J E d . Microhrol. 45(3). 1998 pp. 307-313
6 I998 h? the Society of Prommologistc

Functional Conservation of Calreticulin in Euglena gracilis
LORELLA NAVAZIO,* MARIA C. NARI??,* SIMONETTA PANCALDI,** PAOLA DAINESE,**:* BARBARA BALDAN,*
ANNE-CATHERINE FITCHETTE-LAINE,**** LOIC FAYE,**** FLAVIO MEGGIO,***** WILLIAM MARTIN**:****
and PAOLA MARIANI*.'
*Dipartirnento cli Biologia. Universiru di Padoovci. Via U. Bassi 58/B, 35131 P n d o i ~ Itccly,
~.
nr~d
**Dipartinrerrto di Biohgici. Utriversitd di Ferrnra, 4-1100 Ferrura, Italy, find
111, Eldgeniissische Technische Hochschirle Zentrum, CH-8092 Ziirich. Swit:erlmid, c i r i d
****Lnhorcrtoire cles Transports Intracellulaires, CNRS UPRESA 6037, IFR 23, Universite' de Rouen. 76821 Mont-Soint Aignun ce'der. Frtrrrc.r,
and
*****Dipartitneiito di Chirnica Biologicu. Universita di Padova, 35131 Padova, Ituly, and
** ****Institiit fur Genetik. Technische Universirat Braunschweig., 0 - 3 8 0 2 3 Brmmschv~eig.Federal Rrpublic (fG t ~ r r n t m ~

* **lnstitrrt fur Riochernie

ABSTRACT. Calreticulin is the major high capacity. low affinity Ca" binding protein localized within the endoplasrnic reticulum. It
functions as a reservoir for triggered release of Ca?+by the endoplasmic reticulum and is thus integral to eukaryotic signal transduction
pathways involving CaL+as a second messenger. The early branching photosynthetic protist Euglena gracilis is shown to possess
calreticulin as its major high capacity Ca" binding protein. The protein was purified. microsequenced and cloned. Like its homologues
from higher eukaryotes, calreticulin from Euglenci possesses a short signal peptide for endoplasrnic reticulum import arid the C-terminal
retention signal KDEL, indicating that these components of the eukaryotic protein routing apparatus were functional in their present
form prior to divergence of the euglenozoan lineage. A gene phylogeny for calreticulin and calnexin sequences in the context of
eukaryotic homologues indicates i ) that these Ca2+binding endoplasmic reticulum proteins descend from a gene duplication that occurred
in the earliest stages of eukaryotic evolution and furthermore ii) that Euglenozoa express the calreticulin protein of the kinetoplastid
(trypanosomes and their relatives) lineage, rather than that of the eukaryotic chlorophyte which gave rise to Euglenci's plastids. Evidence
for conservation of endoplasmic reticulum routing and CaZ' binding function of calreticulin from Euglena traces the fiinctional history
of Ca2+second messenger signal transduction pathways deep into eukaryotic evolution.
Supplementary key words. Calcium binding proteins, endosymbiosis. gene phylogeny, intracellular calcium store, signal transduction.
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EVERAL signal transduction pathways of higher eukaryotic
cells involve the triggered release of Ca2+sequestered in
the endoplasmic reticulum (ER) [46]. Within the ER, sequestered, releasable Ca2+does not occur as a free ion, but rather
is complexed by Ca2+binding proteins that are resident in the
lumen of the ER and provide an efficient buffer of intracellular
Ca2' levels. Of these, calreticulin is generally considered as the
major contributor to Ca" storage capacity of the compartment,
accounting for about half of the total Ca2+ stored [34]; exceptions can be found in specialized forms of the ER, such as the
sarcoplasmic reticulum of muscle cells, where calsequestrin,
rather than calreticulin, assumes the major Ca2+ binding and
storage function [ 3 7 ] .
Calreticulin is a low affinity, high capacity Ca2+binding protein that binds -20 moles of Ca?+per mole of protein and has
an apparent molecular mass of 50 to 60 kDa in various species.
