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Abstract

Prion diseases are fatal neurodegenerative disorders characterized by the accumulation of an abnormal isoform (PrPSc) of the normal
cellular prion protein (PrPC) in the brain. Reportedly, abnormal N-linked glycosylation patterns in PrPC are associated with disease sus-
ceptibility; thus, we compared the glycosylation status of normal and several mutant forms of the murine prion protein (MuPrP) in cul-
tured mammalian cells. Substitution of the N-terminal signal sequence of normal MuPrP with a heterologous signal peptide did not alter
glycosylation. When expressed without the C-terminal glycophosphatidylinositol anchor signal, the majority of MuPrP remained intra-
cellular and unglycosylated, and a 46 kDa species (p46) of the unglycosylated PrPC was detected on reducing gels. p46 was also observed
when wild-type MuPrP was expressed in the presence of tunicamycin or enzymatically deglycosylated in vitro. A rabbit polyclonal anti-
serum raised against dimeric MuPrP cross-reacted with p46 and localized the signal within the Golgi apparatus. We propose that the
46 kDa signal is a dimeric form of MuPrP and in the light of recent studies, it can be argued that a relatively stable, non-glycosylated,
cytoplasmic PrPC dimer, produced as a result of compromised glycosylation is an intermediate in initiating conversion of PrPC to PrPSc

in sporadic transmissible spongiform encephalopathies.
� 2006 Elsevier Inc. All rights reserved.
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Prions are believed to be responsible for a number of
previously known but little-understood diseases classified
under transmissible spongiform encephalopathies (TSEs),
including kuru, Creutzfeldt–Jakob disease (CJD), fatal
familial insomnia (FFI), and Gerstmann–Sträussler–
Scheinker syndrome (GSS) in humans, scrapie in sheep,
chronic wasting disease in cervids and bovine spongiform
encephalopathy in cattle that is better known as mad cow
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disease [1]. According to the now widely accepted pro-
tein-only-hypothesis [2], the central event in the develop-
ment of a prion disease is the conversion of PrPC to
PrPSc, an oligomerized misfolded form with the unusual
property of acting as an autocatalytic promoter of its
own conversion. As a consequence, the PrPSc oligomer is
the infectious agent responsible for the TSE phenotype,
and spontaneous production of the PrPSc oligomer in a
normal neuron presumably leads to sporadic disease as
the infection spreads. The detailed mechanism of this con-
version, however, remains unclear. Since the conversion of
PrPC to the abnormal isoform may be a co- or post-trans-
lational event [3], analysis of the post-translational traffick-
ing pathway of PrPC is of paramount importance in
elucidating the process of conversion to PrPSc under dis-
ease conditions.
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Fig. 1. Schematic representation of the different MuPrP encoding plasmid
DNA constructs used in this study. Inserts encoding these constructs were
cloned into eukaryotic expression vector pJW4303 under the control of
CMV IE promoter/intron A. The position of the epitopes interacting with
the two monoclonal antibodies 3F4 and 12B2 employed in this study is
indicated. The numbers on the top correspond to the amino acid residues
in the mouse prion protein and CHO denotes the N-linked glycosylation
sites at residues 180 and 196. Numbers in parentheses correspond to the
amino acid residues in MuPrP spanning the indicated domains.
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Considerable amount of data indicate that the N-linked
glycosylation status of PrPC maybe a determinant of prion
disease susceptibility [4]. Mutants of PrPC whose glycosyl-
ation sites have been inactivated were found to accumulate
intracellularly in cultured cells [5] and to acquire PrPSc like
properties, including detergent insolubility and partial pro-
tease resistance [6]. These characteristics were also
observed when wild-type PrPC was expressed in cultured
cells treated with tunicamycin, a specific inhibitor of N-
linked glycosylation. Expression of PrPC in which either
or both of the N-linked glycosylation sites were inactivated
in transgenic mice resulted in low level expression, altered
intracellular trafficking and increased susceptibility to
infection with a particular PrPSc strain [7]. More direct evi-
dence for a role of unglycosylated PrPC in pathogenesis is
provided by the T183A mutation which results in loss of
glycosylation and familial human prion disease [8,9].

Mature PrPC is a sialoglycoprotein of 209 amino acids,
normally attached to the cell surface via its glycophospahit-
idylinositol (GPI) anchor [10]. An N-terminal signal
sequence of 22 amino acids directs the nascent polypeptide
chain to the endoplasmic reticulum for further processing
which includes cleavage of the signal sequence, addition
of N-linked oligosaccharide chains at Asn181 and
Asn197 (in human PrP; in mouse PrP the glycosylation
sites are at Asn180 and Asn196), formation of a single
disulphide bond in the C-terminal domain and cleavage
of a C-terminal signal sequence directing attachment of
the GPI moiety. Subsequently, the processed PrPC is trans-
ported through the Golgi complex, where modification of
the N-linked glycans to complex sugars occurs, and is final-
ly transported to the outer surface of the plasma mem-
brane, where it remains attached by its GPI anchor [11].
PrPC constitutively cycles between the plasma membrane
and intracellular membrane bound compartments [12]
and shedding of PrPC into the extracellular medium of neu-
ronal SH-SY5Y cells has been observed, probably resulting
from secretase like proteolytic cleavage of the protein and
phospholipase mediated cleavage of the GPI moiety [13].
A soluble form of PrPC that lacks the GPI moiety has been
detected in serum [14,15]. In primary cultures of spleno-
cytes and cerebellar granule cells, a substantial amount of
PrPC devoid of the GPI anchor is shed [16]. A small por-
tion of endocytosed PrPC undergoes endoproteolytic cleav-
age between residues 110–111 [17]. The role, if any, of the
proteolytically cleaved PrPC fragments in pathogenesis is
not clear at this point.

