
Chapter 2
Structural Analysis of Calreticulin,
an Endoplasmic Reticulum-Resident
Molecular Chaperone

Gunnar Houen, Peter Højrup, Evaldas Ciplys, Christine Gaboriaud, and
Rimantas Slibinskas

Abstract Calreticulin (Calr) is an endoplasmic reticulum (ER) chaperone involved
in protein quality control, Ca2+ regulation and other cellular processes. The structure
of Calr is unusual, reflecting different functions of the protein: a proline-rich
β-hairpin arm and an acidic C-terminal tail protrude from a globular core, composed
of a β-sheet sandwich and an α-helix. The arm and tail interact in the presence of Ca2+

and cover the upper β-sheet, where a carbohydrate-binding site gives the chaperone
glycoprotein affinity. At the edge of the carbohydrate-binding site is a conserved,
strained disulphide bridge, formed between C106 and C137 of human Calr, which lies
in a polypeptide-binding site. The lower β-sheet has several conserved residues,
comprised of a characteristic triad, D166-H170-D187, Tyr172 and the free C163. In
addition to its role in the ER, Calr translocates to the cell surface upon stress and
functions as an immune surveillance marker. In some myeloproliferative neoplasms,
the acidic Ca2+-binding C-terminal tail is transformed into a polybasic sequence.
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Abbreviations

Calr Calreticulin
Calr3 Calsperin
Canx Calnexin
CDS Circular dichroism spectroscopy
Clgn Calmegin
DTT Dithiothreitol
ECM Electron cryo-microscopy
ER Endoplasmic reticulum
INDELS Insertions and deletions
JAK Janus kinase
MHC Major histocompatibility complex
MM Molecular modelling
MPN Myeloproliferative neoplasms
NMRS Nuclear magnetic resonance spectroscopy
SAXS Small angle X-ray scattering
XL-MS Cross-linking/mass spectrometry
XRC X-ray crystallography

2.1 Introduction

In eukaryotic cells, ER is the site for synthesis, maturation and quality control of
secreted, membrane-bound and ER-resident proteins (Halperin et al. 2014; Kepp and
Galluzzi 2020). This process involves translation of mRNAs on ER membrane-
bound ribosomes, translocation of the nascent polypeptide across the ER membrane
and co-translational folding to the native three-dimensional structure. To assist in
these processes, the ER contains elaborate systems involved in post-translational
modification and quality control of newly synthesized proteins (Vincenz-Donnelly
L and Hipp MS 2017; Halperin et al. 2014). An important protein quality control
system in the ER is constituted by the chaperones calreticulin (Calr) and calnexin
(Canx), which act in concert with protein disulfide isomerases (e.g. Pdia3/ERp57) to
facilitate the synthesis and maturation of proteins, and to prevent accumulation of
misfolded proteins (Bergeron et al. 1994; Michalak et al. 1998; Coe and Michalak
2010; Halperin et al. 2014; Matsusaki et al. 2020). Canx is a transmembrane protein,
with its major part in the ER lumen, while Calr is an ER luminal protein (Bergeron
et al. 1994; Wada et al. 1995; Michalak et al. 1998; Danilczyk et al. 2000). In
humans, these proteins are encoded by separate genes with 9 (Calr) or 20 (Canx)
exons (McCauliffe et al. 1992; Tjoelker et al. 1994). In mammals, Calr and Canx
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furthermore play important roles in the loading of peptides on MHC class I (Blees
et al. 2017). This chapter reviews current knowledge on the structure of human Calr
(hCalr).

2.2 Primary Structures of Calr and Related Proteins

Analyses of Canx and Calr amino acid sequences have revealed that they are
evolutionarily conserved proteins encoded by single genes. In the testicles a Canx
homologue, calmegin (Clgn) and a Calr homologue, calsperin (Calr3) are also
present (Ohsako et al. 1994; Watanabe et al. 1994; Ikawa et al. 2011). In plants,
several Calr isoforms are encoded by separate genes (Jia et al. 2009; Del Bem 2011;
Wasąg et al. 2019). In yeasts, a Canx homologue is present (de Virgilio et al. 1993;
Parlati et al. 1995).

