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Cover Letter 

The editors 
Biochimica et Biophysica Acta - Proteins and Proteomics 

 

Dear editors, 

 

Please find enclosed a manuscript entitled “Mapping human calreticulin regions important for 

structural stability”. Calreticulin is an important molecular chaperone with an unusual structure 

and a rather low thermodynamic stability. In this manuscript, we have mutated all evolutionarily 

conserved residues to alanine as well as several disease-associated mutations and variants of this 

interesting and important molecular chaperone and determined their thermodynamic and 

structural stability. In total, we have expressed 50 human calreticulin variants that represent the 

largest collection of mutants analyzed in a single study. The thermodynamic stability of wild type 

calreticulin is found to be rather low and to be highly dependent on three conserved residues; 

Tyr172, Asp187 and Cys163, which are part of a structural unit within the protein’s globular core 

region. The results shed new light on the structural stability of an unusual protein and an unusual 

set of conserved residues, where Tyr172 and Asp187 are of paramount importance for stability, 

whereas Cys163 itself has only a minor direct role for stability but interacts with Tyr172, since 

mutation of Cys163 to Ala can rescue the Tyr172Ala mutation.  

Besides structural clusters, we have also analysed calreticulin mutations with a potential link to 

human disease. The study included well-known examples that cause myeloproliferative neoplasms 

(MPN), and a set of human calreticulin mutations identified previously in cases of sudden 

unexpected death (SUD). Analysis of biochemical properties of the mutants showed strong 

correlation of measured parameter values with specific groups of the mutants, both MPN and 
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SUD. This enables the prediction of a potential impact of any calreticulin mutation based on the 

biochemical parameters of the mutants.  

Thus, the manuscript describes new structural, mechanistic and functional insights about an 

important molecular chaperone, which has immense importance in essentially all aspects of 

eucaryotic and especially human molecular biology. 

We believe the results represent a significant advance to the field and hope you will consider the 

manuscript for publication in BBA Proteins and Proteomics. 

 

Best regards, 

Rimantas Slibinskas 
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Residues of cluster 2 and cysteines are highlighted in different colors on the Gaboriaud 

model of human calreticulin globular domain. The carbohydrate binding area is at top, P-

arm to the left, and the C-terminal alpha helix at bottom. The most important residues for 

maintaining structural stability, Tyr172 and Asp187, are indicated by green circles. Two axes 

of interactions, DHD triad and Tyr172-Cys163, are indicated by red and yellow circles, 

respectively. 
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ABSTRACT 

Calreticulin (CALR) is a highly conserved multifunctional chaperone protein primarily present 

in the endoplasmic reticulum, where it regulates Ca2+ homeostasis. Recently, CALR has 

gained special interest for its diverse functions outside the endoplasmic reticulum, including 

the cell surface and extracellular space. Although high-resolution structures of CALR exist, it 

has not been established as yet, how different regions and individual amino acid residues 

contribute to structural stability of the protein. In the present study, we have identified key 

residues determining the structural stability of CALR. We used a Saccharomyces cerevisiae 

expression system to express and purify 50 human CALR mutants, which were analysed for 

several parameters including secretion titer, melting temperature (Tm), stability and oligomeric 

state. Our results revealed the importance of a previously identified small patch of conserved 

surface residues, amino acids 166-187 (“cluster 2”) for structural stability of the human CALR 

protein. Two residues, Tyr172 and Asp187, were critical for maintaining the native structure of 

the protein. Mutant D187A revealed a severe drop in secretion titer, it was thermally unstable, 

prone to degradation, and oligomer formation. Tyr172 was critical for thermal stability of CALR 

and interacted with the third free Cys163 residue. This illustrates an unusual thermal stability 

of CALR dominated by Asp187, Tyr172 and Cys163, which may interact as part of a conserved 

structural unit. 

Besides structural clusters, we found a correlation of some measured parameter values in 

groups of CALR mutants that cause myeloproliferative neoplasms and in mutants that may 

be associated with sudden unexpected death.  

 

 

Keywords: Calreticulin, structural stability, secretion, mutants, thermal stability. 
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INTRODUCTION 

Due to the high rate of protein synthesis and folding in living cells and due to the high 

concentrations of proteins, protein folding errors may occur and to prevent this cells have an 

array of chaperones, specialised proteins involved in folding and quality control of nascent 

proteins or ultimately, in routing of misfolded proteins for degradation [1,2]. 

In most eucaryotic cells, one of the major components of the protein quality control system are 

the homologous lectin-like chaperones calreticulin (CALR) and calnexin (CANX). The proteins 

have similar structure and many common biochemical/biophysical properties [2–5]. However, 

CALR is a soluble endoplasmic reticulum (ER) luminal resident protein, while CANX is an 

integral ER membrane protein with a large luminal part, a transmembrane domain and a 

cytoplasmic C-terminal part [3,4,6,7]. No 3D structure for full-length CALR or luminal domain 

of CANX is available, but several high-resolution models have provided detailed knowledge of 

the key structural and functional regions of the two chaperones [8–12]. 

Both CALR and the ER luminal domain of CANX contain a globular beta sandwich composed 

of amino acid residues 18-197 in CALR together with amino acid residues 303-333 from the 

C-terminal part, which contribute a beta strand to both the first and second sheet of the 

sandwich [8]. From one side of the sandwich extents a proline-rich hairpin „arm“ comprising 

amino acid residues 198-302 and stabilised by hydrogen bonding in characteristic repeat 

sequences. C-terminally, an alpha helix formed by residues 335-365 packs onto lower beta 

sheet two [8], constituting an integrated part of the globular „core“ structure. The rest of the C-

terminal „tail“ or „arm“ in CALR contains numerous acidic residues and ends with a KDEL ER 

retrieval sequence. The globular part contains a structural Ca2+ ion and the C-terminal acidic 

part has been shown to have a high capacity for Ca2+ binding, albeit with low affinity [13–16]. 

The amino acid sequences of the two chaperones are quite different, despite the similar 

structures, but two patches of residues are conserved in the three-dimensional structures [8]. 

Patch 1 is defined by surface residues in the first concave beta sheet and defines a lectin site, 

which has been shown to be capable of binding mono-glucosylated glycan structures. The 
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second conserved patch involves a Tyr residue and a characteristic Asp-His-Asp triad in the 

second beta sheet and a Trp residue in the alpha-helix. Other characteristic features of 

CALR/CANX are a surface-exposed disulfide bond at the edge of beta sheet 1 opposite the P 

„arm“ and in CALR a „buried“ free Cys residue of patch 2. Similar to CANX, CALR has been 

associated with folding and quality control of both glycoproteins and non-glycosylated 

proteins, but, apart from Ca2+ binding and lectin-like chaperone activity, functional 

specialization of different regions of the molecule remains to be established [17–19]. In 

addition to its unusual structure, CALR has a very low thermal stability, which seems to be 

dictated by the structural features [20–23]. 

In this work, we have studied the importance of the conserved amino acid residues as well as 

naturally occurring, potentially disease-associated, amino acid-altering genetic variants in 

human CALR in relation to protein stability. We used the highly efficient yeast expression 

system coupled with efficient protein purification to investigate general features of different 

CALR mutants, their thermodynamic stability as well as formation of oligomeric and modified 

forms of the protein. Here we identified key residues determining the structural stability of 

CALR. 

 

MATERIALS AND METHODS 

Plasmid constructs, yeast strains and transformation 

Genes encoding full-length wild-type CALR precursor (cDNA sequence is available at 

GenBank Acc. no. M84739; amino acid sequence is provided in UniProtKB database, acc. 

No. P27797) and its mutants were synthesized by GenScript. The genes were subcloned 

into yeast expression vector pFGADH under control of ADH1 promoter. DNA manipulations 

were performed according to standard procedures [24], plasmid constructs were verified by 

Sanger sequencing. Generated plasmid pFGADH-CALR was used for the expression of 

wild-type rhCALR that served as a control in synthesis of CALR mutants. Sequences of all 
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expressed mutants regarding the wild-type CALR sequence are provided in Suppl Data file 

1. S. cerevisiae strain AH22 (MATa leu2 his4) was transformed with generated plasmids as 

described previously [25]. 

 

Protein expression and purification of recombinant hCALR from yeast culture medium 

Expression of secreted wild-type rhCALR and all of the mutants was performed in shake-

flask cultivations and proteins were purified following the procedure described in [25]. Use of 

ADH1 promoter for expression in the plasmid pFGADH provided slightly higher yield of wild-

type rhCALR (see Table 1) than previously reported with vector pFDC harbouring promoter 

PGK1 [25]. Moreover, the expression yield of rhCALR in this study was highly reproducible 

among independent experiments (Results section and Table 1), therefore all the mutants 

were expressed and purified from S. cerevisiae using the same procedures for direct 

comparison of results to the wild-type rhCALR. Purified rhCALR from Pichia pastoris was 

provided by company UAB Baltymas (Lithuania) that has applied biosynthesis in high cell 

density fed-batch fermentation [25] and extracted secreted protein from culture medium by 

proprietary techniques. 

 

Analysis of the secretion titers of hCALR mutants in yeast culture medium 

Amounts of secreted hCALR in culture medium were determined by densitometric analysis 

of SDS-PAGE gels as described previously [25]. Mutants secreted at similar levels to wild-

type rhCALR were analysed in undiluted culture medium samples (example is provided in 

Fig. 1C), whereas culture media with poorly secreted mutants were concentrated 20-fold or 

40-fold by precipitation (depending on the expression level of the mutants; see Suppl Fig. 

S1) to allow quantitative evaluation. Precipitation of proteins from yeast culture medium for 

SDS-PAGE analysis was performed based on a defined methanol-chloroform-water mixture, 

as described earlier [26]. 
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Thermal stability assays 

ANS thermal stability assay: 

Thermal stability measurements were performed using RotorGeneQ real-time analyzer (blue 

channel: excitation 365 ± 20 nm, emission 460 ± 15 nm) or Cary Eclipse fluorimeter 

(excitation 365 ± 5 nm, emission 460 ± 5 nm). Applied heating rate was 0.5-5 °C/min. 

Samples (total volume 20 µL (RotorGeneQ real-time analyze) or 100 µL(Cary Eclipse 

fluorimeter)) contained 1 mg/ml protein, 50 µM 8-anilino-1-naphthalene sulfonate (ANS), 20 

mM Tris, pH 7.5, 150 mM NaCl, 3 mM CaCl2, and 0.5 % DMSO. 

 

EvaGreenTM thermal stability assay: 

Thermal stability measurements were performed using RotorGeneQ real-time analyzer 

(green channel: excitation 470 ± 10 nm, emission 510 ± 5 nm) or Cary Eclipse fluorimeter 

(excitation 500 ± 5 nm, emission 535 ± 5 nm). Applied heating rate was 0.5-5 °C/min. 

