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ABSTRACT

Prion diseases are fatal neurodegenerative disorder associated with the conversion of the cellular isoform of the prion protein (PrP®) into the
infectious scrapie isoform (PrP>¢). Deposition of misfolded prion proteins (PrP) on certain regions of brain can result in prion diseases. As a
membrane-bound chaperone of the endoplasmic reticulum (ER), calnexin ensures the proper folding and quality control of newly synthesized
proteins. Using purified components in vitro, calnexin associated with many proteins and suppresses their thermal aggregation effectively. We
for the first time analyzed PrP-calnexin interaction. The immunoprecipitation, confocal microscope and native polyacrylamide-gel
electrophoresis results indicated that calnexin could bind PrP both in vitro and in vivo. The turbidity result showed that calnexin could
supress thermal aggregation of PrP. MTT, flow cytometry (FCM) and caspase activity studies demonstrated that calnexin prevent caspase-3-
mediated cytotoxicity induced by PrP. These results implied that calnexin is potentially beneficial for the resistance of prion diseases. J. Cell.

Biochem. 111: 343-349, 2010. © 2010 Wiley-Liss, Inc.
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P rions cause fatal neurodegenerative diseases including
scrapie in sheep, bovine spongiform encephalopathy (BSE)
in cattle, Kuru, Gerstmann-Straussler-Scheinker disease (GSS), fatal
familial insomnia (FFI), Creutzfeldt-Jakob disease (CJD) and variant
Creutzfeldt-Jakob disease (vCJD) in humans [Prusiner, 1997; Aguzzi
et al., 2007; Collinge and Clarke, 2007]. A key event in all prion
diseases appears to be the supreme structural changes from normal
cellular form of prion protein (PrP%) into the infectious scrapie
isoform (PrPSC). PrP, expressed in many other tissues in addition to
the brain, is a highly conserved GPI-anchored N-linked glycoprotein
with unknown physiological functions [Harris et al., 1996]. The
complete prnp gene encodes a signal peptide at the N-terminus
from 1-22 aa, a functional domain including 23-231 aa and a
GPI-replaceable C-terminal region. PrP contains two N-glycan
attachment sites at amino acids 181 and 197. PrP in humans also
contains an intramolecular disulfide bond (Cys”g—CysZ”]. In some
of the prion diseases, the abnormal prion particles recruit normal
soluble prion protein (PrP®) molecules into aggregates, causing

endoplasmic reticulum (ER) stress. For example, the patients
affected with CJD induced ER stress in the brain [Hetz et al.,
2003]. ER stress triggers the unfolding protein response (UPR)
associated with the increased expression of chaperones and folding
enzymes (e.g., Grp78/BiP, Grp58 and Grp94), which can decrease the
aggregation or target the misfolded proteins to proteasome-
mediated degradation [Sitia and Braakman, 2003].

As a molecular chaperone in the ER, Calnexin (CNX) ensures the
proper folding and quality control of newly synthesized N-linked
glycoproteins [Zapun et al., 1997; Ellgaard et al., 1999]. The lectin
sites of CNX immediately bind the nascent chains of the newly
synthesized N-linked glycoproteins [Hammond et al., 1994; Ware
et al., 1995; Spiro et al., 1996]. The lectin site of CNX is specific for a
transient oligosaccharide-processing intermediate that possesses a
single terminal glucose residue: Glc;ManyGIlcNAc, [Wada et al.,
1991; Ou et al., 1993; Hammond et al., 1994; Spiro et al., 1996]. CNX
can also bind ATP, Ca®", Zn®" and most importantly, it can bind one
of the thiol oxidoreductases in the ER (ERp57). As one of the protein
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disulfide isomerase (PDI), ERp57 facilitates the proper folding of
disulfide-bond [Kang and Cresswell, 2002]. CNX binds the unfolding
glycoprotein retained in ER and recruits ERp57 to promote the
formation of disulfide-bond and isomerization [Williams, 2006].