Its ubiquity and high level of conservation across higher eukaryotes reflect an important role of this protein as a central
element of cellular Ca" homeostasis. Calreticulin shares extensive sequence similarity with the integral ER membrane Ca"
binding protein, calnexin, which appears to function as a molecular chaperone. Chaperoning has also been attributed to calreticulin, and it has been suggested that calnexin and calreticulin may act in concert in the quality control system of the ER
by assisting glycoproteins in their maturation [ 181. Calreticulin
has been extensively studied and cloned from several vertebrates and invertebrates (see [35] for a review) and from a few
higher plants as well [6, 8, 39, 421. No biochemical or molecular evidence-including that from completely sequenced prokaryotic genomes [13, 4, 23]--exists to suggest the presence
of calreticulin-like proteins in either eubacteria or archaebacteria, as expected from the absence of internal homeostatic devices for Ca?' in prokaryotes [58]. Calreticulin is thus a characteristically eukaryotic protein found in a uniquely cukaryotic
compartment, the ER.
From an evolutionary standpoint, the presence of a cellular
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Ca2+buffering system must have been prerequisite to the emergence of Ca?' as a controlled second messenger during the history of nucleate cells and, accordingly, the components of this
system likely arose very early in eukaryotic evolution [ S S ] .
From these considerations, a number of intriguing questions
ensue concerning the evolution of ER-mediated Ca'- signaling
pathways. These include: i) How far back the components of
Ca2+homeostasis can be traced within the history of contemporary eukaryotes? ii) What was the evolutionary order of appearance of calreticulin and calnexin proteins? iii) In eukaryotes
of secondary endosymbiotic origin, where a eukaryote has engulfed a photosynthetic eukaryote (see [31, 551 for brief overviews), have components of the eukaryotic symbiont been incorporated into the host's CaZ+homeostasis machinery?
Ca2+binding proteins have been little studied in early branching protists and no data is available from protists of secondary
symbiotic origin, yet these are of particular interest due to the
complexity of their membrane systems. The plastids of Euglena
gracilis, for example, possess three outer membranes instead of
two as in higher plants. This finding led inter aha to the suggestion that Euglena's plastids might have arisen through engulfment and degeneration of a eukaryotic alga, rather than a
cyanobacterium [ 151. Cytological [51, 571 and molecular 120,
481 data indicate that the host cell of Euglena's secondary symbiosis belonged to the kinetoplastids, a non-photosynthetic
group of protists encompassing trypanosomes and their relatives [56], whereas pigment content (chlorophylls a and b) and
molecular data suggest that the plastid descends from the chlorophyte lineage [28, 551. The outermost of Euglena's plastid
membranes derives from the ER, and proteins targeted to the
plastids are imported with the help of bipartite, N-terminal signaytransit peptide regions [50]. It is not known from which
eukaryote involved in Euglena's history (host or symbiont) this
ER derives. Here we report the biochemical characterization,
purification, ER-localization, cloning of the gene, and studies
of the evolutionary relationships of the major Ca?+binding protein present in the ER of Euglena gracilis.
MATERIALS AND METHODS
Cell cultures. Euglena gracilis Klebs, strain Z , was grown
to midexponential phase in Hutner and Provasoli's growth liq-
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uid medium [59] at 26" C on a rotary shaker under 16/8 light/
dark photoperiod.
Cell disruption techniques. For protein purification, Eicglena cells were broken in a French Press under a pressure of
10.000 psi for 10 s. For isolation of intact organelles, cells were
gently ground for 2.5 min with acid-washed glass beads (212300 pm, Sigma, St. Louis, MO) as described by Sulli and
Schwartzbach [49].
Protein purification and microsequencing. Acidic Ca2binding proteins were isolated by using an ammonium sulphate
precipitation procedure. followed by DEAE-Cellulose (DE52.
