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ABSTRACT: Calreticulin (CRT) is an abundant soluble protein of the endoplasmic reticulum lumen that
functions as a molecular chaperone for nascent glycoproteins. We have probed the three-dimensional
structure of human CRT using a series of biochemical and biophysical approaches in an effort to understand
the molecular basis of its chaperone function. Sedimentation analysis and chemical cross-linking experiments
showed that CRT is monodisperse and monomeric in solution with a molecular mass (MW3o0f 46

kDa. This MW value together with a sedimentation coefficiaf w, of 2.71 S yielded a frictional ratio,

flfo, of 1.65. Assuming CRT to be a prolate ellipsoid, we calculated an apparent length of 29.8 nm and
diameter of 2.44 nm consistent with an asymmetric elongated molecule. These hydrodynamic dimensions
account for the apparent anomalous elution position of CRT on gel filtration columns. Far-UV circular
dichroism experiments showed that CRT has a cooperative thermal denaturation transition with a midpoint
temperature of 42.5C suggesting a marginally stable structure. Proteolysis experiments showed that the
highly acidic segment at the C-terminus of CRT is most susceptible to digest, consistent with the absence
of a well-defined polypeptide backbone structure in this region of the protein. Temperature-dependent
proteolysis with thermolysin revealed a stable core region within the N- and P-domains. A stable fragment
encompassing most of the P-domain was also identified in the thermolytic mixture. Collectively, our
results suggest that CRT is likely to be a flexible molecule in solution which may be important for its
chaperone function.

Calreticulin (CRT} is a 46.8 kDa soluble chaperone these glycans have been defined to beKans_oGIcNAC,,
protein of the endoplasmic reticulum (ER) lumen involved from in vitro binding studies using isolated oligosaccharides
in the conformational maturation of glycoproteins. Along (7, 8), and are transiently present on all nascent glycoproteins
with the type | transmembrane protein calnexin (CNX), CRT in the ER during early steps of oligosaccharide processing
is part of a quality control system that prevents export of (9). This lectin specificity of CRT enables it to associate
misfolded and incompletely folded glycoproteins as well as with newly synthesized glycoproteins and promote their

unassembled glycoprotein subunits out of the BR This correct folding through a highly coordinated protein ma-
system ensures the structural integrity of glycoproteins prior chinery that includes specialized enzymes capable of chemi-
to their release into the secretory pathway. cally modifying oligosaccharide structures on glycoproteins

In a way that is distinct from the classical chaperones (1). In @ manner more similar to the classical chaperones,
which bind nonnative polypeptide segments, the chaperonethe chaperone action of CRT has also been proposed to
action of CRT has been shown to be exerted primarily include binding of nonnative polypeptide segments as
through the binding of monoglucosylatdHlinked oligosac- evidenced by its ability to suppress uncontrolled aggregation
charides on nascent glycoproteir®s-@). The structures of  of unfolded proteins in in vitro assay$(Q, 1J. It is at present
not completely resolved which specific structural features
" This work was supported by NIH Grant Al45070 (to M.B.) and  on nascent glycoproteins are productively used by CRT to
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1 Abbreviations: ANS, 8-anilino-1-naphthalenesulfonic acid; BS3, although unrelated, structural features that play an important

bis(sulfosuccinimidyl)suberate; CD, circular dichroism; CNX, calnexin; rgle in the mechanism by which they increase the yield of
CRT, calreticulin; EDTA, ethylenediaminetetraacetic acid; EGTA, P .
ethylene glycol bis(2-aminoethyl ethéN,N', N -tetraacetic acid: ER, correctly folded proteins in cells. In the case of GroEL, TriC,

