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H aofeotiodiktivn anmoteiel poploxn ocvvodd tov veoouviedéviov molvnentidiov
Kot Tlavo pérog tov ocvpmhokov Ro/La RNP. Ztn mopodoa perétn egetdotnke 1
mhavotnto cvvdeong tov popiov pe B-kvttapikodg emitomovg tov Ro/La RNP
CLUTAOKOV, KOOMG Kol 1 €01KN AVAYyVOPLON TOL GULUTAEYUOTOC TEMTLOIOL-
acfeotiodiktivng amd avti-Ro avtoviicopata. KekabBoappévn oand avOpomivo
onAjva oacfectiodiktivn PpéOnke va ariniemdpd ewdikd pe Protivoliopéva
TENTIOKA avaroyo Tov emtono®v Tov Ro60 175-184 aa(10p) xat 216-232 aa(l7p),
Oyl OL®G Kal pe avtictolyo mTenTdlkd avdioya tov La/SSB kot Sm popiov, evd n
aAAniemidopacn ovth evvondnke omd 710 oSvLVOLVAcUO Bépupavong, Siebevav
katioviov kat ATP. AkorovBwc ta coundéypato acPfeotiodiktivng pe ta nentidla
10p xat 17p avayveopictnkov Kot amd TOLG TPLAVTA-0KT® avti- Ro60 Bgtikovg
0poVG o€ T0600Th 95% Kar 100%, avtictoiyme, eved pepovopéva to TenTidto Kot 1
npOTEIVN avayvopiotnkav gldylota and Tovg idlovg opovg. Ot gikocl-Tpelg avti-
Ro60 apvntikoi opoi mov doxipdotnkav dev  mopovsiocav adloonpueint
dpaoctikdTnTa. Me 0vTd Ta dedopéva mapovoldleTal ylo TPMOTN GOPA U0 TETOLOL
eldovg ovoyétion avapeca o€ €va ouvodd WHOPlO KOl OCVLOTATIK®OV €VOG
€VOOKVTTAPLOV OAVTOAVTLYOVOV, GULVTEADVIOG O©TNV KOADTEPN KOTAVONGCN TOV

UNYXOVICUOV TAPOY®YNG TOV GVTOAVTIICOUAT®V.
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SUMMARY

Calreticulin is a molecular chaperone to newly synthesized polypeptides. Previous studies suggested
that calreticulin is probably a protein member of the Ro/La RNP complex. The aims of this study were
(a) to investigate whether linear B cell epitopes of the Ro/La RNP complex are bound to calreticulin
and (b) if the complex peptide—calreticulin is recognized specifically by anti-Ro autoantibodies. Cal-
reticulin was isolated from either human or pig spleen using a multi-step purification method and found
to interact preferentially with biotinylated peptides derived from the sequence of the Ro60 kD 175—
184aa(10p) and 216-232aa(17p). The interaction of the peptide—calreticulin complex was favoured by
the combination of heat treatment, divalent cations and ATP. La/SSB epitopes did not react with cal-
reticulin. Peptides corresponding to La/SSB epitopes as well as the common epitope of Sm did not inter-
act with calreticulin. Thirty-eight anti-Ro60 KD positive and 23 anti-Ro60 kD negative sera of patients
with systemic lupus erythematosus (SLE) and primary Sjogren’s syndrome (pSS) were tested. All anti-
Ro60 kD positive sera bound the complex calreticulin-17p, while 95% of the same sera had activity
against the complex calreticulin —10p. Tested individually, calreticulin, pep10p and pepl7p presented
very low reactivity (8%, 11% and 29%, respectively) against anti-Ro60 kD positive sera. Anti-Ro60 KD
negative sera did not exhibit significant reactivity either with calreticulin, 10p and 17p or with the com-
plexes calreticulin —10p and calreticulin-17p (<5%). These results suggest that calreticulin can induce
conformation-dependent recognition of the Ro60 kD epitopes, leading eventually to their recognition
by autoantibodies. This is the first time that such a relationship is shown between a chaperone protein
and fragments of an intracellular autoantigen. This work also provides insights into the understanding
of mechanisms for autoantibody production. Furthermore, this association can be proved useful for the
development of new sensitive assays for autoantibody detection.

