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Studying PrPC and PrP5¢ in cell culture systems is advantageous because such
systems contain all the organelles, membranes, and molecular cofactors that
are likely to play an important role in the biology of the proteins. Using cultured
cells expressing PrPC, we have discovered that this isoform constitutively cycles
between the cell surface and an endocytic compartment, a process that is
mediated by clathrin-coated pits and a putative PrPC receptor. We have also
constructed stably transfected lines of CHO cells that express PrP molecules
carrying mutations that are associated with familial prion diseases. The mutant
PrP molecules in these cells are spontaneously converted to the PrP¢ state, a
phenomenon which has allowed us to analyze several key features of prion
formation.

Introduction

Prion diseases are fatal neurodegenerative disorders which have an infectious,
genetic, or sporadic origin. All cases are attributable to a conformational change in
a normal cellular protein, designated PrP®, which converts it into a pathogenic
isoform, referred to as PrPS¢ (1, 39). Exactly how this transformation occurs at the
structural level is unclear at present, but it appears to involve generation of additional
regions of 3-sheet in the polypeptide chain at the expense of a-helical or unstructured
domains (39). In infectious prion diseases, which include kuru as well as new-variant
and iatrogenic Creutzfeldt-Jakob disease (CJD) in humans, and experimental scrapie
in animals, exogenous PrPS° is thought to impress its conformation on endogenous
host PrPC, thereby generating more PrPS in an auto-catalytic reaction (2). In familial
forms, which include Gerstmann-Straussler syndrome (GSS), fatal familial insomnia
(FFI), and about 10% of the cases of CJD, germline mutations in the PrP gene are
presumed to induce conversion of the protein to the PrP state (39). Sporadic forms,
which comprise most cases of CJD, may result from rare, spontaneous conversion
of wild-type PrP to PrPS°, or from somatic mutations in the PrP gene (3).

My laboratory has been interested in studying prion diseases from a cell
biological perspective. In particular, we are investigating how PrP¢ and PrPS° are
post-translationally processed and metabolized, how they are localized and targeted
after synthesis, what other cellular molecules they interact with, and how they cause
the clinical and neuropathological abnormalities characteristic of the disease state.
Our primary objectives are to elucidate the cellular and molecular mechanisms
underlying conversion of PrP€ into PrPS¢, as well as to understand the normal cellular
function of PrP€. A cell biological approach has an important advantage: It allows
one to study PrP biology in the context of the organelles, membranes, and molecular
cofactors that undoubtedly play an important role in the function of the two isoforms
of the protein. For example, chaperone molecules are now widely thought to play
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an important role in prion formation, and identification of these proteins represents
an important challenge in the field (4). Cultured cells that are susceptible to scrapie
infection presumably contain all the chaperones required for prion propagation, in
contrast to in vitro systems based on purified PrP and peptides which will lack these
essential cofactors. By permeabilizing, breaking open, or fractionating cultured cells,
it should be possible to develop systems where PrPS¢ generation can be achieved at
high efficiency under conditions where the activity of chaperones can be
experimentally manipulated and assayed.

In this review, I will first discuss our work on the cellular trafficking of PrPC,
which bears on the normal physiological function of this isoform, and the possible
cellular routes along which it is converted to PrPS¢, I will then describe a transfected
cell system which we have developed that generates PrPS¢ de novo from PrP
molecules carrying pathogenic mutations.

Trafficking of PrPC€

Experiments using transfected cell lines indicate that PrPC constitutively cycles
between the plasma membrane and an early endocytic compartment (Figure 1).
This conclusion is based on several lines of evidence (5). First, it is possible to
directly measure internalization and recycling of surface PrPC molecules that have
been labeled with membrane-impermeant iodination or biotinylation reagents. Kinetic
analysis of these data indicate that PrP¢ molecules cycle through cultured
neuroblastoma cells with a transit time of ~60 minutes. Second, endocytosis of
PrPC can be visualized by using immunofluorescence microscopy to track
internalization of antibodies that have been bound to PrP€ on the cell surface. Third,