endoplasmic reticulum; GST, glutathioBéransferase; MALDI, matrix- DnakK, anda-crystallin, these features include the presence
assisted laser desorption ionization; MHC, major histocompatibility of distinct hydrophilic and hydrophobic domains, an ATP
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sulfonyl fluoride; SDS, sodium dodecy! sulfaf, thermal denaturation  duaternary structure that forms a hydrophobic cgntral CaVi_ty
midpoint temperature. (12—-16). In contrast to these chaperone proteins, CRT is
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characterized by the presence of two particular sequenceCRT was purified at 4°C by glutathione-Sepharose 4B
motifs, defined as the type 1 and type 2 motifg)( which affinity chromatography as recommended by the manufac-
have been suggested to be important for the lectin functionturer (Pharmacia).
of the protein based on in vitro binding studi@s 18. These The GST-CRT protein42—3 mg/mL) in 50 mM Tris,
conserved sequences are thought to enable CRT to sequestgH 8, 100 mM NacCl, and 10 mM Cag@lvas incubated with
nascent glycoproteins into a dynamic cycle of binding and Factor Xa (-5—7 units/mg of GST-CRT) at room temper-
release 19, 20. No distinguishing structural features that ature for 16 h (longer incubation resulted in the loss of a
may enable CRT to bind nonnative polypeptide chains havefew amino acid residues at the C-terminus of CRT).
yet been described. Currently, the absence of detailedProteolysis was terminated by the addition of PMSF (to 2
information about the three-dimensional structure of CRT, mM), and the mixture was directly applied onto the gluta-
from either X-ray crystallography or NMR studies, limits thione-Sepharose 4B affinity column equilibrated with 50
our understanding of its chaperone function. mM Tris, pH 7.1, 50 mM NacCl. Elution was carried out at
As a way to provide a better understanding of the 4 °C, and the flow-through containing recombinant CRT was
molecular mechanism underlying the chaperone function of concentrated and purified on an Uno Q-1 (Bio-Rad) FPLC
CRT, we have focused our efforts on characterizing aspectsion-exchange column using a linear salt gradient from 50
of its three-dimensional structure. We used a combination mM to 750 mM NacCl in 50 mM Tris, pH 7.1 (3% B/min).
of comprehensive biochemical approaches including gel Recombinant CRT eluted at 335 mM NacCl. The final yield
filtration chromatography, circular dichroism (CD), chemical was~2—4 mg of pure recombinant CRT/L of cell culture.
cross-linking, analytical ultracentrifugation, and limited pro-  Analysis of purified recombinant CRT by N-terminal
teolysis to define some of its structural properties. Our results amino acid sequencing confirmed the specificity of the Factor
indicate that CRT is monomeric in solution and adopts a Xa cleavage site and the presence of four additional amino
highly elongated structure with certain regions of the protein acid residues (Gly-lle-Pro-Gly) at the N-terminus of the
being distinctively more susceptible to proteolysis. We also protein corresponding to the translation of B&rHI/Sma
provide evidence from thermal denaturation studies that the nucleotide sequence which is part of the multiple cloning
structure of CRT is marginally stable. Collectively, our site in the pGEX-3X vector. The MW of recombinant CRT
results suggest that CRT is likely to be a flexible molecule was determined to be 46 796 Da by electrospray mass
in solution, thus providing a rationale to explain, at least in spectrometry compared to the calculated MW of 46 790 Da.
part, how this protein can participate in a dynamic process Gel Filtration Analysis.CRT samples were analyzed on
in which it transiently associates with many diverse nascenta Biosep Sec-S3000 (Phenomenex) HPLC gel filtration
glycoproteins in the ER and facilitates their conformational column at room temperature in 20 mM Hepes, pH 7.5, 150

maturation.

EXPERIMENTAL PROCEDURES

Construction of an Expression Plasmi@he plasmid
phCaR1653 (gift from Dr. L. A. Rokeach) containing the
cDNA encoding full-length human CRT was amplified by
PCR using Tag DNA polymerase and the following two
primers, each with a 'Hlanking Sma restriction site
(underlined): 5SATGCCCGGGGACCCTGCCGTCTACTTC-
3 (forward) and 5GGGATCCCGGGCTACAGCTCGTC-
CTTGGCCTG-3(reverse). The digested and purified PCR
products were ligated in-frame into ti%ena cloning site of

the phosphatase-treated pGEX-3X plasmid (Pharmacia),

transformed into competeBt coli DH5a cells (Gibco BRL),
and selected on ampicillin-containing Luria Broth plates. A

plasmid harboring the correct DNA sequence for human CRT

was transformed into competet coli BNN103 cells (gift
from Dr. M. Michalak).

Expression and Purification of CRTransformed BNN103
cells were grown at 37C in LB medium supplemented with
100 ug/mL ampicillin, 2% glucose, and 2 mM CagChnd
induced at Olgy ~ 0.4—0.5 by the addition of isopropyl
thio-3-p-galactoside (to 0.1 mM). Cells were then shifted to
30 °C and grown for an additional-57 h. Cells were
harvested by centrifugation (5000 rpm, 20 mirf G} JA-10
rotor), resuspended in ice-cold 50 mM Tris, pH 7.5, 150 mM
NaCl, 1 mM PMSF, 1 mM EDTA, and 1% Triton X-100,

mM NaCl or in 20 mM Hepes, pH 7.5, 150 mM NaCl
containing one of the following additives: 2 mM EGTA,
20—-1000 uM CaCh, or 20-400 uM ZnCl,. Additional
experiments were also carried out using a Bio-Prep SE-100/
17 (Bio-Rad) FPLC gel filtration column in 20 mM Hepes,
pH 7.5, 150 mM NaCl. The columns were calibrated using
globular protein standards of known molecular masses (Bio-
Rad). Soluble aggregates of CRT were obtained by incubat-
ing the protein at 65C for 15 min immediately prior to the
gel filtration analysis.

Results from gel filtration analysis were used to calculate
the Stokes radiusys (A), of CRT using the following two
empirical equations2(l):

log (R)™ = 0.369 log (MW)— 0.254

log (Rg)” = 0.533 log (MW)— 0.682

where Rs)N and Rs)" are Stokes radii of the native (N) and
completely unfolded (U) states of a globular protein,
respectively, and MW (Da) is its molecular mass.

Circular Dichroism Measurement&D experiments were
done using a Jasco-175 spectropolarimeter equipped with a
thermoelectric temperature controller. Concentrations of CRT
solutions in 2 mM Hepes, pH 7.5, 50 mM NaCl were
determined at 280 nm by the Edelhoch’s meth®#) (1sing
a calculated extinction coefficient of 80 630 #cm* based
on the content of Trp, Tyr, and Cys residues. The far- and

and lysed by repeating cycles of freeze/thaw in the presencenear-ultraviolet (UV) CD spectra represent the average of

of 1 mg/mL lysozyme. The cell lysate was cleared by
centrifugation ( 8500 rpm, 25 min, 4C, JA-14 rotor), and
the supernatant containing glutathicB&ransferase (GST)-