We have investigated the effect of substitution of the
wild-type N-terminal signal sequence and deletion of the
C-terminal hydrophobic GPI anchor attachment signal
and the central putative transmembrane domain (TM) on
the glycosylation status of the normal mouse prion protein
(MuPrP) in two cell lines, a neuronal and non-neuronal cell
line using three different antibodies against MuPrP. Lack
of the C-terminal GPI anchor attachment signal resulted
in perturbation of the N-linked glycosylation of MuPrP
that confirmed earlier data. We report for the first time
an intracellular accumulation of �46 kDa (p46) species
induced by loss of wild-type N-linked glycosylation. The
�46 kDa signal consistently appeared upon enzymatic
deglycosylation of MuPrP and during in vitro synthesis of
MuPrP in the presence of an N-linked glycosylation inhib-
itor. This previously unreported species of the prion pro-
tein, given its molecular weight and reactivity with a
rabbit polyclonal antibody raised against a dimeric
MuPrP, is most likely a dimer of the normal MuPrP.

Materials and methods

DNA plasmid constructs expressing different MuPrPs. DNA encoding
the full-length MuPrP cDNA, kindly provided by Dr. D.A. Harris,
Washington University, St. Louis, MO, was used as a template for PCR
amplification of the sequences of MuPrP described below. Each individual
MuPrP inserts as shown in Fig. 1 was subcloned into the eukaryotic
expression vector pJW4303 [18] which drives high level expression of the
encoded gene from the CMV promoter. This variant of the MuPrP gene
contains two Methionine residues at positions 108 and 111 defining the
hamster 3F4 epitope, allowing specific detection of the transgenic species
in the presence of endogenous murine PrPC, which does not react [19].
This full-length ‘‘wild-type’’ MuPrP (amino acid residues 1–254), desig-
nated as wt-PrP, was amplified with the forward primer 5 0-AGT CAC
AAG CTT ATG GCG AAC CTT GGC TAC-3 0 and reverse primer 5 0-
AGT CAC GGA TCC TAA ATC CCA CGA TCA GGA AGA TG-3 0,
digested with HindIII and BamHI and inserted into similarly digested
pJW4303. MuPrP (residues 23–254) was amplified with the primer set 5 0-
AGT CAC GCT AGC GGC CCT CTT TGTGAC TAT G-3 0 and 5 0-
AGT CAC GGA TCC TAA ATC CCA CGA TCA GGA AGA TG-3 0

and inserted as a NheI/BamHI fragment downstream of the tPA leader
sequence of pJW4303 vector and in frame with the MuPrP fragment. The
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DNA construct was designated as tPA-PrP. Both wt-PrP-DGPI (residues
1–230) and tPA-PrP-DGPI (residues 23–230) were amplified using the
same forward primers as for wt-PrP and tPA-PrP and 5 0-AGT CAC GGA
TCC TAA TGG ATC TTC TCC CGT CGT AAT AGG-3 0 as the com-
mon reverse primer and subcloned as a HindIII/BamHI and NheI/BamHI
fragments, respectively. A sequence similar to the endoproteolytic cleavage
product [17] was constructed by amplifying the N-terminal region corre-
sponding to the amino acid residues 23–110 with the primers 5 0-AGT
CAC GCT AGC GGC CCT CTT TGTGAC TAT G-3 0 and 5 0-AGT CAC
GGA TCC TAA ATG CTT CAT GTT GGT TTT TGG-3 0 and subcloned
as a NheI/BamHI fragment in frame with the upstream tPA signal
sequence of pJW4303 and designated as tPA-PrP-DC.

