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ABSTRACT: Calreticulin (CRT) is a soluble chaperone involved in the conformational maturation of
glycoproteins in the endoplasmic reticulum. Using biochemical and biophysical techniques including circular
dichroism, proteolysis, and analytical ultracentrifugation, we have determined the effects of calcium and
zinc ions on the structural properties of human CRT. Circular dichroism analysis has shown that the
binding of calcium and zinc ions to CRT induces no significant changes in the secondary structure of the
protein but affects in very distinct ways the local tertiary packing of these elements. More specifically,
these studies have revealed that CRT adopts a more rigid and thermally stable structure upon binding
calcium ions and a more loosely packed and thermally destabilized structure upon binding zinc ions.
Consistent with these results, proteolysis experiments demonstrated that the intrinsic conformational
flexibility of CRT can be modulated toward either a decrease or an increase in susceptibility to cleavage
by chymotrypsin upon binding calcium or zinc ions, respectively. Results from sedimentation analysis
indicated that the global three-dimensional structure of CRT is essentially unchanged upon binding calcium
ions. In marked contrast, CRT self-associates reversibly to form dimers upon binding zinc ions. Collectively,
our results provide evidence that calcium and zinc ions induce strikingly different changes in the biochemical
and structural properties of CRT.

Calreticulin (CRT} is a 46.8 kDa chaperone involved in  C-domain (residues 293400). In brief, the N-domain is
the conformational maturation of glycoproteins in the lumen highly conserved among CRT speci@s4nd contains a low-
of the endoplasmic reticulum (ER). Along with specialized affinity, high-capacity zinc binding sitekg = 310uM and
enzymes, CRT forms a unigque system that ensures thel4 mol of zinc/mol of CRT) 10). It has been shown that
structural integrity of glycoproteins prior to their export out the N-domain mediates interactions between CRT and the
of the ER. Although it is clearly established that the ER folding catalysts PDI and ERp514, 19. The central
chaperone action of CRT is exerted through association with P-domain contains two proline-rich repeat sequences, type
specific immatureéN-linked glycans on nascent proteiris{ 1 and type 2 motifs, that have been shown from recent NMR
4), it is now recognized that CRT may also act as a more studies 13, 14 to be primarily structural motifs allowing
classical chaperone as evidenced by its ability to suppressthe P-domain to adopt a unique hairpin-type fold in solution.
the aggregation of unfolded proteins in in vitro assdys ( Evidence has been provided that the P-domain is likely to
6). contain a high-affinity calcium binding sité<¢ = 0.05-10
Based on sequence prediction plots, the primary structure,;M and 1 mol of calcium/mol of CRT)10, 15-19) and
of CRT has been divided into three distinct domains with has been implicated in the binding of isolated oligosaccha-
somewhat loosely defined boundari@s §: the N-domain  rides as well as glycoprotein ligands in in vitro assa3@, (
(residues 3180), the P-domain (residues 18290), and the  21). Finally, the P-domain has also been implicated in
T This work was supported by NIH Grant Al45070 (M.B.), NSF compl_ex_ formation -between C-RT and PO -T-he C-_
Grant BIR-9513060 (W.F.S.), and the Graduate School of the Uhiversity domain is Chare.mte.nzed by a hlgh. content of aCIdIC residues
of Connecticut (Z.L.). (7, 8, 17, 22 which is consistent with the location of a low-
o glc')?]nv(veré(tni::nu;:osr::ehsop;néifegﬁ:”s]:w::Id3b7e2a€;:§:|sdecégt bh(gZUrg\t/grrrs;ty affinity, high-capacity Ca!cium binding sit&§ = ~1—-2 mM
CT 06269. Phone: (860) 486-4355. Fax: (360) 486.4998; E-mail ér_‘ngs. 50 mtOI. of ?ﬁ'c'lglgn_/ mto_l of ?RT)xG’ 1z, 23& I}he )
bouvier@uconnvim.uconn.edu. omain contains the retrieval sequence and has been
* University of Connecticut. shown to regulate, in some way, calcium-dependent interac-
$ Boston Biomedical Research Institute. tions between CRT and PDI or ERp5Z1( 12. Although

! Abbreviations: CD, circular dichroism; CRT, calreticulin; EDTA, : At . p. ~ ;
ethylenediaminetetraacetic acid; EGTA, ethylene glycol bis(2-amino- the spatial organization of the N-, P-, and C-domains of CRT

ethyl ether)N,N,N',N'-tetraacetic acid; ER, endoplasmic reticulum; GST, has not yet been described, it has been shown from
glutathione Stransferase; MALDI, matrix-assisted laser desorption sedimentation analysis that the protein adopts an elongated

ionization; MW, molecular mass; NMR, nuclear magnetic resonance; shapne jn solution 24, 25, a characteristic that can be
PAGE, polyacrylamide gel electrophoresis; PDI, protein disulfide . . L
isomerase; SDS, sodium dodecyl sulfale; thermal denaturation  attributed, at least in part, to the extended hairpin structure

midpoint temperature; UV, ultraviolet. of the P-domaini3, 14. The elongated molecular shape of
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CRT strongly suggests that the protein is characterized byan enzyme:substrate ratio of 1:150 (w/w) in 20 mM Hepes,

high intrinsic structural plasticity which might be required
for its chaperone functionl@, 24.

pH 7.0, 200 mM NaCl, 2 mM EDTA and in 20 mM Hepes,
pH 7.0, 200 mM NaCl, 3 mM MgGlcontaining one of the