10 scans recorded at 10 and 80 in the range 256198
and 326-250 nm. A 1 mmpath length cuvette with a protein
concentration of 0.2 mg/mL was used for the far-UV
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measurements, dra 1 cmpath length cuvette with a protein ~ (10%) and N-terminal amino acid sequencing. The pro-
concentration of 0.4 mg/mL was used for the near-UV teolytic fragment was characterized by gel filtration chro-
measurements. Thermal denaturation curves were obtainednatography, and a sample was also analyzed by MALDI
by monitoring the change in ellipticity at 229 and 280 nm mass spectrometry after purification on an analytical C4
in the range 1665 °C using a scan rate of £AL/h and a 1 (Vydac) HPLC reverse phase column. Temperature-depend-
cm path length cuvette with protein concentrations of 0.02 ent thermolysin digests of CRT (0.5 mg/mL) were carried
and 0.4 mg/mL, respectively. The thermal denaturation out for 5 min at the indicated temperatures using enzyme:
midpoint temperatured{’s) were determined by fitting the  substrate ratios of 1:10 and 1:50 (w/w) in 2 mM Hepes, pH
denaturation curve to an equation describing a two-state7.5, 50 mM NaCl. Digests were terminated by the addition
denaturation process2y). Reversibility of the thermal  of EDTA (to 55 mM), and SDS loading buffer and products
denaturation transition was determined from two consecutive were analyzed by SDSPAGE (12%). Bands corresponding
scans (16-48 and 16-65 °C) separated by an equilibrium  to the desired proteolytic fragments were cut out from the
period in which the sample was cooled to the initial SDS-PAGE gel, and proteins were eluted from the gel
temperature (10C). Under these conditions, an identical pieces in a Bio-Rad Electro-Eluter apparatus. Eluted proteins
Tn value was determined for refolded CRT, and ap- were purified on an analytical C4 (Vydac) HPLC reverse
proximately 90% of the CD signal at 229 nm was recovered. phase column and analyzed by N-terminal amino acid
Ellipticities are expressed on a molar residue basis. sequencing and MALDI mass spectrometry.

Chemical Cross-LinkingSamples of CRT (0.5 mg/mL) N-Terminal Amino Acid Sequencinbl-terminal amino
in 20 mM Hepes, pH 7.5, 150 mM NaCl were cross-linked acid sequencing analyses of protein samples electroblotted
with 0.02-10 mM bis(sulfosuccinimidyl)suberate (BS3) onto a poly(vinylidene difluoride) membrane (Millipore) or
(Pierce) f@ 2 h onice. Reactions were quenched by the obtained directly from an analytical C4 (Vydac) HPLC
addition of Tris-HCI, pH 7.5 (to 200 mM), and products were reverse phase column were carried out ferlD cycles.
analyzed by SDSPAGE (10%).

Analytical UltracentrifugationSedimentation equilibrium RESULTS
and velocity experiments were carried out at ZD on a Gel Filtration Analysis of CRTAnalysis of recombinant
Beckman Instruments Optima XL-I Analytical Ultracentri- CRT by gel filtration chromatography (Figure 1A) reveals
fuge equipped with a real-time video-based data acquisition that the protein elutes as a single sharp and symmetrical peak
system and Rayleigh optics. The cells were equipped with at a position corresponding to the 158 kDa protein standard
sapphire windows and 12 mm aluminum-filled Epon center- (peak 2) which is inconsistent with its MW of 46.8 kDa. It
pieces. Sedimentation velocity patterns were acquired everyis well established that the molecular parameter that best
8 s. Apparent sedimentation coefficient distribution patterns correlates with elution positions on the gel filtration column
were computed by the time derivative method using signal is the Stokes radiusis, which accounts for both the shape
averaging 24, 25 as described previousl2). Boundaries as well as the MW of proteins38). Based on its elution
were analyzed using time derivative analysd)( A stock position corresponding to that of a globular protein of MW
solution of CRT at approximately 2 mg/mL was dialyzed 158 kDa (Figure 1A), the Stokes radius of CRT was
for at least 16 h in 20 mM Hepes, pH 7.0, 500 mM NaCl calculated to be 46.2 A (see Experimental Procedures). This
prior to analysis, and four solutions in the range-0110 value is considerably larger than the calculated value of 29.4
mg/mL were prepared using the dialysate as diluent. A assuming CRT to be a monomeric globular protein in

The MW of CRT was computed from both sedimentation solution (see Experimental Procedures). The experimentally
equilibrium data and sedimentation velocity patterns. Sedi- determined Stokes radius of 46.2 A is, however, significantly
mentation equilibrium data were analyzed as described different from the calculated value of 64.2 A assuming CRT
previously @7). The value of the partial specific volume, to be completely unfolded in solution (see Experimental
V = 0.695 cni/g, was calculated from the amino acid Procedures). To determine whether the anomalous behavior
composition of recombinant human CRT using the consensusof CRT on the gel filtration column may be due to the
partial volumes of the amino acid28) and taking into presence of aggregates in solution, a sample of the protein
consideration the expected electrostrictiaf, (30 of —0.025 was incubated at 68C for 15 min to induce aggregation
cm?/g caused by the high net negative charge of abdal/ followed by analysis by gel filtration chromatography (Figure
mol of protein. The degree of hydratiod; = 0.502 g of 1B). Results show that the elution position of the heated CRT
H,O/g of protein, was also calculated from the amino acid sample is shifted to that of the 670 kDa protein standard
composition according to Kuntz and Kauzmagd)( Values (peak 1 in Figure 1A), which corresponds to the void volume
of the sedimentation coefficient’ow, and the diffusion of the gel filtration column, as expected for very large
coefficient,D%, Were obtained by fitting the time derivative  molecular weight proteins. Fractions of the nonheated and
patterns and were substituted into the Svedberg equation tcheated CRT samples were collected from the gel filtration
compute the MW 32). Hydrodynamic modeling was carried  column and analyzed by native PAGE (Figure 1C). Results
using the equation of Perrin for an equivalent, hydrated show that the nonheated CRT sample (lane 1) migrates as a
prolate ellipsoid of revolution33). single compact band whereas the heated CRT sample (lane