Antibodies. Mouse monoclonal antibody 12B2 was recently developed
at CIDC-Lelystad from PrPC-knockout mice [20] by immunizing with a
synthetic peptide covering the domain corresponding to 97–115 of bovine
PrP (85–103 of MuPrP) which was conjugated to KLH as previously
described [21]. To detect the linear epitope specificities of the antibodies
used, Pepscan analysis of solid-phase bound synthetic peptides was per-
formed in an enzyme-linked immunosorbent assay-like setup as described
previously [22,23]. To this end, a complete set of overlapping 15-mer
peptides which covered complete amino acid sequence of bovine PrP were
synthesized (GenBank Accession No. X55882). The specificity of 12B2
appeared to be: WGQGG, a sequence which is conserved in PrPC of all
species involved in this study. 3F4 mouse MAb directed against the resi-
dues 108–111 in our MuPrP constructs was a kind gift from Dr. Vishw-
anath Lingappa, University of California, San Francisco [19]. A7 is a
rabbit polyclonal antibody raised against a dimeric form of MuPrP [24]
provided by Dr. H.M. Schatzl, Technical University of Munich, Munich,
Germany. MAb to the Golgi apparatus marker giantin [25] was a gift from
Dr. H.P. Hauri, University of Basel, Switzerland.

Cell lines. Human embryonic kidney epithelial cells (293T), a non-
neuronal cell line with a very low level of endogenous PrPC expression [26],
was used for in vitro transfection studies together with the mouse neuro-
blastoma, N2a (ATCC, number CCL-131) neuronal cell line. The cells
were maintained in Dulbecco’s modified Eagle’s medium (Invitrogen,
Carlsbad, CA) supplemented with 10% (v/v) fetal calf serum at 37 �C in a
humidified atmosphere containing 5% CO2.

In vitro expression of MuPrP DNA constructs. Human 293T and
murine N2a cells were transiently transfected with the different MuPrP
encoding plasmid DNA constructs described above and analyzed for
in vitro expression. Transfection was done at approximately 50% cell-
confluency in 60-mm dishes by calcium phosphate co-precipitation, using
10 lg of plasmid DNA per dish [27]. Transfection was also done with the
pJW4303 vector without any inserts to serve as the negative control. To
inhibit N-linked glycosylation of the exogenous MuPrP proteins, 5 lg/ml
tunicamycin was added after transfection [6]. The supernatants and cell-
lysate were harvested 72 h after transfection. The cell culture medium was
centrifuged briefly to remove any cells and stored as the supernatant
sample. The cell pellet was resuspended in an NP40 cell lysis buffer
(50 mM Tris–Cl, pH 8, 150 mM NaCl, 1% NP40, and 1 mM PMSF),
briefly sonicated and then incubated on ice for 30 min. Samples were then
centrifuged at 3000g for 20 min at 4 �C and the supernatant was collected
as the lysate sample. Protease sensitivity was assayed by incubating the
samples at 4 �C for 60 min with Proteinase K (PK) at a concentration of
100 lg/ml in a total volume of 50 ll [28]. Prior to loading on SDS–PAGE,
PK was inactivated by phenylmethylsulfonyl fluoride for 5 min.

Western blotting and deglycosylation. The MuPrP proteins expressed in
293T- and N2a-cell supernatants (20 ll total volume) and cell lysates (5 ll)
were resuspended in SDS–PAGE sample buffer (125 mM Tris–HCl, pH
6.8, 5 mM EDTA, 2% b-mercaptoethanol, 5% glycerol, and 2% SDS),
incubated for 10 min at 95 �C, subjected to denaturing 12% SDS–PAGE
and blotted onto PVDF membrane (Bio-Rad; Hercules, CA). Blocking
was done with 0.1% I-Block (Tropix; Bedford, MA). Blots were incubated
for 45 min with the detecting antibodies, MAbs 3F4 and 12B2 used at
concentrations of 1 lg/ml, or with rabbit polyclonal A7 at a dilution of
1:1000. Subsequently, the membranes were washed with blocking buffer
and then reacted with alkaline-phosphatase-conjugated goat anti-mouse
IgG (Tropix) at 1:5000 dilution. After final wash, Western-light substrate
was applied to the membranes for 5 min. Once the membranes were dry,
Kodak films were exposed to the membrane and developed with an X-
Omat processor. In some experiments, proteins were digested according to
the manufacturer’s protocol overnight at 37 �C with endoglycosidaseH
and PNGaseF (New England Biolabs, Ipswich, MA) prior to Western
blotting.

Immunofluorescence. N2a cells were grown on coverslips in 12-well
plates and transiently transfected with the MuPrP encoding plasmid
DNA’s as described above. Forty-eight hours after transfection the cells
were washed once with phosphate-buffered saline (PBS) and fixed with 4%
paraformaldehyde for 30 min at room temperature. For permeabilization
of the cell membrane, 0.1% Triton X-100 (in PBS) was used after fixation.
After washing with PBS, the cells were blocked using a 5% solution of
skimmed milk powder for 1 h. Cells were incubated with either 3F4 MAb
(2 lg/ml concentration) or A7 rabbit polyclonal antibody (for dual
immunofluorescence) at a dilution of 1:200 for 1 h at 4 �C. In the latter
experiments, cells were also incubated with a mouse MAb against human
giantin, a Golgi apparatus marker (1 lg/ml). Following incubation with
the primary antibodies, cells were washed 3–4 times with cold PBS and
incubated for 45 min at 4 �C with FITC-conjugated anti-mouse IgG for
single immunofluorescence and FITC-conjugated anti-rabbit IgG and
Texas-Red-conjugated anti-mouse IgG (Southern Biotech, Birmingham,
AL) for colocalization studies. Cells were then washed as before and
observed by fluorescence microscopy to determine localization of MuPrP
proteins and the Golgi apparatus.