Samples (total volume 20 µL (RotorGeneQ real-time analyzer) or 100 µL (Cary Eclipse 

fluorimeter) contained 1 mg/ml protein 20 mM Tris, pH 7.5, 150 mM NaCl, 3 mM CaCl2, and 

1.25 µM EvaGreenTM. 

Protein melting temperatures (Tm) were determined either by fitting the protein melting curve 

with sigmoidal equation 1 or by finding minima of the negative derivative of protein melting 

curve [22]. 

 𝑌 = 𝑦𝑖 +𝑚𝑖𝑇 +
(𝑦𝑓 − 𝑦𝑖) + (𝑚𝑓 −𝑚𝑖)𝑇

1 + 𝑒
−(
(𝑇−𝑇𝑚)
𝑑𝑇

)
 (1) 

 

where Y is fluorescence emission intensity; T is temperature in °C and Tm is the melting 

temperature of the protein defined as the midpoint of the unfolding transition; yi is the initial 

fluorescence emission intensity of the probe bound to folded native protein before unfolding 

transition (extrapolated to 0 °C); yf is the fluorescence emission intensity of the probe bound 

to the unfolded protein (extrapolated to 0 °C); mi is the slope of the fluorescence change with 

increase of  temperature, when the probe is bound to the native protein; mf is the slope of 
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fluorescence change with increase of  temperature, when the probe is bound to the unfolded 

protein; dT is the temperature constant (proportional to the slope of sigmoidal curve at Tm). 

The initial baseline is described by yi + miT and the final baseline is described by yf + mfT. 

 

Electrophoretic analysis of purified hCALR mutants 

Study of the rhCALR stability against partial degradation was performed by densitometric 

scanning of reducing SDS-PAGE gels with equal amounts of purified wild-type hCALR and 

its mutants loaded on parallel lines in each gel (as shown in Suppl Fig. S4). An essential first 

step was to determine correct concentrations of purified proteins. This was done by 

measuring concentration of purified samples in Nanodrop equipment with a wavelength of 

280 nm and using the following parameters for hCALR protein: molecular weight 46.47 kDa 

and extinction coefficient 80630 M-1 cm-1. We observed that this measurement is by far the 

most accurate and reproducible method among all other previously used to determine 

hCALR protein concentration. Then 5 µg of wild-type hCALR and each of the mutants were 

run in SDS-PAGE, gels were stained with Coomassie Brilliant Blue R-250, scanned with 

ImageScanner III (GE Healthcare) and the volume of intact monomeric CALR form 

(comprising both the main faster moving band and minor slower moving band) was 

determined with ImageQuant TL (GE Healthcare) software. In each separate gel, the volume 

of wild-type rhCALR from S. cerevisiae was taken as 100%, whereas the volumes of intact 

protein forms in all the mutants were calculated as percentages vs. the wild-type rhCALR 

reference sample in the same gel. At least three independent SDS-PAGE experiments have 

been done for each of the mutants and calculated averages and standard deviations (SD) 

are included in “Stability” column provided in Table 1. 

The amount of minor SMB isoform was determined in reducing SDS-PAGE gels by the same 

method, except for analysis of scanned gel images. In this case, the volume of SMB was 

calculated independently in each separate gel lane as a percentage of all intact monomeric 

CALR form (including both the main and minor intact protein bands) as shown in Suppl Fig. 

S6. 
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Native PAGE was performed as described previously [27]. It was used to analyse the 

oligomeric state of purified proteins as shown in Fig. 4. Yeast-secreted wild-type rhCALR is 

exclusively present in the monomeric state and runs in the native PAGE slightly faster than 

Bovine Serum Albumin (BSA) used as molecular weight standard [25]. In this study, we have 

also used heat-treated rhCALR as a marker for its dimeric and oligomeric forms. Purified 

wild-type rhCALR from S. cerevisiae was heated for 1 hour at 57 ºC with or without DTT as 

described in [28]. This generated a mixture of oligomeric rhCALR forms that in native PAGE 

appeared as a ladder of protein bands with highly reduced dimer band in DTT-treated 

sample, similarly as in the case of native placental hCALR (Fig. 4 here and Fig. 9A in 

Jørgensen et al. [28]). It was used as a marker for hCALR dimeric and oligomeric forms that 

were observed in some of purified mutants or wild-type hCALR samples from other sources. 

Coomassie-stained protein bands in native PAGE were analysed by densitometric scanning, 

as in the case of SDS-PAGE, and volumes of monomer, dimer and oligomer bands were 

calculated as percentages from all purified protein in the same gel lane. Average amounts of 

detected dimers and oligomers from at least three independent native PAGE runs ±SD are 

given in Table 1. 

 

Mapping of mutants on the model of hCALR structure  

Mutants were mapped on the Gaboriaud model of hCALR structure [8] using RasMol 

software [29]. For better visualization, hCALR structure with indicated residues in Fig. 5 is 

shown with the carbohydrate binding area at top, P-arm to the left, and the C-terminal alpha 

helix at the bottom. Depending on the results, mutant residues were highlighted in different 

colors and stick presentation. An effect of introduced mutations on each measured 

parameter was indicated by different colors of residues’ side chains and labels. Observed 

additive effects of some multiple mutations were indicated by colored circles. Secretion titres 

of the mutants (Fig. 5A) are indicated in respect to the titre of wild-type rhCALR control as 

follows: green – increased secretion (by >3×SD over the average of wild-type rhCALR), blue 

– similar to wild-type (difference from wild-type was within 3×SD), yellow - moderate 
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decrease (less than 1/3 decrease from wild-type), orange – strong decrease (secretion titres 

within 1/3-2/3 compared to wild-type), red – severe decrease (drop by >2/3 from that of wild-

type rhCALR). Effects of point mutations on thermal stability (Fig. 5B) are indicated by colors 

according to determined Tm values of the mutants with replaced individual residues: blue – 

similar Tm as for wild-type (within 3×SD from its average), yellow – moderate decrease in 

thermal stability (Tm within 45-48 °C), orange – noticeable decrease (Tm within 40-45 °C), 

and red – severe drop in thermal stability (Tm less than 25 °C). Impact of residues for 

maintaining protein stability against partial degradation is indicated by colors according to 

determined proteolytic degradation of purified mutants (Fig. 5C): blue – amount of intact 

protein form similar to that of wild-type rhCALR (differs less than 3×SD), yellow – moderately 

increased proteolytic degradation (intact protein form constitutes >85% compared to wild-

type, and average differs from wild-type more than 3×SD), orange – noticeable proteolytic 

degradation after replacement of the residue (70-85% of intact protein form compared to 

wild-type) and red – severe degradation (<70% of purified protein in intact form; the only 

such mutation found was D187A resulting in partial degradation of about a half of purified 

protein amount). Effect of single mutations on oligomeric state of rhCALR was indicated as 

follows: blue – no change compared to wild-type (100% of mutant protein remained in 

monomeric form in native PAGE), yellow – minor dimerization (dimer detected at less than 

5% amount from total purified mutant), orange – noticeable dimerization (dimer in >5% 

amount from total protein) and red – considerable oligomerization (>30% of total protein in 

oligomeric forms). 

Similarly, effects of the mutations on the formation of minor SMB isoform were indicated by 

colors in Suppl Fig. S7: green – the amount of SMB isoform noticeably reduced in mutant 

protein compared to the wild-type (constituted ≤2% from all intact monomeric CALR form), 

blue – similar amount of the SMB as in the wild-type rhCALR (average within 3×SD from 

wild-type), yellow – noticeably increased amount of SMB (over 3×SD from wild-type, but less 

than 10% from all intact monomeric CALR form), red – the SMB is highly overexpressed in 
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comparison to the wild-type protein (constituted >10% from all intact monomeric CALR 

form). 

 

Statistical analysis 

All statistical analysis and graphical representation of results was accomplished by R 

language and environment for statistical computing (https://www.R-project.org/). Pearson 

correlation matrix created using “ggcorrplot” package. Testing for statistically significant 

differences of measured parameters means of mutant groups against the rest of the mutants 

was performed by built-in R functions “wilcox.test” and “t.test” for two-sample Wilcoxon test 

and two sample t-test, respectively. The results of PCA were graphically represented using 

the “ggfortify” package [30]. 

 

Miscellaneous 

Native hCALR was purified from human placenta according to previously described 

procedures [25,31]. Human placentas were donated for research with written consent from 

women, who had given birth to healthy children at Rigshospitalet, Copenhagen. At the 

Statens Serum Institut they were used anonymously for purification of CALR.  

Information on possible SUD-related mutations was received from the Windland Smith Rice 

Sudden Death Genomics Laboratory at the Mayo Clinic in Rochester, Minnesota.   

rhCALR from bacteria E. coli was expressed and purified as previously described [32]. Of 

note, bacterially expressed rhCALR contains an additional 23 amino acids at the N terminus 

(from pBAD plasmid gIII targeting CALR to the periplasmic space of bacteria) causing a 

slower migration than native hCALR from placenta and rhCALR expressed in yeast. Identity 

of E. coli-derived rhCALR protein preparation was confirmed by tryptic peptide mass 

fingerprinting described below. 

Protein bands visualized by Coomassie staining in native PAGE were identified by tryptic 

peptide mass LC-MS/MS analysis. Excised bands were digested in gel with trypsin 

according to a protocol described by Hellman et al. 1995 [33]. LC-MS analysis followed by 
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data processing, searching and analysis was performed as described previously [34]. 

UniprotKB/SwissProt database (2018-09-20) was used for protein identification. 

 To verify the most important purified hCALR mutants in this study, the molecular masses of 

proteins were measured by ESI–MS as previously described [25]. Intact mutant Y172A and 

D187A proteins showed molecular weights (MWs), which exactly corresponded to their 

theoretically calculated MWs taking into account the introduced mutations (not shown). 

 

RESULTS 

Selection of mutants for the study 

We expressed 50 human CALR (hCALR) protein variants, including 33 point (single) 

mutants, several double or triple mutants, as well as deletion and frameshift mutants (Table 

1). Mutants for expression were selected on the basis of the previously published hCALR 

structure [8] with a focus on evolutionary conserved amino acid residues. There were two 

surface patches shown that are common to both CALR and its membrane-bound homologue 

CANX. The most extended patch is located on the concave β-sheet surface, which mostly 

involves residues in the CALR region from Cys105 to Ile147 (Fig. 1A). From a functional 

standpoint, this first cluster corresponds to the lectin site in CALR and CANX, as identified 

by mutagenesis experiments and deciphered by the X-ray structure of the mouse CALR 

lectin domain complexed to a tetrasaccharide [9]. A second smaller patch of conserved 

surface residues includes the hCALR region from Asp166 to Asp187 (Fig. 1B). Both clusters 

also involve a few less conserved residues from the C-terminal CALR domain. Here, we 

used substitutions to alanine to generate point mutants of the conserved residues and 

several adjacent or related residues. Some multiple substitutions to alanine were made for 

potentially interacting residues based on the published structure or obtained results, thereby 

generating double, triple or quadruple mutants. We have also added some naturally 

occurring CALR mutations including those related to development of disease, with well-

known examples that cause myeloproliferative neoplasms (MPN) [35,36]. The study also 
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included 11 CALR nonsynonymous variants identified previously in cases of sudden 

unexpected death (SUD), although their level of contribution to the sudden death remains to 

be established. Finally, we expressed and purified a protein construct with deletions of the P-

domain and part of the C-terminal domain (CALR del), which was previously used to solve 

the X-ray structure of human CALR [8]. 