Whatman, Maidstone. UK) column chromatography as described by Milner et al. [38]. Protein concentration of each fraction was determined by the method of Bradford [3] using bovine serum albumine as a standard. For N-terminal amino acid
sequencing the gel band corresponding to the 56 kDa protein
was excised from multiple lanes, loaded onto a funnel-shaped
concentration gel, electroblotted onto a polyvinylidene difluoride membrane and directly analyzed on a Applied Biosystems
476A protein Sequencer.
Fig. 1. Identification of Euglena Ca" -binding proteins. The DEAECell fractionation. Organelles were separated by sucrose
density gradient centrifugation. Cell extracts (1 .5 ml) were lay- Cellulose fraction. eluted at 0.15 M NaCl. was analyzed by Stains All
ered onto sucrose gradients. which consisted of 9.5-ml sucrose staining of 14 pg of protein after SDS-PAGE, T a W i g a n d overlay of
solution increasingly linearly in concentration from 15 to 35% 40 pg of protein blotted to nitrocellulose (autoradiography exposed for
7 days). isoelectrofocusing of 70 ) ~ of
g protein (only the region between
(w/w) over a 0.5 ml cushion of 55% sucrose (w/w). All sucrose pH 1.5 and 6.0 is shown). Positions of the size markers in kDa are
solutions contained 25 mM Hepes-KOH, pH 7.4 and 1 mM indicated on the left. Arrowhead indicates the 56 kDa blue-staining.
EDTA. Gradients were centrifuged for 16 h at 100,000 g in a Ca'--binding protein.
SW 41 rotor on a Kontron (Zurich, Switzerland) T-2060 centrifuge and fractionated from the top into I-ml fractions. Sucrose concentration was determined by refractometry (N 1 and kin-Elmer, Foster City. CA) and 0.4 ng/kl of double stranded
Euglena cDNA in a total volume of 25 ~ 1 Forty
.
cycles of 1
N2 refractometers Atago, Tokyo, Japan).
Biochemical techniques. One-dimensional SDS-PAGE was min at 93" C, 1 min at 50" C and 2 min at 72" C were percarried out according to Laemmli 1261 on 7.5510% linear gra- formed. The 260-bp amplification product was used as a subdient gels. Two-dimensional electrophoresis was performed ac- strate for reamplification under the same conditions, the product
cording to O'Farrell [43], with isoelectrofocusing in the first of which was purified by ultrafiltration on Microcon 30 devices
dimension (pH gradient 4-6.5). Gels were stained first with (Amicon, Beverly, MA), filled in with Klenow polymerase,
Coomassie blue and then with Stains All (Bio-Rad, Richmond, phosphorylated with T4 kinase, again purified by ultrafiltration
CA), according to Campbell et al. [S]. Protein transfer onto on Microcon 30 devices, ligated into Hinc 11-cut pnitrocellulose membranes was carried out as described by Tow- BluescriptSK+ (Stratagene, La Jolla, CA) and transformed into
bin et al. [54]. Wa'--binding to the blotted proteins was deter- E. coli nm522 to yield the plasmid pPCRcalrH. The sequence
mined by J5Ca''-overlay technique [29]. Affinodetection with of pPCRcalrH was determined by the didedoxy method to conConcanavalin A on blots was performed according to Faye and firm the identity of the amplified product. The 279-bp Cla IChrispeels [lo]. For immunoblot analysis, blots were incubated XhoI fragment of pPCRcalrH was isolated by gel electrophowith: a) affinity-purified polyclonal antibodies against rabbit resis and DE52 ion-exchange chromatography as a hybridizacalreticulin, 1:2,000 diluted (from Dr. Michalak, Edmonton, tion probe for cDNA screening. Messenger RNA isolation from
Canada); b) antiserum against spinach calreticulin, 1 :2.000 di- Euglena, cDNA synthesis, cDNA cloning as well as standard
luted [40]; c) antiserum against recombinant tobacco binding molecular techniques were performed as previously described
protein (BiP), 1:1,000 diluted (from Dr. Vitale. Milano, Italy); [19, 201. The sequences reported in this paper have been ded) antibodies against plant complex N-linked glycans [I 11. Cal- posited with GenBank under the accession number EMBL
reticulin proteins isolated from spinach leaves and rabbit liver Y09816.