Keywords anti-Ro/ SSA B cell epitopes
systemic lupus erythematosus

calreticulin ~ Sjogren’s syndrome

INTRODUCTION

Antibodies targeting the Ro60 kDa protein are a prominent fea-
ture of the autoantibody profile in patients with autoimmune dis-
eases such as primary Sjogren’s syndrome (pSS) and systemic
lupus erythematosus (SLE). The Ro60 kDa protein forms part of
the RoRNP complex. The latter is composed of one small cyto-
plasmic RNA associated non-covalently with at least two immu-
nologically distinct proteins, the Ro60 kDa protein and the
48 kDa phosphoprotein La/SSB. Additional proteins such as the
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Ro52 kDa protein and calreticulin are thought to participate in
the complex, but this association has not been definitely proved
[1-6].

Over the last decade, several investigators focused on identi-
fying the antigenic determinants of the Ro/SSA autoantigen. In
1988, Lieu et al. isolated a 60 kDa protein from the Wil 2 lympho-
blastoid cell line and prepared a synthetic peptide corresponding
to the aminoterminal sequence of this protein. This peptide was
found to react specifically with autoimmune sera containing anti-
Ro/SSA antibodies [7]. Based on this finding, the authors pro-
posed that this protein was the 60 kDRo/SSA autoantigen and
that its major antigenic epitope resided within the N-terminal
region of the protein. In 1989, two independent groups isolated
the cDNA clones of the Ro60 kDa autoantigen [8,9], but the
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N-terminal sequence of the corresponding recombinant protein
did not match the amino acid sequence of the 60 kDa protein iso-
lated previously by Lieu. In 1990 McCauliffe ef al. isolated the
cDNA of the ‘60 kDRo/SSA’ autoantigen published by Lieu and
concluded that it encoded a human homologue of calreticulin, a
calcium-binding protein of the endoplasmic reticulum [10]. In
agreement with McCauliffe, Rocheach et al. [6] pointed out that
Ro60 kDa and calreticulin were two distinct proteins. Antibodies
against the N-terminal domain of calreticulin were detected in
sera of patients with systemic lupus erythematosus (SLE),
Sjogren’s syndrome, rheumatoid arthritis and mixed connective
tissue disease [11]. Recently, autoantibodies against calreticulin
have been described also in complete congenital heart block [12],
parasitic diseases [13], coeliac disease [14], primary biliary cirrho-
sis [15] and halothane induced hepatitis [16].

Calreticulin is an ER-resident protein of approximately
46 kDa molecular weight with multiple functions, including the
control of cellular adhesiveness and steroid-sensitive gene expres-
sion, regulation of calcium homeostasis and molecular chaperon-
ing (reviewed in [17]).

Based on these observations, we evaluated the interaction of
calreticulin with the linear B cell epitopes of the autoantigen
Ro60 kDa and the capacity of the complex to be recognized by
human anti-Ro60 kDa autoantibodies. We demonstrated that lin-
ear epitopes of Ro60 kDa bind specifically to native calreticulin
and that the vast majority of anti-Ro60 kD positive sera react with
the calreticulin-Ro60 kD epitope complexes.

MATERIALS AND METHODS

Patients and sera

Thirty-eight anti-Ro/SSA positive, anti-La/SSB negative sera of
patients with systemic autoimmune diseases (20 SLE, 18 pSS)
were tested. All patients fulfilled the revised criteria for the clas-
sification of SLE [18] and pSS [19]. Twenty-three sera negative for
autoantibodies from patients with systemic autoimmune diseases
were used as disease controls, and 30 sera of healthy donors were
used as normal controls. The evaluation of the serum samples for
anti-Ro/SSA and anti-La/SSB antibodies was performed with
counter-immunoelectrophoresis and immunoblot after SDS
PAGE electrophoresis of HeLa cells extract, as described previ-
ously [11]. All sera had been taken for diagnostic purposes. Eth-
ical approval for the study was obtained.