Proteolysis.A stable proteolytic fragment of CRT was 2) remains mostly in the loading well of the gel as expected
identified by incubating the protein (1.1 mg/mL) with for species with very large MWs such as protein aggregates.
different concentrations of thermolysin{800xg/mL) for To rule out the possibility that the expression protocol or
12 h at 25°C in 20 mM Hepes, pH 7.5, 150 mM NaCl. purification steps (see Experimental Procedures) could be
Digests were terminated by the addition of EDTA (to 55 responsible for the apparent anomalous elution position of
mM), and products were characterized by SHPFAGE CRT, a sample of native CRT isolated from pig pancreas
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Ficure 1: (A) Gel filtration chromatogram of native globular protein standards (peak 1, 670 kDa; peak 2, 158 kDa; peak 3, 44 kDa; peak
4, 17 kDa; and peak 5, 1.35 kDa) and of recombinant CRT. (B) Gel filtration chromatogram of recombinant CRT incubat¥d fair 65

15 min to induce the formation of soluble aggregates. (C) Native PAGE (10%) analysis of CRT samples collected in (A) (lane 1) and (B)
(lane 2). (D) Gel filtration chromatogram of native CRT isolated from pig pancreas.

(gift from Dr. C. Nicchitta) was also analyzed by gel filtration in the structural characteristics of the protein that are
chromatography (Figure 1D). Results show that native CRT sulfficiently global to be detected by gel filtration chroma-
elutes at a position identical to that of recombinant CRT tography. In the context of these studies, the large ion-
(Figure 1A). Finally, the possibility that specific interactions dependent conformational changes determined by fluores-
between CRT and the gel filtration matrix may cause the cence 41) and proteolysis 36, Bouvier, M., unpublished
protein to be abnormally retained was also investigated by results) are more likely to underline local conformational
repeating the analysis using a different gel filtration column changes in the environment of the Trp residues and in the
(see Experimental Procedures). Results revealed (data nopolypeptide backbone, respectively, rather than a global
shown) that CRT exhibits the same unusual behavior as thatstructural rearrangement of the protein.
shown in Figure 1A. Circular Dichroism.CD spectroscopy was used to char-
Collectively, results from gel filtration chromatography acterize recombinant CRT by recording far- and near-UV
studies have shown that recombinant CRT is not completely spectra between 250 and 198 nm and -3260 nm,
unfolded or aggregated in solution and have also confirmed respectively (Figure 2A,C). Thermal denaturation curves
that the recombinant protein behaves similarly to its native were monitored at 229 and 280 nm in the range-6 °C
form. Consequently, the apparent large size of CRT deter- (Figure 2B,D).
mined on the gel filtration column is more likely to be The far-UV CD spectrum of CRT (curve at 2Q in Figure
accounted for on the basis of its intrinsic molecular properties 2A) is characterized by a maximum at 208 nm and a
such as the presence of partly denatured regions, a well-prominent shoulder at 229 nm which can be attributed, at
defined oligomeric state in solution, an asymmetric shape, least in part, to contributions from the large number of
or a combination of these factors. aromatic amino acid residues in human CRT, 18 Phe, 14
It is well-known that CRT binds calcium and zinc ions at  Tyr, and 11 Trp residues, which corresponds to 11% of the
specific and distinct sites7( 10, 35-38). Furthermore, the  total amino acid sequence. The CD spectrum shows an
binding of these ions by CRT has been shown to induce apparent lack of characteristics typical of proteins having a
conformational changes in the protein as determined by high content of well-defined secondary structures such as
absorbanced0), fluorescencel(0, 40-42), CD (35, 36, 39, o-helices angs-sheets. Nonetheless, the spectral features are
Bouvier, M., unpub”shed resu|ts)1 pheny|-5epharose chro- identical to those previously reported for native and recom-
matography 43), and proteolysis36, Bouvier, M., unpub- binant CRT 86, 39 and are sufficiently distinct from those
lished results). To determine whether the binding of calcium of thermally denatured CRT (curve at 30 in Figure 2A).
and zinc ions by recombinant CRT induces changes in the The thermal denaturation curve of recombinant CRT re-
structural properties of the protein that can be probed by gelcorded at 229 nm (Figure 2B) shows that the protein
filtration chromatography, the analysis described in Figure denatures with a single, sharp transition centere@at
1A was repeated by including one of the following additives 42.5 °C. This curve is likely to reflect conformational
in the elution buffer: 2 mM EGTA, 261000uM CaCl, changes in both the secondary and tertiary structures of CRT
and 20-400uM ZnCl,. Results from these studies revealed Since denaturation was monitored at 229 nm.
(data not shown) that CRT eluted at the same position and As a way to establish that recombinant CRT adopts a well-
with the same peak profile as that shown in Figure 1A under defined three-dimensional structure in solution, we probed
all buffer conditions. These data strongly suggest that the the environment of aromatic side chains by recording a near-
binding of calcium and zinc ions by CRT causes no changesUV CD spectrum in the range 32250 nm (Figure 2C).
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Ficure 2: (A) CD spectra (256198 nm) of CRT at 10C (closed circles) and at S (open circles). CRT concentration was 0.2 mg/mL