Endosome

Figure 1. Cellular pathways followed by PrPC. Like other membrane proteins, PrPC is synthesized in the
rough ER, and after passage through the Golgi, reaches the cell surface. PrP€ on the plasma membrane is
internalized into early endosomes, from which 95% of the molecules are recycled intact to the cell
surface. 5% of the endocytosed molecules are proteolytically cleaved near residues 108-111, and the N-
and C-terminal cleavage products are externalized. Some of the membrane-anchored protein is also
released into the medium by a second cleavage that occurs within the GPI anchor structure. Reprinted
from: Shyng, S.-L., Huber, M.T. and Harris, D.A. 1993. J. Biol. Chem. 268:15922-15928.
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PrPC is subject to a proteolytic cleavage in its mid-region (6) that is inhibited by
lysosomotropic amines and leupeptin, suggesting that it occurs within an endosomal
compartment that is acidic and protease-containing. This endocytic recycling pathway
is of interest because it may be the route along which certain steps in the conversion
of PrP€ to PrPS° take place (7, 8). In addition, the existence of this pathway suggests
that one physiological function of PrP® might be to facilitate uptake of an as yet
unidentified extracellular ligand, by analogy with receptors responsible for uptake
of transferrin and low-density lipoprotein.

We have found that clathrin-coated pits and vesicles are the morphological
structures responsible for endocytic uptake of PrP® (9). This conclusion is based on
immunogold localization of PrP® in these organelles by electron microscopy,
inhibition of PrP€ internalization by incubation of cells in hypertonic sucrose which
disrupts clathrin lattices, and detection of PrP® in purified preparations of coated
vesicles from brain. We hypothesize that PrP¢ molecules enter clathrin-coated pits
after exiting cholesterol-rich raft domains on the plasma membrane (10).

The involvement of clathrin-coated pits in endocytosis of PrP® is surprising,
since GPI-anchored proteins like PrP€ lack a cytoplasmic domain that could interact
directly with the intracellular components of coated pits such as clathrin and adapter
proteins. Indeed, it has been speculated that other GPI-anchored proteins are excluded
from coated pits, and are internalized via caveolae (11). To explain this paradox, we
have postulated the existence of a “PrP® receptor”, a transmembrane protein that
has a coated-pit localization signal in its cytoplasmic domain, and whose extracellular
domain binds the N-terminal portion of PrP* (12) (Figure 2). This model is consistent
with our observation that deletions within the N-terminal domain of PrP¢ diminish
internalization of the protein measured biochemically, and reduce its concentration
in coated pits determined morphometrically (13). We presume that these deletions
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Figure 2. Model for the function of a putative PrP¢ receptor. Reprinted from: Harris, D.A., Gorodinsky,
A., Lehmann, S., Moulder, K. and Shyng, S.-L. 1996. Curr. Top. Microbiol. Immunol. 207:77-93.
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reduce the affinity of PrP€ for the endocytic receptor. Identification of this receptor
is now of great importance, as it is likely to provide clues to the normal function of
PrPC, and may allow design of therapeutic strategies for blocking endocytic uptake
of PrPC, thereby inhibitin% prion replication. Such a receptor might also be involved
in the conversion of PrPC into PrP5¢, or in the initial uptake of PrPS-containing
prion particles into cells.

Formation of PrPS¢ in Cultured Cells

Cell Culture Models of Infectious and F amilial Prion Diseases

Several different cell lines can be infected with prions from scrapie-infected rodent
brain, including N2a mouse neuroblastoma cells (14, 15), immortalized HaB hamster
brain cells (16), PC12 rat pheochromocytoma cells (17), and immortalized GT1
mouse hypothalamic neurons (18). These cells can be propagated continuously in
culture in an infected state, and can be shown to produce PrPS¢ by biochemical
criteria, and infectivity by animal bioassay. Surprisingly, they show no obvious
cytopathology, with the exception of the GT1 cells, a sub-population of which appears
to undergo apors)tosis. A great deal has been learned about the cellular mechanisms
underlying PrP>° formation using these cells, which can be regarded as models of
the infectious manifestation of prion diseases.