Peptide synthesis
Biotinylated peptide analogues corresponding to the linear
epitopes of Ro60 kD, spanning the sequences 216-232aa (KALS-

VETEKLLKYLEAV), and 175-184aa (NGWSHKDLLR)
[20.21], La/SSB: 147-154aa (HKAFKGSI), 291-302aa (NGN-
LOLRNKEVT), 301-318aa (VTWEVLEGEVEKEALKKI)

and 349-364aa (GSGKGKVQFQGKKTKF) [22-24], as well as
the common epitope of the Sm 192-198aa (PPGMRPP) [25]
were synthesized by the stepwise solid phase procedure (SPPS)
on a phenylacetamidomethyl (PAM) resin according to standard
methods. A control dipeptide, biotin-Leu-Leu-OH was also pre-
pared and tested. The identity and purity of the peptides was
confirmed by mass spectroscopy (MS) and two-dimensional ['H]-
nuclear magnetic resonance (NMR). Previous studies have
shown that these sequences represent major linear B cell
epitopes of the autoantigens Ro60 kD [21,26], La/SSB [22,24]
and Sm [27].

Purification of calreticulin

The amino acid sequences of human and pig calreticulin are
highly similar, because they possess 93% homology. One hun-
dred g of either human or pig spleen were homogenized in
100 ml of phosphate buffered saline (PBS) in the presence of
0-67 mM phenylmethylsulphonylfluoride (PMSF) as protease
inhibitor. The supernatant was subjected to differential ammo-
nium sulphate precipitation and the 65-90% fraction of satura-
tion was obtained. This fraction was dialysed overnight against a
10-mM Tris-HCI buffer (pH = 8-0) containing 0-6 M NaCl. ZnCl,
(0-5 mM) was added and this fraction applied to hydrophobic
interaction chromatography using a phenyl sepharose column
(Sigma Chemical Co., St Louis, USA). The column was pre-
equilibrated with a Tris-HCI buffer (pH = 8:0) containing 0-5 mM
ZnCl, and 0-6 M NaCl. The elution of the impure protein was
performed with 3 mM EDTA in 0-6 M NaCl/Tris-HCI buffer [28].
The EDTA eluate was desalted by overnight dialysis in 20 mM
Tris-HCl buffer, 2mM EDTA (pH =8:0), subjected to anion
exchange chromatography in fast pressure liquid chromatogra-
phy (FPLC) using a mono-Q column (Akta-Purifier, Pharmacia
Biotech, Uppsala, Sweden) and eluted with 0-1-0 M NaCl gradi-
ent in Tris-HCI buffer (pH = 8-0). The identity and purity of cal-
reticulin was confirmed using SDS-PAGE, enzymatic digestion
and nanospray mass spectrometry as well as immunoblot using a
monoclonal antibody to human calreticulin (Stressgen, Victoria,
BC, Canada). Before its use the calreticulin preparation was
desalted extensively in Tris 0-05 M, NaCl 0-15 M, pH =7-5.

Interaction of calreticulin with biotinylated peptides

Costar microtitre plates were coated with 100 ul of calreticulin
(5 pg/ml) for 2 h at 25°C and blocked with 200 ul of bovine serum
albumin (BSA) 2% for 1 h. Following two washes, peptides were
added at 15 ug/ml concentration in a total volume 100 ul/well and
incubated at 40°C or 4°C for 2 h. After three washes with Tris
0-05 M, NaCl 0-15 M pH:7-5, streptavidine conjugated to horserad-
ish peroxidase was added in a dilution of 1 : 2500 in 2% BSA/Tris
per well for an 1 h. Colour development was read at 405 nm after
the addition of 100 ul ABTS substrate. Coating of plates with
albumin, followed with incubation with biotinylated peptides,
without calreticulin did not produce any reaction.

Effect of different ions on the calreticulin—peptide interaction
ELISA experiments were carried out as described previously. The
incubation buffer used for both calreticulin and peptides (Tris
0-05 mMm, NaCl 0-15 mM, pH:7-5) contained different concentra-
tions of the divalent cations Ca**, Mg*, Zn*, Fe** (ranging from
0-1 mM to 10 mM) or 1 mM EDTA plus 3 mM ATP, in all possible
associations.