In this paper, we report on the roles that calcium and zinc following additives: 1 mM EGTA, 56-1000uM CaCl, 400
ions play in modulating the intrinsic structural plasticity of #M ZnCl,, or 50uM CaCk/400 uM ZnCl,. Aliquots were

CRT. Using a series of biochemical and biophysical ap-

taken at different times from the reaction mixtures, and

proaches, we describe how these divalent metal ions alterproteolysis was terminated by the addition of SDS loading
the structural properties of CRT in a manner that is consistentbuffer and boiling samples to 10€. Samples were analyzed

with the formation of two very distinct binding sites possibly
directed at the expression of a high-affinity calcium-
dependent lectin function or a more classical, low-affinity

by SDS-PAGE (12%) and electroblotted onto a poly-
(vinylidene difluoride) membrane (Millipore) for N-terminal
amino acid sequencing analyses. Amino acid residues are

zinc-dependent chaperone function. The notion that the humbered according to the sequence of full-length recom-
structural properties of CRT are highly dependent upon binant CRT(+400) without including the additional four
interactions with calcium and zinc ions suggests the possibleN-terminal residues (see above).

importance of these metal ions in modulating the function
of CRT in the cellular environment of the ER.

EXPERIMENTAL PROCEDURES

Expression and Purification of CRHuman CRT was
expressed in th&. coli strain BNN103 based on a gluta-
thione Stransferase (GST) fusion protein system as previ-
ously described24). In brief, the crude GSTCRT fusion
protein was purified at 2C on a glutathione Sepharose
4B affinity column, dialyzed, and digested with Factor Xa,
leaving four additional amino acid residues (G-I-P-G) at the
N-terminus of CRT. The proteolytic mixture was then
directly applied onto the glutathioreSepharose 4B affinity
column, and the flow-through containing CRT was purified

on an Uno Q-6 (Bio-Rad) FPLC ion-exchange column. Each

new batch of purified CRT was characterized by N-terminal

amino acid sequencing and by MALDI mass spectrometry

to confirm the specificity of the Factor Xa cleavage site and
the molecular mass (MW) of the protein, respectively.

Concentrations of the stock CRT solutions, in 20 mM Hepes

pH 7.5, 150 mM NaCl, were determined at 280 nm by the
Edelhoch’s method26) using a calculated extinction coef-
ficient of 80 630 Mt cm™* based on the tryptophan, tyrosine,
and cystine content.

Circular Dichroism Measurement&D experiments were

carried out using a Jasco-715 spectropolarimeter equippeq

with a thermoelectric temperature controller. CRT solutions
in 20 mM Hepes, pH 7.0, 200 mM NaCl containing 2 mM
EDTA or 50-1000uM CaCkL/ZnCl, and in 20 mM Hepes,
pH 7.0, 200 mM NacCl, 3 mM MgGlcontaining one of the
following additives, 1 mM EGTA, 56:2000uM CaCk, or
50—-400 uM ZnCl,, were used for all measurements. The

Analytical UltracentrifugationSedimentation equilibrium
and velocity experiments were carried out at 25 as
described previously2d). A stock solution of CRT at
approximately 2 mg/mL was dialyzed for at least 24 h in 20
mM Hepes, pH 7.0, 200 mM NaCl, 2 mM EDTA and in 20
mM Hepes, pH 7.0, 200 mM NaCl, 3 mM Mg&tontaining
one of the following additives: 1 mM EGTA, 501000uM
CaClb, 400uM ZnCl,, or 50uM CaCkL/400uM ZnCl,, prior
to analysis. In addition, a series of dilutions of CRT in the
range 0.11.0 mg/mL were prepared using the dialysate as
diluent for buffer conditions 20 mM Hepes, pH 7.0, 200 mM
NaCl, 3 mM MgC}, containing 400uM ZnCl; or 50 uM
CaClL/400 uM ZnCl,. For sedimentation equilibrium runs,
six-channel external loading centerpieces (Beckman Coulter
part numbers 366755 and 368115) were used. Sedimentation
velocity patterns were analyzed using time-derivative analysis
(29). For sedimentation equilibrium runs, an optical blank
run of water versus water was performed to correct for optical
inhomogeneities in the cell windows and lenses. Blanks were
performed both before and after the run at the expected and
actual speeds, respectively. The blank after the run was
performed by rinsing the cell with buffer and water to remove
all protein. The two blanks were compared to check for any
change in the cell components. The blank was subtracted
point by point from the run. Sedimentation equilibrium data
were analyzed by global fitting combined data from three
oading concentrations and two speeds as described previ-
ously 30). The values of the partial specific volume and
hydration are given in Table 2.