in 2 mM Hepes, pH 7.5, 50 mM NaCA 1 mm path length cuvette was used to record the spectrum. (B) Thermal denaturation curve
(10-65 °C) of CRT obtained by monitoring the change in CD signal at 229 nm. CRT concentration was 0.02 mg/mL in 2 mM Hepes, pH
7.5, 50 mM NaCl A 1 cm path length cuvette was used to record the denaturation curve. The theoretical line through the data points was
generated by fitting the denaturation curve to an equation describing a two-state denaturation pB)c@Ss €D spectra (326250 nm)

of CRT at 10°C (closed circles) and at 5@ (open circles). CRT concentration was 0.4 mg/mL in 2 mM Hepes, pH 7.5, 50 mM NaCl.

A 1 cm path length cuvette was used to record the spectrum. (D) Thermal denaturation curg8 {0) of CRT obtained by monitoring

the change in CD signal at 280 nm. CRT concentration was 0.4 mg/mL in 2 mM Hepes, pH 7.5, 50 mMANa€th path length cuvette

was used to record the denaturation curve. The theoretical line through the data points was generated as described in (B).

Results (curve at 160C) show that CRT is characterized by Gel Filtration Analysis of a Proteolytically Stable Frag-
strong spectral features in this region that are essentiallyment of CRTA striking feature of the primary sequence of
identical to those previously reported for native CR3B)( CRT is the clustering of acidic residues at the C-terminus
These features disappear upon thermally denaturing theof the protein in stretches that are flanked at regular intervals
protein at 50°C (Figure 2C). Collectively, these results by 1 or more basic residuedq, 37, 44, 4% 37 acidic
suggest that the aromatic side chains of recombinant CRTresidues are found within the last 56 C-terminal residues of
reside in an asymmetrical environment which is consistent the protein. Although predicted to fold into ashelix (17,

with the protein having a rigid three-dimensional structure, 44, 45, it is more likely that this region of the protein adopts
at least in the vicinity of aromatic amino acid residues. The an extended and flexible conformation in solution due to
thermal denaturation curve monitored at 280 nm (Figure 2D) electrostatic repulsions between the large number of negative
is characterized by a single, sharp transition witf,a= charges17, 44. In view of this, it is of interest to determine
45.3 °C which is consistent with the value of 42 whether this more conformationally expanded region of CRT
determined at 229 nm (Figure 2B). These results indicate may be responsible for the apparent large size determined
that the thermal denaturation of CRT represents a two-stateby gel filtration chromatography (Figure 1A).

process. To address this issue, we first identified a proteolytically
Taken together, the CD analysis suggests that althoughstable fragment of recombinant CRT in which most of the
the three-dimensional structure of CRT is overall character- 37 acidic residues from the C-terminus of the protein have
ized by well-packed side chains, as evidenced by the been cleaved. As shown in Figure 3A, incubation of CRT
pronounced near-UV CD spectrum and the cooperative with increasing concentrations of thermolysin (lanes4)
nature of the thermal denaturation transitions, the relatively lead to the accumulation of a single stable fragment migrating
low Tn values suggest a marginally stable core structure. with an apparent MW of 47.7 kDa. The identity of this
Preliminary results from CD experiments have shown that fragment was established by N-terminal amino acid sequenc-
the thermal stability of CRT is somewhat dependent on the ing analysis after electroblotting the SBBAGE gel onto
addition of various concentrations of CaCind ZnC} a transfer membrane. Results showed that the N-terminus
(Bouvier, M., unpublished results). of the fragment is identical to that of the full-length
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Ficure 4: SDS-PAGE (10%) analysis of CRT samples chemically
cross-linked with BS3. (A) CRT (0.5 mg/mL). (B) CRT incubated

at 65°C for 15 min to induce the formation of soluble aggregates.
For both (A) and (B): 0.02, 0.05, 0.2, 0.8, 1, 2, and 10 mM BS3
(lanes 17, respectively). Lane C is CRT without added BS3 and
loaded at the same concentration as in other lanes. Molecular weight
standards are indicated at the left.