We have been interested in developing a cell culture model of familial prion
diseases, which are associated with point or insertional mutations in the PrP gene on
chromosome 20 (19, 20). To model these diseases, we have created stably transfected
lines of Chinese hamster ovary (CHO) cells that express mouse PrP (moPrP)
molecules carrying mutations homologous to six different pathogenic mutations of
humans. As a negative control, we have also analyzed cells expressing moPrP with
a substitution of valine for methionine at codon 128, homologous to the non-
pathogenic polymorphism at codon 129 in human PrP.

We find that the moPrPs carrying pathogenic mutations acquire all of the
biochemical hallmarks of PrP5¢ (21, 22). PrP5¢ can be distinguished operationally from
PrPC by several operational biochemical properties. One commonly used property is
insolubility in non-denaturing detergents, which can be assayed by subjecting detergent
lysates to ultracentrifugation. We observed that while most the wild-type PrP remained
in the supernatant under these conditions, the majority of each of the PrPs carrying a
pathogenic mutation was found in the pellet (Figure 3A). As expected, M128V moPrP
behaved like the wild-type protein. A second characteristic of PrPS° is resistance to
proteolysis, which is manifested by production of protease-resistant core fragment (PrP
27-30) upon treatment with proteinase K. Treatment of the mutant PrPs with 3.3 ug/ml
proteinase K for 10 minutes resulted in production of a PrP 27-30 fragment, while
under the same conditions wild-type and M128V moPrPs were completely digested
(Figure 3B). A third distinguishing feature of PrPS is related to the glycosyl-
phosphatidylinositol (GPI) anchor that attaches the C-terminus of the protein to the cell
membrane. Although both isoforms contain a GPI anchor, PrPS, in contrast to PrP€,
cannot be released from membranes of scrapie-infected cells and brain by a bacterial
phospholipase (PIPLC) that specifically cleaves the GPI anchor (21, 23). We found
that the same is true for moPrP molecules carrying pathogenic mutations that are
expressed in CHO cells (24). Other similarities between mutant PrPs produced in CHO
cells and authentic, infectious PrPS¢ include slow metabolic generation and turnover
(22), and the existence of small differences among different mutant PrPs in proteinase
K cleavage site and glycosylation pattern that are reminiscent of the strain-specific
characteristics of natural prion isolates (21).

Taken together, our results make it clear that the CHO cell system is recapitulating
the essential features of PrPS¢ biogenesis seen in vivo. Although we have not yet
demonstrated that mutant PrPs produced in these cells are infectious, this system
has already provided key insights into several aspects of prion biology, as outlined
below.
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Figure 3. MoPrPs carrying disease-related mutations are detergent-insoluble and protease-resistant when expressed
in cultured CHO cells. Panel A: Lysates of metabolically labeled CHO cells expressing each moPrP were centrifuged
first at 16,000 x g for 5 min, and then at 265,000 x g for 40 min. MoPrP in the supernatants and pellets from the
second centrifugation was quantitated by immunoprecipitation, and the percentage of PrP in the pellet was calculated.
Each bar represents the mean + SD of values from three experiments. Values that are significantly different from
wild-type (WT) moPrP by t-test (p<0.001) are indicated by an asterisk. WT, wild-type; PG11, six-octapeptide
insertion. Panel B: Proteins in lysates of metabolically labeled cells were either digested at 37 °C for 10 minutes
with 3.3 mg/ml of proteinase K (+ lanes), or were untreated (- lanes), prior to recovery of moPrP by
immunoprecipitation and analysis by SDS-PAGE. Five times as many cell-equivalents were loaded in the + lanes
asin the - lanes. Reprinted from: Harris, D.A. and Lehmann, S. 1997. In: Alzheimer’s Disease: Biology, Diagnosis
and Therapeutics. K Igbal, B.Winblad, T. Nishimura, M.Takeda and H.M. Wisniewski, eds. pp. 631-43.
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PIPLC-resistance of PrP5¢