Figure 2.1 shows an alignment of amino acid sequences of selected Calr/Canx
family members. Common to both Canx and Calr is an N-terminal domain of
approximately 200 amino acid residues, followed by a proline-rich domain of
approximately 100 (Calr and Calr3) or 145 (Canx and Clgn) amino acid residues,
which is followed by a C-terminal domain. In Calr (and Calr3) the C-terminal
(C) domain is highly acidic and consists of approximately 100 amino acids ending
in an ER retrieval sequence of four residues (KDEL in hCalr). In Canx (and Clgn)
the C-terminal domain has a transmembrane stretch of 20 amino acids and a
cytoplasmic “tail” of approximately 90 amino acids.

Relatively few residues are invariant among all Calr and related proteins
(Fig. 2.1) and these mainly reside in the N-terminal (N) domain and the middle
proline-rich (P) domain. Conserved stretches/clusters of amino acids in the
N-domain are found in the vicinity of the conserved disulfide bridge (C106-C137 in
Calr) and in the P-domain in the neighborhood of conserved W residues, being part
of characteristic repeat sequences. A third interesting residue (C163 in hCalr) is
conserved in all known mammalian and some other Calrs.

2.3 Higher Order Structures of Calr and Related Proteins

Table 2.1 shows a list of Calr and Canx proteins from different species with solved
three dimensional (3D) structures. Figure 2.2 shows two partial structures for human
Calr, plus one view of its full-length elongated structure in the context of the MHC-I
peptide-loading complex. The 3D structures of Canx and Calr show close similarity
but also some important differences. Both proteins have a globular core consisting of
a β-sheet sandwich, where the strands are arranged in a “jelly roll” fold, and an
α-helix. The sandwich is composed of two β-sheets, where the N-terminal 200 amino
acids contribute 6 strands to the first, “upper” β-sheet and 6 strands to the second
“lower” β-sheet. Intertwined in the two sheets are two β-strands derived from the
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C-terminal domain of the molecules, the first constituting the Calr β19 strand of the
upper β-sheet and the second constituting the Calr β20a/b strand of the lower β-sheet
(Fig. 2.2a). From the core extend the proline-rich stretches as β-hairpins (P-domain,
Fig. 2.2c), stabilised by hydrogen bonds between four (Canx) or three (Calr) sets of
repeat sequences. The α-helix of the globular core is longer in Calr, where it
continues into the acidic tail (Fig. 2.2c), while in Canx the α-helix is followed by
a transmembrane sequence and the cytoplasmic domain.

A  ---------- ---------- ---------- ---------- ---------- ---------M FTLFLLIALS SAKVYFHETF
B  ---------- ---------- ---------- ---------- ---------M RLLLCLIFLV FVFNFALSTV HFKDTFDNDW
C  ---------- ---------- ---------- ---------- ---------M LLSVPLLLGL LGLAAADPAI YFKEQFLDGD
D  ---------- ---------- ---------- ---------- ---------M LLSVPLLLGL LGLAAADPAI YFKEQFLDGD
E  ---------- ---------- ---------- ---------- ---------M LLSVPLLLGL LGLAVAEPAV YFKEQFLDGD
F  ---------- ---------- ---------- ---------- ---------- ---MKSLCLL AIVAVVSAEV YFKEEFNDAS
G  ---------- ---------- ---------- ---------- ---------M ARALVQLWAI CMLRVALATV YFQEEFLDGE
H  ---------- ---------- ---------- ---------- ---------- -MRAAIFFCA LLSLATLSAV HGTVYFHEEF
I  MEGKWLLCML LVLGTTIVQA HEGHDDDMID IEDDLDDVIE EVEDSKSKPD TSAPTSPKVT YKAPVPTGEV YFADSFDRGT
J  MEGKWLLCML LVLGTAIVEA HDGHDDDVID IEDDLDDVIE EVEDSKPD-T TAPPSSPKVT YKAPVPTGEV YFADSFDRGT
K  ---MHFQAFW LCLGLLFISI NAEFMDDDVE TEDFEENSEE IDVN------ -ESELSSEIK YKTPQPIGEV YFAETFDSGR