Some studies have shown that the soluble form of CNX
containing an entire ER luminal domain (LD-CNX) is also capable
of binding non-glycosylated polypeptides in vitro. Furthermore,
LD-CNX can suppress the thermally and chemically induced
aggregation and enhance the refolding of polypeptides such as
the mitochondrial proteins citrate synthase (CS) and malate
dehydrogenase (MDH) [Ihara et al., 1999; Saito et al., 1999].

In this study, we provide the first line of evidence that (1) the ER
chaperone CNX can bind PrP; (2) LD-CNX can inhibit the
aggregation of the recombinant human full-length prion protein
(PrP 23-231); and (3) human CNX could prevent the cytotoxicity
induced by HuPrP¢ (wild-type human PrP, amino acids 1-253).

PROTEIN EXPRESSION AND PURIFICATION

The human LD-CNX c¢DNA [Rajagopalan et al., 1994] was cloned
into vector pET30a (Novagen) via Ndel and Xhol restriction sites,
resulting in pET30a-LD-CNX plasmid. Plasmid pET30a-PrP 23-231
was constructed in a similar way as described above. After
verification by sequencing, the two recombinant plasmids were
respectively transformed into E. coli BL21 (DE3) strain. The on-
column purification and refolding of PrP 23-231 were performed
as described previously [Yin et al., 2003]. The concentration of the
purified protein was measured using a Bio-Rad protein assay kit
(Bio-Rad) with bovine serum albumin as a standard according
to the manufacturer’s instructions. The Protein solutions were
concentrated using a Centricon Plus-20 centrifugal filter devices
(10 kDa nominal molecular-mass limit; Millipore).

TURBIDITY ASSAY

PrP 23-231 and LD-CNX were diluted into 10 mM Tris (pH 7.2),
0.15M NaCl and 2 mM CaCl,. The concentration of PrP 23-231 in all
samples was adjusted to 0.2mg/ml (8 pM). PrP 23-231 was
denatured by heating at 65°C for 30 min followed by incubation
at temperature of 45°C [Thammavongsa et al., 2005] with different
concentrations of LD-CNX (0, 2, 4, 8, and 16 wM) or IgG (16 wM) as
control. All samples were added with 0.02% NaN; to prevent
bacterial growth during the long period of incubation. The turbidity
was determined by measuring the absorbance of the samples at
every 12 h for a total of 120 h using a UV-Spectrometer (Amersham
Ultrospec 3100 pro).

NATIVE POLYACRYLAMIDE-GEL ELECTROPHORESIS (NATIVE-PAGE)
The purified PrP 23-231, LD-CNX, and the mixture of PrP 23-231/
LD-CNX at the indicated concentrations were mixed with glycine
native sample loading buffer and loaded (15 pl per well) onto a 12%
glycine gel with a glycine running buffer, pH 8.8. Gel electrophoresis
was carried out with constant 18 mA at 4°C for 1.5h. The gel was
then stained with Coomassie bright blue.

CO-IMMUNOPRECIPITATION AND WESTERN BLOTTING ASSAY
293T cells were grown in DMEM supplemented with 10% fetal
bovine serum (FBS). At 70% confluence, cells were co-transfected
with a mixture of 6wg pcDNA3.1-HuPrP® plasmid and 6 ug
pcDNA3.1-CNX using Lipofectamine™ 2000 (Invitrogen). After
48 h of transfection, the cells were resuspended in 50 mM Tris-HCl
(pH 7.4), 150 mM NaCl, 1% NP-40, 0.1% SDS (RIPA Lysis buffer).
The suspension of the cells was dissolved on ice for 10 min and
centrifuged at 15,000g for 10 min at 4°C. The supernatants were
mixed with anti-CNX 6D 195 monoclonal antibody (Santa Cruz) or
IgG (as negative control) and Protein A-sepharose beads (Santa
Cruz) suspension over night at 4°C. Subsequently, the sepharose
beads were precipitated at 1,000¢g for 5 min and washed with PBS for
three times. The bound complexes were separated by 10% SDS-
PAGE and transferred onto a polyvinylidene difluoride (PVDF)
membrane. PrP or CNX was detected by using anti-PrP 8H4 (Sigma),
anti-CNX 6D195 (Santa Cruz) monoclonal antibodies. Immunode-
tection was followed by incubation with the relative alkaline
phosphatase-conjugated secondary antibody. In order to further
confirm the endogenous interaction between PrP and CNX, we
performed co-immunoprecipitation assay on non-transfected SK-N-
SH cells. Immunodetection was followed by incubation with the
relative horseradish peroxidase-conjugated secondary antibody.