Detection of antibodies against individual linear peptides of Ro,
La or Sm protein or calreticulin

Costar microtitre plates were coated with 100 ul of peptide solu-
tion (15 ug/ml) or calreticulin (5 pg/ml) and kept at 25°C for 2 h.
After blocking the remaining binding sites with 2% BSA in Tris
0-05 M, NaCl 0-15 M, pH:7-5 at room temperature for 1 h, the
plates were incubated with human sera (1:100 in blocking
buffer) at 4°C overnight. Subsequently, alkaline phosphatase
conjugated antihuman IgG-Fc (diluted 1:1500) was added
(100 pl) for 1 h and the enzyme reaction was developed using p-
nitrophenyl as a substrate. Optical density (OD) was determined
at 405 nm.

© 2003 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 134:143-150
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Detection of antibodies against complexes of biotinylated
peptides and calreticulin

Costar microtitre plates were coated with 100 ul of calreticulin at
a final concentration of 5 ug/ml and kept at room temperature
for 2 h. Non-specific binding was blocked subsequently with
BSA 2% (200 pl) for 1 h. The plates were washed and incubated
with biotinylated peptides (15 ug/ml) for 1-5 h at 40°C and then
at room temperature for 30 min. The next steps were performed
as described previously. The incubation buffer used for both cal-
reticulin and synthetic peptides was Tris 0-05 M, NaCl 0-15 M,
ATP 3 mM, 1 mM Mg*, pH: 7-5. In all experiments positive reac-
tions were considered to be those that gave OD greater than the
mean OD of the negative control plus three standard deviations
(s.d.).

RESULTS

Development of a new purification procedure of calreticulin

A new procedure for calreticulin purification was developed by
the combination of ammonium sulphate precipitation, hydropho-
bic interaction chromatography and FPLC refinement. This
method was based on the conformational changes induced in cal-
reticulin by Zn** binding [28]. More specifically, Zn** bound four
of the histidine residues located in the N-terminal domain of cal-
reticulin, enabling calreticulin to interact with the hydrophobic
matrix of the phenyl sepharose column. Once Zn** is removed by
the addition of 3 mM EDTA, the conformation of calreticulin is
altered and the protein no longer interacts with the hydrophobic
matrix and is eluted. The calreticulin preparation was subjected
to further purification using MonoQ-FPLC and eluted with a
0-1-0 M NaCl gradient (Fig.1). Peak 1 (eluted at 0-24 M) con-
tained a 66-kDa band, which was later identified by enzymatic
digestion—nanospray mass spectrometry as albumin (data not
shown). Peak 2 was eluted at 0-42 M NaCl and contained two
bands, the 66 kDa (albumin) and one 60 kDa band. Peak 3 (eluted
at 0-65 M NaCl) contained only one band at 60 kDa. The 60 kDa
band was recognized specifically by a monoclonal anticalreticulin
antibody (Fig. 1, lane 4). More precise characterization was per-
formed by nanospray mass spectrometry. After visualization by
Coomassie blue, the 60 kDa band was excised and subjected to

(a)
mAU

400 2
300 3

200

100

0-0 10:0 20-0

ml

145

in-gel digestion with trypsin (modified sequence grade trypsin,
Promega). Tryptic fragments were extracted from gel pieces and a
final peptide preparation in 2% acetonitrile/0-1%. Formic acid
was applied to a C-18 HPLC column (75 pm x 15 cm) on an Ulti-
Mate nano-HPLC system (LC-Packings, the Netherlands). Pep-
tides were separated with an acetonitrile gradient at 150 nl/min
and analysed on an ion trap mass-spectrometer (LCQ-Deca,
Thermo-Finnigan, USA) with a nanospray source. MS and MS/
MS data were used to search the SwissProt database with the Tur-
boSEQUEST search engine. The best match was with human cal-
reticulin (P27797) (Fig. 2).