Results

Construction of MuPrP with different combinations of signal
sequences

The N- and C-terminal signal sequences of PrPC play a
major role in targeting to the ER, glycosylation and attach-
ment to the cell membrane. Mutations in the N-terminal
signal sequence has been shown to increase the proportion
of the inverted, transmembrane form of PrPC and reduce
its translocation efficiency [28]. We investigated changes
in the in vitro tissue culture expression profile of MuPrP
resulting from replacement of the wild-type PrP (wt-PrP)
N-terminal signal sequence (amino acid residues 1–22) with
the signal sequence derived from the human tissue plasmin-
ogen activator (tPA, 18 amino acid residues); the resulting
plasmid DNA construct was named tPA-PrP. Because the
C-terminal GPI anchor attachment signal has been pro-
posed to act as a secondary ER targeting signal, we also
constructed wt-PrP-DGPI and tPA-PrP-DGPI. Comparing
the expression patterns among these four constructs should
elucidate the roles of both signal peptides in PrPC traffick-
ing. A final construct, tPA-PrP-DC, was constructed to test
the effect of a deletion from the central hydrophobic TM
domain to the C-terminal GPI anchor attachment domain.
As shown in Fig. 1, all of the constructs except tPA-PrP-
DC retained the complete epitope which is defined by
monoclonal antibody (MAb) 3F4.

Expression of different MuPrP constructs in the non-

neuronal 293T cells

The expression of modified MuPrP constructs was first
examined in transiently transfected non-neuronal human
embryonic kidney 293T cells (Fig. 2). The electrophoretic
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Fig. 2. Expression profile of the different MuPrP constructs in a non-
neuronal cell line. Human embryonic kidney 293T cells were transiently
transfected with plasmid DNA constructs encoding the full-length and C-
terminal GPI anchor attachment signal deleted MuPrP with either the N-
terminal wild-type signal sequence or a tPA signal sequence as indicated
on top and harvested after 72 h. Immunoblotting of the supernatant (A)
and cell lysate (B) fractions were performed. (C) Immunoblotting of the
supernatant (sup) and cell lysate (lys) fractions of 293T cells transiently
transfected with the MuPrP construct devoid of the entire C-terminal
domain including the putative transmembrane domain. Vector DNA
lacking any insert was used as a negative control. Immunoblotting was
performed with MAbs, 3F4 (left column) and 12B2 (right column). A high
molecular weight signal (p46), present in the lysate fraction, is indicated by
the arrow.
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profiles of the wild-type and modified MuPrP proteins was
probed by Western blotting using two prion protein specif-
ic MAbs, 12B2 and 3F4. As predicted, both MAbs detected
expression of all the PrP constructs except the tPA-PrP-DC
construct, which was recognized only by 12B2 (Fig. 2C). As
expected, supernatant fractions of 293T cells transfected
with MuPrP constructs lacking the C-terminal GPI mem-
brane anchor attachment domain (wt-PrP-DGPI and
tPA-PrP-DGPI) contained much higher MuPrP levels than
did supernatants from cells expressing the full-length
MuPrP constructs (wt-PrP and tPA-PrP) (Fig. 2A).
Expression of both wt-PrP and tPA-PrP constructs was
readily detected in a cell lysate fraction (Fig. 2B). The levels
and patterns of MuPrP expression were not affected by
replacing the PrP N-terminal signal sequence with the
tPA signal sequence in either the presence or absence of
the GPI anchor (Figs. 2A and B).

The intracellular fraction of cells expressing the two full-
length MuPrP constructs (wt-PrP and tPA-PrP) contained
similar patterns of three distinct groups of bands that cor-
responded to unglycosylated, monoglycosylated, and digly-
cosylated PrP species. The unglycosylated species was
observed as a single band of 23 kDa, the monoglycosylated
species as two juxtaposed bands of molecular weights of 28
and 29 kDa, while the major diglycosylated species migrat-
ed as a broad smear in the range of 33–35 kDa (Fig. 2B).
Full-length MuPrP was detected in the supernatant frac-
tion as a faint 33 kDa band in wt-PrP and tPA-PrP, indi-
cating that a small fraction of the fully glycosylated
MuPrP was secreted. In cells expressing wt-PrP-DGPI
and tPA-PrP-DGPI, both 3F4 and 12B2 detected intracel-
lular expression of a doublet of 21–26 kDa whereas culture
supernatants contained three distinct bands, a minor non-
glycosylated species at 21 kDa and major glycosylated spe-
cies at 26 and 28 kDa. These mono- and di-glycosylated
species resemble those formed from the full-length prion
protein, indicating translocation via the normal secretory
pathway in spite of loss of the C-terminal GPI signal
sequence, although migration patterns suggest differences
in the nature of the attached N-glycans. The 12B2 MAb
but not the 3F4 MAb detected a low molecular weight sig-
nal migrating just above the dye-front in the supernatant
fraction of wt-PrP-DGPI and tPA-PrP-DGPI. A similar
signal (�8 kDa) was observed at low level in the intracellu-
lar fraction. This is probably an N-terminal product of PrP
degradation, as previously described [29]. Interestingly,
expression of these GPI anchor-deleted constructs resulted
in the appearance of a unique 46 kDa signal (p46) present
only in the intracellular fraction. This species was detected
more strongly by the 12B2 MAb than the 3F4 antibody in
293T cells (Fig. 2B).