*   |

A  ENRDKWIDST SSGKALGPFK IV-----SGK WYGD-ANNKG LQTSEDNKFY IAAAKLDEEF SNKDKNLIVQ YNLKFEQGID
B  ESRWVVSDWH KEDGKSGKLV HT-----AGK WFGD-ENQKG IQTSEDARFY AVSAKFP-SF SNKGKDLVLQ YTVKNEQKVD
C  AWTNRWVESK HKSD-FGKFV LS-----SGK FYGDLEKDKG LQTSQDARFY ALSAKFEP-F SNKGQTLVVQ FTVKHEQNID
D  AWTNRWVESK HKSD-FGKFV LS-----SGK FYGDQEKDKG LQTSQDARFY ALSARFEP-F SNKGQTLVVQ FTVKHEQNID
E  GWTSRWIESK HKSD-FGKFV LS-----SGK FYGDEEKDKG LQTSQDARFY ALSASFEP-F SNKGQTLVVQ FTVKHEQNID
F  -WEKRWVQSK HKDD-FGAFK LS-----AGK FFDVESRDQG IQTSQDAKFY SRAAKFDKDF SNKGKTLVIQ YTVKHEQGID
G  HWRNRWLQST NDSR-FGHFR LS-----SGK FYGHKEKDKG LQTTQNGRFY AISARFKP-F SNKGKTLVIQ YTVKHEQKMD
H  KSMEHWTTSK HRDD-FGKVE IS-----AGK FYADAEKSKG LRLTEDARFY ALSTAFPTPI TNEKKSLVVS FSVKHEQDLK
I  LSGWILSKAK KDDTDDEIAK YDGKWEVDEM KETKLPGDKG LVLMSRAKHH AISAKLNKPF LFDTKPLIVQ YEVNFQNGIE
J  LSGWILSKAK KDDTDDEIAK YDGKWEVEEM KESKLPGDKG LVLMSRAKHH AISAKLNKPF LFDTKPLIVQ YEVNFQNGIE
K  LAGWVLSKAK KDDMDEEISI YDGRWEIEEL KENQVPGDRG LVLKSRAKHH AISAVLAKPF IFADKPLIVQ YEVNFQDGID

.                          .:* :   .  :.:   :: :   :     : *::. : :: :: :

A  CGGGYIKLLP KKSIESEEKF TPESEYNIMF GPDVCGG-SK RTHVIMNYKG KNNLIRKEI- --------KC ESDDISHLYT
B  CGGSYIKLLP SKLDQS--AF DGESEYSIMF GPDVCGA-SK RVHVILNYKG KNHLIKKEIN --------KV ETDQLTHQYT
C  CGGGYVKLFP SGLDQK--DM HGDSEYNIMF GPDICGPGTK KVHVIFNYKG KNVLINKDI- --------RC KDDEFTHLYT
D  CGGGYVKLFP GGLDQK--DM HGDSEYNIMF GPDICGPGTK KVHVIFNYKG KNVLINKDI- --------RC KDDEFTHLYT
E  CGGGYVKLFP NSLDQT--DM HGDSEYNIMF GPDICGPGTK KVHVIFNYKG KNVLINKDI- --------RC KDDEFTHLYT
F  CGGGYVKVMR ADADLG--DF HGETPYNVMF GPDICGP-TR RVHVILNYKG ENKLIKKEI- --------TC KSDELTHLYT
G  CGGGYIKVFP ADIDQK--NL NGKSQYYIMF GPDICGFDIK KVHVILHFKN KYHENKKLI- --------RC KVDGFTHLYT
H  CGGGYIKLLP SMDPEK---F HGETKYWLMF GPDRCGS-QN RVHIILHYNG ENREWSKRI- --------RF PEDKLTHVYT
I  CGGAYVKLLS KTPELNLDQF HDKTPYTIMF GPDKCGEDYK LHFIFRHKNP KTGVYEEKHA KRPDADLKTY FTDKKTHLYT
J  CGGAYVKLLS KTPELNLDQF HDKTPYTIMF GPDKCGEDYK LHFIFRHKNP KTGIYEEKHA KRPDADLKTY FTDKKTHLYT
K  CGGAYIKLLA DTDDLILENF YDKTSYIIMF GPDKCGEDYK LHFIFRHKHP KTGVFEEKHA KPPDVDLKKF FTDRKTHLYT