Taken together, this study included 11 mutants with replacements of single amino acid 

residues in Cluster 1 (lectin site), 5 mutants with single replacements of Cluster 2 residues, 3 

mutants linked to MPN, and 11 mutants associated with SUD. The rest of mutants (20 

hCALR sequence alterations) were selected due to other reasons (e.g. neighbouring, but not 

conserved residues in Clusters 1 and 2; multiple substitutions; deletions, frameshifts or his-

tagged hCALR) and together with wild-type rhCALR may be assigned as a “none” group in 

regard of defined structural clusters or association with disease. For each of the mutants, we 

analysed five parameters: secretion titer, melting temperature (Tm), stability of intact protein 

form (partial degradation), oligomeric state and the amount of a minor CALR isoform 

indicated as „slower migrating band“ (SMB). The data for all CALR mutants used in this 

study is presented in Table 1. Finally, we have used statistical analysis of collected data to 

find out if mutants in structural clusters, or mutations associated with MPN or SUD have 

common biophysical properties that may help to explain their role in maintaining structural 

stability of CALR or their impact on human disease. 
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Table 1 

Calreticulin mutants and their properties 

 

hCALR/Mutant Secretion titer 
(mg/l ±SD)  

Tm (˚C ±SD) a Stability 
(%±SD) b

  

Oligomeric state         
(% of Monomer, 
Dimer, Oligomer) c 

Slower moving 
band – SMB 
(%±SD) d 

Comments 

WT rhCALR from S. cerevisiae 66.3 ±2.7 49.6 ±0.1 / 

49.5 ±0.4* 

100 100M 4.7±0.9 
 

Wild type hCALR 
sequence 

Point (single) mutants (from S. cerevisiae) 

S44E 52.1 49.0 ±0.0 89.8±3.9 100M 1.1±0.3  

C105A 54.6 44.7 ±0.0 104.6±2.0 86.4M 13.6±2.0D 4.0±0.8 Cluster 1 

Y109A 50.2 45.4 ±0.0 100.2±2.8 100M 4.0±0.1 Cluster 1 

K111A 43.9 43.7 ±0.1 96.4±0.8 94.1M 5.9±2.7D 8.2±0.5 Cluster 1 

P114R 61.8 46.0 ±0.1 92.1±0.8 100M 2.6±0.1 Case of SUD 

Y128A 51.1 43.7 ±0.0 102.4±3.7 97.2M 2.8±0.2D 4.7±0.0 Cluster 1 

M131A 55.8 44.8 ±0.0 98.3±1.2 100M 2.0±0.1 Cluster 1 

D135A 38.3 46.5 ±0.1 93.9±0.5 100M 2.0±0.3 Cluster 1 

C137A 44.6 44.6 ±0.0 98.7±1.1 91.8M 8.2±5.1D 1.4±0.6 Cluster 1 

T141A 55.9 49.2 ±0.1 97.0±5.9 89.9M 10.1±7.1D 2.2±0.1  

H145A 49.4 48.3 ±0.1 99.4±5.9 100M 1.2±0.3 Cluster 1 

I147A 43.0 48.2 ±0.1 95.2±2.5 100M 1.0±0.3 Cluster 1 

C163A 71.0 49.4 ±0.1 89.1±1.3 100M 0.4±0.2  
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D166A 81.0 41.9 ±0.0 94.0±2.0 95.2M 4.8±1.8D 3.7±0.3 Cluster 2 

E167A 38.8 48.7 ±0.0 88.6±1.8 100M 1.8±0.2  

T169A 64.3 45.3 ±0.0 84.6±3.6 100M 3.4±0.1  

H170A 91.1 43.5 ±0.0 96.7±1.1 97.2M 2.8±0.3D 4.4±0.0 Cluster 2 

Y172A 54.4 23.3 
(measured in 
fluorimeter) 

73.8±5.1 97.1M 2.9±2.1D 18.1±1.5 Cluster 2; Contains 
partially unfolded 
protein after 
expression at 30°C 

T173A 68.4 48.3 ±0.0 99.4±6.5 100M 6.2±0.0  

D187A 17.9 22.3 / 44.5 / 
51.5 
(measured in 
fluorimeter) 

50.3±0.8 62.9M 4.7±0.6D 
32.4±6.8O 

13.7±0.2 Cluster 2; Contains 
partially unfolded and 
oligomerized protein 
after expression at 
30°C 

S189T  71.6 47.8 ±0.1 93.0±2.2 100M 2.0±0.4 Case of SUD 

P245L 75.1 48.4 ±0.0 90.8±3.2 100M 2.3±0.6 Case of SUD 

D295N 59.9 48.6 ±0.1 96.6±5.0 100M 2.3±0.5 Case of SUD 

D302N 77.4 47.6 ±0.1 86.0±0.8 100M 1.4±0.2 Case of SUD 

D317A 31.3 49.8 ±0.0 87.4±1.0 100M 1.2±0.1 Cluster 1 

W319A 43.3 45.0 ±0.0 110.2±6.1 99.4M 0.6±0.1D 1.8±0.1 Cluster 1 

S323C 81.6 48.4 ±0.1 74.4±1.8 100M 0.7±0.1 Case of SUD 

T333A 88.9 48.5 ±0.0 99.4±1.3 97.5M 2.5±0.8D 3.0±0.7  

W347A 36.3 46.5 ±0.1 88.3±2.5 100M 5.2±0.7 Cluster 2 

K355del 89.9 46.4 ±0.0 75.2±1.4 98.4M 1.6±0.5D 1.8±0.2 Case of SUD 
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K358A 38.3 47.6 ±0.0 80.0±0.9 100M 1.4±0.5  

E380G 68.7 49.7 ±0.1 82.9±0.3 100M 1.0±0.1 Case of SUD 

E381A 71.7 49.7 ±0.1 80.0±4.3 100M 0.9±0.1 Case of SUD 

Double mutants (from S. cerevisiae) 

C105A_C137A 53.0 43.0 ±0.1 106.3±2.2 100M 2.3±0.3  

C163A_Y172A 39.7 40.7 ±0.1 86.9±2.1 99.6M 0.4±0.5D 16.4±1.5  

E167A_K358A 38.3 47.4 ±0.1 88.2±3.6 100M 1.9±0.0  

C163A_T333A 83.5 47.8 ±0.0 90.8±6.2 93.2M 6.8±0.6D 1.5±0.1  

Q412C_E416C 63.7 49.5 ±0.1 91.3±2.1 100M 1.5±0.5  

Triple and higher mutants (from S. cerevisiae) 

C105A_C137A_C163A 54.6 45.9 ±0.1 91.3±0.7 100M 0.9±0.1  

D166A_H170A_D187A 
(DHD_3A) 

0 N.D. N.D. N.D. N.D. Not secreted in S. 
cerevisiae at 30°C 

D166A_T169A_H170A_D187A 
(DTHD_4A) 

0 N.D. N.D. N.D. N.D. Not secreted in S. 
cerevisiae at 30°C 

Other mutants and calreticulin forms 

CALR del (205-301del369-
417del) (S. cerevisiae) 

66.4 48.4 ±0.0 77.6±7.1 98.5M 1.5±0.3D 6.2±1.0 Co-purified with yeast 
cell wall proteins 

CALR 415-417del (S. 
cerevisiae) 

107.7 
 

49.5 ±0.1 93.7±0.5 100M 1.4±0.2 
 

Case of SUD 

CALR 18-366 (367-417del) (S. 
cerevisiae) 

113.9 48.5 ±0.1 87.0±3.3 
 

98.2M 1.8±0.8D 2.8±1.0 
 

 

CALR L367fs, related to MPN  
(S. cerevisiae) 

44.1 
 

47.3 ±0.0 109.0±2.2 100M 6.6±0.3 
 

Multiple monomeric 
bands in native PAGE 



17 
 

CALR R376fs (S. cerevisiae) 72.4 49.7 ±0.1 86.4±11.2 
 

100M 2.4±0.6 
 

Case of SUD 

CALR E380fs (S. cerevisiae) 23.4 
 

47.4 ±0.2 107.7±1.1 
 

100M 10.5±0.2 
 

MPN patiente 
Multiple monomeric 
bands in native PAGE 

CALR K385fs, related to MPN 
(S. cerevisiae) 

37.3 
 

49.1 ±0.0 105.9±0.4 
 

75.2M 24.8±2.2D 6.4±1.9 
 

Multiple monomeric 
bands in native PAGE 

His6-CALR (S. cerevisiae) 67.7 49.5 ±0.1 87.7±1.8 100M 7.2±1.3  

CALR-his6 (S. cerevisiae) 61.2 49.8 ±0.1 95.4±2.1 100M 2.7±0.9  

WT rhCALR from P. pastoris 191 ±10.1 48.3 ±0.1 109.8±0.2 100M 9.0±0.5  

WT hCALR from human 
placenta 

Not applicable 48.7 ±0.1 104.2±1.1 
 

61.8M 35.8±3.7D 
2.4±0.8O 

7.0±0.0 
 

 

rhCALR from E. coli Not applicable N.D. 76.1±1.8 39.3M 14.1±2.5D 
46.6±3.0O 

3.5±0.1 Contains unfolded or 
aggregated protein 

a Measured in RotorGeneQ with 1°C/min temperature increase, in 20 µl volume of storage buffer: 20 mM Tris, pH 7.5, 150 mM NaCl, 3 mM 

CaCl2. Tm of two mutants Y172A and D187A was not measurable in RotorGeneQ, therefore it was determined by a different technique using cold 

samples in fluorimeter, as indicated below their Tm values. * indicates Tm of WT hCALR when biological replicas of different protein batches were 

tested to calculate average and SD. All other Tm values ±SD show technical variation. 

b Stability was calculated by densitometric scanning of reducing SDS-PAGE gels and is represented as a percentage of the intact monomeric CALR 
mutant form in comparison to control WT CALR (taken as 100%) after equal amounts of 5 µg of purified proteins (measured by Nanodrop) were 
run on the same gel. 

c Oligomeric state was evaluated by densitometric scanning of native PAGE gels and is represented as a percentage of monomeric (M), dimeric 
(D) and oligomeric (O) CALR forms in purified protein preparations; standard deviation (SD) is calculated in case of dimers and oligomers. 

d Amount of slower moving band (SMB) was determined by densitometric scanning of reducing SDS-PAGE gels and is represented as a 
percentage of the SMB from all intact monomeric CALR form (taken as 100%) including the main faster moving band in the same sample. 

e Hill et al., 2016, Ann Hematol.  