RESULTS

Circular Dichroism Measurement&D spectroscopy was

near- and far-ultraviolet (UV) CD spectra were recorded at used to determine the calcium- and zinc-dependent structural
25°C in the range 320250 and 256-203 nm, respectively,  properties of CRT by recording near- and far-UV spectra at
as described previouslg4). Protein concentrations were 0.4 25 °C petween 320 and 250 nm and 250 and 203 nm,
and 0.2 mg/mL for the near- and far-UV measurements, respectively (Figure 1A,C). Thermal denaturation curves
respectively. Thermal denaturation curves were obtained bywere recorded at 280 nm in the temperature rangé>°C
monitoring the change in ellipticity at 280 nm in the range (Figure 1B). CD measurements were done in 20 mM Hepes,
4—65°C using a scan rate of £4C/h and a 1 cnpath length pH 7.0, 200 mM NaCl, 2 mM EDTA and in 20 mM Hepes,
cuvette with a protein concentration of 0.4 mg/mL. The pH 7.0, 200 mM NaCl, 3 mM MgGlcontaining one of the
thermal denaturation midpoint temperatur@s)(were de-  following additives: 1 mM EGTA, 56-2000uM CaCl, or
termined by fitting the denaturation curves to an equation 50—-400uM ZnCl,. The addition of high concentrations of
describing a two-state denaturation process as describegnagnesium ions in buffers for CD experiments allowed
previously €7, 28. Ellipticities are expressed on a molar discrimination between the high- and low-affinity calcium
residue basis or as fraction of folded protein. binding sites of CRT. It is known that magnesium ions do
Proteolysis.Digests of CRT (0.44 mg/mL) by chymo- not compete for the high-affinity calcium binding sit&0(
trypsin (Life Technologies) were carried out at A5 using 18, 25,and this study), but a weak competing effect has been
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Ficure 1: (A) Near-UV CD spectra (326250 nm) of CRT at 25

°C. Protein concentrations were 0.4 mg/mL in 20 mM Hepes, pH
7.0, 200 mM NaCl, 2 mM EDTA (spectrum 1) and in 20 mM
Hepes, pH 7.0, 200 mM NaCl, 3 mM Mgg&tontaining one of the
following additives: 1 mM EGTA (spectrum 2), 50M CaCl
(spectrum 3), 100kM CaCl, (spectrum 4), or 40M ZnCl,
(spectrum 5)A 1 cm path length cuvette was used to record the
spectra. (B) Thermal denaturation curves-65 °C) of CRT
obtained by monitoring the change in CD signal at 280 nm. Protein
concentrations were 0.4 mg/mL in 20 mM Hepes, pH 7.0, 200 mM
NaCl, 2 mM EDTA (curve 1) and in 20 mM Hepes, pH 7.0, 200
mM NaCl, 3 mM MgC} containing one of the following addi-
tives: 1 mM EGTA (curve 2), 5kM CaCl (curve 3), 100Q:M
CaCl (curve 4), 5uM ZnCl; (curve 5), or 40«M ZnCl, (curve

6). A 1 cmpath length cuvette was used to record the denaturation
curves. The theoretical lines through the data points were generate
by fitting the denaturation curves to an equation describing a two-
state denaturation procesx/( 2§. (C) Far-UV CD spectra (250

203 nm) of CRT at 25C. Protein concentrations were 0.2 mg/mL
in 20 mM Hepes, pH 7.0, 200 mM NacCl, 2 mM EDTA (spectrum
1) and in 20 mM Hepes, pH 7.0, 200 mM NaCl, 3 mM MgCl
containing one of the following additives: 1 mM EGTA (spectrum
2), 50uM CaCl, (spectrum 3), or 40@M ZnCl, (spectrum 4). A

1 mm path length cuvette was used to record the spectra.
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reported for the low-affinity calcium binding site (reported
as “data not shown”)1(7).

Figure 1A shows that apo CRT (spectrum 1) is character-
ized by strong spectral features in the near-UV region,
suggesting that the large number of aromatic residues in CRT
(11% of the total amino acid sequence) reside in an overall
well-ordered asymmetric environment. These features are
essentially unchanged by the addition of 3 mM MgCI
(spectrum 2) except for a small, but noticeable, increase in
molar ellipticity. Occupancy of the high-affinity calcium site
(spectrum 3) causes no apparent increase in molar ellipticity
in comparison to the magnesium-saturated form of CRT
(spectrum 2). Interestingly, binding of calcium ions at the
low-affinity site (spectrum 4) causes a noticeable increase
in molar ellipticity, suggesting a change in the asymmetric
environment of particular aromatic residues possibly due to
the formation of specific tertiary interactions in the protein.
In marked contrast, the addition of 400 ZnCl, (spectrum
5) significantly reduces the intensity of the near-UvV CD
spectrum, in comparison to the magnesium-saturated form
of CRT (spectrum 2), while the overall spectral features are
mostly unchanged. These results suggest that the binding of
zinc ions to CRT causes structural rearrangements that
considerably weaken the tertiary packing of the protein.
These results are consistent with fluorescence studies show-
ing that the binding of zinc ions to CRT triggers significant
movement of tryptophan residues into the solvéntlQ, 19.
Although these authorslQ, 18 also reported a minor
movement of tryptophan residues away from the solvent
upon calcium binding at the high-affinity site, these structural
effects are mostly undetected in the near-UV CD spectrum
(spectrum 3, but also see below).

To further probe the structural effects of calcium and zinc
binding to CRT, thermal denaturation curves were recorded
at 280 nm (Figure 1B) as previously describ2d)( Results
show that the thermal denaturation curve of apo CRT (curve
1) is characterized by a single, sharp transition centered at a
relatively low T, = 40.2 °C. These characteristics are
unchanged by the addition of 3 mM MgC(curve 2).
Interestingly, occupancy of the high-affinity calcium site by
the addition of 5«M CaClk (curve 3) increases the thermal
stability of CRT toT,, = 44.3 °C, in comparison to the
magnesium-saturated form of CRT (curve 2), as well as
sharpens to some extent the denaturation transition. This
effect is calcium concentration-dependent since binding of
calcium ions at the low-affinity site (curve 4) further
increases the thermal stability of CRTTg = 46.4°C. No
increase in thermal stability could be detected by the addition
of 2000uM CaCk (data not shown). In marked contrast,
the addition of 5QuM ZnClI; (curve 5) decreases the thermal
stability of CRT to T, = 36.7 °C, in comparison to the
magnesium-saturated form of CRT (curve 2), and broadens
the denaturation transition. Consistent with this trend, an
increase to 40@M ZnCl; (curve 6) further destabilizes the