functional structure in solution as evidenced by its ability to
bind glycoprotein ligands in an in vitro binding assay)
0 1 s 7 16 Chemical Cross-LinkingChemical cross-linking experi-
Elution Time (minutes) ments provide a simple way to determine the oligomeric state
_ of proteins in solution. A sample of recombinant CRT was
FiGure 3: (A) SDS-PAGE (10%) analysis of products from the e hated with the cross-linker BS3 (Figure 4A), and results
thermolysin digest of CRT (1.1 mg/mL) at different enzyme - . .
concentrations: 7, 30, 150, and 3@§/mL thermolysin (lanes-14, ShOW no evidence of a systematlc shift O_f t_he CRT band to
respectively). Lane C is CRT without added enzymes and loaded higher MWs as the concentration of BS3 is increased. These
at the same concentration as in other lanes. Digests were carrieddata suggest the absence of high-affinity CRT oligomers in
&Uglgérulg Uvgit ﬁ?;;ﬁdi?d@“gr';eﬁ%?éangi tlrfeo Irenfltw ('\é;a)lccléel solution. As a positive control, a sample of aggregated CRT
filtration chrom%togram of the stable proteolytic fragment of CRT obtained by |ncub§tlng thg protein at 6(5.for 1.5 min (S‘?"?‘
obtained in (A). above) was cross-linked with BS3 under identical conditions
(Figure 4B). At very low concentration of BS3 (lanes3),
results show the presence of new bands migrating with an
recombinant protein (G-I-P-&-P-A-V-Y-F), suggesting  apparent MW larger than 104 kDa. As the concentration of
that cleavage occurred at the C-terminus of the protein. TheBS3 is increased (lanes—Z), the CRT band is entirely
identity of the proteolytic fragment was further determined shifted to the top of the gel, suggesting the formation of
by MALDI mass spectrometry analysis after purification of cross-linked molecules with unspecific oligomeric states as
a crude sample by reverse phase HPLC. This analysis isexpected for large protein aggregates. Results from chemical
essential since CRT and its fragments are known to migratecross-linking studies therefore indicate the absence of an
as higher MW species on SB®AGE gels 87, 42 this equilibrium between monomers and oligomers of CRT in
study) due, most probably, to the high content of acidic solution.
residues in its sequence. Results revealed a MW of 40 634 Collectively, all experimental evidence obtained so far
Da which based on the sequence of human CRT (and thesuggests that the apparent large size of CRT determined by
presence of four additional amino acid residues at the gel filtration chromatography (Figure 1A) is more likely to
N-terminus, see Experimental Procedures) can be mostpe attributed to its nonspherical shape.
closely correlated with the cleavage of 51 residues from the  Analytical UltracentrifugationSedimentation equilibrium
C-terminus of the protein. Collectively, these findings are and velocity analyses were carried out to confirm the
entirely consistent with the presence of a region at the monomeric nature of recombinant CRT determined from
C-terminus of CRT in which the polypeptide backbone is chemical cross-linking experiments and to obtain insight into
most exposed and conformationally flexible in solution and the hydrodynamic properties of the protein in solution.
therefore more susceptible to proteolysis by thermolysin.  Sedimentation equilibrium measurements were performed
A sample of this CRT fragment was characterized by gel in a solution containing 20 mM Hepes, pH 7.0, 500 mM
filtration chromatography to determine its elution profile, and NaCl using four initial loading concentrations and three
results (Figure 3B) show that it elutes at a position corre- different rotor speeds. Results showed that CRT behaves as
sponding to the 158 kDa protein standard (peak 2 in Figure a monodisperse and monomeric protein with a MW value
1A) which is inconsistent with its MW of 40.6 kDa. This of of 46 + 1 kDa (Table 1) which is essentially identical to
result clearly indicates that removal of the cluster of acidic the MW of 46.8 kDa calculated from the amino acid
residues at the C-terminus of CRT results in a truncated sequence. The experimentally determined MW value was
protein which retains the intrinsic structural properties calculated taking into consideration the large number of
responsible for the apparent larger size of the protein on thecharged residues in CRT, abetb0/mol of protein, and the
gel filtration column. Although no other studies have been effect of associated counterions on the partial specific volume
done to further characterize the biophysical properties of this of the protein (see Experimental Procedures).
fragment, it was previously reported that a recombinant CRT  Sedimentation velocity measurements carried out in the
fragment missing the C-terminal 64 residues retained asame buffer confirmed the monodisperse nature of CRT and

Absorbance (280 nm)
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Table 1: Hydrodymanic Properties of Calreticulin Determined by kPa C 253541 4345 47 50°C
Sedimentation Analysis 1=

477 wesesewes=-— -4 CRT

molecular mass (MW) 34.6

amino acid sequence 46.8 kDa 28.3 -]

sedimentation data 46 1 kDa 19.2 -2
sedimentation coefficientto ) 271S -3
Stokes radiusRs) FicurRe 5: SDS-PAGE (12%) analysis of products from temper-

sedimentation 42.7A ature-dependent thermolysin digests of CRT (0.5 mg/mL). Digests

gel filtration 46.2 A were carried out for 5 min at the indicated temperatures in 2 mM
specific hydrationdy) 0.502 g of HO/g of protein Hepes, pH 7.5, 50 mM NaCl at an enzyme:substrate ratio of 1:50
partial specific volumg(V) 0.695 cni/g (w/w). Lane C is CRT without added enzymes and loaded at the
frictional ratio /fo) 1.65 same concentration as in the other lanes. Band$ lvere
axial ratio @/b) 12.2 characterized by N-terminal amino acid sequencing; band 3 was
length 2=29.8nm further analyzed by MALDI mass spectrometry. Molecular weight
diameter B=2.44nm standards are indicated at the left.