Calreticulin interacts specifically with the biotinylated B cell
epitope analogues of Ro/SSA autoantigen

In order to evaluate the binding of calreticulin to the B cell
epitopes of the 60kDRo/SSA, La/SSB and Sm autoantigens a
solid phase immunoassay (ELISA) was performed, as described
in Materials and methods. These experiments revealed that
the two linear determinants of the Ro60 kDa autoantigen
N'""GWSHKDLLR* and K**ALSVETEKLLKYLEAV*? bind
to purified calreticulin (Fig.3). The differences in binding
between Ro and control epitopes ranged from threefold (for the
epitope 301-318 of La/SSB) to 20-fold (for the epitopePPGM-
RPP of Sm). Because both Ro peptides contain a common di-
leucine moiety, we tested a biotinylated control peptide (biotin-
Leu-Leu-OH) for possible interaction with calreticulin following
the same procedure. This control peptide did not react with cal-
reticulin (data not shown).

The effect of temperature and ions on the peptide

binding to calreticulin

Costar microtitre plates were coated with calreticulin as described
in Materials and methods. Incubation of calreticulin with the
biotinylated epitope analogues Ro/SSA 175-184, Ro/SSA 216-
232, La/SSB 147-154 and La/SSB 301-318 (the two later peptides
were used as controls) took place at either 4°C or 40°C, keeping
unchanged the rest of the coating conditions. It was observed that
heating at 40°C favoured the calreticulin—peptide interaction in
the presence of divalent cations, most probably reflecting the
increased exchange between the naturally bound and exoge-
nously added peptides into the calreticulin [29,30] (Fig. 4).
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Fig. 1. Purification of calreticulinin with FPLC and analysis on SDS-PAGE and immunoblot. (a) Elution of FPLC-monoQ column; peak
1:0-24 M NaCl, peak 2 : 0,42 M NaCl and peak 3 : 0,65 M NaCl. (b) Peaks 1,2 and 3 were resolved on SDS-PAGE; peak 2 contained albumin
and calreticulin (lane 2) while peak 3 had only calreticulin (lane 3). Identification of calreticulin in peak 3 was performed by immunoblot

using a monoclonal anticalreticulin antibody (lane 4).
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Fig. 2. An example of calreticulin peptide identification by mass spectrometry. Numbers in bold (a) show b” and y” fragments present in

the MS/MS spectrum (b).

CRTC+biotinylated peptides
1.4 .

OD (405nm)

A B C D E F G

A: VTWEVLEGEVEKEALKKI (La/SSB: 301-318)

B: PPGMRPP (Sm: 192-198)

C: GSGKGKVQFQGKKTKF (La/SSB: 349-364)

D: ANNGNLQLRNKEVTWEVLEG (La/SSB: 289-308)
E: KALSVETEKLLKYLEAV (Ro/SSA: 216-232)

F: NGWSHKDLLR (Ro/SSA: 175-184)

G: TLHKAFKGSIFVVFDSIESA (La/SSB: 145-164)

Fig. 3. Interaction of calreticulin with biotinylated peptides corresponding
to B cell epitopes of Ro60 kD, La/SSB and Sm. Purified calreticulin inter-
acted preferentially with the epitopes, spanning the regions 175-184aa and
216-232aa of the autoantigen Ro60 kD (lanes E and F), but not with the
other peptides.

In order to investigate the influence of divalent cations in
peptide binding [31,32] a series of experiments was performed,
utilizing varying concentrations (10 mM, 5 mM, 1 mM, 0-5 mM,
0-1 mMm) of four divalent cations (Ca*, Mg*, Zn*", Fe**) as well

W 4°C,2h,Mg®* [ 40°C, 2h, Mg?*

1.6

1.4

1.2
1.0

08
06

OD (405nm)

02

10p 17p 8p 16p
(Ro/SSA) (Ro/SSA)  (La/SSB) (La/SSB)

Fig. 4. The effect of temperature on peptide binding to calreticulin. Ele-
vation of the temperature from 4°C (black bars) to 40°C (grey bars), in
the presence of Mg*, resulted in increased binding of peptides 10p (175—
184aa) and 17p (216-232aa) of Ro60 kD onto calreticulin by two- and
fivefold, respectively.