 
 

 

Figure 1: Mutational analysis of conserved surface patches common to CALR and CANX. (A) and (B) 

show structures of Cluster 1 and Cluster 2, respectively (redrawn from [8]; an entire structure of the 

hCALR globular domain is shown in Fig. 5). Side chains of the most conserved residues are indicated 

in red, whereas less conserved ones (according to sequence alignments in the CALR/CANX family, as 

provided in [8]) are in black. Residue labels are coloured according to secretion titres as compared to 

wild-type rhCALR mutants after single replacements of the residues to alanine: green labels indicate 

residues associated with increase in secretion titer, yellow represents a moderate decrease (up to 



19 
 

33%), orange represents a strong decrease (33-66%) and red depicts a severe drop in secretion 

(more than 66%). Red circle indicates the location of the DHD triad in Cluster 2. Triple mutation of 

the DHD triad residues to Ala prevented protein secretion. (C) SDS-PAGE of CALR mutants. Eight µl of 

yeast culture medium mixed with SDS sample buffer and proteins were separated on SDS-PAGE 

followed by staining with Coomassie Brilliant Blue. M, protein molecular weight marker. CALR Sc, 

wild-type rhCALR used as control. 

 

Expression and secretion of CALR mutants in yeast 

The secretion titer is a measure of protein amount secreted to culture medium and depends 

on the structural stability of the protein. The secretion titers revealed amino acid residues 

that are important for proper synthesis and folding of hCALR to support the secretion of the 

recombinant protein out of the cell into the media. Wild-type recombinant hCALR (rhCALR) 

secretion did not show extensive variation among independent experiments, with standard 

deviation (SD) less than 3 mg/L from the average of ~66 mg/L (Table 1). Therefore, in this 

study, we considered that secretion is affected if the determined secretion titer differs from 

the average titer of wild-type CALR by >3×SD. Arbitrarily, mutants may be divided into five 

groups according to determined secretion titers: (i) CALR sequence alterations with no effect 

on protein secretion (13 mutants); (ii) mutations that abolished or severely decreased (by 

>66%) protein secretion (3 mutants); (iii) mutants with strong decrease in secretion titers (by 

33-66%; 13 mutants), (iv) mutants with moderately decreased secretion (by <33%; 11 

mutants) and (v) mutations resulting in an increased amount of secreted CALR (10 mutants 

including 5 with noticeable and 5 with substantial increase). In total, 13 out of 50 studied 

CALR mutants were with secretion titers similar to that of wild-type CALR (suggesting that 

these sequence variations have no effect on secretion of the protein). The only mutants that 

failed to be secreted and purified were those with multiple substitutions of the central 

Asp/His/Asp triad (DHD triad) of a previously identified smaller patch of conserved surface 

residues („cluster 2“): the triple mutant D166A_H170A_D187A (DHD_3A) and the tetra 

mutant D166A_T169A_H170A_D187A (DTHD_4A) (Fig. 1C). We observed low intracellular 

expression and transient appearance of small amounts of these mutants in the culture 



20 
 

medium after 6-12 hours of expression, but they were not sufficiently stable to be purified 

and disappeared during further incubation of yeast transformant cultures (data not shown). 

Interestingly, analysis of separate point mutations in the DHD triad showed that just a single 

mutation of Asp187 (D187A) was sufficient to inhibit secretion titer in S. cerevisiae (to ~18 

mg/L from ~66 mg/L of the wild-type rhCALR) with the most severe decrease in secreted 

protein amount among all other mutants expressed (Table 1). Unexpectedly, substitutions of 

Asp166 and His170, the two conserved residues at the DHD triad, had an opposite effect 

and increased the amount of secreted rhCALR to the media (>80 mg/L) (Table 1; Suppl. Fig. 

S1A). Out of all 50 mutants, there were just 3 mentioned mutants found in group (ii): two 

mutants (DHD_3A and DTHD_4A) with no secretion and just one mutant (D187A) with 

severe drop in secretion titer by more than two-thirds (<22 mg/L). The group (iii) with strong 

decrease in secretion titer from one-third to two-thirds in comparison to the wild-type (i.e. 

with secreted mutant CALR amount in the range of ~22-44 mg/L) contained 13 mutants, 

including all three frameshift mutants causing MPN (Fig. S1B and D), two double mutants 

and 8 single residue mutants with substitution of a single amino acid residue to alanine. Most 

of these 8 residues were present in the cluster 1 (K111, D135, I147, D317 and W319) and 

some in the cluster 2 (W347) or its neighbouring residues (E167 and K358). Eleven 

mutations in group (iv) resulted in just moderate decrease of rhCALR secretion titer by less 

than one-third as compared to wild-type protein, to the range of 44-58 mg/L (Table 1). 

Finally, there were 10 mutations with increased secretion of CALR and these mutants of 

group (v) can be separated into two subgroups. The largest increase in secretion titer (over 

1.5-fold, approaching 100 mg/L) was observed for the mutants with C-terminal deletions 

lacking ER retention sequence KDEL (CALR 415-417del and CALR 18-366 (367-417del), 

Table 1, Fig. S1D). We also considered increased secretion as substantial when it was >1/3 

increased over wild-type (to >88 mg/L), this add three more mutants to this subgroup 

including the previously mentioned H170A (plus T333A and K355del, Fig. S1A and C). Five 

other mutants showed a smaller, but still noticeable increase in the secretion titer with 

>3×SD above the average of the wild-type CALR secretion level. 



21 
 

Examining how secretion titers are affected among specific groups of mutants located in 

different structural clusters or selected due to a potential link to human disease, we noticed 

that mutations in cluster 1 exhibited moderate or strong decrease (all in groups (iii) and (iv)  

according to secretion titer), MPN mutants had strong decrease in secretion titre (all in group 

iii), whereas the mutants associated with SUD had unchanged or increased secretion titre 

(groups (i) or (v), accordingly). Cluster 2 mutants represented a heterogeneous group with 

regard to secretion titre ranging from severe decrease to no secretion (group ii) to significant 

increase in secretion level (group v). 

All CALR mutants with workable secretion levels (48 sequence variants from 50 expressed 

in total) were purified from the culture medium and subjected to further analysis. 

 

Thermal stability of the mutants  

It is well established that the presence of Ca2+ ions increases thermal stability of CALR, but 

the determined melting temperature (Tm) values vary among the studies within a range of 

46-52 °C [20–23,37]). Here, we started by analysis of experimental conditions with wild-type 

rhCALR to figure out factors which influence determined results. Thermal stability assay was 

carried out with ANS (1,8-anilinonaphtalene sulfonate) or EvaGreenTM [22] fluorescent dyes 

in the presence of 3 mM  Ca2+. Comparable results were obtained using both dyes (Suppl. 

Fig. S2 and S3) with the major variation of Tm values being due to the speed of the 

temperature increase. For small sample volumes (20 µl) and slowly rising temperature by 

1°C/min, Tm values were ~49 °C for rhCALR (Fig. S2A and S3A). Raising the temperature at 

the faster rate of 5°C/min resulted in Tm values of up to ~52-54 °C (Fig. S2C and S3C). 

These values (rhCALR Tm of 52.3 °C using EvaGreenTM; Suppl Fig. S3C) are in agreement 

with a previous study for placental CALR (52.2 °C) [22], where a similar fast temperature 

increase (~5.5 °C/min) was applied and the same calculation method was used (fitting the 

curve of a change in fluorescence intensity as a function of time). When larger sample 

volumes were used (100 µl), faster temperature increase showed an even greater increase 

in Tm value of the sample by ~6-7 °C (Suppl Fig. S2B vs. S2D, and S3B vs. S3D). Just 
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increasing sample volume (from 20 µl to 100 µl) under the same conditions resulted in a 

higher Tm [up by 1-3°C under the conditions of slower temperature increases (Suppl Fig. 

S2A and S2B); or up by 5°C when the temperature was raised at the faster rate (Suppl Fig. 

S2C and S2D)]. Different methods of data evaluation did not affect the calculated Tm (Suppl. 

Fig. S2 and S3). These findings indicate that the real temperature in the sample lags behind, 

when the rate of increasing temperature is higher than 0.5-1 °C/min. Moreover, increased 

sample volume also contribute to the lag of real temperature and produced higher Tm values. 

Although use of ANS and EvaGreenTM resulted in comparable values, ANS gave superior 

and less noisy results as compared to EvaGreenTM that showed a high fluorescence signal 

background at lower temperatures and at early points of measurement (Figs S2 and S3). 

Consequently, ANS was used for further experimentation with CALR mutants including a 

slow rate of increasing the temperature (1 °C/min) in a small sample volume (20 µl). This 

method was sufficient to determine Tm values for all, but the Y172A and D187A mutants that 

were found to be already unfolded when starting the analysis at ~25 °C. For these thermally 

unstable mutants, we have used a higher sample volume in the fluorimeter, because it has 

an option of cooling and starting the analysis from a much lower temperature (from ~5 °C 

instead of starting from ~25 °C in the RotorGeneQ equipment). 

Thermal stability was determined for CALR mutants (Table 1) and evaluated for variation 

between independent experiments. We calculated Tm for either technical replicates 

(repeated measures of Tm of the same sample) or biological replicates (different batches of 

purified protein starting from independent procedures of yeast transformation) of wild-type 

rhCALR. There was negligible technical variation, whereas biological replicates of wild-type 

rhCALR showed similar Tm average of 49.5 °C, but with a higher variation with determined 

Tm values between 49.0 and 49.9°C and a SD of 0.4°C (Table 1). Therefore, we considered 

3×SD difference from Tm of wild-type CALR as an indicator of a significant change in thermal 

stability of the mutant proteins. This was in agreement with Tm values for wild-type rhCALR 

expressed in P. pastoris and wild-type hCALR from human placenta  (Table 1). We did not 

find any of the mutants exhibiting increased Tm values, however, there was a decrease in 
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thermal stability to various extents observed in approximately half of the mutants tested. We 

considered a mutant Tm in the range of 45-48°C as „moderate“ (15 mutants), and 

„noticeable“ when Tm had dropped below 45°C, to a range of 40-45°C (10 mutants) (Table 

1). Mutations in a region of the protein comprising the space between Cys105 and Cys137 

(within cluster 1) as well as a mutant of residue W319 showed a similar decrease of Tm to a 

range 43.0-46.5°C (Table 1). Replacement of the Cys105 and /or Cys137 that form  the 

disulfide bond in CALR resulted in a decrease in protein Tm by approx. 4-6°C, whereas 

replacement of the third, free cysteine Cys163 had no effect on the thermal stability (Fig. 2).  

 

 

 

Figure 2: Tm analysis of cysteine mutants of CALR. Measurements were carried out with the ANS 

fluorescent dye in a RotorGeneQ real-time analyzer. (A) Thermal unfolding of wild-type rhCALR. (B-F) 

Thermal unfolding of rhCALR mutants with substitutions of cysteine to alanine.  