[41] were used as controls in immunoblot experiments. PhosData handling. Sequences were extracted from GenBank
phorylation assays were carried out as previously described [2]. and aligned with ClustalW [ 5 3 ] .Regions of uncertain alignment
In some experiments, samples were pretreated with 200 mM were omitted from the analysis leaving 275 amino acid posialkaline phosphatase (Sigma) for 30 min, heated for 3 min at tions for analysis. Numbers of substitutions per site were esti50" C to inactivate the phosphatase and then phosphorylated by mated using the Dayhoff matrix option of PHYLIP [12] and
protein kinase CK2, either in the absence or presence of 420 used to construct the neighbor joining tree 1471.
nM polylysine. DEAE-Cellulose fractions eluted between 0.1
RESULTS
and 0.4 M NaCl were pooled and subjected to phenyl-Sepharose (CL-4B, Pharmacia. Uppsala, Sweden) column chromatogIsolation and properties of the main Caz+buffering proraphy followed by elution with 10 mM CaCl, [41].
tein. Ca2- binding proteins from Euglena were isolated by usMolecular techniques. For amplification of the homologous ing a selective ammonium sulphate precipitation procedure, folcalreticulin probe, the degenerate oligonucleotides S'TAYTA- lowed by purification on DEAE-Cellulose chromatography.
YAARGARACNTTYGARCC3' and S'RTANCCNCCNC- Electrophoretic analysis of protein fractions showed in the fracCRCARTC3' were used in a PCR reaction containing 10 mM tion eluted at 0.15 M NaCl the presence of a single major Stains
Tris-HC1, pH 8.3. SO mM KCl. 1 mM MgCI,. 50 (*M of each All-blue staining band, migrating in SDS-PAGE as a 56 kDa
dNTP. 1.6 KM of each primer, 0.02 U/k1 Taq polymerase (Per- protein (Fig. 1). The same protein was found to bind 45Ca2+
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rescued significant phosphorylation of the 56 kDa Euglena
Ca”-binding protein by CK2. With respect to the latter two
properties, the biochemical behavior of the 56 kDa Eiigleiia
protein more closely resembled that of rabbit calreticulin, which
is neither glycosylated [24], nor phosphorylated by CK2 [ 2 ] .
We examined the possibility that calsequestrin, a functional
analogue of calreticulin in muscle cells, might be co-expressed
with the 56 kDa protein in Euglena. To test this, we employed
Ca?+-dependent elution from a hydrophobic matrix (phenylSepharose), which is a characteristic property of calsequestrin
proteins that is not shared by calreticulins [7]. No Eirglerza proteins were found to elute from phenyl-Sepharose in the presence
of Ca?’ (data not shown), providing further evidence that Euglena expresses a single high capacity, low affinity Ca2+binding protein.
Euglena possesses a classical 56 kDa calreticulin. Degenerate primers were constructed against the N-terminal sequence
of the purified protein and against the hexapeptide motif
“DCGGGY” conserved among all the calreticulin proteins
from higher eukaryotes studied to date. PCR with these primers
Fig. 2. lmmunological cross-reactivity of the Euglena 56 kDa protein with antibodies against spinach calreticulin and rabbit calreticulin. using Euglena cDNA as a substrate yielded an amplification
A. Stains All staining of DEAE-Cellulose fractions electrophoresed on product of the expected length (260 bp). This was shown by
SDS-PAGE. B. Western blot with anti-spinach calreticulin antiserum. sequencing to encode the expected N-terminal amino acid seC. Western blot with anti-rabbit calreticulin antibodies. Lane 1: Euglena quence and a peptide with high similarity to known calreticulin
56 kDa Ca2- binding protein (A, B and C, 14 pg each). Lane 2: 56 sequences. From 60,000 independent recombinants of the ElikDa and 54 kDa spinach calreticulins (A, 8 pg; B and C, 2 pg each). glena cDNA library, all five positives obtained were identical
Lane 3: 61 kDa and 59 kDa rabbit calreticulins (A, 4 kg; B and C. 2 in sequence. The sequence of pCRET1, pCRET5. pCRET9,
pg each). Positions of the size markers in kDa are indicated on the left.
pCRET18 and pCRET22 and the protein encoded (accession
Arrow indicates 59 kDa rabbit calreticulin, arrowhead indicates 56 kDa
number
Y09816) are shown in Fig. 3.