CONFOCAL MICROSCOPY

pDsRed-CNX and pEGFP-PrP were transiently co-transfected into
Human neuroblastoma cells (SK-N-SH) using LipofectamineTM 2000
(Invitrogen). After 24 h, images were acquired using Revolution XD
confocal microscopy (Andor). GFP-PrP signal was excited with a
488 nm helium-neon laser and a 525nm band-pass filter for
emission. pDsRed-CNX signal was excited with 488 nm laser, and a
625 nm band-pass filter was used for emission.

MTT ASSAY

SK-N-SH cells were grown in MEM supplemented with 10% fetal
bovine serum (FBS). The cells were cultured in flasks and were
distributed into a 96-well polystyrene plate at a concentration
of 10* cells/100 wl medium per well. At 70% confluence, cells were
transfected or co-transfected with different concentrations of
pcDNA3.1, pcDNA3.1-CNX and pcDNA3.1-HuPrPC plasmids with
Lipofectamine™ 2000 transfection reagent (Invitrogen). After 48 h
of transfection, the MTT [3-(4, 5-dimethylthiazol-2-yl)-2,5-diphe-
nyl-2H-tetrazolium bromide] (Sigma) was added to the culture
medium at final concentration of 1 mg/ml and incubated at 37°C for
4h. The supernatant was removed and each well was added with
200 w1 of DMSO to dissolve the formazan product. Optical density
was measured at 595nm using a Microplate Spectrophotometer
(TECAN Genios spectra FLUOR plus). Each sample was performed in
duplication of at least four wells, and each experiment was repeated
at least three times.

FLOW CYTOMETRY ASSAY

Apoptosis was assayed by Annexin-FITC/PI (propidium iodide)
staining following the manufacturer’s instructions (Bender Med-
Systems). Briefly, after 48 h of transfection, cells were collected and
washed in cold PBS. After cells were resuspended in 200 wl 1x
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binding buffer, annexinV-FITC (1x) and PI (5 pg/ml) were added in
the dark and incubated at room temperature for 15min. After
incubation, 500 wl of 1x binding buffer was added to each sample,
and cells were analyzed by flow cytometry (Beckman Coulter Epics
XL).

CASPASE-3 ACTIVITY

Colorimetric assay of caspase-3 activity. After 48 h of transfection,
the cells were collected and washed with 0.01 M phosphate-buffered
saline (PBS, pH 7.2). After centrifugation, caspase-3 colorimetric
assay was performed with a caspase-3/CPP32 colorimetric assay kit
(BioVision) following the manufacturer’s instructions on Microplate
Spectrophotometer (TECAN Genios spectra FLUOR plus).

Western blot assay of caspase-3 activity. After 48h of
transfection, the cells were resuspended in 50wl RIPA Lysis
buffer. The cells were dissolved on ice for 10min and added
10 pl 6x SDS-PAGE loading buffer. The samples were separated by
10% SDS-PAGE and transferred onto a PVDF membrane. Caspase-3
and B-actin were detected by using anti-Caspase-3 (Santa Cruz) and
anti-B-actin (Santa Cruz) polyclonal antibodies.