 

We identified two mutants, Y172A and D187A, which were severely affected with a 

determined melting midpoint as low as 22-23°C (Fig. 3). Interestingly, double mutation 
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C163A_Y172A resulted in the recovery of thermal stability to the Tm value of 40.7°C (Fig. 3C 

and 3F). Fluorimeter measurements showed that the unfolding of C163A_Y172A was a two-

step process, with the first step of fluorescence increase at a temperature of ~15°C (Fig. 3F).  

 

 

 

Figure 3: Thermal unfolding of Asp187Ala and Tyr172Ala mutants of CALR. A-C, thermal unfolding 

analysis with the ANS fluorescent dye in a RotorGeneQ real-time analyzer (starting measurement at 

RT). D-F, thermal unfolding analysis of indicated CALR mutants in the fluorimeter (starting 

measurement in cold samples). 

 

The D187A mutant showed biphasic unfolding events, one at 22.3°C and the other at 44.5 

and 51.5°C (Fig. 3D). In addition to Y172A and D187A mutants, mutation of Asp166 and 

His170 within the DHD triad resulted in a noticeable decrease in melting midpoint by several 

degrees, indicating a critical role of cluster 2 in thermal stability of the protein. Interestingly, 

CALR mutants identified in MPN or SUD showed only moderate decreases or no change in 

Tm values (Table 1). 
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Stability and partial degradation of mutants  

Some of the mutants used in this study were unstable and prone to degradation both in the 

culture medium and during purification (Table 1). Therefore, we carried out SDS-PAGE 

analysis of purified CALR mutants to further evaluate protein stability against proteolytic 

degradation. The most sensitive to degradation was CALR Asp187 mutant with 

approximately half of the purified protein present in a degraded form (Table 1 and Fig. S4B). 

Tyr172 mutant was also prone to degradation with less than 75% in the intact protein form 

(Table 1 and Fig. S4A). Double mutation, C163A_Y172A, resulted in significantly increased 

stability of the protein from ~74 % to ~87 % of the main intact CALR form (Table 1; compare 

Y172A vs. C163A_Y172A in Fig. S4A) and thus had a similar effect inhibiting proteolytic 

degradation of the mutant Y172A, as in the case of its rescue from thermal instability. Partial 

protein degradation was also noticeable in mutants related to SUD, including those in the C-

terminal Ca2+ binding hCALR domain (S323C, K355del, E380G and E381A), K358A and a 

mutant CALRdel with deletion of P-domain and part of C-terminal domain (Table 1 and Fig. 

S4 B and C). Escherichia coli-expressed rhCALR was also partially degraded to a similar 

extent with less than 80% of the protein in the intact form (Table 1 and Fig. S4B). In contrast 

to E. coli-derived rhCALR, wild-type hCALR protein purified from human placenta (native 

hCALR) or as a recombinant protein secreted from P. pastoris showed slightly increased 

protein stability as compared to S. cerevisiae expressed wild-type protein used in this study 

as the control protein (Table 1 and Fig. S4B), suggesting that  S. cerevisiae-expressed 

rhCALR protein was partially degraded (<10% of purified protein). Our analysis indicated 

that specific mutations in CALR could  increase protein stability and protect against partial 

degradation. Interestingly, the only mutations identified here that resulted in increased CALR 

stability by >3×SD were three frameshift mutations associated with MPN (Table 1 and Fig. 

S4C-D). In contrast, a frameshift mutant R376fs associated with SUD did not exhibit 

increased protein stability and was more degraded than WT rhCALR (Table 1). The stability 

of MPN-related mutants might be due to a novel C-terminal amino acid sequence due to 

reading frame-shift mutation. 
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Oligomerization and variability of monomeric mutant forms 

hCALR dimerizes and oligomerizes at increased physiological temperatures, at pH below 4.6 

or above pH 10, or under other conditions that favour partial unfolding or an intramolecular 

local conformational change probably related to the function of the protein [28]. Here, we 

analysed which mutations resulted in dimer or oligomer formation under standard expression 

conditions in yeast culture (at 30°C) that produce wild-type rhCALR in a monomeric form 

(Table 1, Fig. 4). Analysis of purified proteins by native PAGE revealed that most mutations 

(31 out of 48 examined) did not promote formation of multimers, with rhCALR remaining 

exclusively in monomeric state (Table 1). One mutant that formed higher order of oligomers 

(approx. 1/3 from total purified protein) was the D187A mutant (Fig. 4A). Interestingly, 

rhCALR expressed in E. coli exhibited extensive oligomerization with over half of the purified 

protein in a high molecular weight oligomeric state. The ability to dimerize is an intrinsic 

property of native hCALR and we have always observed a noticeable amount of placental 

hCALR in dimeric form. In the present study, as a control we used placental hCALR that 

showed about 1/3 of the protein in dimeric form (Table 1, „CALR Hs“ sample in Fig. 4A). The 

highest amount of CALR dimeric form (about 25% of the total purified) in S. cerevisiae-

derived mutants was observed for MPN frameshift protein K385fs (Fig. 4E). There were 5 

other mutants with amount of a dimer form exceeding 5% of total purified protein: C105A, 

K111A, C137A, T141A and the double mutant C163A_T333A (Table 1 and Fig. 4B). 10 

other mutants (Y128A, D166A, H170A, Y172A, W319A, T333A, K355del, C163A_Y172A, 

CALRdel and CALR 18-366) revealed less noticeable dimer formation (below 5% of purified 

protein (Table 1)). In contrast to other mutants, replacement of the 1st or 2nd cysteines 

resulted in an increased dimer formation (approx. 10-15% of total protein) also seen under 

non-reducing SDS-PAGE (not shown). This could be due to formation of intermolecular 

disulfide bonds between free cysteine residues, whereas in other mutants it is unlikely that 

formation of disulfide bond plays any role in protein dimerization. Replacement of both 

cysteines in a double mutant C105A_C137A or triple mutant C105A_C137A_C163A resulted 
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in a monomeric form of the protein. It should be noted that besides clear monomeric or 

multimeric bands in WT rhCALR and most mutant samples, the smear seen in native PAGE 

for some of the mutants (D187A and Y172A) is likely due to  partially unfolded protein (Fig. 4 

A and C). 

 

 

 

Figure 4: Native PAGE analysis of CALR mutants. A-E, Coomassie blue-stained native PAGE gels of 

CALR mutants as indicated in the Figure. Five µg of protein was loaded per lane. BSA was used as 

molecular weight marker, whereas CALR heated at 57°C in the presence or absence of without DTT 

served as a marker for hCALR monomers, dimers and oligomers. Sc indicates S. cerevisiae, Hs – 

Homo sapiens, Ec – E. coli and Pp – P. pastoris expression hosts. rhCALR mutants are indicated by 

single letter codes in red when oligomers were highly overexpressed (>30% of total protein), in 

orange with dimers overexpressed (>5%) and in yellow when any oligomeric state besides monomer 

was detected at lower relative amount. 
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Monomeric rhCALR was presented as the main protein band for the yeast-secreted or native 

hCALR isolated from human placenta [25]. However, we noticed a minor slower migrated 

protein band (SMB) in native PAGE and SDS-PAGE for both native and recombinant 

CALRs. Here, analysis of just the main monomer form revealed interesting results in some of 

the mutants. The vast majority but not all mutants showed a strong band of monomeric form 

migrating in the native PAGE at the same position as the wild-type rhCALR. An exception 

was all three MPN-related hCALR mutants that showed multiple monomeric bands in native 

PAGE (Fig. 4 D and E). This was not related to partial protein degradation or some multiple 

sequence variation or differences in the modification of these proteins, because in the SDS-

PAGE these mutants migrated as a single monomer protein band (Table 1 and Fig. S4C-D). 

Appearance of multiple bands in the native PAGE of the MPN frameshift mutants was likely 

due to a novel C-terminal sequence, as a control construct CALR 18-366 lacking this 

sequence showed just a single monomeric protein band both in native PAGE and SDS-

PAGE (Fig. S4C and results not shown). Interestingly, some of SUD-associated CALR 

mutants showed different relative electrophoretic mobility in native vs. SDS PAGE. For 

example, P114R mutant migrated at a similar position in SDS-PAGE as wild-type rhCALR 

(Fig. S1D), however, it migrated slower than other proteins in the native PAGE (Fig. 4B). 

Another mutation, K355del in this group migrated more slowly than other monomeric 

rhCALR proteins in SDS-PAGE (Fig. S1C), but faster in the native PAGE (not shown). These 

results suggest that some hCALR mutations result in a different conformation of the protein 

evidenced by altered electrophoretic mobility under native conditions. It may be a single 

specific „mutant conformation“ as in the couple of cases of mutants related to SUD, or 

several different conformations resulting in multiple monomeric mutant protein bands in the 

native PAGE, as in the case of MPN-related CALR frameshift mutants. 

We found one unique hCALR mutant CALRdel, which displayed a large number of slow 

migrating protein bands in the native PAGE (Fig. 4D), that did not disappear in SDS-PAGE 

analysis after boiling of the sample (Fig. S4C). As no other mutant showed such an unusual 

feature, we have identified proteins in all higher MW bands visible in native PAGE by using 
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in-gel trypsin digestion followed by mass spectrometry (MS) identification. From eight 

analysed bands, just three lower MW bands contained hCALR with very small contamination 

of yeast S. cerevisiae protein SIM1 co-migrating with the main CALRdel band. The other five 

higher MW bands did not contain hCALR, but instead contained S. cerevisiae yeast (y) 

proteins: ySUN4, yTOS1, yCRH1, yBGL2, ySIM1 and ySCW10 (Fig. S5). According to 

UniProt KB and Saccharomyces Genome Database (SGD), these proteins are all localized 

in the cell wall and most of them are beta-glucosidases. This indicates that the sample of 

purified mutant CALRdel contained a large amount of co-purified yeast cellular proteins. 

 

Slower migrating band (SMB) as a minor CALR isoform in the mutants 

We noticed that wild-type hCALR protein preparations, regardless of the expression system 

used, contained a slower migrating protein band (referred to here as SMB) both in native 

PAGE and SDS-PAGE. It accounted for ~5% of the protein sample. Immunoblot analysis  

and tryptic peptide finger-printing by MS confirmed that SMB is a full-length hCALR with no 

detectable posttranslational modification of the protein. We have speculated that SMB may 

be the result of proline cis-trans isomerism, but this has not been proved [25]. Interestingly, 

Y172A and D187A CALR mutants contained larger amount of the SMB, 20% and ~14% of 

the protein sample, respectively (Table 1 and Fig. S6A-B). Introduction of a Cys163A 

mutation to generate a double mutant C163A_Y172A did not affect the abundance of SMB. 

There was over 10% of SMB detected in the MPN mutant E380fs. A substantial  decrease in 

the abundance of SMB below 1% was seen in some mutants including C163A, S323C, 

E381A and triple mutant C105A_C137A_C163A. A noticeable decrease in the SMB amount 

to 1-2% from total was also seen in additional 17 mutants (Table 1; and Fig. S6).  