Euglerza and spinach calreticulins.
The encoded protein shares an average of about 50% amino
acid identity in comparison with calreticulin sequences from
higher eukaryotes and an average 40% identity with the related
when blotted onto nitrocellulose and subjected to “Ca?+-overlay CaZ+binding protein calnexin from various sources. These data,
technique. When analyzed by two-dimensional electrophoresis together with the biochemical results described above, indicate
after isoelectrofocusing in the first dimension, a single 56 kDa that the 56 kDa protein purified from Eirglenn is calreticulin.
protein was observed in the pH range of approximately 4.9 The cleavage site of the N-terminal signal peptide for Errglenu
(Fig. 1). Blue-staining with Stains All, T a 2 +binding ability, calreticulin was determined to be after serine (-1) by compariand a highly acidic isoelectric point are diagnostic properties son to the N-terminal sequence of the directly sequenced puof high capacity, low affinity Ca2+binding proteins [36]. But rified protein (Fig. 3). The mature protein of 383 residues has
these criteria do not establish the identity of the isolated protein.
a predicted Mr of 43,884 and a PI of 4.56. Acidity is likely to
Therefore, the N-terminal amino acid sequence of the purified
be responsible for the anomalous migration in gels of all calprotein was determined. It revealed detectable similarity to the
reticulin proteins so far investigated [l]. The sequence of EuN-terminal sequence of spinach calreticulin [41] and rabbit calglena calreticulin possesses the typical tripartite organization in
reticulin [14], suggesting that the 56 kDa protein isolated from
the N-, P- and C-domains recognized in higher eukaryotic calEuglenu belongs to the calreticulin family of CaZ+binding proreticulin proteins [ l]. No potential sites for N-glycosylation
teins.
The isolated 56 kDa protein cross-reacted with antibodies were observed in either the N-domain (in the standard numraised against purified spinach calreticulin (Fig. 2B), but did bering position 32, common in plant calreticulins [40] and ponot show any cross-reaction with polyclonal antibodies raised sition 162, in bovine brain [30], Schistosorna [17] and Leishagainst rabbit calreticulin (Fig. 2C). The presence of N-linked mania [22]) calreticulins], nor in the C-domain (position 327,
glycans on the Euglena 56 kDa protein was investigated by typical of animal calreticulins [I]), nor in any other position, in
affinity and immunodetection using Concanavalin A, a lectin agreement with our biochemical results described above conspecific for high mannose N-glycans, and antibodies directed cerning the absence of protein glycosylation.
Euglena calreticulin lacks the putative nuclear targeting sigagainst plant complex N-linked glycans [ 111, respectively. Calreticulins from higher plants are often glycosylated, possessing nal located in the central proline-rich region (P-domain) of
N-linked carbohydrate chains of the high-mannose type [40]. some animal and plant calreticulins [ I ] . Variants of the amino
By contrast, the 56 kDa Euglena Ca”-binding protein is ap- acid sequence repeats (Repeat A and Repeat B) found in the Pparently not glycosylated either with high-mannose or complex domain of calreticulin and calnexin, were also conserved in the
type glycans, since no positive reaction was observed in either Euglena calreticulin. The C-domain is very rich in acidic amino
acids (38% aspartate and glutamate residues), as expected for
case (data not shown).