cgrotein to a lowT, = 29.9 °C as well as significantly

roadens the denaturation transition. Collectively, these
thermal denaturation curves provide evidence that calcium
and zinc ions modulate in vitro the thermal stability of CRT
in markedly opposite ways, with calcium being a stabilizing
ion and zinc being a destabilizing ion. Furthermore, since
the steepness of thermal denaturation transitions is related
to the magnitude of the change in enthalpy upon unfolding,
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results indicate that binding of calcium ions to CRT (curves p B
3 and 4) causes the protein to .unfold W|th a h|gher enthalpy «kpa C 0513 6 12hours 0513 6 12hours
of denaturation than that for binding of zinc ions (curves 5 104 -
and 6). The underlying structural significance of these 477 === ewe—— - . = w w—— —  ==CRT
differences is consistent with CRT having a more rigid and  34.6 FREE 2 1 P
: P oo 28.3 -

well-packed tertiary structure upon binding calcium ions and -—2
a more relaxed tertiary structure upon binding zinc ions. 192 b

Interestingly, while occupancy of the high-affinity calcium C D
site in CRT changes the midpoint temperature and steepness = -
of the thermal denaturation transition (curve 3 in Figure 1B), - ———— e e - === ~—CRT
the near-UV CD spectrum remains essentially unchanged - - === -3
(spectrum 3 in Figure 1A). These observations strongly o b
suggest that the calcium-induced ordering of CRT occurs at bt L ——4

a site that is highly colocalized with the high-affinity calcium
binding site such that minor, but apparently critical, structural -
rearrangements take place. On the other hand, while oc- B b i i 9+ = | a— CRT
cupancy of the low-affinity calcium site in CRT further 3
increases the thermal stability of the protein (curve 4 in -

Figure 1B), this effect is, in this particular case, accompanied - -0
by a noticeable increase in molar ellipticity in the near-Uv
region (spectrum 4 in Figure 1A). These results suggest that

a somewhat more delocalized region of CRT is involved in F [
these structural rearrangements. Similarly, since changes in 1
the thermal denaturation curve of CRT upon adding 480 Tosh
ZnCl, (curve 6 in Figure 1B) were accompanied by a % ‘
significant decrease in the intensity of the near-UV region = 06
(spectrum 5 in Figure 1A), these results also suggestthata § g4 I
more delocalized region of CRT is implicated in this zinc- £ .
induced partial disordering. g 02 F
Finally, to determine whether the addition of 3 mM MgCl oF
50 uM CaCl, or 400uM ZnCl, to CRT changes secondary S
structure elements, CD spectra in the far-UV region were 0 10 20 30 40 50 60 70
recorded at 25°C (Figure 1C). Results show that in Temperature (°C)

comparison to apo CRT (spectrum 1), the magnesium- .
. FiIGURE 2: SDS-PAGE (12%) analysis of products from chymo-
saturated form of CRT (spectrum 2) shows only a minor trypsin digests carried out at 2& using an enzyme:substrate ratio

increase in molar ellipticity while retaining identical spectral of 1:150 (w/w) in (A) 20 mM Hepes, pH 7.0, 200 mM NaCl, 2
features. No apparent spectral difference could be observednM EDTA and in 20 mM Hepes, pH 7.0, 200 mM NacCl, 3 mM

upon occupancy of the high-affinity calcium site (spectrum MgCl, containing one of the following additives: (B) 1 mM EGTA,
3) or the low-affinity zinc binding site (spectrum 4) in (€) 504M CaCk, (D) 400uM ZnCl,, or (E) 50uM CaCh/400

; to the magnesium-saturated form of CRT uM ZnCl. Aliquots were taken at different times from the reaction
comparison g mixtures as indicated at the top of the figure. Lane C is CRT without

(spectrum 2). These results suggest that elements of secondadded enzymes and loaded at the same concentration as in other
ary structures in apo CRT are mostly unchanged upon lanes. Molecular mass standards are indicated at the left. (F)
interactions with these ions, which is consistent with Ther_ltna_l d%r]\aturzatlon _CUéVDeS _f$5| °tC)28%f CRL o?tamed byt

- o : monitoring the change in CD signal a nm. Protein concentra-
phUng?fed data(:;(:_l., jhg’ 3). It |s.|mportant tlo (;nentlondt.hatd tions were 0.4 mg/mL in 20 mM Hepes, pH 7.0, 200 mM NacCl, 3
the butters used in these experiments preclude recording datdny mgcl, containing one of the following additives: 50V