Expression of the tPA-PrP-DC construct, which lacks
part of the 3F4 epitope, was only detected by 12B2. An
8 kDa band, approximately of the size predicted for the
PrP23-110 fragment and similar to the N-terminal frag-
ments in the two DGPI constructs, though with slightly
higher mobility, was observed in the supernatant fraction.
The more complex pattern of intracellular species com-
prised, in addition to a weak 8 kDa band, a major doublet
at 13–14 kDa and a single band at 25 kDa (Fig. 2C). None
of the MAbs showed any binding in the supernatant or cell
lysate sample from cells transfected with vector DNA lack-
ing a PrP insert (Fig. 2C).

Expression of MuPrP constructs in neuronal cell line N2a

To verify the reproducibility of the appearance of p46,
the expression pattern of the MuPrP constructs was re-ex-
amined in an entirely different type of cell line, e.g., N2a.
Since the expression profiles of both the full-length and
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GPI anchor domain-deleted constructs were similar in
293T cells, independent of their N-terminal leader sequenc-
es, only the expression of constructs with a tPA leader was
examined in transiently transfected neuronal N2a cells.
Expression profiles for all PrP constructs were similar to
those observed in 293T cells except that 3F4 MAb recog-
nized higher levels of secreted full-length tPA-PrP in the
culture medium (Fig. 3A, left panel). Signals recognized
by 12B2 MAb were weaker, when compared to the signals
observed with 3F4, because of a shorter exposure time. The
tPA-PrP construct was still expressed in three glycosylated
forms, however, separation of the mono- and diglycosylat-
ed species was much less distinct in the intracellular frac-
tion than that observed in 293T cells. Blotting of the cell
lysate fraction showed a smear ranging from 28 to
35 kDa with both the MAbs whereas the monoglycosylated
species of a 23 kDa band was distinct (Fig. 3B).

The glycosylation status of these species was examined
by hydrolysis with either endoglycosidase H or PNGase
F prior to sample loading on SDS–PAGE (Fig. 3). In both
the supernatant and intracellular fractions, the full-length
tPA-PrP products were resistant to endoglycosidase H
but sensitive to PNGaseF digestion. The secreted species
converted to a single band of 23 kDa upon digestion with
PNGaseF, presumably non-glycosylated full-length mature
PrPC. In the cell lysate fraction after PNGaseF digestion,
3F4 MAb detected a low molecular weight smear and a dis-
tinct band of �15 kDa in addition to the 23 kDa full-length
PrP.

MuPrP protein expressed from the tPA-PrP-DGPI con-
struct in lysate of N2a cells was observed as a doublet of
A

B

Fig. 3. Expression profile and enzymatic deglycosylation patterns of the
different MuPrP constructs in a neuronal cell line, N2a. The constructs, as
indicated on top, were transiently transfected in N2a cells which were
harvested after 72 h. (A) Cell culture supernatants (sup) and (B) cell lysate
(lys) samples from each transfection were either untreated (U) or treated
with Endoglycosidase H (H) or PNGase F (F). Immunoblotting was
performed with either 3F4 MAb (left column) or 12B2 MAb (right
column). A high molecular weight signal (p46), present in the lysate
fraction, is indicated by the arrow. Deglycosylated full-length prion
protein species (23 kDa) is indicated by a cross.
two bands migrating very closely to each other at about
24 kDa (Fig. 3B). In the supernatant fraction two major
bands at 23 and 26 kDa were observed with a faint band
at 28 kDa recognized by MAb 3F4 (Fig. 3A, left panel).
As in 293T cells, MAb 12B2 detected a �8 kDa product
in the secreted fraction of N2a cells transfected with this
GPI anchor-deleted PrP construct. The secreted tPA-PrP-
DGPI products were resistant to endoglycosidase H diges-
tion but sensitive to PNGaseF treatment; the two larger
molecular weight bands (Fig. 3, left panel) became a single
band corresponding to the 21 kDa unglycosylated mature
MuPrP species. This change was less obvious for the intra-
cellular products, as the doublet of bands were much closer
to each other. Treatment of both the full-length tPA-PrP
and the tPA-PrP-DGPI protein products with PNGaseF
led to appearance of a weak smear of lower molecular
weight proteolytic fragment (Fig. 3, left lower panel). Sig-
nal corresponding to p46 was also detected in lysates of
N2a cells expressing tPA-PrP-DGPI, as observed in 293T
cell lysates expressing wt-PrP-DGPI and tPA-PrP-DGPI.
PNGaseF mediated deglycosylation of the full-length
MuPrP (tPA-PrP) also induced production of a high
molecular band that migrated slightly slower than p46.
Since no similar high molecular weight signal was observed
in the absence of the PNGaseF, we think that p46 is a
unique conversion of the unglycosylated PrP species as a
result of loss of glycosylation.