Furthermore, the 56 kDa Euglena protein failed to undergo the low affinity, high capacity Ca*+-binding domain. Euglena
phosphorylation by protein kinase CK2 (data not shown), calreticulin reveals six threonines (T47, T173. T185, T227,
whereas spinach calreticulin is an excellent substrate for this T304 and T362) and one serine (S314) as potential phosphorenzyme [2]. Neither previous treatment with alkaline phospha- ylation sites for CK2 (SR-X-X-ED). These are however pretase nor the addition of polylysine, a known stimulator of CK2 dicted to be poor substrates for CK2 since they meet just the
which is required for the phosphorylation of calmodulin [32], minimum requirements (one acidic residue at position + 3 ) for
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tigated so far [25]. In higher eukaryotes calreticulin is a marker
protein of the ER [25],but in early branching protists, the localization of the protein has not been demonstrated. Therefore,
to determine whether this ER-retrieval sequence is functional
and the localization of Eiiglena calreticulin, we prepared cell
fractions from Euglena cultures and tested for immunoreaction
with anti-calreticulin serum. The result is shown in Fig. 4. Calreticulin was predominantly localized in the 28-30% sucrose
fractions (Fig. 4B), which were previously suggested to contain
ER-vesicles from Eirglena 191. This was confirmed by immunoreaction with antibodies against BiP, a second marker protein
of the ER [45J. which localized in the same fractions (Fig. 4C).
Evolution of Euglena’s calreticulin gene. A BLAST search
with Euglena calreticulin identified numerous calreticulin and
calnexin homologues. Calnexin possesses two -20-residue insertions near the A-repeats of calreticulin, an N-terminal extension of -50 amino acids, and a C-terminal extension of -130
amino acids relative to calreticulin. After purging the data of
such regions and of regions of uncertain alignment (i.e. the
extremely acidic region of the C-domain), 275 positions remained for phylogenetic analysis. The neighbor joining tree
(Fig. 5 ) reveals that calreticulin of Euglena branches with its
recently characterized homologue from the kinetoplastid Leisknzaniu dono\~7rzi [ 2 2 ] . The relatively weak bootstrap support
(63%) for that branch may relate to difficulties imposed by the
elevated substitution rate in Leishmania calreticulin as reflected
in its long terminal branch. Fig. 5 clearly shows that Eziglerza
56 kDa protein is a member of the calreticulin, not the calnexin,
family. The finding that Eugletza calreticulin branches with its
homologue from kinetoplastids. but not with those from higher
plants, suggests that in Euglena this component of the Ca’*
homeostasis apparatus was derived from the eukaryotic host
rather than the eukaryotic symbiont.

Fig. 3. Sequence of pCRET9 encoding Elcgltwn ,qrcrc?/i.c calreticulin. The signal peptide is shown in italics. noncoding regions are shown
in lower case. The directly sequenced N-terminus of the purified protein
is given in bold face type. The S ’ termini and polyadenylation sites of
the independent cDNA clones pCRETI. pCRETS. p C R ETI 8 and pCRETZ? are indicated with vertical bars. Th e 5’ sequence corresponding to the spliced leader of other E u g / r m rnRNAs is double underlined.
Amino acid motifs against which primers were designed for isolation
of the homologous probe are overlincd. Numbering refers to amino acid
positions of the mature Eu~ylc.110protein. The N. P and C regions are
diLt I ng ti is hed by shading .

phosphorylation by CK2 [ 3 3 ] , in agreement with the lack of
phosphorylation by CK2 of Eirglena calreticulin found in vitro.
Localization of calreticulin in Euglena’s ER. The C-terminus of Euglena calreticulin possesses the characteristic ERretrieval sequence KDEL, suggesting an ER-localization of the
calreticulin protein, as demonstrated for all calreticulins inves-

DISCUSSION
We have shown that the early-branching photosynthetic protist. Eiiglena grucilis, possesses the high-capacity low-affinity
Ca’- binding protein calreticulin, an integral component of intracellular Ca’-. buffering systems in higher eukaryotes [25J .