***.*:*::           :   .: * :** *** **   .   .:: : :  :     :                 *  :* **

A  LIIRPNNTYV VKIDGVEKQE GKFDEDWD-- MLAPKEIDDP NVSKPADWVD EKEIDDPNDK KPEGWDDIP- ----------
B  LVISPDNTYK VLVDNKEIQA GNLADDWE-- LLPSKQIKDP KQSKPVDWVD VKEIDDPEDV KPAGHDDIP- ----------
C  LIVRPDNTYE VKIDNSQVES GSLEDDWD-- FLPPKKIKDP DAAKPEDWDE RAKIDDPTDS KPEDWDKP-- ----------
D  LIVRPDNTYE VKIDNSQVES GSLEDDWD-- FLPPKKIKDP DAAKPEDWDE RAKIDDPTDS KPEDWDKP-- ----------
E  LIVRPDNTYE VKIDNSQVES GSLEDDWD-- FLPPKKIKDP DASKPEDWDE RAKIDDPTDS KPEDWDKP-- ----------
F  LILNSDNTYE VKIDGESAQT GSLEEDWD-- LLPAKKIKDP DAKKPEDWDE REYIDDAEDA KPEDWEKP-- ----------
G  LILRPDLSYD VKIDGQSIES GSIEYDWN-- LTSLKKETSP AESKD----- ---WEQTKDN KAQDWEK--- ----------
H  LHIAADNSYE FFLDGESKAK GQLDGDWT-- LLPPREIVDE TDKKPEDWVD EETMDDPEDK KPEDWDNEP- ----------
I  LILNPDNSFE ILVDQSIVNS GNLLNDMTPP VNPSREIEDP EDQKPEDWDE RPKIPDPDAV KPDDWNEDAP AKIPDEEATK
J  LILNPDNSFE ILVDQSVVNS GNLLNDMTPP VNPSREIEDP EDRKPEDWDE RPKIPDPEAV KPDDWDEDAP AKIPDEEATK
K  LVMNPDDTFE VLVDQTVVNK GSLLEDVVPP IKPPKEIEDP NDKKPEEWDE RAKIPDPSAV KPEDWDESEP AQIEDSSVVK

* : .: ::  . :*       *.:  *     . . ::  .     *            :.    *. . :.             |

Fig. 2.1 Alignment of Calrs and related proteins from various species. (a) Calr E. histolytica
XP_655241; (b) Calr D. discoideum Q23858; (c) CalrM. musculus P14211; (d) Calr R. norvegicus
P18418; (e) Calr H. sapiens P27797; (f) Calr C. elegans P27798; (g) Calr3 H. sapiens Q96L12; (h)
Calr T. cruzi XP_812571; (i) Canx C. lupus P24643; (j) Canx H. sapiens P27824; (k) Clgn
H. sapiens O14967. The alignment was carried out using Clustal 2.1 and default parameters.
Coloring: core region—blue, P-domain—yellow. C-domain—green
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There are several interesting characteristic features of the conserved structure of
Calr. A carbohydrate-binding site on the upper concave β-sheet capable of accom-
modating a tetrasaccharide and having affinity for terminal glucose residues. This
site contains several conserved residues (cluster 1) of importance for carbohydrate
binding (Kozlov et al. 2010a, b; Chouquet et al. 2011; Moreau et al. 2016).

An exposed disulphide bridge (C106
–C137 in hCalr) is located on the edge of the

carbohydrate-binding site. This bridge is unusual due to its surface location and its
geometry, which reveals an almost parallel, strained conformation with a sulphur
atom distance of 2.8–3 Å (in contrast to normal unstrained disulphide bonds, which
have a torsion angle of approximately 90� and a sulphur atom distance of 2 Å
(Thornton 1981). The disulphide bridge is important for thermodynamic stability