INTERACTION BETWEEN PrP23-231 AND LD-CNX BOTH IN VITRO
AND IN VIVO

To test whether PrP 23-231 and LD-CNX interact with each other in
vitro, native PAGE was performed. In the native-PAGE (Fig. 1A, lane
1), PrP 23-231, with net positive charges, migrated up and out of the
gel under the native electrophoresis conditions, and thus, no band
could be detected in the gel. In the same condition, LD-CNX
migrated down in the gel due to its net negative charges
(Fig. 1A, lane 2). The mixture of LD-CNX and PrP 23-231 showed
two bands in the gel (Fig. 1A, lane 3). The upper band was in the
same position as the purified LD-CNX (Fig. 1A, lane 2) and the lower
one was expected to be the complex formed by the association of PrP
23-231 with LD-CNX (Fig. 1A, lane 3). In order to confirm whether
the lower band indeed represents the complex of the PrP 23-231 and
LD-CNX, we analyzed the mixture of PrP 23-231 and LD-CNX at
different ratios by N-PAGE (Fig. 1B). The concentrations of PrP 23-
231 were constant and the intensity of the complex band was
increased with increasing concentrations of LD-CNX (from lane 2 to
lane 6). These data indicated that PrP 23-231 was associated with
LD-CNX in vitro and formation of complex was dependent on the
concentration of LD-CNX. We next performed co-immunoprecipi-
tation to confirm the interaction between PrP and CNX in
mammalian cells. Plasmids pcDNA3.1-HuPrP® and pcDNA3.1-
CNX were co-transfected into 293T cells. The protein complexes
extracted from transfected cells were immunoprecipitated with anti-
CNX mAb, and blotted by anti-PrP mAb and anti-CNX mAb. PrP
was found to be co-immunoprecipitated with CNX (Fig. 1C). We also
performed co-immunoprecipitation to further confirm the endo-
genous interaction between PrP and CNX in SK-N-SH cells. The
fusion proteins extracted from untransfected cells were immuno-
precipitated with anti-CNX mAb. PrP was found to be co-
immunoprecipitated with CNX (Fig. 1D). These results confirmed
that CNX interacted with PrP in vivo. In order to further confirm the
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Fig. 1. The association of HuPrP with CNXin vitro and in vivo was detected by
Native-PAGE and immunoprecipitation, respectively. A: Lane 1, only PrP 23-
231 with net positive charges was loaded and showed no band. Lane 2, LD-CNX
carrying net negative charges was loaded. Lane 3, the reaction complex of PrP
23-231 and LD-CNX showed two bands. The upper band was in the same
position as purified LD-CNX, and the lower one was expected to be the complex
of PrP 23-231 and LD-CNX. B: With increasing concentrations of LD-CNX
(from lane 2 to lane 6: 0, 5, 10, 15, 20 wM), the intensity of complex bands
increased. Constant concentration of PrP 23-231 (20 uM) was used in this
experiment. C: Immunoprecipitation was used to detected the association of
HuPrP€ with CNX in mammalian cells. The lysate from the 293T co-transfected
with pcDNA3.1—HuPrPC and pcDNA3.1-CNX was immunoprecipitated by anti-
CNX mAb and blotted by anti-PrP mAb and anti-CNX mAb. IgG was used to
serve as a control. D: Immunoprecipitation was used to detected the endo-
genous association of PrP with CNX in mammalian cells. The lysate from the
SK-N-SH cells was immunoprecipitated by anti-CNX mAb and blotted by anti-
PrP mAb and anti-CNX mAb. IgG was used to serve as a control.

interaction between CNX and PrP, confocal microscopy was used to
study the two proteins in vivo. We constructed two plasmids of CNX
and PrP fused with fluorescent proteins (pDsRed-CNX and pEGFP-
PrP), and then co-transfected them into SK-N-SH cells. As shown in
Figure 2, PrP and CNX were co-localized in the ER. These results
confirmed that CNX interacted with PrP in mammalian cells.

INHIBITION OF THERMAL AGGREGATION OF PrP 23-231

BY LD-CNX

To assess whether CNX is capable of functioning as a molecular
chaperone in vitro, we prepared a soluble form of CNX consisting of
its entire ER luminal segment (LD-CNX) and tested its ability to
inhibit the thermal aggregation of PrP 23-231. PrP 23-231 was
denatured by heating at 65°C for 30 min. The denatured PrP 23-231
was diluted into solutions containing various concentrations of LD-
CNX or IgG (as a negative control) and incubated at 45°C to induce
aggregation. As shown in Figure 3, PrP 23-231 alone aggregated
following a lag period of first 2 days and then aggregated rapidly.
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GFP-PrP

pDsRed-CNX

Fig. 2. Co-localization of CNX and PrP in transfected cells. CNX and PrP fusion proteins had red and green colors, respectively, co-localization of proteins was demonstrated by
arrowheads in the merge panel. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Consistent with a molecular chaperone function, LD-CNX effec-
tively inhibited the aggregation of PrP 23-231 in a concentration-
dependent manner. In contrast, an equivalent amount of IgG added
as a control had no effect on the aggregation of PrP 23-231.