as 1 mM EDTA. Divalent cations or EDTA were added in both
coating buffer and the biotinylated peptide incubation buffer. It
was found that for both Ro/SSA epitopes (175-184aa and 216—
232aa) the optimum concentration of Mg* and Ca*, corre-
sponding to the highest binding, was estimated at 1 mM, whereas
the optimum concentration of Zn** was at 1 mM for the Ro
epitope 216-232 (Fig. 5a) and at 0-1 mM for the Ro epitope 175-
184 (Fig.5b). These results also show that in the presence of
divalent cations at optimum concentration, calreticulin exhibited

© 2003 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 134:143-150
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Fig. 5. Analysis of the effect of divalent cations on peptide binding to
calreticulin, using different concentrations of the ions Mg**, Zn*, Fe*" and
Ca*, ranging from 0-1 mM to 10 mM, as well as 1 mM EDTA. (a) pep10p
(Ro epitopel75-184aa)—calreticulin. (b) pepl7p (Ro epitope 216-232aa)—
calreticulin interactions. (c) La epitope 349-364aa was used as control.

a stronger binding capacity compared to that observed in the
presence of 1 mM EDTA (approximately 50% increase in OD
measured). On the other hand, the control epitope 349-364 La/
SSB exhibited diminished interaction with calreticulin in the
presence of the same divalent cations at 1 mM concentration
(approximately 50% decrease in OD measured). (Fig. 5c). The
presence of iron negatively affected the binding of the peptides
to calreticulin. Among the three cations (Mg**, Ca®>* and Zn*")
tested, the strongest interaction was detected at the concentra-
tion of 1 mM Mg*.

Recognition of the calreticulin/Ro60 kD epitopes complex by
anti Ro positive autoimmune sera

Thirty-eight anti-Ro60 kDa positive and 23 anti-Ro60 kDa nega-
tive sera of patients with systemic autoimmune rheumatic disor-

ders were examined in solid phase immunoassays, in order to
detect the presence of circulating autoantibodies recognizing the
calreticulin/Ro60 kD complex. Calreticulin—peptide interaction
took place in the presence of divalent cations (1 mM Mg*") and
3mM ATP at 40°C, as described above. All Ro60 kDa positive
sera bound on the complex CRT-17p, while 95% of the same sera
specifically recognized the complex CRT-10p. Tested individually,
calreticulin, peplOp and pepl7p presented very low reactivity
(8%, 11% and 29% of the anti-Ro60 kDa positive sera, respec-
tively). (Fig. 6a). Interestingly, inhibition experiments using as
inhibitors soluble 10p and 17p did not affect the binding of anti-
bodies to calreticulin-peptide complex, indicating that the anti-
bodies are bound to a conformation depended moiety within the
complex. In homologous inhibition experiments using the calreti-
culin—peptide complex as inhibitor, the binding of antibodies onto
the immobilized complex was only partially (55%) blocked.

Anti-Ro60 kDa negative sera (Fig. 6b) as well as normal con-
trols (Fig. 6¢) did not exhibit significant reactivity against calreti-
culin, 10p and 17p or with the complexes calreticulin-10p and
calreticulin-17p (<5%).

DISCUSSION

Human autoimmune sera often contain autoantibodies to Ro/
SSA and La/SSB as well as to calreticulin. The later is considered
to be a putative member of the Ro/La RNP complex, although
convincing evidence for this does not yet exist [4-6]. A large body
of recently reported experimental data regarding the biological
and immunological properties of calreticulin has refocused the
interest on its association with the Ro/La RNP complex and on
the autoantibodies that are produced against it in systemic
autoimmune rheumatic diseases.

In summary, calreticulin has been shown to: (i) serve as a
molecular chaperone, binding reversibly to hydrophobic surfaces
of polypeptide segments of unfolded (glyco)proteins, assisting
them in adopting a native conformation [33]; (ii) it has the ability
to bind antigenic peptides, transporting them to the professional
antigen presenting cells in lymph nodes. For this function, calreti-
culin utilizes the CD91 molecule, a specific receptor for heat-
shock proteins [30,34]. Subsequently, calreticulin escorts the
peptides into either exogenous or endogenous antigen processing
pathways, delivering them to MHC-II and MHC-I molecules,
respectively; (iii) calreticulin is co-localized with the Ro/SSA
autoantigen in apoptotic blebs [35], supporting the theory of their
close association.