The expression profile of the tPA-PrP-DC construct in
N2a cells was identical to that observed in 293T cells. Only
the predicted 8 kDa N-terminal fragment was observed in
the supernatant fraction, while a predominant doublet at
13–14 kDa was seen in the intracellular fraction. Faint sig-
nals corresponding to the 8 kDa N-terminal fragment and
other higher molecular weight bands were also observed in
the intracellular fraction. None of these expressed products
were sensitive to either endoglycosidase H or PNGaseF,
indicating that these forms remained unglycosylated, as
expected from deletion of the C-terminal domain. Very
weak background reactivity to normal N2a cell lysate
(untransfected and transfected with vector DNA) was
observed for 12B2 indicating detection of endogenous
PrP (data not shown).

Effect of inhibition of N-linked glycosylation on the

expression of MuPrP constructs

In order to further confirm that deglycosylation of PrP
promotes the formation of p46; tPA-PrP and tPA- PrP-
DGPI constructs were expressed in transiently transfected
293T cells in the presence of tunicamycin to inhibit the
N-linked glycosylation. Since O-linked glycosylation of
PrP has not been reported, tunicamycin treatment is
expected to produce unglycosylated PrP. The intracellular
fractions were analyzed on a 12% SDS–PAGE followed
by Western blotting with the 12B2 MAb. As expected,
the major bands detected in the Western blot were the
unglycosylated species. A strong signal corresponding to



Fig. 4. Inhibition of N-linked glycosylation leads to the formation of p46
which is sensitive to Proteinase K digestion. 293T cells were transiently
transfected with plasmid DNA encoding tPA-PrP and tPA-PrP-DGPI and
transfected cells were maintained for 72 h in the presence of 5 lg/ml
tunicamycin. Immunoblotting was performed on the cell lysate using the
MAb 12B2. Cell lysate from cells transfected with vector DNA in the
presence of tunicamycin was used as a negative control. An aliquot from
each sample was digested with Proteinase K (100 lg/ml) to analyze
protease sensitivity as indicated on top. A high molecular weight signal
(p46) is indicated by the arrow.

Fig. 5. Cellular localization of full-length MuPrP and its deletion
mutants. The indicated plasmid DNA constructs were transiently trans-
fected into N2a cells and immunofluorescence was performed using 3F4
MAb after fixing the cells with 4% paraformaldehyde, with or without
permeabilization with Triton X-100, as indicated on the right, to examine
cytoplasmic and cell-surface localization respectively, of the relevant prion
protein (1000· magnification).
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that of 46 kDa molecular weight and whose mobility was
identical to that observed following transfection with the
tPA- PrP-DGPI construct (irrespective of treatment with
tunicamycin) was observed in the presence of tunicamycin
(Fig. 4). Appearance of this unglycosylated dimer reinforc-
es the hypothesis that the previously observed dimerization
of MuPrP occurs as a result of loss of N-glycosylation.
None of the signals including that of p46 were resistant
to protease digestion as indicated by complete degradation
by digestion with Proteinase K.

Intracellular localization of the MuPrP proteins examined

by immunofluorescence and probable nature of p46

Our data indicated that the removal of the GPI anchor
sequence led to changes in the MuPrP glycosylation pat-
tern. It also affected the level of MuPrP secretion, implying
that early events in the intracellular trafficking of nascent
MuPrP are affected by removal of the GPI anchor
sequence. Since this should be reflected in the intracellular
distribution of MuPrP products, we investigated this distri-
bution in N2a cells transiently transfected with tPA-PrP,
tPA-PrP-DGPI, and tPA-PrP-DC constructs. After N2a
cells being transfected for 48 h, indirect immunofluores-
cence was performed using MAb 3F4 as the primary anti-
body. When cells were not permeabilized with Triton X-
100, cell surface expression of the full-length tPA-PrP
was observed (Fig. 5) whereas the surface expression of
the other two constructs could not be detected. After cells
were permeabilized with Triton X-100, expression of tPA-
PrP was observed to be scattered in the cytosol. Surprising-
ly, 3F4 reacted strongly with the intracellularly expressed
tPA- PrP-DC in its native form, although it failed to detect
the denatured protein in Western blots (Fig. 2). Like tPA-
PrP, tPA-PrP-DC was observed scattered in the cytosol.
However, tPA-PrP-DGPI was expressed as intense peri-nu-
clear foci, typical of Golgi localisation. To examine the
colocalization of this signal with the Golgi apparatus, dual
immunofluorescence was performed including a MAb
against giantin, a Golgi marker and a rabbit polyclonal
antibody (A7) that has been raised against a dimeric form
of MuPrP [24]. As shown in Fig. 6A, in permeabilized N2a
cells the localization of tPA- PrP-DGPI is confirmed within
the Golgi apparatus and is significantly different from the
intracellular distribution of full-length tPA-PrP. Immuno-
blotting of N2a cell-expressed tPA-PrP and tPA-PrP-DGPI
was performed with A7 and both the supernatant and cell
lysate fractions were analyzed (Fig. 6B). Results similar to
what were obtained with 3F4 and 12B2 was observed. The
p46 was detected in the cell lysate as earlier observations,
when MuPrP was expressed devoid of the GPI signal.
Additionally a signal of lower molecular weight
(�15 kDa) was observed in both the supernatant and the
cell lysate fractions. The identity of this protein species
which has been observed in the cell lysate fractions earlier
(Fig. 3B) is presently unclear.