A  ---------K TIVDPNAKKP EEWNDEDDGE WEAPTIE--- ---------- ------NPEY KGEWKPKRIP NPAYKGEWVH
B  ---------A SIVDPEAVKP EDWNEEDDGE WEAPTIA--- ---------- ------NPEY KGEWKAKKIP NPEYKGEWVH
C  ---------E HIPDPDAKKP EDWDEEMDGE WEPPVIQ--- ---------- ------NPEY KGEWKPRQID NPDYKGTWIH
D  ---------E HIPDPDAKKP EDWDEEMDGE WEPPVIQ--- ---------- ------NPEY KGEWKPRQID NPDYKGTWIH
E  ---------E HIPDPDAKKP EDWDEEMDGE WEPPVIQ--- ---------- ------NPEY KGEWKPRQID NPDYKGTWIH
F  ---------E HIPDPDAKKP EDWDDEMDGE WEPPMID--- ---------- ------NPEY KGEWKPKQIK NPAYKGKWIH
G  ---------- HFLDASTSKQ SDWNGDLDGD WPAPMLQ--- ---------- ------KPPY QDGLKPE--- -GIHKDVWLH
H  ---------A MIPDADAKKP DDWDDAEDGP WEAPMIP--- ---------- ------NPKS KGTWKPRQIP NPAYKGVWEP
I  PDGWLDDEPE YVPDPDAEKP EDWDEDMDGE WEAPQIANPK CESAPGCGVW QRPMIDNPNY KGKWKPPMID NPNYQGIWKP
J  PEGWLDDEPE YVPDPDAEKP EDWDEDMDGE WEAPQIANPR CESAPGCGVW QRPVIDNPNY KGKWKPPMID NPSYQGIWKP
K  PAGWLDDEPK FIPDPNAEKP DDWNEDTDGE WEAPQILNPA CR--IGCGEW KPPMIDNPKY KGVWRPPLVD NPNYQGIWSP

. *..: *  .:*:   **  * .* :                     :*    :.  :.        ::. * |

A  PQIANPDYVY DPELYKYDS-FAYIGIDVWQ VKAGTIYDDI LITDDIEEAE KEAKVILER- ---------- ----------
B  PLIDNPEYAE DNELYLFND-LGAIGFELWQ VKSGSIFNNM IVTDSVEEAK DFSEKTFVAN QEAE------ ----------
C  PEIDNPEYSP DANIYAYDS-FAVLGLDLWQ VKSGTIFDNF LITNDEAYAE EFGNETWGVT K--------- ----------
D  PEIDNPEYSP DANIYAYDS-FAVLGLDLWQ VKSGTIFDNF LITNDEAYAE EFGNETWGVT K--------- ----------
E  PEIDNPEYSP DPSIYAYDN-FGVLGLDLWQ VKSGTIFDNF LITNDEAYAE EFGNETWGVT K--------- ----------
F  PEIENPEYTP DDELYSYES-WGAIGFDLWQ VKSGTIFDNI IITDSVEEAE AHAAETFDKL K--------- ----------
G  RKMKNTDYLT QYDLSEFEN-IGAIGLELWQ VRSGTIFDNF LITDDEEYAD NFGKATWGET K--------- ----------
H  RKIPNPDFVE DSELHKVPEPLTHVGIDVWQ VESGSIFKDI MIGDDLKEVL ELVEKTYGSL KK-------- ----------
I  RKIPNPDFFE DLEPFKMTP-FSAIGLELWS MTSDIFFDNF IVCGDRRVVD DWANDGWGLK KAADGAAEPG VVGQMIEAAE
J  RKIPNPDFFE DLEPFRMTP-FSAIGLELWS MTSDIFFDNF IICADRRIVD DWANDGWGLK KAADGAAEPG VVGQMIEAAE
K  RKIPNPDYFE DDHPFLLTS-FSALGLELWS MTSDIYFDNF IICSEKEVAD HWAADGWRWK IMIANANKPG VLKQLMAAAE