below 203 nm, thus reducing the amount of information caCL/400uM ZnCl, (curve 1), 50uM CaCh (curve 2), or 400
available for more accurate computer-based secondaryuM ZnCl; (curve 3). Curves 2 and 3 are identical to curves 3 and
structure predictions. 6, respectively, in Figure 1BA 1 cmpath length cuvette was used
Taken together, CD analysis has shown that the binding '© "é¢0rd the denaturation curves.
of calcium and zinc ions to CRT induces no significant 200 mM NaCl, 2 mM EDTA and in 20 mM Hepes, pH 7.0,
changes in the secondary structure of the protein but affects200 mM NaCl, 3 mM MgCJ containing one of the following
in very distinct ways the local tertiary packing of these additives: 1 mM EGTA, 561000 uM CaCk, 400 uM
elements and the thermal stability of the protein. ZnCl,, or 50uM CaCkL/400uM ZnCl,. High concentrations
Proteolysis of CRT by Chymotrypsino further under- of magnesium ions were also added in buffers for proteolytic
stand the effect of calcium and zinc ions on the structural experiments in order to discriminate between the high- and
properties of CRT, the proteolytic susceptibility of CRT was low-affinity calcium binding sites of CRT. Aliquots were
investigated using chymotrypsin as a conformational probe taken at different times, between 0.5 and 12 h, from the
(Figure 2). Chymotrypsin is a nonmetallo enzyme with reaction mixtures, and samples were analyzed by -SDS
sufficiently broad substrate specificity that cleaves prefer- PAGE gels (Figure 2).
entially between the carboxyl group of aromatic or leucine  Results show that incubation of apo CRT with chymo-
residues and the amino group of the adjacent resid@@e (  trypsin (Figure 2A) leads to the accumulation of two
Digests were carried out at 2& in 20 mM Hepes, pH 7.0,  fragments, migrating at+35 and~26 kDa (bands 1 and 2,
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Table 1: Identification of Proteolytic Fragments from Chymotrypsin
Digests

geP band N-terminal cleavage sité

A 1 OT-V-K-H-E-Q-N
2 168E-V/-K-I-D-N-S

D 3 685-N-K-G-Q-T-L
9T-V-K-H-E-Q-N

4 68S-N-K-G-Q-T-L
9T-V-K-H-E-Q-N

E 5 685-N-K-G-Q-T-L
9T-V-K-H-E-Q-N

6 685-N-K-G-Q-T-L

79T-V-K-H-E-Q-N

2Gels and bands shown in Figure"Determined by N-terminal
amino acid sequencing analysis (7 cycles) after electroblotting samples
onto a poly(vinylidene difluoride) membrane (Milliporé)Amino acid
residues are numbered according to the sequence of full-length
recombinant CRT(3400) without including the additional four N-
terminal residues (see Experimental Procedures).

respectively), that remain stable after 12 h incubation. The
identities of the fragments corresponding to bands 1 and 2
were established by N-terminal amino acid sequencing, and
results revealed that their N-termini correspond’$b-V-
K-H-E-Q-N and%E-V-K-I-D-N-S (Table 1). On the basis
of these results, and of knowledge that CRT and its
proteolytic fragments migrate as higher MW species on
SDS-PAGE gels 17, 24, 33, it can be deduced that
fragment corresponding to band 2 results from more exten-
sive cleavage at the N-terminus of CRT, rather than at its
C-terminus, in comparison to band 1. Overall, these results
suggest that apo CRT is susceptible to proteolytic cleavage
by chymotrypsin within its N-domain (Table 1) and to some
extent at its C-terminus (C-domain). The pattern of frag-
mentation obtained for apo CRT is essentially unchanged
upon addition of 3 mM MgGl (Figure 2B), which is
consistent with results obtained from CD studies (Figure 1).
Interestingly, occupancy of the high-affinity calcium site
of CRT by the addition of 5@M CaCl, (Figure 2C) confers
complete resistance to digestion by chymotrypsin even after
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~18 kDa (bands 3 and 4, respectively), that are mostly absent
from the reaction mixture after 12 h incubation. Character-
ization of fragments corresponding to band 3 by N-terminal
amino acid sequencing revealed two distinct N-termini
corresponding t68S-N-K-G-Q-T-L andT-V-K-H-E-Q-N
(Table 1). The latter fragment[-V-K-H-E-Q-N) is most
likely identical to that corresponding to band 1 in Figure
2A on the basis of their identical N-termini and migration
positions in the SDSPAGE gel. A characterization of the
fragment corresponding to band 4 by N-terminal amino acid
sequencing indicated that its N-terminus is identical to the
two fragments of band 3, nameffS-N-K-G-Q-T-L and’°T-
V-K-H-E-Q-N (Table 1). Although these results clearly
indicate the more pronounced susceptibility of CRT to
cleavage at both its N- and its C-termini upon binding zinc
ions, the protein is overall highly destabilized under these
conditions.

Collectively, proteolysis results from Figure 2/ have
shown that the backbone conformational flexibility of CRT
is intrinsically high and, most notably, can be modulated
toward an increase or a decrease in susceptibility to cleavage
by chymotrypsin upon binding calcium or zinc ions, respec-
tively.

On the basis of results obtained in Figure-2B, it was
interesting to determine the proteolytic susceptibility of CRT
under conditions in which both calcium and zinc ions were
concomitantly added to the solution. SBBAGE analysis
of products from the digest of CRT carried out in the
presence of 5gM CaCkL/400uM ZnCl, (Figure 2E) shows
that the kinetics of proteolysis and the overall pattern of
fragmentation combine features characteristic of each indi
vidual ion as determined in Figure 2C,D. A characterization
of the major fragmentation products (bands 5 and 6) by
N-terminal amino acid sequencing revealed that their N-
termini are identical to the two fragments characterized in
Figure 2D (bands 3 and 4, respectively) (Table 1). These
studies were further investigated by recording the thermal
denaturation curve of CRT in the presence oi®0 CaCl/
400uM ZnCl, (Figure 2F). Results (curve 1) show that under
these conditions, both the midpoint temperatUrg € 34.7