Prompted by these diverse functions of calreticulin, we sought
to study first of all whether chemically synthesized epitope
peptide analogues of the Ro60 kDa autoantigen interact with
calreticulin; and secondly, whether calreticulin can enhance the
antigenicity and the conformation depended recognition of these
epitopes, hence being involved in several important immunolog-
ical processes of the Ro/La RNP complex. Native calreticulin was
highly purified from either human or pig spleen, using a proce-
dure which is a combination of different chromatographic
methods. Previous purification approaches have shown that
calreticulin can be eluted from a MonoQ column at 0-42 M NaCl
[36]. In our study, using a gradient of 0-1-0 M NaCl, calreticulin
was detected in both 0-42 and 0-65 M NaCl. However, the single
peak at 0-42 M NaCl was found to contain both calreticulin and
albumin, while the peak at 0-65 M contained pure calreticulin. The

© 2003 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 134:143-150
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Fig. 6. Reaction of the complexes biotinylated peptides—calreticulin with
anti-Ro60 kDa positive and anti-Ro60 kDa negative sera from patients
with autoimmune diseases. (a) All anti-Ro60 kDa positive sera bound on
the complex calreticulin—epitope 216-232 (17p), while 95% of the same
sera had activity against the complex -calreticulin-epitope 175-184
(10p).Tested individually, calreticulin, 10p and 17p had very low reactivity
(8%, 11% and 29% of the anti-Ro60 kDa (+) sera, respectively). (b,c)
Both anti-Ro60 kDa negative and normal sera did not exhibit significant
reactivity against either calreticulin, 10p and 17p, or against the complexes
calreticulin-10p and calreticulin-17p (<5%). CRTC: calreticulin, 10p: Ro
epitopel75-184aa, 17p: Ro epitope 216-232aa.

lower salt concentration required for the elution of calreticulin in
peak 2 can probably be attributed to an interaction between cal-
reticulin and albumin which weakens the binding onto the anion
exchange matrix.

Among the seven synthetic peptides tested, only the two
epitopes of Ro60 kDa autoantigen, spanning the sequences 175—
184aa and 216-232aa, exhibited a substantial binding to calreti-
culin. The four peptides, derived from the sequence of La/SSB as
well as the Sm analogue, failed to interact with purified calreticu-
lin. Subsequently, the factors affecting the association of calreti-
culin with the two Ro antigenic peptides were determined.
According to the literature, the conditions that may potentially
influence peptide binding onto calreticulin are the presence of
divalent cations and ATP as well as the temperature [29-32].

Different investigators have demonstrated clearly the peptide
binding ability of native calreticulin [33,37]. Furthermore, it has
been demonstrated that exposure at high temperatures permits
the exchange of naturally bound peptides to calreticulin with
those added exogenously [29,30]. Therefore, it is highly likely that,
despite the high performance purification procedure followed
in our study, the purified calreticulin might carry endogenous
peptides that should be displaced by Ro60 kD linear epitopes
administered exogenously. Our results indicated that heating at
40°C favours the calreticulin-Ro60 kD peptide interaction. A
similar effect, through a different mechanism, may also be pro-
duced in the presence of ATP. ATP binding to calreticulin
increases its hydrophobicity, resulting in significant conforma-
tional alterations of the molecule [32]. Finally, the interaction of
peptides with calreticulin is strongly dependent on the presence
of divalent cations [31,32]. In fact, because calreticulin is rich in
negatively charged residues, the divalent cations appear to play a
regulatory role on its activity as chaperone, most probably by neu-
tralizing the negative charges, thereby inducing specific confor-
mational changes. Taking into account these observations, we
tested four divalent cations (Ca*, Mg *, Zn* and Fe?") in order to
determine the optimum concentration required for the strongest
binding of the Ro60 kD linear epitopes to calreticulin. The data
presented herein also raise the possibility that the specific inter-
action of calreticulin with the peptide analogues of the B cell
epitopes of the Ro60 kDa autoantigen could be attributed to their
specific physicochemical properties. To address this question, the
charge and hydrophobicity of all peptides tested were defined and
matched with those of calreticulin. A summary of the results is
shown in Table 1 [38]. Despite its highly negative charge [-59 at