2 Corrected for electrostriction by0.025 cni/g according to Cohn
and Edsall 29).

of CRT, proteolytic digests were carried out at different

yielded a sedimentation coefficiers,,, of 2.71 S and a  temperatures using the thermostable enzyme thermolysin as
molecular mass of 4& 1 kDa (Table 1). A value for the @ conformational probe (Figure 5). Thermolysin displays
Stokes radiusRs, was calculated from the experimentally Optimal cleavage of peptide bonds that involve amino acids
determined sedimentation coefficient and molecular mass andwith bulky hydrophobic side chains such as Leu, Phe, and
was found to be 42.7 A, which is consistent with the Stokes Val residues 48). For this experiment, narrow increments
radius of 46.2 A determined by gel filtration chromatography in temperatures were selected within the range of the thermal
(Table 1). Insight into the size and overall shape of CRT denaturation transitions (Figure 2B,D), and conditions were
was obtained from the frictional ratidi/f,, which can be developed to achieve limited proteolysis. This controlled
determined from the sedimentation coefficient and molecular analysis yielded a reproducible pattern of proteolytic frag-
mass. These calculations yielded a valuéfgf= 1.65 using ments that arise from cleavages in regions of the protein most
a partial specific volume of 0.695 &g and hydration of ~ Prone to local thermal denaturation.
0.502 g of HO/g of protein. Using these values, CRT could ~ An SDS-PAGE analysis of products from the tempera-
be represented as a prolate of ellipsoid of revolution with ture-dependent digests of CRT is shown in Figure 5. Results
an apparent axial ratio of 12.2, having a length of 29.8 nm show that proteolysis is initiated above 23 and yields a
and a diameter of 2.44 nm (Table 1). Based on this model, series of medium size fragments that accumulate in the
the hydrodynamic dimensions clearly indicate that mono- reaction mixture. The digest of CRT is completed between
meric CRT is an asymmetric elongated molecule in solution. 47 and 50°C, as evidenced by the disappearance of its band
The high axial ratio of CRT accounts for its apparent from the SDS-PAGE gel, while many of the proteolytic
anomalous elution position on gel filtration chromatography fragments remain stable in solution within this temperature
(Figure 1A) which separates proteins according to Stokesrange. These results are consistent with the overall profile
radius. The distinctively nonspherical shape of CRT is of the thermal denaturation curves and with Thevalues
consistent with secondary structure predictions suggestingof 42.5 and 45.3C (Figure 2B,D).
that certain regions of the protein are likely to adopt an  Since these experiments were done under conditions of
extended conformation in solutiodq, 49. limited proteolysis, the temperature-dependent digests of
A comparison of the hydrodynamic properties of recom- CRT were repeated using increased thermolysin concentra-
binant human CRT (Table 1) can be made with those of an tion (1:10 w/w). Under these specific conditions, an SBS
earlier published study for native bovine liver CRIBY. The PAGE analysis of the products revealed (data not shown) a
authors reported a molecular mass of 55 kDa, a Stokes radiugnarked decrease in the abundance of proteolytic fragments
of 44.2 A, a sedimentation coefficient of 3.15 S, and a above 43°C and their complete disappearance from the
frictional ratio of 1.69 assuming a partial specific volume reaction mixture above 50C. These data support the view
of 0.718 cnd/g. After correcting the partial specific volume that the proteolytic fragments represent structurally stable
of 0.718 cm/g for the electrostriction effect and using their but transient species that can be probed only by a temper-
sedimentation data, a new MW value close to 52 kDa was ature-dependent limited proteolysis approach.
determined for bovine liver CRT. Since the value of the  Structural Characterization of CRT Based on Results from
frictional ratio is strongly dependent on the correct value of the Temperature-Dependent Thermolytic Digéke identity
the molecular mass, it appears merely a coincidence that theof some of the most abundant medium and small size
frictional ratio calculated for native bovine liver CRfy proteolytic fragments (bands—B in Figure 5) was estab-
= 1.69, is identical to that determined in this study for lished by N-terminal amino acid sequencing, and their MWs
recombinant human CR/fo = 1.65. The newly calculated = were determined from the SB®AGE gel (bands 1 and 2)
MW value of 52 kDa is, furthermore, sufficiently different or by MALDI mass spectrometry (band 3).
from the value of 47.6 kDa determined by mass spectrometry Results (Table 2) indicate that two of the fragments (bands
for native bovine brain CRT4{7). The reasons for these 1 and 2) are characterized by extensive loss of residues at
apparent differences remain to be resolved by further the C-terminus of the protein but more limited cleavage at
investigation. the N-terminus. Since the MWs of these fragments were
Temperature-Dependent Digests of CRT with Thermolysin. determined directly from the SDSFPAGE gel (Figure 5),
To gain further insight into the three-dimensional structure the values are likely to be somewhat overestimated. None-
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Table 2: Identification of Stable Fragments of Calreticulin Obtained N-Domain P-Domain  C-Domain
from Temperature-Dependent Limited Proteolysis with Thermolysin 1 SH 180 290 400
- L L1 1 111222 |
N-terminal MW
band cleavage site® (kDa) fragment in CRT 6 516 BAND
1 Leu 60 30 CRT(60-~316) : 1
2 Leu 60 19 CRT(60-~226) 60 226 )
3 lle 191 10.5 CRT(19%-279) 191 279
aBands }3 in Figure 5. Determined by N-terminal amino acid ’
sequencing analysis (7 cycles) after excising bane® ftom the SDS FIGURE 6: Location of the thermolytic fragments (bands3.in

PAGE gel in Figure 5 and electroeluting the proteins from the gel Figure 5) in the structural organization of CRT. Amino acid residues
pieces® Amino acid residues are numbered according to the sequenceare numbered according to the sequence of full-length recombinant
of full-length recombinant CRT(400) without including the additional ~ CRT(1—400) without including the additional four N-terminal
four N-terminal residues (see Experimental Procedufespparent residues (see Experimental Procedures). The free Cys residue and
MWs determined from the SDSPAGE gel in Figure 5¢ Determined single disulfide bond in CRT are indicated in the N-domain. Type
by MALDI mass spectrometry analysisThe identity of the C-terminus 1 and type 2 sequence motifs7, 449 have been labeled in the

of fragments corresponding to bands 1 and 2 has been determined fronPP-domain.