Several hypotheses can be envisioned to explain why mutant PrP (and by implication
PrP5°) is not released from cell membranes by PIPLC (24) (Figure 4). First, it is
possible that the molecule has a second mechanism of membrane attachment in
addition to the GPI anchor, such as integration of the PrP polypeptide chain into the
lipid bilayer or tight binding to another membrane protein. In favor of this explanation,
we find that 3H[fatty acid] label incorporated into mutant PrP is partially removed
upon treatment of intact cells with PIPLC, even though virtually all of the protein
remains tightly associated with the cell membrane (24). Alternatively, the GPI anchor
of PrPS¢ could be physically shielded from the phospholipase, either by aggregation
of the protein or by intrinsic conformational features of the polypeptide chain. This
mechanism may also be operative, based on our observation that some mutant PrP
molecules remain resistant to PIPLC cleavage after extraction into Triton lysis buffer,
but not after boiling in SDS, which would unfold the polypeptide chain and disrupt
any intermolecular aggregates (Narwa and Harris, unpublished data). Clearly, further
work will be needed to determine the relative contributions of these different models.

Kinetics of PrP5¢ Formation

Pulse-chase metabolic labeling experiments indicate that conversion of mutant PrPs
to the PrPS¢ state is a step-wise process, with distinct biochemical intermediates
being generated in different cellular compartments (25) (Figure 5). The earliest event
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Figure 4. Models to explain why PIPLC releases PrP€ but not PrP* from cell membranes. Wild-type PrP (PrP€) is
anchored to the membrane exclusively by its GPI anchor, the core structure of which is illustrated, along with the
site cleaved by PIPLC. The polypeptide chain of mutant PrP (PrP5¢) may adopt a conformation that physically
blocks access of PIPLC to the anchor (A). Alternatively, the polypeptide chain of the mutant protein may be
integrated into the lipid bilayer (B), or bind tightly to another membrane-associated molecule (C); in these last two
cases, the PrP molecule would be retained on the membrane even after the anchor is cleaved. Reprinted from:
Harris, D.A. 1998. In: GPI-Anchored Biomolecules. S. Ilangumaran and D.C. Hoessli, eds.
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is the acquisition of PIPLC-resistance, which is detectable within minutes of pulse-
labeling, and is not blocked by incubation of cells at 18°C or treatment with brefeldin
A. This step is therefore likely to occur in the ER, either during or very soon after
completion of the polypeptide chain, and we speculate that it reflects the actual
conformational switch to the PrPSe state. This idea is attractive, because the ER is
the location where proteins normally fold, and because this compartment contains a
number of molecular chaperones that are good candidates for the cofactors or “protein
X” molecules that are widely thought to play a critical role in prion formation (4,
26).

In contrast to PIPLC-resistance, detergent-insolubility requires at least 30
minutes of chase to be detected, and protease-resistance even longer (up to 6 hours).
These latter two steps are therefore likely to take place subsequent to delivery of the
protein to cell surface, either on the plasma membrane itself, or along an endocytic
pathway. Cholesterol-rich membrane “rafts” (27) may play a role in acquisition of
detergent-insolubility and protease-resistance, perhaps by forcing PrP molecules
together in a small space. In support of this hypothesis, we find that GPI-anchored
PrP is present in rafts (10), and that artificially constructed transmembrane forms of
mutant PrP (which would be excluded from rafts) never develop these two properties
(Daude and Harris, unpublished data). Rafts, however, are not likely to be involved
in formation of the PIPLC-resistant intermediate in the ER, since these membrane
domains first form in the Golgi and are absent from the ER.

Lack of Interaction Between Mutant and Wild-type PrPs in the Same Cell
Almost all patients with inherited prion diseases are heterozygous for the mutant