Table 1. The PI, charges and aliphatic index [38] of calreticulin and the
epitopes of Ro60 kD, La/SSB and Sm

Molecule pl Charge at pH=7 Aliphatic index
Calreticulin 429 =59 52
La/SSB:301-318 4-65 -2 119
La/SSB:349-364 10-60 +5 18
La/SSB:291-302 875 +1 89
La/SSB:147-154 10-00 +2 61
Sm:192-198 9-47 +1 0
Ro/SSA:216-232 623 0 138
Ro/SSA:175-184 875 +1 78
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pH = 7 (pI =4-29)], calreticulin does not interact preferentially
with positively charged peptides [as, for example, the 349-364aa
peptide derived from La/SSB sequence with a charge + 5 at pH =
7 (pI = 10-6)]. Thus, it seems that the binding of peptides onto cal-
reticulin is not dependent upon ionic forces but is achieved most
probably via hydrophobic interactions. In agreement with this
observation are previously published reports that describe the
preference of calreticulin to bind with sequences bearing hydro-
phobic aminoacid residues [39].

The combination of the presence of divalent cations and
simultaneous heat treatment not only increased the interaction of
calreticulin with Ro60 kDa epitopes, but also the antigenicity of
the complex which exhibited a much more stronger antiRo60 kDa
reactivity, compared to that observed when calreticulin and
peptides were tested individually. In fact, all 38 anti-Ro60 kDa
positive sera of patients with autoimmune rheumatic diseases rec-
ognized the complex calreticulin—17p, while 95% of the same sera
also bound the calreticulin—-10p complex. On the other hand,
antiRo60 kDa negative sera did not react with either calreticulin,
10p and 17p or with the complexes calreticulin—10p and calreti-
culin-17p (< 5%). These results are consistent with our previous
report, which showed a relatively limited recognition of the two
epitope analogues of the Ro60 kDa autoantigen (174-185aa and
216-232aa) by Ro60 kD positive sera [21] (ranging from 33% to
55%). The conformation-dependent epitope recognition by anti-
Ro60 kDa positive sera is widely accepted [40,41]. The enhanced
recognition of the Ro/60 kD linear epitopes by autoantibodies
when they are bound to calreticulin might be due to the ability of
calreticulin to act as a molecular chaperone converting the
extended conformation of the peptide to a more compact,
partially folded structure. This would provide new con-
formational epitopes capable of being recognized by human anti-
Ro60 kD autoantibodies. In this regard, the results presented in
this report are promising for the development of new sensitive
assays for autoantibody detection, increasing the sensitivity and
specificity of Ro60 kDa linear epitopes for autoantibody
detection.

As mentioned previously, calreticulin, when completed with
peptides, can prime specific CD8" CTL responses against the pep-
tides. From this point of view, it is possible that calreticulin may
play a more active role for the generation of autoimmune
response against Ro60 kDa. Thus, calreticulin can be released
into the extracellular space, together with Ro fragments after apo-
ptosis [35], necrosis [42] or cell lysis by cytotoxic T-cells [43].
Under certain physicochemical conditions favoured by the
microenviromental millieau, calreticulin could bind Ro peptides
producing conformational changes and thereby increasing their
antigenicity. The complex is then transported to professional
APCs and the peptides are presented to autoreactive T cells. If
this hypothesis is correct then calreticulin or other chaperones
could be used as vehicles to deliver peptides in the immune sys-
tem, modulating specifically the autoimmune response.

In summary, our findings indicate that calreticulin can be com-
plexed with Ro60 kD epitopes, inducing conformation-dependent
recognition by autoantibodies from autoimmune human sera.
Such a relationship between a chaperone protein and fragments
of an intracellular autoantigen is shown for the first time and pro-
vides potential insights into the understanding of mechanisms for
autoantibody production. Furthermore, this association may
prove useful for the development of new sensitive assays for
autoantibody detection.
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