: *.::   :  :*:::*. : :.  :.:: ::  . .                                 |

A  ---------- ---------- ---------- ---------- ---------- ---------N AAEKKMRDEI KEAEKQKEEE
B  ---------- ---------- ---------- ---------- ---------K KMFDDLEAAK AEERKKADEK LAAEKAAEKE
C  ---------- ---------- ---------- ---------- ---------- ---------- AAEKQMKDKQ DEEQRLKEEE
D  ---------- ---------- ---------- ---------- ---------- ---------- AAEKQMKDKQ DEEQRLKEEE
E  ---------- ---------- ---------- ---------- ---------- ---------- AAEKQMKDKQ DEEQRLKEEE
F  ---------- ---------- ---------- ---------- ---------- ---------- TVEKEKKEKA DEETRKAEEE
G  ---------- ---------- ---------- ---------- ---------- ---------- GPEREMDAIQ AKEEMKKARE
H  ---------- ---------- ---------- ---------- ---------- --------AE ADALKVMEDM EKEKRKKEEE
I  ERPWLWVVYV LTVALPVFLV ILFCCS--GK KQSSPVEYKK TDAPQPDVK- ----EEEEEK EEEKDKGDEE EEGEEKLEEK
J  ERPWLWVVYI LTVALPVFLV ILFCCS--GK KQTSGMEYKK TDAPQPDVK- ----EEEEEK EEEKDKGDEE EEGEEKLEEK
K  GHPWLWLIYL VTAGVPIALI TSFCWPRKVK KKHKDTEYKK TDICIPQTKG VLEQEEKEEK AALEKPMDLE EEKKQNDGEM

.              .|

A  AKKEAEKQKE EETKEEIKKE ENKEEL---- ---------- ---------- ---------- --- 389
B  AEEADEEEEE VAEEDLVKTD DKKEEVKKST KKVDHDEL-- ---------- ---------- --- 424
C  EDKKRKEEEE AEDKEDDDDR DEDEDEEDEK EEDEE-ESPG QAKDEL---- ---------- --- 416
D  EDKKRKEEEE AEDKEDEDDR DEDEDEEDEK EEDEE-DATG QAKDEL---- ---------- --- 416
E  EDKKRKEEEE AEDKEDDEDK DEDEEDEEDK EEDEEEDVPG QAKDEL---- ---------- --- 417
F  ARKKAEEEKE AKKDDDEEEK EEEEGHDEL- ---------- ---------- ---------- --- 395
G  EEEEELLSGK INRHEHYFNQ FHRRNEL--- ---------- ---------- ---------- --- 384
H  EEKEKEKAEE EKDEEELEEK GDGDKEDL-- ---------- ---------- ---------- --- 401
I  QKSDAEEDGG TASQEEDDRK PKAEEDEILN RSPRNRKPRR E--------- ---------- --- 593
J  QKSDAEEDGG TVSQEEEDRK PKAEEDEILN RSPRNRKPRR E--------- ---------- --- 592
K  LEKEEESEPE EKSEEEIEII EGQEESNQSN KSGSEDEMKE ADESTGSGDG PIKSVRKRRV RKD 610

.           .:                                                    |

Fig. 2.1 (continued)

2 Structural Analysis of Calreticulin, an Endoplasmic Reticulum-Resident. . . 17



and reduceable by DTT but is not affected by alkylating agents under conditions,
where the free Cys163 in hCalr can be alkylated (100 mM sodium phosphate, pH 7.2,
room temperature), showing that it is stable under near-to-physiological conditions
(Houen and Koch 1994; Højrup et al. 2001; Jørgensen et al. 2005), in accordance
with its surface-exposed localisation at the edge of the carbohydrate-binding site.
Interestingly, the disulphide bridge seems to be important for lectin activity (Kozlov
et al. 2010a).

The lower β-sheet has a conserved structural Ca2+ ion-binding site (Fig. 2.2a) and
also contains several residues conserved in published structures of Calr and Caln
(cluster 2) and in primary sequences of Calr and related proteins (Fig. 2.1), including
a triad composed of D166, H170 and D187 (DHD triad). Finally, the C-terminal α-helix
contains two conserved residues including W347, close to the DHD triad (Fig. 2.2d)
(Kozlov et al. 2010a, b; Chouquet et al. 2011; Moreau et al. 2016).