12 hincubation as evidenced by the absence of proteolytic °C) and the steepness of the denaturation transition combine
fragments in the SDSPAGE gel. These results suggest that features from the denaturation curves recorded under each
although occupancy of the high-affinity calcium site causes separate buffer condition (curves 2 and 3). Taken together,
only minor structural rearrangements in CRT (spectrum 3 results from Figure 2E,F strongly suggest that neither calcium
in Figure 1A), this effect is apparently critical in increasing nor zinc ion completely inhibits the structural effects of the
the conformational rigidity of the protein, at least in the other upon binding to CRT (see also results in Figures 3
vicinity of the major sites of proteolytic cleavage (bands 1 and 4 below). This is consistent with the current knowledge
and 2 in Figure 2A). Identical results as those shown in that the high-affinity calcium binding site and the low-affinity
Figure 2C were obtained when digestion of CRT was carried zinc binding site are located in different regions of CRT
out in the presence of 10QM CaCk, (data not shown). In (12, 17).

marked contrast, the addition of 4081 ZnCl, (Figure 2D) Analytical UltracentrifugationOur previous characteriza-
results in a significant increase in the susceptibility of CRT tion of CRT by sedimentation equilibrium and velocity
to digestion by chymotrypsin as evidenced by the large analyses Z4) clearly established the monodisperse and
number of proteolytic fragments produced within the first monomeric nature of the protein as well as its distinctively
0.5 h and by the complete disappearance of the CRT bandnonspherical molecular shape. To determine how the binding
within the first 3 h. This increased susceptibility of CRT to of calcium and zinc ions by CRT alters its hydrodynamic
digestion is consistent with the more pronounced conforma- properties, we have carried out sedimentation velocity
tional flexibility of the protein upon binding zinc ions as analysis (Table 2) in 20 mM Hepes, pH 7.0, 200 mM NacCl,
also determined by CD experiments (spectrum 5 in Figure 2 mM EDTA and in 20 mM Hepes, pH 7.0, 200 mM NacCl,
1A and curve 6 in Figure 1B). Under these conditions, 3 mM MgCl, containing 1 mM EGTA or 561000 uM
cleavage of CRT by chymotrypsin (Figure 2D) leads to two CaCk. In addition, we have also performed sedimentation
major proteolytic fragments, with apparent MWs-e85 and velocity (Figure 3) and equilibrium (data not shown) analysis
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Table 2: Hydrodymanic Properties of Calreticulin Determined by Sedimentation Arfalysis

properties 2 mM EDTA) (apo CRT) 3 mM MgGJ® 50 uM CaCh® 1000uM CaChL®@
sedimentation coefficiensow) 273+ 0.01S 27H#H0.01S 2.8Gt0.01S 2.814+0.01S
Stokes radiusKs) 45.4 A 44.7 A 44.2 A 441 A
frictional ratio (/fo) 1.62 1.60 1.58 1.58
axial ratio @/b) 115 111 10.8 10.7
length (22) 286 A 278 A 273 A 271 A
diameter (B) 24.7 A 25.0A 25.3A 25.4 A

@ Measurements were done in (1) 20 mM Hepes, pH 7.0, 200 mM NaCl, 2 mM EDTA or in (2) 20 mM Hepes, pH 7.0, 200 mM NaCl, 3 mM
MgCl; containing 1 mM EGTA, 5«tM CaCb, or 1000uM CaCbh. The molecular mass (MW) of CRT determined by sedimentation data was 46.0
kDa, which is essentially identical to the MW of 46.8 kDa determined from the amino acid sequence. Hydrodynamic modeling was done using the
equation of Perrin for an equivalent, hydrated prolate ellipsoid of revoluidn Values of the partial specific volumeg,= 0.6950 cn¥g (20°C)
andV = 0.6975 cni/g (25°C), were calculated from the amino acid composition of human CRT using the consensus partial volumes of the amino
acids @5) and taking into consideration the expected electrostrictdiy 87 of —0.025 cn¥/g caused by the high net negative charge of about
—50/mol of protein 24). The degree of hydratiod; = 0.502 g of HO/g of protein, was also calculated from the amino acid composition according
to Kuntz and Kauzmanr3g).

of CRT in 20 mM Hepes, pH 7.0, 200 mM NaCl, 3 mM 3.6 ' ‘ ™ '
MgCl; containing 40QuM ZnCl, or 50 uM CaCL/400 uM 1
ZnC|2. 34
Results from sedimentation velocity analysis (Table 2)
show that in comparison to apo CRT, the magnesium- A 327 2
saturated form of CRT remains monomeric in solution and &
is characterized by a slightly larger sedimentation coefficient ‘3 3.0
value,s’o ., consistent with a somewhat more compact three-
dimensional structure. Interestingly, occupancy of the high- 28;
affinity calcium site by the addition of 56M CaCk (Table
2) causes no detectable changes in the overall three- 26
dimensional structure of CRT as indicated by a comparison 00 0z 0z 06 08 o

of its hydrodynamic properties with those of the magnesium-
saturated form of the protein. Similarly, binding of calcium
ions at the low-affinity calcium site of CRT (Table 2) occurs Ficure 3: Plot of weight average sedimentation coefficient,
with no apparent changes in its overall three-dimensional ~Sow>, as a function of CRT loading concentrations. Sedimenta-