CNX INHIBITS PrP-INDUCED CYTOTOXICITY

We further performed MTT assay to investigate if the cytotoxicity
of HuPrP® could be inhibited by CNX. Human neuroblastoma
cells were transfected individually with plasmids pcDNA3.1,
pcDNA3.1-HuPrP® and pcDNA3.1-CNX, co-transfected with
both pcDNA3.1-HuPrP® and pcDNA3.1-CNX, or un-transfected as
blank control (Fig. 4A). The results showed that the viability of
the cell over-expressing HuPrP® was decreased remarkably, while
the viability of the cells over-expressing both CNX and HuPrP® was
comparable to blank untransfected cells as well as the cells
transfected with pcDNA3.1 or pcDNA3.1-CNX (Fig. 4A). When the
concentrations of pcDNA3.1-HuPrP® plasmid were constant, the
viability of the cell was increased with increasing concentration
of pcDNA3.1-CNX (Fig. 4B). These results indicated that CNX
can inhibit the HuPrP®-induced cytotoxicity in a concentration-
dependent manner.
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Fig. 3. LD-CNX suppressed the thermal aggregation of PrP 23-231. PrP 23-
231 (8 M) was incubated at 45°C in the presence of various concentrations of
LD-CNX (0-16 M) or IgG (16 M), and aggregation was monitored by UV-
Spectrometer at 405 nm. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

CNX INHIBITS PrP-INDUCED APOPTOSIS

To investigate whether CNX could inhibit the cell apoptosis induced
by HuPrP® in SK-N-SH cells, we performed Annexin V-FITC/PI
staining and flow cytometry analyses. The percentage of apoptotic
cells was 4.8% and 4.1%, respectively, when the cells were
transfected with pcDNA3.1-CNX and pcDNA3.1. The untransfected
cells had an apoptotic cell percentage of 3.7% (Fig. 5A-C). As shown
from Figure 5D to I, the concentration of pcDNA3.1-HuPrP€ plasmid
were constant, the percentage of apoptotic cells were reduced with
the increasing concentration of pcDNA3.1-CNX. When the cells
were transfected with pcDNA3.1-HuPrP® alone, the percentage of
apoptotic cells reached 17.9% (Fig. 5D). When the concentration
ratio of pcDNA3.1—HuPrPC to pcDNA3.1-CNX were 1:0.2, 1:0.4,
1:0.6, 1:0.8, and 1:1, the percentage of apoptotic cells were 13.6%,
9.9%,6.9%, 5.8%, and 5.0%, respectively (Fig. 5E-I). These results
suggested that CNX can suppress the apoptosis caused by HuPrP€.

CNX PREVENT CASPASE-3-MEDIATED CELL APOPTOSIS

INDUCED BY PrP

To investigate the mechanism of the inhibition of CNX in HuPrP®
induced apoptosis, caspase-3 colorimetric assay was used to
evaluate the quantity of active caspase-3. Caspase-3 was a cysteine
protease, and the activation of caspase-3 indicated that cells entered
an apoptotic pathway. According to Figure 6A, the activated
caspase-3 increased remarkably when transfected HuPrP¢ alone,
which indicated apoptosis. When fixed the quantity of HuPrPS, the
activated caspase-3 was decreased along with the increasing of
transfected CNX. We further performed western blot to measure the
activation of caspase-3, the decrease of the precursor of caspase-3
(pro-caspase-3). As shown in Figure 6B, the activated caspase-3 was
decreased along with the increasing CNX, meanwhile the levels of
inactive pro-caspase-3 was increased. These results showed that
CNX could prevent caspase-3-mediated cell apoptosis which
induced by PrP.