Discussion

While analyzing the N-linked glycosylation process of
MuPrP in a cell culture model, we have shown, for the first
time, that when glycosylation of the normal mouse prion
protein is prevented or inhibited in tissue culture, a small
fraction of the protein converts into a high molecular
weight form (p46) which could be detected on a reducing
gel. p46 is comprised of MuPrP, recognizable by three dif-
ferent antibodies specific for MuPrP and was found to be
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Fig. 6. (A) Colocalization of full-length and GPI anchor signal-deleted
MuPrP within the Golgi apparatus. The relevant plasmid DNA construct
was used to transiently transfect N2a cells. Dual immunofluorescence was
performed in permeabilized cells using A7 rabbit polyclonal antibody
raised against dimeric PrP and a mouse MAb against Giantin, a golgi
marker. Colocalization was assessed by observing the cells under a
fluorescent microscope (1000· magnification). (B) Immunoblotting with a
rabbit polyclonal generated against a dimeric MuPrP. N2a cells transiently
transfected with tPA-PrP and tPA-PrP-DGPI were harvested 72 h post-
transfection. The protein profile in the supernatant (sup) and cell lysate
(lys) fraction were analyzed by immunoblotting with A7 rabbit polyclonal
antibody. The high molecular weight signal (p46), present only in the
lysate fraction, is indicated by the arrow.
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twice the molecular weight of unglycosylated MuPrP.
Additionally, p46 reacted with an antibody generated
against a dimeric MuPrP. These evidences lead us to pro-
pose that a compromise in the glycosylation machinery of
MuPrP in cultured mammalian cells result in the formation
of a relatively stable dimer that remains intracellular. The
perturbation in the N-linked glycosylation of the prion
protein has been studied in several different ways, e.g.,
removal of the C-terminal GPI anchor attachment signal,
enzymatic deglycosylation in vitro by treatment with PNG-
ase F, and by protein synthesis in the presence of tunicamy-
cin, a general inhibitor of N-linked glycosylation [30,31].
Previously, the role of the C-terminal GPI anchor in influ-
encing N-linked glycosylation of MuPrP has been assessed
by expressing MuPrP in human neuroblastoma SH-SY5Y
cells wherein it was found that C-terminal membrane
anchorage is required for N-linked glycosylation of MuPrP
[32]. The presence of only unglycosylated species of PrP-
DGPI was reported in both the lysate and the cell culture
supernatant. This is in contrast to our observation where
we show clearly the presence of glycosylated species of
secreted MuPrP in the culture medium (Figs. 2 and 3)
which indicates that at least one fraction of the PrP-DGPI
pool traverses the secretory pathway. Whether this secreted
form of PrP-DGPI is distinct from the fraction that is local-
ized within the Golgi apparatus (Fig. 6A) remains to be
elucidated. Transgenic mice expressing PrP lacking the
GPI anchor accumulated extracellular PrP amyloid only
when infected with a prion strain of PrPSc. This abnormal
protease-resistant PrP had a considerably reduced N-linked
glycosylation pattern [33]. Our observation of a glycosylat-
ed form of PrPC devoid of GPI anchor was consistent with
an earlier report [29], where mono- and unglycosylated gly-
coforms of recombinant PrPC were found in the culture
medium of DB11 cells stably transfected with MuPrP-
DGPI. However, neither groups reported observing the
presence of p46 MuPrP dimer. Whereas choice of the cell
line can be attributed to this cause, we strongly argue
against this, as we were able to detect the presence of p46
using two entirely different types of cell lines, a non-neuro-
nal and one of a neuronal origin.