  

Mapping CALR regions important for structural stability 

The results of the study were used to identify important regions and individual residues on 

the human CALR structure model comprising amino acids 18-204 and 302-368 [8]. On this 

structure model of globular CALR domain we analysed over 30 mutants including single 
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mutations of 28 individual residues. The results were analysed separately for each of the 

parameters described above. We indicated mutated residues by different colors starting from 

red color for residues, whose replacement had the most severe „negative“ effect on a given 

parameter (e.g. decreasing secretion titer or decreasing stability of the protein) and 

continued with orange for noticeable/strong negative impact or yellow in the case of a 

moderate but still significant negative effect on measured parameter (Fig. 5). Substituted 

residues were indicated in blue when mutant properties were similar to WT rhCALR or in 

green in cases of “positive” effect (e.g. when mutation resulted in the increase of secretion 

titer). A single most important residue was Asp187 (shown in red in all sections of the Fig. 5), 

which was critical for maintaining all the measured parameters based on the analysis of 

mutant D187A. The second most important residue was Tyr172, which was critical for 

maintaining protein thermal stability and important for stability in general (highlighted by red 

and orange in Fig. 5B and 5C, respectively). Spatially, these two key residues are located 

close to each other, in the same part of the protein known as cluster 2 (Fig. 1B). No other 

residue with similar critical importance for any of the measured parameters was found 

outside of cluster 2. Moreover, replacements of the same two residues Tyr172 and Asp187 

resulted in the formation of large amounts of the SMB minor hCALR isoform (Fig. S7 and 

Fig. S6, A and B). 

Multiple substitutions of conserved residues were helpful to clarify a role of interacting amino 

acids. In the case of the DHD triad in cluster 2, the major negative effect on CALR 

expression by replacement of Asp187 was exacerbated by the additional replacements of 

the other two triad residues, His170 and Asp166, albeit their single substitutions increased 

the secretion titer (a synergistic effect of DHD residues is indicated by red circles in Fig. 1B 

and Fig. 5A). We were not able to purify the DHD_3A mutant, therefore it was not possible to 

evaluate effects of these triple substitutions on protein stability. Single mutation of His170 or 

Asp166 resulted in a decrease of the thermal stability of rhCALR (Fig. 5B, side chains of 

these residues are indicated in orange), and less effect on stability in general and preventing 

dimerization (Fig. 5C and 5D, in yellow).  



31 
 

 

 

 

Figure 5: Mapping hCALR residues and regions important for protein structural stability. A-D, show 

side chains of residues indicated by different colours on the Gaboriaud model [8]: blue, residues 

which did not significantly affect measured protein parameter as indicated in the Figure, whereas 

Red>orange>yellow>blue>green colors indicate order of importance for hCALR stability from most 

important to least. A, Orange and red circles indicate effects of double and triple mutations affecting 

secretion titres. B, Cys163 is indicated in cyan due to rescue from thermal instability of Y172A 

mutation in double mutant Y172A_C163A (double mutation is shown by green circle). C, Double 

mutation is indicated by a green circle due to the rescue of Y172A mutant from proteolytic 

degradation by introducing the C163A mutation, similarly as for thermal stability of the protein. D, 

Green circle indicates reversion to the monomeric state in a double mutant where both disulfide-

bonded cysteine residues were replaced. 
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In addition to DHD triad, we found another axis of possible interactions in the same cluster 2. 

Analysis of the double mutant C163A_Y172A, in comparison to single mutants, strongly 

suggested an interaction between Tyr172 and Cys163. First, the secretion titer was just 

moderately affected in the single mutant Y172A or C163A mutant, but it was noticeably 

declined in the double mutant (C163A_Y172A ) (Table 1; effect of the double mutation is 

indicated in Fig. 5A by a dashed orange circle). Furthermore, replacement of Cys163 

rescued thermal and general protein stability that were severely decreased in single mutant 

Y172A (this effect of the double mutation is indicated by dashed green circles in Fig. 5, B 

and C). A similar tendency of these mutants was seen in the formation of a dimer, but to a 

lesser extent. Instead, a clear „rescue“ from the formation of a dimer was observed in a 

double mutant C105A_C137A, which reverted back to 100 % of monomeric protein, in 

contrast to single substitutions of the first or the second cysteine, resulting in considerable 

dimerization (interaction between Cys105 and Cys137 is indicated by a dashed green circle 

in Fig. 5D). 

There were also several other residues determined with noticeable influence on structural 

stability. Trp347, a residue present in the C-terminal helix of cluster 2, was important for 

secretion titer and had only moderate effect on thermal and general stability. An ionic bond 

between Glu167 and Lys358 was also important for the expression, as protein secretion titer 

was decreased in single mutants (Glu167 or Lys358) or in a double mutant of (Glu167_ 

Lys358) (Table 1 and Fig. 5A, in orange). Interestingly, removal of C-terminal Lys355 and 

Lys358 (Fig. 5C, in orange), as well as Glu380 and Glu381 (Table 1), resulted in increased 

proteolytic degradation of rhCALR.  

Cluster 1 was also important for rhCALR structural stability, albeit to a lesser extent than 

cluster 2. On the glucose-binding side of cluster 1 (at the left side of cluster 1, which is 

located on the top of the hCALR structure shown in Fig. 5), Lys111 mutation had a more 

prominent effect on the protein properties compared to several other neighboring residues 

(Tyr109, Tyr128, Met131, His145, Ile147 and Asp317). At the other side of cluster 1, the 

most critical residues identified in this study were Cys105 and Cys137 forming a disulfide 
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bond, together with the closely located cluster 1 C-terminal Trp319 (Fig. 5). In addition, 

mutation of Lys111 also resulted in an increased abundance of the SMB (Fig. S7, in yellow), 

whereas mutation of other neighboring amino acids (Met131, His145, Ile147 and Asp317) 

had an opposite effect and reduced the abundance of SMB (Fig. S7, side chains are shown 

in green). One of the most noticeable reductions of the SMB was observed in the mutants 

containing replacement of the third free cysteine, C163A. This was not seen, however, in a 

double mutant C163A_Y172A (Fig. S7, dashed red circle). 

 

Statistical analysis 

Multivariate data analysis was used to assess correlations between different measured 

parameters of the mutants. One of the five parameters given in Table 1, „Oligomeric state“ 

was further split into three separate parameters representing relative amounts of monomers, 

dimers and oligomers. Correlations between individual parameters (Secretion titer, Tm, 

Stability, Monomers, Dimers, Oligomers and amount of SMB) are shown in Fig. S8 as 

Pearson correlation coefficients. Monomer/dimer and monomer/oligomer pairs obtained the 

highest correlation coefficients (0.73 and 0.75, p<0.0001 in both cases), which is self-

explanatory. Most of other comparisons between different parameters (14 out of 19) did not 

show statistical significance with p>0.05 (Fig. S8 and Suppl Data file 1) suggesting that the 

measured parameters are mostly independent with just a few exceptions. From the latter, 

two significant correlations between oligomers and Tm or Stability were mainly determined by 

key mutation D187A resulting in both the formation of oligomers, drastic decrease in protein 

Tm and stability in general. The remaining three correlations showed dependence of different 

parameters including two positive linear correlations between Tm vs. Stability (Pearson 

coefficient 0.44), and Tm vs. relative amount of monomeric form (Pearson coefficient 0.53) 

that were statistically significant (in both cases p<0.01). The last was a strong inverse 

correlation between Tm and the amount of SMB isoform (p<0.0001) suggesting that these 

two parameters were dependent on each other (Fig. S8 and Suppl Data file 1). 

The most interesting results were obtained by analysing whether measured parameter 
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values in specific groups are significantly different from the values of all other analysed 

mutants. Mutants were divided into four specific groups (Cluster 1, Cluster 2, MPN-related 

and SUD-related), whereas all others were attributed to a „none“-group, which also included 

wild-type rhCALR and served as a control. Each of the five mutant groups were compared to 

all other mutants by each of the measured parameters using two different statistical tests: 

non-parametric Wilcoxon rank sum test with continuity correction and parametric Welch Two 

Sample t-test (p-values for all comparisons are provided in Supplemental Data file 1, section 

„Mutant_groups“). The results showed that the control „none“ group consisting of WT 

rhCALR and 18 mutants did not differ significantly from the rest of the mutants by any of the 

measured parameters (p>0.05 in all cases) disregarding the test used. In contrast, specific 

groups of mutants differed significantly from the rest of mutants by some measured 

parameters. Cluster 1 (11 mutants out of 48 in total) stood out from the rest (p<0.05) based 

on three parameters (Secretion titer, Tm and Stability) according to Wilcoxon test and two 

parameters (secretion titer and stability) according to Welch t-test. Cluster 2 (5 mutants) 

showed group specificity according to Tm, SMB and Oligomeric state using Wilcoxon test, 

but no significant specificity by any of the parameters using Welch test. MPN-related 

mutations (3 mutants) revealed two specific parameters (Secretion titer and Stability) by both 

tests and also were different from other mutants by the amount of SMB with statistical 

significance just in the Wilcoxon test. The most intriguing result was obtained from 

comparison of SUD-related mutations (11 mutants) to all other sequence variants. In this 

case, significant differences were observed in all measured parameters, except that the 

difference in Tm values was „equivocal“ (near to a limit of statistical significance) by Wilcoxon 

test (p=0.056). All these comparisons suggested that it may be possible to separate specific 

mutant groups into clusters using Principal Component Analysis (PCA). Indeed, the PCA 

analysis showed that four specific groups of mutants can be separated into non-overlapping 

clusters outlined by polygons (Fig. 6).  
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Figure 6: PCA analysis of S. cerevisiae-expressed rhCALR proteins. Mutants assigned to different 

groups are outlined by polygons of specific colour as indicated by the legend. Grey arrows indicate 

relative contributions of each measured parameter. Contributions of the main principal components 

to the total variance of data are indicated on the axis. 

 

The control group with „none“ specificity of mutants was partially overlapped with Clusters 1 

and 2, and with the SUD-related mutant group. There was just one additional mutation from 

the „none“ group included inside either Cluster 1 (double mutant C105A_C137A) or Cluster 2 

(T169A), whereas the SUD-related group included five additional mutations from the „none“ 

group (Fig. 6). The significance of these results is explored in the Discussion section. 
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DISCUSSION 

We generated a large collection of purified human CALR mutants secreted in the yeast S. 

cerevisiae. It was earlier demonstrated that expression of the protein in yeast systems 

provides high-quality recombinant CALR, which is indistinguishable from native CALR 

according to amino acid sequence, molecular weight, activity and some other parameters [25]. 