Chemical cross-linking in solution in combination with mass spectrometry
(MS) of human Calr has confirmed the overall structure of the globular domain
and has added some structural information on the parts of Calr absent in the
crystallised “amputated” Calr (Fig. 2.2b). In the presence of Ca2+, the P-domain
hairpin folds back on itself and associates with the C-domain, which itself forms an
α-helix extending “upwards” to meet the P-domain. Together, they cover the lectin
site, however, in the absence of Ca2+, they are more flexible and do not sterically

Table 2.1 Structural data available for Calr and Canx

Protein
(fragment) Method Comments References

rCalr NMRS P hairpin Ellgaard et al. (2001a, b, 2002)

mCalr XRC 18-206, 301-368, C163S Kozlov et al. (2010a)

mCalr XRC Globular core, C163S Pocanschi et al. (2011)

hCalr XRC Globular core Chouquet et al. (2011)

hCalr XL-MS Native Boelt et al. (2016)

tcCalr XRC,
SAXS

Globular core Moreau et al. (2016)

ehCalr XRC Globular core Moreau et al. (2016)

hCalr ECM Complex with MHC Blees et al. (2017)

Crt C-domain CDS,
MM

C-“tail”, Ca2+ sensor Villamil Giraldo et al. (2010)

hCalr XRC Complex with GABARAP Thielmann et al. (2009)

hCalr SAXS Native Nørgaard Toft et al. (2008)

m/hCalr, Canx,
Clgn

XRC,
NMR

P hairpin cyclophilin/ERp29
complex

Kozlov et al. 2010b, (2017)

dCanx XRC Fragment (47-468) Schrag et al. (2001), Hahn et al.
(1998)

dCanx NMRS P hairpin tip Pollock et al. (2004)

CDS circular dichroism spectroscopy, d dog, ECM electron cryo-microscopy, eh E. histolytica, h
human, mmouse,MMmolecular modelling, NMRS nuclear magnetic resonance spectroscopy, r rat,
tc T. cruci, XL-MS cross-linking/mass spectrometry, XRC X-ray crystallography
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limit access to the lectin site to the same extent. X-ray studies of Trypanosoma cruzi
and Entamoeba histolytica Calrs have also shown for the first time a possible hinge
motion at the basis of the Calr P-domain, as a switch between an open and a more
compact conformation. This part of the Calr molecule differs in Canx (Moreau et al.
2016).

Structural studies of full-length Calr proteins have been hindered by its flexibility.
However, its overall ordered structure could be trapped by cryo-electron microscopy
in the context of the MHC-I peptide-loading complex (Blees et al. 2017). In this
complex, Calr still shows substantial flexibility, as compared to its structurally stable
binding partners. This flexibility remains despite the fact that it interacts with an
MHC-class I glycan through its carbohydrate-binding site, with Pdia3 through the tip
of its P-arm and with tapasin through its acidic tail.

The overall structure of Calr and Canx indicated by the structural data for various
amputated forms of the molecules has been confirmed by several studies with other
methods including electron cryo-microscopy (ECM), small angle X-ray scattering
(SAXS) and nuclear magnetic resonance (NMR) spectroscopy (Table 2.1). Both
molecules have a stable globular beta sandwich core with an α helix at the bottom.

Fig. 2.2 H. Sapiens (Hs) Calr structures. (a) XRC core structure (Chouquet et al. 2011). The
structural Ca2+ ion is shown in yellow. (b) XL-MS structure (Boelt et al. 2016). (c) HsCalr (red) in
complex with MHC-I (yellow), Pdia3 (blue), tapasin (cyan) and ß2-microglobulin (green) (Blees
et al. 2017). (d) Zoom on the cluster2 residues common to Calr (cyan) and Canx (green) proteins
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From the core protrudes a β-hairpin P-domain and a C-domain, which in the
presence of Ca2+ make contacts and cover the lectin site.

2.4 Calr Structure-Function Relationships

The thermodynamic stability of Calr is moderate and depends on the general packing
of the core region, the conserved, surface-exposed disulphide bridge and Ca2+

association (Jørgensen et al. 2005; Duus et al. 2013). Calr and Canx are chaperones
for glycoprotein synthesis and several of the conserved residues in cluster 1, includ-
ing the disulphide bridge, have been shown to be involved in lectin activity of Calr/
Canx (Kozlov et al. 2010a, b). These residues are also strikingly conserved in the
parasite Calrs (T. cruzi, E. histolytica) (Moreau et al. 2016). A putative polypeptide
binding site has been located at the edge of the carbohydrate-binding upper β-sheet
and Calr has been shown to interact with several non-glycosylated proteins (Duus
et al. 2009; Pocanschi et al. 2011; Chouquet et al. 2011; Møllegaard et al. 2011;
Moreau et al. 2016).

