U.S.A. 68, 1231-1235
5. Fliegel, L., Bums, K., MacLennan, D. H., Reithmeier, R. A. F. &

Michalak, M. (1989) J. Biol. Chem. 264, 21522-21528
6. Young, R. A. & Davies, R. W. (1983) Proc. Natl. Acad. Sci. U.S.A.

80, 1194-1200
7. Treves, S., Vilsen, B., Chiozzi, P., Andersen, J. P. & Zorzato, F.

(1992) Biochem. J. 283, 767-772
8. Feinberg, A. P. & Vogelstein, B. (1983) Anal. Biochem. 132, 6-10
9. Sanger, F., Nickelsen, S. & Coulson, A. R. (1977) Proc. Natl. Acad.

Sci. U.S.A. 74, 5463-5467
10. Maniatis, T., Frisch, E. F. & Sambrook, J. (1989) Molecular Cloning:

A Laboratory Manual, 2nd edn., Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, NY

11. Von Heijne, G. (1985) J. Mol. Biol. 184, 99-105
12. Treves, S., Zorzato, F., Chiozzi, P., Melandri, P., Volpe, P. &

Pozzan, T. (1991) Biochem. Biophys. Res. Commun. 175, 444 450
13. Baksh, S. & Michalak, M. (1991) J. Biol. Chem. 266, 21458-21465
14. Milner, R. E., Baksh, S., Shemanko, C., Carpenter, M. R., Smillie,

L., Vancel, J. E., Opas, M. & Michalak, M. (1991) J. Biol. Chem.
266, 7155-7165

15. Van, P. N., Peter, F. & Soling, H. D. (1989) J. Biol. Chem. 264,
17494-17501

16. Munro, S. & Pelham, H. R. B. (1987) Cell 48, 899-907
1-7. MacLennan, D. H. & Wong, P. T. (1971) Proc. Natl. Acad. Sci.

U.S.A. 68, 1231-1235
18. Fliegel, L., Ohnishi, M., Carpenter, M. R., Khanna, V. J.,

Reithmeier, R. A. F. & MacLennan, D. H. (1987) Proc. Natl. Acad.
Sci. U.S.A. 84, 1167-1171

19. Henne, V., Piiper, A. & Soling, H. (1987) FEBS Lett. 218, 153-158
20. Volpe, P., Villa, A., Damiani, E., Sharp, A. H., Podini, P., Snyder,

S. & Meldolesi, J. (1991) EMBO J. 10, 3183-3189
21. Meldolesi, J., Madeddu, L. & Pozzan, T. (1990) Biochim. Biophys.

Acta. 1055, 130-140
22. Volpe, P., Alderson-Lange, B. H., Madeddu, L., Damiani, E.,

Collins, J. H. & Margreth, A. (1990) Neuron 5, 713-721
23. Burk, S. E., Lytton, J., MacLennan, D. H. & Shull, G. E. (1989)

J. Biol. Chem. 264, 18561-18568
24. Eggermont, J. A., Wuytack, F., De Jaegere, S., Nelles, L., & Casteels,

R. (1989) Biochem. J. 260, 757-761
25. Carafoli, E. (1991) Physiol. Rev. 71, 129-153
26. Furuichi T., Yoshikawa, S., Miyawaki, A., Wada, K., Maeda, N. &

Mikoshiba, K. (1989) Nature (London) 342, 32-38
27. Sudhof, T., Newton, C. L., Archer, B. T., Ushkaryov, Y. A. &

Mignery, G. A. (1991) EMBO J. 10, 3199-3206
28. Nakai, J., Imagawa, T., Hakamata, Y., Shigekawa, M., Takeshima,

H. & Numa, S. (1990) FEBS Lett. 271, 169-177
29. McPherson, P. S. & Campbell, K. P. (1990) J. Biol. Chem. 265,

18454-18560
30. Walton, D. P., Airey, J. A., Sutko, J. L., Beck, C. F., Mignery,

G. A., Sudhof, T. C., Deerinck, T. J. & Ellisman, M. H. (1991)
J. Cell Biol. 113, 1145-1157

31. Burgoyne, R. D. & Cheek, T. R. (1991) Trends. Biochem. Sci. (1991)
16, 319-320

Received 18 March 1992/8 April 1992; accepted 28 April 1992

Vol. 287

581