Most mutant forms of CALR were expressed and secreted in high yields and could be purified 

to homogeneity by a one-step ion exchange chromatography. The efficiency of the developed 

yeast expression system allowed us to generate and compare a large number of rhCALR 

mutants in the same study using the same techniques, thereby avoiding discrepancies which 

may occur when mutant proteins are produced in different laboratories and analysed by 

different methods. Mutational analyses of hCALR have been performed in multiple studies 

before, and they were nicely summarized in a previous work on the hCALR structure (see Fig. 

S3B in [8], where mutations from many studies were mapped on the hCALR structure shown 

from a similar angle as in Fig. 5). We have made mutants both of the same conserved hCALR 

amino acid residues and many new ones, but the main difference from previous studies was 

a focus on structural stability of the protein, instead of the function (e.g. chaperone activity or 

sugar binding that were analysed in the previous studies). Nevertheless, we believe that our 

results explain the reasons, why some regions and residues are conserved in hCALR and 

provide a deeper insight into the relation of structure and function of this protein. 

Initially, we determined that the previously identified DHD triad in cluster 2 (Fig. 1B) is the most 

important for the expression and stability of the hCALR. The protein with triple replacement of 

the DHD triad can not be synthesized at an appropriate level due to structural instability under 

physiological conditions. For comparison, triple replacement of all three cysteines (3C3A) had 

just a moderate effect on biosynthesis and structural properties of rhCALR, despite the first 

two cysteines being highly conserved, as are the DHD residues. This means that the main 

role of the disulfide bond between Cys105 and Cys137 is not to maintain structural stability of 

the hCALR, but presumably some other primary function. It is in line with a previous report 
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that residues Cys105-Cys137 are important in determining the ability of CALR to function 

properly as a chaperone [38]. Mutations of single residues in the DHD triad demonstrated that 

the key residue to maintain structural stability of the hCALR is Asp187, because replacement 

of the two others did not hamper protein biosynthesis and did not severely affect structural 

stability. Taking into account the similar level of conservation of all three DHD residues, it 

suggests some vitally important biological function for the residues, which are highly 

conserved even without critical impact on the maintainance of hCALR structure. This 

interpretation is in line with a previous study, which showed that His170 was essential for the 

CALR chaperone function in vivo [39]. 

Secondly, an overview of the secretion titers of rhCALR mutants showed a broader picture of 

which regions and residues are important for proper biosynthesis of the protein with ensuing 

secretion from yeast cells. In cluster 1, all mutations resulted in decreased secretion titer, but 

there were two distinct groups with strong or moderate decrease (shown in Fig. 5A by orange 

and yellow, respectively), which can be compared looking for regularities. If we look at the 

structure, the main regularity here seems to be that residues in orange (Lys111, Asp135, 

Asp317, Ile147) are more buried into the hCALR structure than residues in yellow (buried 

residues were described in more detail in a previous work [8]). A larger impact on protein 

structure and stability by more buried residues (the hydrophobic core) is a common property 

of general protein folding [40–42]. Besides this property, which is characteristic for protein 

synthesis in general, the results also revealed specific features of the hCALR protein. A strong 

decrease in the secretion levels of mutants E167A, D317A, W319A, W347A, K358A and 

double mutant E167A_K358A (Table 1 and Fig. 5A, in orange) showed the importance of 

keeping the C-terminal part attached to the globular N-terminal part of the hCALR for proper 

and efficient synthesis of the protein. All these mutations disrupt a bond between the C-

terminal and N-globular parts of the protein and showed a similar negative effect on protein 

secretion titer, whereas mutations of residues without involvement in such interactions 

between N and C domains (e.g. K355del, E380G, E381A) did not reduce the secretion titer. 
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Considering the thermodynamic stability of the hCALR, there are two main points to notice. 

The first is a technical side of these experiments. As hCALR has a relatively low melting 

midpoint (Tm) with possible impact on its function (as a heat shock protein, oligomerizing at 

increased physiological temperature, etc), it is extremely important to perform the experiments 

in an accurate and reproducible way. Based on our results, we recommend a slow rate of the 

temperature increase in such experiments (and at least this aspect should be clearly described 

in the Methods section) to avoid introducing errors due to temperature lag in the sample. As a 

convenient option for studying the hCALR unfolding we introduced the ANS fluorescent dye, 

which was previously used for monitoring thermal stability of other proteins [43,44]. The 

observed drawbacks using EvaGreenTM dye (e.g. high initial signal of the fluorescence 

creating high undesired background in the results) may be related to its more specific use for 

studying DNA [45,46]. Another major point for discussion is the findings of our study using two 

different techniques to determine melting midpoints of rhCALR mutants. Here, for the first time 

we demonstrate that two conserved key residues are critical for maintaining thermal stability 

of hCALR. The unusually severe drop in Tm from ~49 ºC in the WT rhCALR to ~22-23 ºC in 

the mutants Y172A and D187A suggests that such mutated proteins would unfold and be 

structurally inviable under physiological conditions. Among all of the studied mutants, there 

were no other amino acids found, whose substitution would result in a Tm drop to or below the 

physiological human temperature (Table 1 and Fig. 5B). As for the residue Asp187, results 

with mutants DHD_3A and DTHD_4A confirmed the importance of interactions between 

Asp187, His170 and Asp166, previously identified as the DHD triad [8], that have an impact 

on structural stability of hCALR. Tyr172 is a new key residue revealed as the second most 

important for structural stability in the present study. The data demonstrates that it may interact 

with the third free Cysteine 163. The severe drop in Tm after replacement of Tyr172 and its 

rescue after additional replacement of Cys163 showed that this third, free cysteine is 

responsible for the disruption of hCALR thermal stability, when the relatively large Tyr172 side 

chain is exchanged to the smaller Ala side chain. Although the absence of Tyr172 itself in 

double mutant C163A_Y172A resulted in a noticeably decreased Tm (to ~40.7 ºC from ~49.5 
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ºC in WT hCALR), the presence of Cys163 in the single mutant Y172A seems to be the major 

factor for thermal instability, as it accounts for a twice bigger decrease in the Tm to as low as 

~23.3 ºC (Table 1). This suggests that Tyr172 may have a role to protect the third free Cys163 

from exposure that results in a loss of hCALR stability. Tyr172 and Cys163 are located near 

to each other in the same region of cluster 2 (Fig. 5). Intriguingly, whereas the DHD triad, 

Tyr172 and Trp347 in cluster 2 are well conserved among many species and in other calcium-

binding proteins such as CANX and calmegin, the third free Cys163 is specific for the CALR 

protein with no equivalent free cysteine neither in the solved similar structure of a dog CANX 

[10], nor in human CANX or calmegin. The third free cysteine was mutated to serine in a 

previously determined structure of the mouse CALR [9], therefore it is not possible to evaluate 

its position or interactions on multiple structures. The only available solved structure of CALR 

containing Cys163 was the human CALRdel construct, which showed that Cys163 is 

inaccessible in the conformation of the crystal form, as it is buried between residues from 

strands β7 and β10 [8]. As the β10 strand includes Tyr172, replacement of the large aromatic 

ring of tyrosine-172 may provide more space for interactions involving Cys163. On the other 

hand, we could not exclude that Tyr172 may directly interact with Cys163 (e.g. in a similar way 

as it has been shown for Tyr-Cys interaction in some other proteins [47–50]), even including 

a possible covalent bond between them, although such a bond has not been observed. The 

stable structure that was solved in a crystal from of a hCALR construct, CALRdel, does not 

necessarily represent all possible structures and interactions within the WT molecule of the 

hCALR protein. In fact, our results show that this structurally „stabilized“ mutant CALRdel 

behaves differently when it is secreted in yeast. It is the only one that was co-purified with a 

large amount of yeast proteins (Fig. 4D). As it has a lectin binding site stably exposed and as 

all co-purified yeast proteins were cell wall beta-glucosidases, it seems a plausible explanation 

that CALRdel binds sugars competing for substrate with glucosidases in the periplasmic space 

and is thereby secreted outside the cell together with these yeast enzymes, whereas the WT 

rhCALR and all other mutants avoid such interactions and are not co-secreted or co-purified 

with these yeast proteins. Earlier we have shown that full-length WT hCALR changes its 
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conformation depending on the Ca2+ concentration, and this regulation may occlude the lectin 

site/peptide binding site [11]. Cluster 2 seems to have two axes of interactions important for 

protein structural stability: one is the DHD triad and another is between Tyr172 and Cys163 

(shown in Fig. 5A by red and orange circles, respectively). These two axes may also interact 

with each other to maintain hCALR structural stability. Recently, improved insights into protein 

thermal stability in general suggested that Asp-Tyr interaction is more stable compared with 

the other residue–residue interactions and could be important in the stabilization of protein 

structure [51]. An unusually high decrease of Tm by replacement of either Tyr172 or Asp187 

raises the possibility that these two residues may also interact with each other to keep the two 

axes of interactions in the cluster 2 connected and thereby ensure protein structural stability. 

Although it will be required to make more mutants and perform additional studies to clarify 

these possible interactions, the current results show that the main reason for the striking 

conservation of cluster 2 residues is to maintain structural stability of the hCALR protein. 

Considering oligomerization of the hCALR, it should be noted that the extent of dimerization 

or oligomerization has varied greatly among sources of the protein from different expression 

systems. Expression of secreted rhCALR in yeast generates just monomeric protein, whereas 

there is a significant amount of dimerized native hCALR purified from placenta, and a large 

amount of oligomerized or aggregated recombinant rhCALR in preparations from E. coli. It 

was reported that both full-length and N-terminal part of rhCALR tend to oligomerize when 

expressed and purified from E. coli [52,53] with similar appearance on native PAGE as in our 

study (Fig. 4A). A property to dimerize and self-oligomerize was shown to be important for the 

chaperone activity of CALR, since self-oligomerization noticeably increased CALR binding to 

peptides and denatured proteins [28,54] and also promoted its immunological activities 

[52,55]. We found only the mutation D187A to result in the formation of a large amount of 

oligomers. As the mutant protein was unstable and partially unfolded, it indicates a connection 

between oligomerization, unfolding and protein stability. Moreover, we were unable to 

measure Tm of the WT rhCALR from E. coli by any method used, therefore it seems to contain 
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either totally unfolded or aggregated protein. Both WT rhCALR from E. coli and D187A mutant 

from yeast were prone to partial proteolytic degradation, suggesting that in this regard hCALR 

oligomers may be less stable than monomers. Although other studies suggest that hCALR 

oligomers are not composed of inactive denatured protein and can maintain overall CALR 

structure [23], our results show that CALR physical properties may vary among different 

studies and greatly depend on the used expression system and protein preparation 

procedures.  