: . - tion velocity experiments were carried out in 20 mM Hepes, pH
structure in comparison to the magnesium-saturated form of7_o, 200 mM NaCl, 3 mM MgGlcontaining 4002M ZnCl, (curve

the protein. Since the elongated molecular shape of CRT isyy or 50,M CaCL/4004M ZnCl, (curve 2). The isolated point on
unchanged upon binding calcium ions, these results stronglythey-axis (solid diamond) was obtained in 20 mM Hepes, pH 7.0,
suggest that the calcium-bound form of the protein is likely 200 mM NaCl, 3 mM MgC}, 1 mM EGTA, a condition under
to retain intrinsic structural plasticity in solution. Noteworthy, Which no self-association of CRT is observed, and therefore
our combined results on the metal ion dependency of CRT "éPresents the valueb,, = 2.7 S) for the monomer (Table 2).
suggest that although magnesium ions bind to CRT and. . . . .
induce some changes in the secondary and tertiary structureénghl” a cor!cgntre:t]ort\r—]dependent s]:ad|mce néat/ﬁ)go V&IOC'W
of the protein (Figure 1A,C and Table 2), these effects are ;nzélyss carruz _ouF'm e3presenc|eg/ﬁ0 a .IZI H ibl
not accompanied by a noticeable increase in thermal stability nClz (curve 2 in Figure 3) revealed the partial reversible

o change nsusceptiy 1o proteayis (Fgures 15 and ST2CC 01 AU fn exent o e Ancncuced sl
2). This is in marked contrast to the structural effects '

determined for calcium ions (Figures 1 and 2 and Table 2) Figure 2E,F (see also results in Figure 4 below) suggesting

and suggests that although magnesium ions bind to the higlh_that upon concomitant binding to CRT, both metal ions can

and low-affinity calcium sites of CRT, the association is contribute to the overall structural properties of the protein.
apparently nonspecific. ’ Regulatory Effects of Calcium and Zinc lons on the

In marked contrast, sedimentation velocity experiments Structure of CRTResults presented above have provided
indicated that the addition of 400M ZnCl, (curve 1 in  consistent evidence suggesting that the structural properties
Figure 3) causes CRT to self-associate reversibly to form Of CRT can be significantly modulated by interactions with
dimers as indicated by a concentration dependence of thedivalent metal ions. These findings were further investigated
weight average sedimentation coefficieffo ) in the by recording thermal denaturation curves at 280 nm (Figure
presence of zinc ions. This observation was further inves- 4) using concentrations of concomitantly added calcium and
tigated by carrying out sedimentation equilibrium analysis Zinc ions in the range 561000 and 56-400 uM, respec-
at three loading concentrations and two speeds to confirmtively, and in the absence of 3 mM MgCHAlthough it is
the monomerdimer stoichiometry (data not shown). This known that the concentration of total calcium ions in the
zinc-induced self-association of CRT determined by sedi- ER is 1 mM, detailed knowledge of the concentration of total
mentation analysis is consistent with exposure of a hydro- Zinc ions is surprisingly limited but highly unlikely to be as
phobic surface in the protein and a destabilization of its high as that of calcium ions3@—43).
tertiary structure upon binding zinc ions as suggested by CD  Results show that under the different buffer conditions
and proteolysis experiments (Figures 1A,B, and 2). Interest- used, the thermal stability of CRT is considerably low and

Concentration of CRT (mg/mL)
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ion, and, consequently, that the lectin recognition site is

1 b ;: L‘E - §§’j§°§ intrinsically present in CRT. Finally, this apparent structural
- . 3. Tm = 38.9°C dependence of the lectin binding site on occupancy of the
< 08 F 4. Tm = 40.0°C calcium ion binding site is a phenomenon known to be active
:3 06 [ for other lectin binding proteins46—49).
S 04l Results from CD measurements and analytical ultra-
B B centrifugation analysis (Figure 1 and Table 2) have indicated
L;;S 02 that occupancy of the low-affinity calcium site in the
oFf C-domain of CRT further increases the thermal stability and
L conformational rigidity of the protein, also due to an increase
0 10 20 30 40 50 60 70 in stabilization of the hydrophobic core, without changing

Temperature (°C) its overall three-dimensional structure. Although the regions
Ficure 4: Thermal denaturation curves<85 °C) of CRT obtained of CRT |mpllcated in these strup tural rearrangements cannot
by monitoring the change in CD signal at 280 nm. Protein b€ determined from our studies, knowledge of the CRT
concentrations were 0.4 mg/mL in 20 mM Hepes, pH 7.0, 200 mM structural organization would suggest that these effects can
NaCl containing one of the following additives: 30 CaCb/ be attributed, at least in part, to changes in the C-domain

400 uM ZnCl, (curve 1), 100QuM CaCk/400 uM ZnCl, (curve : L
2), 504M CaChi50 M ZnCl, (curve 3). 100QM CaCk/50 xM per se. Results from Figure 1 suggest that calcium ions may

ZnCl, (curve 4) A 1 cm path length cuvette was used to record S€rVe to spatially prgani_ze and stabilize the highly negatively
the denaturation curves. The theoretical lines through the data pointscharged C-domain, which was shown to be a more confor-
were generated by fitting the denaturation curves to an equation mationally flexible and destabilized region of the protein in
describing a two-state denaturation process @9. the absence of added calcium ions (Figure 2A,B,D, and refs
o 24, 31). The functional implications of these structural
varies in the temperature range 3040.0°C. Results also  earrangements are not immediately apparent, but they may
!nd|cate that the steepne;s of thermal dgnaturatlon t_rans_ltlonsaccoum for the role that the C-domain has been suggested
is more pronounced at high concentrations of calcium ions 4 play in regulating calcium-dependent interactions between
(curves 2 and 4) or low concentrations of zinc ions (curve cRT and PDI or ERp571(L, 12. The fluctuating calcium
4), which is consistent with profiles of thermal denaturation cyncentrations in the ER would provide a mechanism to

curves shown in Figure 1B. These results provide evidence cqnro| this regulatory process, as also previously suggested
that CRT can effectively respond to a changing cellular (11, 3.