The results of cell fractionation and immunodetection furthermore demonstrate that calreticulin in Euglena is localized in the
ER. Previous data indicated that Eiiglena arose through secondary symbiosis [ 151 in which a member of the kinetoplastid
lineage engulfed a chlorophyte. Indeed, expressed genes of both
kinetoplastid [20, 271 and chlorophyte [20. 281 descent are
found in Eirgierzu’s nucleus. Calreticulin from Eugletia clearly
reflects the kinetoplastid ancestry of its nucleocytoplasmatic
component. which represents one of the earliest branching lineages of mitochondriate eukaryotes known. Since the function
(high-capacity low-affinity Ca2’ binding) and localization of
calreticulin is conserved across the euglenozoan-higher eukaryore boundary, these findings suggest that the ER-localized
Ca’- burfering machinery necessary for employment of Ca” as
a second-messenger in signal transduction was already in place
very early in eukaryotic evolution.
By sequencing the N-terminus of the purified protein, we
deduced the sequence of the 18-amino acid signal peptide from
the cDNA as “MRKELWLGLLLSSQAVLS.” This is one of
the few I161 ER-signal sequences to be directly determined
from the early branching Eirgletta lineage and, to our knowledge, it is the most ancient experimentally verified ER-specific
signal peptide known to date. Its sequence characteristics are
similar to those of signal peptides from higher eukaryotes. The
C-terminal KDEL-motif is also similar to higher eukaryotic ERretrieval signals, and since calreticulin in Euglena is localized
in the ER, it appears that the KDEL ER-retrieval signal is con-
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Fig. 5. Phylogenetic tree for calreticulin and calnexin sequences.
The scale bar indicates 0.1 substitutions per site. Bootstrap proportions
greater than 50/100 are indicated at branches, bootstrap proportions less
than 50/100 are indicated as ‘‘-*’.

Fig. 4. Subcellular localization of Euglena calreticulin. Organelles
were separated by sucrose gradient centrifugation of Euglena homogenates. A . Sucrose concentration of fractions collected from the top to
the bottom of the gradients. B. Western blot of fractions decorated with
anti-spinach calreticulin antiserum. C. Western blot of fractions decorated with anti-tobacco BiP antiserum. D. Ponceau Red staining of blot
(100 ~1 each fraction). Soluble fractions at the top of the gradients
contain lumenal proteins released from vesicles during cell disrupture.
Positions of the size markers in kDa are indicated on the left.

served by virtue of its function. Taken together, these findings
suggest that the basic machinery of both ER-targeting and ERretention of proteins was in existence at the time when Euglenozoa and higher eukaryotes diverged.
Euglena is known to attach spliced leader (SL) sequences to
the 5’ ends of the majority of nuclear encoded mRNAs [ 5 2 ] .
Such SL sequences are probably involved in the cleavage of
polycistronic mRNAs in Caenorhabditis into monocistronic
mRNAs for translation [21]. In Euglena, the SL in several
mRNAs ends with the motif 5’GTGTCT(AlT)TTTTTTTCG3‘
[52]. The 5‘ terminus of pCRET9 is S’TTTTTTTCG3’.suggesting that the transcript for calreticulin is processed with the
help of spliced leader addition.
The primary sequence reveals properties specific to calreticulin function, i.e. a highly acidic C-terminal domain involved
in high-capacity low-affinity Ca?+binding. The C-domain consists of 38% negatively charged amino acid residues, comparable to 40% in rabbit calreticulin [14] and 38% in maize calreticulin [39]. N-linked carbohydrates are not a widespread feature of calreticulin proteins, being more common in plants [40]
rather than animals [l]. The amino acid sequence of Euglena
calreticulin contains no consensus site for N-linked glycosylation, consistent with our biochemical assays that revealed no
evidence for glycosylation of the purified protein. Furthermore,
like animal calreticulin, but unlike higher plant calreticulin [ZJ,
the Euglena protein lacks good potential sites of phosphorylation by protein kinase CJS2 and does not undergo phosphorylation with this enzyme. Thus, glycosylation and phosphorylation of calreticulin do not appear to be conserved properties
necessary for calreticulin function within the ER, rather they
appear to have undergone lineage-specific modifications during
eukaryotic evolution.
We found no evidence for the presence of other high capac-
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