We demonstrated for the first time that the PrP interacts with CNX in
vitro and in mammalian cells. Previous studies show that the lectin
chaperone CNX has two mechanisms of association with glyco-
proteins: (1) lectin-binding or (2) lectin and polypeptide binding
[Ware et al., 1995; Danilczyk and Williams, 2001]. The PrP 23-231
expressed in E. coli was not glycosylated and thus, the interaction of
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PrP 23-231 with LD-CNX maybe dependent on polypeptide binding
site. Some studies have indicated that LD-CNX can discriminate
between unfolded and native substrate proteins, and be associated
with unfolded proteins by its hydrophobic surface in vitro
[Hartl, 1996; Saito et al., 1999]. Our previous studies suggested
that PrP 23-231 differs remarkably from most of the other globular
proteins because its native conformation contains a large
unstructured and flexible segment (residues 23-126) [Sun et al.,
2005], which is easily recognized by chaperons. The tendency of
PrP>¢ aggregation in aqueous solution depends on the hydrophobic
surface exposure [Barducci et al., 2005]. In this study, we
demonstrated that PrP can interact with LD-CNX. We hypothesize
that binding of PrP with LD-CNX may occupy the hydrophobic sites
of PrP 23-231, which prevents PrP self-polymerization. If sufficient
LD-CNX is provided, the thermal aggregation may be inhibited
completely.

Wild-type PrP is a plasma membrane protein and translocates to
the cell surface via the ER. Like other proteins transported through
the ER, misfolded PrP is retrograde transported to the cytosol for
degradation by proteasomes. However, if neuroblastoma cells over-
expressing wild-type PrP are treated with proteasome inhibitors, the
un-degradated cytosolic wild-type PrP is accumulated and caused
neurotoxicity [Ma and Lindquist, 2001; Yedidia et al., 2001; Ma
et al., 2002]. In this study, we found that the viability of human

neuroblastoma cells (SK-N-SH) transfected HuPrP® alone were
decreased remarkably. We speculated that the over-expressed
HuPrP® was accumulated in the cytoplasm because the folding
capacity of the ER was compromised. Previous studies indicated that
PrP could be deglycosylated when it was retrograde transported to
cytoplasm, and accumulation of unglycosylated species were more
likely to be converted into a PrP5“-like form [Lehmann and Harris,
1997; Suzuki et al., 2000] which induced caspase-3-mediated cell
death [Hetz and Soto, 2003]. As an ER resident chaperone, CNX can
refold or target misfolded proteins for degradation [Ellgaard and
Helenius, 2003; Hirsch et al., 2004]. We hypothesize that the
expression of CNX increases proper folding of over-expressed
HuPrP® in ER and decreases the content of cytosolic HuPrPC, which
consequently reduces the PrP-induced cytotoxicity.

ER is known as a factory where approximately one-quarter of the
membranous and secreted proteins are structurally maturated
[Hebert and Molinari, 2007]. Correspondingly, the ER provides
an optimized environment for high concentrations of general
chaperones. Accumulation of misfolded proteins in ER has been
associated with many neurodegenerative disorders [Soto, 2003]. The
ER chaperone disulfide isomerase, Grp58, can interact with PrPSC,
protect cells against PrP5-induced toxicity and decrease the rate of
caspase-12 activation [Hetz et al., 2005]. BiP, as an ER chaperone,
can also bind and degrade mutant PrP through the proteasomal
pathway [Jin et al., 2000]. Our findings indicated that another ER
chaperone, CNX, can not only suppress the aggregation of PrP in
vitro, but also inhibit the cytotoxicity caused by over-expression
of PrP. We reasoned that CNX may have clinical benefits in prion-
related diseases and other protein conformation-associated diseases
such as Alzheimer’s, Parkinson’s and Huntington’s diseases [Soto
and Estrada, 2008], and other disorders especially resulted from
protein misfolding and accumulation.
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