Distinctly different conformations in the p46 dimer are
observed when glycosylation loss is achieved in different
ways and this argues against the critique that the high
molecular weight signal observed in this study results from
a non-specific act of protein folding. When loss of glycosyl-
ation was achieved by deleting the C -terminal GPI signal
or with the presence of an N-linked glycosylation inhibitor,
the p46 dimer form of the full-length and the DGPI con-
structs have identical mobility (Fig. 4). However, when
MuPrP is enzymatically deglycosylated under cell-free con-
dition, the dimeric form of the full-length protein has a
higher mobility than the C-terminal truncated form
(Fig. 3). The important question here is whether the forma-
tion of p46 dimer and/or its cause, i.e., the glycosylation
status of PrPC play a role in causing prion diseases. The
hallmark of prion diseases is the change of conformation
of the normal cellular prion protein. Our results as well
as previous reports indicate that loss of the GPI anchor
attachment signal, besides resulting in reduced access to
the cellular glycosylation machinery and initiating forma-
tion of p46 dimer, also appear to increase susceptibility
to proteolysis at the N-terminus, all consistent with a mod-
ified PrP conformation. Intracellular accumulation of N-
terminally truncated degradation products of glycosylation
deficient PrPC has been described before [5]. The destabili-
zation of the prion protein as a result of loss in N-linked
glycosylation and apparently combined with additional
functions (e.g., membrane attachment function with the
help of the TM domain) is clearly manifested with the
tPA-PrP-DC construct. The theoretical molecular weight
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of the amino acid backbone of tPA-PrP-DC is approxi-
mately 9.8 kDa but the diverse signals that correspond to
molecular weights from 25 to 8 kDa indicate that this pro-
tein has a complex trafficking after its biosynthesis. After
its translocation in the lumen of the ER, unlike the full-
length and DGPI proteins it is probably not integrated in
the membrane and is misfolded. This misfolded protein
remains unutilized by the enzymes in the glycosylation
pathway resulting in probable destabilization and accumu-
lation of the protein in several conformations. Replace-
ment of the wild-type N-terminal signal sequence, a
major player in directing a nascent protein through the
post-translational processing pathway, with a heterologous
signal peptide did not alter the overall glycosylation status
of MuPrP.

A role for prion dimerization in scrapie replication was
suggested as early as 1979 by Dickinson and Outram [34].
Although PrPC is usually described as a monomer, various
reports have described dimeric forms of both PrPC and the
scrapie-associated prion protein [35–40]. Dimerization,
however, has not been associated with N-linked glycosyla-
tion or any other modifications in post-translational pro-
cessing of the prion protein. On the other hand,
biophysical studies have delineated the role of the dimeric
form of either PrPC or PrPSc in the conformational transi-
tion to fibril formation [34,41]. While infectious PrPSc is
apparently a soluble oligomeric precursor of the amyloid
form that can directly recruit PrPC to its termini [42], the
stochastic process of sporadic PrPSc formation must start
with monomer–dimer interconversion. Conversion from a
monomeric to a dimeric form may require additional fac-
tors such as molecular chaperones, protein-X [43] or disul-
phide rearrangement [34] and may also be promoted by de-
glycosylation as demonstrated in this study. A relatively sta-
ble non-glycosylated cytoplasmic dimer, produced as a
result of defective trafficking or N-linked glycosylation,
therefore, is a plausible intermediate for a role in sporadic
or spontaneous conversion to the infectious oligomer. Sta-
bilization of these dimers through hairpin stacking of b-
sheets, requiring a large scale rearrangement of the a-helical
domains, would facilitate conversion to a PrPC oligomer.
Further high affinity interactions of dimers and oligomers
may induce formation of amyloid fibrils and these interac-
tions may also be influenced by mutation, pH and mem-
brane proximity [41]. Thus, while the p46 dimer which we
have observed was Proteinase K sensitive (Fig. 4), its forma-
tion may be one of the earliest steps toward the structural
alteration of PrPC required for conversion to PrPSc.

The intracellular localization of this dimer (Fig. 6A) also
reinforce the conclusion made by a recent observation
where visualization of prion infection in transgenic mice
expressing GFP-tagged PrPC [44], suggested that produc-
tion of PrPSc from PrPC occurred in the Golgi apparatus.
Our immunofluorescence studies showed that the wt-PrP-
DGPI and tPA-PrP-DGPI constructs used in this study do
not reach the cell surface. These proteins have two major
destinations. One fraction remains mostly unglycosylated
with low level expression of apparently monoglycosylated
forms and is found only in the intracellular fraction,
retained within the Golgi apparatus, as shown by dual
immunofluorescence studies with giantin, while the other
fraction as described earlier follows the secretory pathway.
The dimeric MuPrP formed under these conditions was
found to be restricted within this intracellular fraction as
cross identified by the A7 polyclonal antibody that was
raised against a dimeric form of MuPrP (Fig. 6). The argu-
ment that the expression levels of the dimeric form of glyco-
sylation deficient MuPrP elsewhere in the cytosol is below
the detection limits of the assay can be countered by the fact
that undetectable tPA-PrP-DC construct on the Western
blot by 3F4 could be detected by our immunofluorescence
assay. Future direction in this project would be directed
towards the kinetics of the formation of p46, its character-
ization and purification and to show its association with dis-
ease forms of the prion protein.
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