the apparent MWs in Figure 5.

the protein having an elongated structure in which the

theless, the results are consistent with the identity of the P-domain is apparently involved in minimal interdomain
N-terminal fragment shown in Figure 3A and with in vitro interactions. Fur.therr_nore, the accumulatlon.of the P—domaln
proteolytic studies indicating that digest of CRT yielded N the proteolytic mixture suggests that hinge regions at
mostly N-terminal fragments having apparent MWs in the domain interfaces are likely to have increased segmental
range~20—30 kDa @6, 49. Interestingly, the isolation and mobility as ewd_enced by their su;ceptlblllty to cleavage. This
characterization of an endogeneous 28 kDa proteolytic observation reinforces the predicted zonal character of the
fragment of CRT revealed that it is also derived from the CRT structure 17, 44.
N-terminal region of the proteirb(). Results from Table 2
also indicate t?]at the shortest, most abundant fragment (bancPISCUSSlOI\I
3) corresponds to CRT(192279) and encompasses the The studies presented above have been collectively focused
central region of the protein. at using biophysical approaches to characterize the structural
Based on sequence prediction plots, CRT has been dividedproperties of recombinant human CRT. Our results from gel
into three distinct domains of somewhat arbitrary lengths filtration chromatography indicate that CRT elutes at a
(17, 49: the N-domain (residues-1180), the P-domain  position corresponding to a significantly larger size based
(residues 181290), and the C-domain (residues 23100). on calibration of the column using globular protein standards.
The locations of the proteolytic fragments listed in Table 2 Sedimentation equilibrium and velocity experiments clearly
have been mapped within this structural organization (Figure established that this anomalous behavior arises from the
6). The C-terminus of two of the stable fragments (bands 1 highly elongated shape of monomeric CRT. Interestingly, it
and 2) has been approximately located in Figure 6 while was recently reported that recombinant rabbit CRT also elutes
that of the smaller fragment (band 3) has been unambigu-from gel filtration column with an apparent large siZd),
ously assigned. This analysis reveals that proteolytic frag- The gel filtration profile was, however, interpreted to suggest
ments corresponding to bands 1 and 2 share a common corg¢he presence of CRT oligomers in solution, which is
region that includes most of the N-domain (residues-60 inconsistent with the results presented here for recombinant
180) and a major portion of the P-domain (residues-180 human CRT. Despite adopting an elongated structure in
~226), emphasizing that this region of the protein adopts a solution, thea-helical content of CRT has been estimated
stable and rigid three-dimensional structure in solution. to be only~10% by a deconvolution of its CD spectrum
Interestingly, the single disulfide bond in the sequence of (35, 3§. Substantially high contents gfturns (~30%) and
CRT is found within this protease-resistant core region which irregular conformations~25%) were also similarly esti-
underlines its importance to maintain structural integrity. mated from its CD spectrun39, 39 as well as by secondary
These results provide experimental evidence that correlatestructure predictionsl{, 44. This high content of less rigid
with secondary structure predictions suggesting that the secondary structural elements is consistent with the relatively
N-domain of CRT is likely to fold into a globular structure low Ty, values (42.5 and 45.3C) determined by thermal
within the protein 17, 44, thus conferring increased denaturation (Figure 2B,D). Our results from the temperature-
protection against proteolysis. The single site of thermolytic dependent limited proteolysis with thermolysin (Figure 6)
cleavage identified in the N-domain is at position Leu 60 have indicated that the boundaries of the isolated fragments
(Table 2) and is likely to be located in a more surface- (bands 13) are generally consistent with the predicted zonal
exposed region, such as a loop or a turn, within the spatial character of CRT X7, 44. The identities of these three
arrangement of this domain. fragments, along with that of the major fragment character-
The analysis presented in Figure 6 also indicates that bandzed in Figure 3A, have emphasized the increased proteolytic
3 corresponds to the P-domain of CRT and encompasses thesusceptibility of the C-domain. Interestingly, results from
type 1 and type 2 sequence motif§( 44 which have been  Figure 5 (lane at 50C) indicate that fragments lacking the
suggested to be important for the lectin function of CRT (  C-domain (e.g., bands -13) exhibit increased thermal
18). The presence of this fragment in the proteolytic mixture stability in comparison to full-length CRT. This observation
provides evidence that isolated domains of CRT can be suggests that the C-domain may be an important determinant
independently stable in solution, which is consistent with in initiating the thermal denaturation of CRT and also
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supports the view that this domain is likely to adopt a more fibrosis, oy-antitrypsin, and Wilson’s disease, involves the
loosely packed conformation in solutiod?, 44. Col- misfolding and retention in the ER of essential proteins, thus
lectively, these studies provide experimental evidence thatsuggesting a key role for molecular chaperones in various
support and extend the early structural characterization of pathological states. Finally, results from our studies are also
CRT which predicted from secondary structure analysis that useful for the development of a more comprehensive choice
the general shape of the protein is a large globular N-terminusof target conditions for crystallization of CRT.

region followed by a more elongated C-terminal region
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