As the SMB isoform constitutes just a few percent of total hCALR protein [25], it has not 

previously been analysed. In this study, we noticed that the SMB amount varied considerably 

among different mutants. Statistical analysis of the data showed that the most noticeable 

dependence between different parameters was an inverse correlation between protein Tm and 

the amount of the SMB isoform (Fig. S8), which was statistically significant (Pearson 

correlation coefficient -0.72 with p<0.0001). This revealed that a decrease of the thermal 

stability of the protein results in an increase of the amount of SMB isoform. The most evident 

examples are substitutions of the two key residues of cluster 2, Tyr172 and Asp187, which 

resulted in both a large decrease in thermal stability (Table 1 and Fig. 5B) and overexpression 

of the SMB (Fig. S7). On the other hand, the least amount of the SMB was determined after 

replacement of the third free Cysteine 163 that also had a major impact in decreasing thermal 

stability of the mutant Y172A, as described above. This data suggests that Cys163 is involved 

in formation of the SMB, whereas residues Tyr172 and Asp187 prevent the overexpression of 

this minor hCALR isoform. Therefore, the study of structural stability of the mutants pointed 

out that the amount of SMB may be an indicator of intrinsic balance in hCALR protein stability. 

WT hCALR has characteristic amounts of the SMB isoform in a range from a few to several 

%, that appears to be present in a normal state of folded hCALR protein. When hCALR loses 

stability, the amount of SMB isoform goes up, whereas when hCALR protein is stabilised, the 

SMB amount is reduced. It is possible that hCALR needs to maintain a „metastable“ structure 

resulting in some instability of the protein in order to perform its multiple physiological 
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functions. The physical nature of the SMB isoform and its biological role will need to be 

examined in further studies. 

Previous studies on CALR connection to MPN revealed how hCALR frameshift mutations 

are associated with the disease. The mutant hCALR (but not the wild-type) constitutively 

activates the thrombopoietin (TPO) receptor, myeloproliferative leukemia protein (MPL) and 

its downstream JAK2 signalling pathway resulting in oncogenic transformation [56–58]. 

However, the molecular mechanism behind the activity of the mutant hCALR and its 

interaction with MPL remains largely unknown. Our study provided some unexpected 

findings regarding properties of the MPN-related hCALR mutants and may help to address 

some unanswered questions. An interesting aspect of the results was that disease-

associated mutations correlated to some specific parameters determined. In the case of 

MPN mutations, there was a very similar decrease in secretion titers indicating a similar 

effect on the protein biosynthesis. It is in line with reports that hCALR frameshift mutants are 

less detectable than their wild-type counterparts in both murine and human haematopoietic 

cells due to their accelerated degradation and secretion [59,60]. Moreover, a specific feature 

was the unusual resistance of the secreted frameshift mutants to partial proteolytic 

degradation, and the most striking feature was multiple monomeric forms of these mutants 

observed in native PAGE. As MPN-causing hCALR frameshift mutants are largely secreted 

from human cells instead of being retained in the ER [61], the recombinant analogous 

mutant proteins secreted from yeast appear as a convenient tool to analyse their properties. 

Different electrophoretic mobility under native conditions suggest that secreted hCALR MPN-

related mutants are present in multiple conformations. To the best of our knowledge, the 

conformation and stability of the MPN mutants have not been studied yet. It was proposed 

that the unique new C-terminus sequence of hCALR MPN-inducing mutants potentially 

creates a structural change and subsequently promotes hCALR N-domain binding to MPL, 

because the N-domain alone was found to be sufficient for interaction with the MPL [56]. It 

was also demonstrated that activation of the MPL requires the lectin binding site in the N-



43 
 

domain and a novel C-terminal tail of the mutant hCALR [58,62]. Recently, a model was 

proposed in which homomultimerization of mutant hCALR is a prerequisite for MPL binding 

and activation [63]. Our results are partially in concordance with this model. We observed a 

high degree of dimerization of CALR K385fs (corresponds to CALR Ins5 mutation with 

slightly higher propensity to multimerize than another main MPN-related frameshift mutant 

CALR del52 [63]), but no detectable multimerization in two other secreted MPN mutants 

L367fs (also known as CALR del52) and E380fs (Fig. 4D-E and Table 1). It provides a new 

possible interpretation of the effects of MPN-causing hCALR mutations. Instead of mediating 

intermolecular interactions among mutant hCALR proteins as proposed in the current model 

[63], the novel C-terminal mutant-specific sequence may act as a new intramolecular 

interaction motif. In the first place, it seems to interfere in mutant hCALR protein folding 

during biosynthesis, resulting in the appearance of multiple MPN-specific hCALR 

conformations that are evident from the native PAGE analysis. It is possible that such a 

range of different hCALR mutant forms include a pathogenic conformational change which 

constitutively exposes the lectin binding site of the protein and thereby enables further 

interaction of the N-domain with TPO receptor MPL. After such a conformational change, the 

mutant C-terminal sequence could be dispensable for further oncogenic transformation and 

may even be removed from the mutant protein by C-terminal clipping [61]. This would 

explain reported ambivalent results including requirement of both hCALR lectin binding site 

and novel C-terminal mutant sequence to be present in the expressed construct for 

oncogenic transformation [58], as well as the ability of separate hCALR N-domain (without 

mutant C-terminal sequence) to interact with MPL [56]. Our results indicate that multiple 

conformations of monomeric mutant hCALR are the best indicator of a relation to MPN. Such 

an altered state of synthesized hCALR molecules may also be the primary reason triggering 

multimerization and aggregation of intracellular mutant proteins [63] that is likely to hamper 

secretion and direct a large part of such intracellular oligomeric mutant molecules to 

degradation [59]. Moreover, the increased stability of the yeast-secreted MPN-related 

hCALR  mutants supports recent findings that secreted mutated hCALR is also circulating in 
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plasma of MPN patients at relatively high levels and contributes to progression of the 

disease by promoting CALR mutant allele burden [64]. The purified recombinant MPN-

related hCALR mutants are currently the subject of a broader biochemical study, which will 

be reported elsewhere. 

It is unclear, whether hCALR mutations found in the cases of SUD have contributed to the 

outcome. SUD-related mutations seem to be different (substitutions, small deletions and 

frameshift) and widely distributed in the hCALR molecule without any noticeable regularities 

or clues about possible links to development of SUD. Importantly, when expressed in yeast, 

these mutants revealed similarities according to all parameters tested (visualized in Fig. 6), 

and comparison of the SUD-related group to other mutants showed that these tendencies 

were statistically significant (Suppl Data file 1). This led us to define a complex of 

consequences that typical SUD-related mutations had on the hCALR: the secretion of 

mutant proteins was increased, the thermal stability of hCALR was moderately decreased 

(up to 3 degrees Celsius), secreted mutants were more prone to partial proteolytic 

degradation than wild-type, remained in monomeric state, and had a noticeably decreased 

amount of the SMB isoform in comparison to the wild-type hCALR. Considering how these 

changes may be connected to expression of mutated hCALR in human cells, we can at least 

expect that mutation CALR del415-417 also leads to efficient secretion of the protein from 

human cells, because a number of previous studies showed that removal of the C-terminal 

ER-retention signal sequence KDEL (i.e. hCALR mutation del414-417) resulted in secretion 

of hCALR to the extracellular medium instead of being retained in the ER [61,65,66]. Our 

results suggest that other SUD-related mutations may also have a similar effect on secretion 

albeit to a lesser extent (Table 1). Next, the SUD-related mutants tend to unfold at lower 

temperature than the wild-type hCALR, therefore this would make a considerable difference 

in physiological conditions. Regardless of the secretion, even a slight increase in body 

temperature will have an impact on mutant hCALR protein that may begin to unfold in a 

similar way as the wild-type hCALR during a severe fever. Moreover, SUD-related mutations 
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promoted partial degradation of the protein, and this would result in the generation of higher 

amounts of hCALR fragments, which may have specific biological activities (e.g. as 

described for the N-terminal fragment vasostatin [67–69]). Finally, the amount of minor 

hCALR isoform SMB was considerably lower in SUD-related mutants, and if this isoform has 

a biological function, it would be reduced in carriers of these mutations. 

It should be noted that the current study was aimed to provide an overview on the 

biochemical properties of a larger set of hCALR mutants and focused on structural stability 

rather than on specific analysis of potential disease-related mutations. Mutations found in the 

cases of SUD should be analysed more thoroughly in further studies to determine whether 

they are truly disease-causing. Nevertheless, our results showed that these mutations do 

have similar effects on the biochemical properties of the hCALR protein, and it is rational to 

seek for a general link between hCALR mutations and SUD. In fact, our results could make it 

possible to predict, whether any mutation will fall into the group of SUD-related mutants 

based on the biochemical parameters measured after expression and purification of rhCALR 

mutants from the yeast cells. According to PCA, five mutants from the “none” group are 

clustered together with the SUD mutants: S44E, C163A, T333A, C163A_T333A and 

Q412C_E416C (Fig. 6). Ser44 is a surface-exposed residue, which mutation was included 

on suspicion of a role in dimerization (this was not confirmed in the study). Interestingly, the 

other two mutations of serine residues in this study (S189T and S323C) were both from 

cases of SUD (Table 1) and similarly surface-exposed (Fig. 5). Substitutions of the third free 

Cys163 and Thr333 also seem to result in protein properties similar to those of SUD-related 

mutants. Finally, a change in C-terminus of the protein, including Q412C_E416C, SUD-

related CALR_415-417del and CALR_R376fs, as well as two other mutations found near or 

on the edge of SUD-related cluster, CALR_18-366 and CALR-His6, may affect its KDEL 

signal function resulting in features similar to SUD-related mutations. 

Considering structural Clusters 1 and 2, the PCA showed inclusion of mutations from the 

same protein regions, C105A_C137A and T169A, respectively (Fig. 6). Although 
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replacement of three neighboring residues, Asp166, Thr169 and His170 seemed to have 

similar impact on biochemical properties of the protein, just two of them, Asp166 and His170 

are highly conserved [8]. It suggests that these two residues of the Cluster 2 may have an 

important biological function resulting in their conservation. Taken together, Cluster 2 

contains two key residues, Tyr172 and Asp187, responsible for maintaining structural 

stability of the hCALR, but also includes Asp166 and His170 with clearly undefined activity 

and biological function. These parts of Cluster 2 interact with each other and possibly also 

involve Cys163. The exact mechanism of interplay between the heterogeneous groups of 

residues in Cluster 2 should be revealed in further studies. 

 

Conclusions 

In this mutational study, we have demonstrated that a previously identified cluster 2, 

containing highly conserved residues with unknown function, is the most important region for 

structural stability of the hCALR protein. Two key residues, Tyr172 and Asp187, were 

particularly critical for maintaining the native structure of the protein. Tyr172 was important 

for thermal stability of the protein, and the data suggested that the aromatic ring of tyrosine-

172 protects from exposure or interacts with the third free Cys163 residue. Whereas the 

mutant D187A revealed a severe drop in secretion titer, it was also thermally unstable, prone 

to degradation, and to oligomer formation. Some measured parameter values showed 

correlation with specific groups of the mutants based on structural clusters or possible 

relation to disease, including both MPN and SUD. This enables the prediction of a potential 

impact of any mutation based on the biochemical parameters measured after expression 

and purification of rhCALR mutants from the yeast cells. Our collection of mutants provides 

new tools for further structural and functional studies of CALR protein.  
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