Calr has been implicated in several diseases including cancers, autoimmune
diseases, and others (Tesniere et al. 2008; Gold et al. 2010; Zamanian et al. 2013;
Wiersma et al. 2015; Eggleton et al. 2016; Schcolnik-Cabrera et al. 2019; Houen
2019). Most evident in relation to structure are somatic alterations seen in myelo-
proliferative neoplasms (MPNs), including polycythemia vera, myelofibrosis and
essential thrombocythemia (Klampfl et al. 2013; Nangalia et al. 2013; Pietra et al.
2016; Imai et al. 2017). These alterations are mainly insertions and deletions
(INDELS) in exon 9 leading to a common polybasic stretch of amino acids in the
C-terminus, in close conjunction to the α-helix in the C-domain. Since these
INDELS have only been detected in MPNs, it can be speculated that the frame-
shifted Calr forms allow the affected myeloid precursor cells to remain viable, to
grow and differentiate to some degree and to exhibit neoplastic properties. The
structural polybasic alterations of the C-terminus can be speculated to mimic the
binding of Ca2+ to the acidic C-terminus of wild type Calr, allowing the protein to
remain stable and viable, but imparting some new properties on the molecule (i.e. an
oncogenic alteration). In agreement with this, the frameshifted Calr has been shown
to interact with the thrombopoietin receptor, which itself can cause MPN upon
mutation and which signals through a pathway involving the Janus kinase (JAK),
mutations of which is the most prominent cause of MPN (Vainchenker et al. 2019).

In relation to cancer in general, Calr has been shown to translocate to the cell
surface in response to various forms of cellular stress, where it may serve as a signal
for immune recognition (Tesniere et al. 2008; Wiersma et al. 2015; Eggleton et al.
2016; Schcolnik-Cabrera et al. 2019). However, it is presently unclear, whether the
various involvements of Calr in cell transformation and immune surveillance are
related to structural alterations or to changes in concentration and subcellular
localization.
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2.5 Summary Points

• Calr and Canx are conserved Ca2+-binding molecular chaperones in eucaryotes.
• Both Calr and Canx have a globular β-sandwich/α-helix core with a structural Ca2+

ion. From the core extends a characteristic β-hairpin P-domain and a C-domain. In
Calr, the C-domain is acidic and has a large capacity for Ca2+ binding. In Canx, the
C-domain has a transmembrane stretch and a cytoplasmic domain.

• The upper β-sheet of the globular core sandwich has a carbohydrate-binding site
and a disulphide bridge at the edge, which both are involved in carbohydrate
interactions. A polypeptide binding site is located at the edge of the carbohydrate-
binding site but has not been precisely mapped yet.

• The lower β-sheet of the globular sandwich has a conserved D166-H170-D187 triad,
a free C163 and several other conserved residues, including Y172 (hCalr number-
ing) (Fig. 2.2d).

• The C-terminal α-helix at the bottom of the α-helix core has a conserved W347

residue facing the D166-H170-D187 triad (hCalr numbering) (Fig. 2.2d).
• The structure of Calr/Canx proteins reflects their multiple functions and interac-

tion partners, including nascent (glycosylated) proteins, cyclophilin, Pdia3, and
others, as illustrated by the role of Calr and Canx in the peptide loading complex.

• Characteristic mutations in the exon coding for the extreme C-terminus of hCalr
changes the polyacidic Ca2+-binding sequence to a polybasic sequence.

2.6 Future Issues

• Detailed structural analysis of complete Calr/Canx proteins in complex with
substrates and binding partners.

• Detailed analysis of the role of individual amino acids in the thermodynamic
stability and functions of Calr and Canx.

• Detailed understanding of the role of the polybasic sequence in frameshifted Calr
variants involved in myeloproliferative neoplasms.

• Detailed understanding of cell surface functions of Calr.
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