environment such as the ER in which homeostatic mecha-
nisms regulate the absorption of calcium and zinc i@%-(
41). However, under all conditions studied, CRT appears to
be only marginally stable as evidenced By values that

In marked contrast to the calcium-induced conformational
changes in CRT, results from CD measurements, proteolysis
studies, and analytical ultracentrifugation analysis (Figures

are near physiological temperatures. 1., 2, allnd. 3) have show_n that occupancy of the Iow—affi_nity
zinc site in the N-domain of CRT alters, in a concentration-
DISCUSSION dependent manner, the internal hydrophobic packing of the

protein, resulting in a more expanded tertiary structure with

Using a series of biochemical and biophysical techniques, decreased thermal stability. These structural rearrangements
we have clearly shown that calcium and zinc ions alter the increase the hydrophobic character of the protein, causing it
structural properties of CRT in very distinct ways. These to self-associate (Figure 3), and eventually to precipitate at
results bear functional implications considering that these higher concentrations of zinc ion&(, 12. Although these
metal ions are present in the cellular environment of the ER conformational changes appear to be more significant than
where CRT is active as a chaperone. those determined for calcium ions, the protein still retains

More specifically, results from CD measurements, pro- Some highly ordered regions, or domains, under these
teolysis studies, and analytical ultracentrifugation analysis conditions as evidenced by the magnitude of the ellipticity
(Figures 1 and 2 and Table 2) have shown that occupancyin the near-UV CD region (spectrum 5 in Figure 1A). As
of the high-affinity calcium site in CRT increases the thermal discussed above, although the regions of CRT implicated in
stability and conformational rigidity of the protein, as a these structural rearrangements cannot be localized from our
consequence of an increase in hydrophobic packing, withoutstudies, results would suggest that the zinc-dependent
changing its overall three-dimensional structure. These resultsstructural effects arise, at least in part, from rearrangements
are consistent with the formation of a spatially well-organized in the N-domain per se. The functional implications of the
site, most likely colocalized with the high-affinity calcium zinc-dependent structural rearrangements determined in our
binding site, that is possibly a key feature for expression of studies are somewhat difficult to address considering that
the calcium-dependent lectin function of CRT. The formation the concentration of total zinc ions in the ER is essentially
of a calcium-dependent binding site that is characterized by unknown. However, since our results indicate that concentra-
specific tertiary interactions is also consistent with the very tions as low as 5&M ZnCl, alter the structural properties
limited number of glycan structures that are known to be of CRT (Figures 1B and 4), these effects may be relevant to
recognized by CRT20, 44. Furthermore, the functional account for the zinc-dependent interactions between CRT
importance of this binding site is underscored by considering and PDI (12). Similarly, the zinc-dependent ability of CRT
that the concentration of calcium ions in the lumen of the to suppress the aggregation of unfolded proteins in in vitro
ER is sufficiently high under all conditiongt9), that the assays §, 6) may be accounted for by the exposure of a
high-affinity calcium site is constantly occupied by a calcium hydrophobic surface in CRT upon binding zinc ions.
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Collectively, these in vitro experiments have highlighted
how the extraordinary intrinsic conformational flexibility of
CRT can be modulated by the binding of calcium and zinc
ions. More specifically, results from Figures 2E,F, 3, and 4
have shown that the concomitant binding of calcium and zinc
ions to CRT causes the protein to display structural properties
that reflect contributing effects from both metal ions. Overall,
the functional significance of these results suggests that CRT
may have the intrinsic ability to display two distinct, metal-
dependent chaperone functions: a high-affinity calcium-
dependent lectin function or a more classical, low-affinity
zinc-dependent chaperone function. This would be consistent
with recent in vivo studies characterizing the binding

properties of the homologue chaperone calne%id).(Just

how CRT may utilize two distinct binding sites to facilitate

the folding of nascent proteins in the ER is likely to depend 14.
on a combination of several contributing factors. As inferred
from Figures 2E,F, 3, and 4, and also previously suggested
(11, 31, the changing cellular environment of the ER is a
mechanism that will effectively modulate the structural
properties of CRT. On that basis, the low-affinity calcium
and zinc binding sites are likely to be most directly
susceptible to metal ion fluctuations. It is also possible that
a structural interplay between the lectin and polypeptide
binding sites may exist upon association with nascent proteins 19
such that the competence of CRT to express either chaperone
function can be altered in order to optimize interactions with  20.
the bound protein ligand. This would be consistent, for
example, with in vitro studies showing that the binding of
isolated oligosaccharides by CRT induces structural re-
arrangements in the protein as well as alters its ability to

suppress the aggregation of unfolded proteb)s (

In summary, these studies have provided new knowledge
that allowed us to describe how the structure of CRT
responds to interactions with calcium and zinc ions and to
discuss how this mechanism could possibly be active in
modulating its function as a chaperone in the ER. Our current
studies on the biophysical and structural characterization of
isolated domains of CRT (V. N. Uversky and M. Bouvier,
unpublished results) will provide additional information to
further understand the functional implications of the structure

of CRT.
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