allele, implying that their cells express both mutant and wild-type PrPs . To model
this situation, we have prepared stably transfected lines of CHO cells that express
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Figure 5. A scheme for transformation of mutant PrPs to a PrP5¢ state. Mutant PrPs are initially synthesized
in the PrPC state, and acquire PrPS properties in a stepwise fashion as they pass through the endoplasmic
reticulum and arrive at the plasma membrane. PIPLC-resistance reflects folding of the polypeptide chain
into the PrP% conformation, while detergent-insolubility and protease-resistance result from subsequent
intermolecular aggregation (“maturation”). The times given underneath the boxes indicate when after pulse-
labeling the corresponding property is detected. Addition of brefeldin A (BFA) to cells or incubation at
18°C, treatments which block movement of proteins beyond the Golgi apparatus, inhibit acquisition of
detergent-insolubility and protease-resistance but not PIPLC-resistance. Adapted from: Daude, N., Lehmann,
S. and Harris, D.A. 1997. J. Biol. Chem. 272:11604-11612.
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both wild-type moPrP and moPrP carrying a six-octapeptide insertion whose human
homologue is associated with familial CJD (28). This particular mutant protein was
chosen because it can be readily distinguished from wild-type PrP on SDS-PAGE
by its lower electrophoretic mobility. We find that wild-type moPrP does not acquire
any of the biochemical properties of PrPS¢ when co-expressed with the mutant moPrP.
Conversely, conversion of the mutant protein to the PrPS¢ state is not impaired by
co-expression of the wild-type protein. These results in CHO cells stand in contrast
to the situation in the brains of CJD patients with the same mutation, in which the
wild-type protein becomes both detergent-insoluble and protease-resistant (29). This
raises the intriguing possibility that CHO cells lack some factor present in neurons
that may be crucial for the productive interaction of wild-type and mutant PrP
molecules. It is also noteworthy that inter-allelic interaction may also depend on the
mutation being expressed: in patients with familial prion diseases, some mutant PrP
molecules are able to fully convert the wild-type protein to the PrPS° state, some
induce partial conversion, and some have no effect (29-31).

Blockade of Glycosylation Promotes Acquisition of PrPS¢ Properties

Although PrPS¢ can be generated in the absence of glycosylation (32), there is
evidence that oligosaccharide chains can modify the efficiency of the conversion
process (32, 33), and may also serve as molecular markers of diverse prion strains
(34-36). To investigate the role of N-glycans in determining the properties of PrP,
we have expressed in transfected CHO cells mouse PrP molecules in which N-
glycosylation has been blocked either by treatment with the drug tunicamycin, or
by substitution of alanine for threonine at one or both of the N-X-T consensus sites
(37). We first determined the effects of these manipulations on the biosynthesis and
trafficking of the protein. We found that PrP molecules mutated at threonine-182
alone or at both threonine-182 and threonine-198 fail to reach the cell surface after
synthesis, but that those mutated at threonine-198 or synthesized in the presence of
tunicamycin can be detected on the plasma membrane. This indicates that N-linked
glycans are not essential for normal trafficking of PrP, and that mutational inactivation
of the consensus site that includes threonine-182 alters trafficking of the protein in
a way that is independent of an effect on oligosaccharide attachment.

We also found that all three PrP glycosylation mutants acquire the biochemical
attributes of PrP¢, including detergent-insolubility, protease-resistance, and PIPLC-
resistance. This result was not unexpected, since an equivalent mutation in the second
glycosylation consensus site of human PrP (T183A) has recently been associated
with a familial spongiform encephalopathy in a Brazilian family (38). What was
surprising, however, was that wild-type PrP synthesized in the presence of
tunicamycin also displayed PrPS¢-like properties, although to a lesser degree than
the mutant PrPs. There are several possible explanations for this phenomenon,
including the possibility that the absence of N-glycans favors formation of a
transitional state that is intermediate between PrP® and PrPS¢. Taken together, our
results suggest that the PrP molecule has an intrinsic tendency to acquire some
PrPS¢-like properties, and that N-glycan chains protect against this change. However,
pathogenic mutations, or presumably contact with exogenous prions, are necessary
to fully convert the protein to a PrP>° state.

Conclusions

The application of a cell biological approach to the study of prion diseases has
allowed us to define the normal trafficking pathways followed by PrP€, and to develop
a cell culture system for the de novo formation of PrPS¢ from PrP molecules carrying
pathogenic mutations. The information we have obtained complements what is being
learned from in vitro systems and from transgenic mice. A number of important
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questions remain, including identifying the PrP receptor that mediates endocytosis
of PrP€ via clathrin-coated pits, and determining which ER chaperone molecules
play a role in formation of the earliest, PIPLC-resistant intermediate along the
pathway to PrPS¢. Finally, it will be crucial to characterize the cell biology of PrP¢
and PrP5¢ in neurons, astrocytes, lymphocytes, and other differentiated cell types
that are relevant to prion biology, as opposed to the transformed cell lines that have
been utilized for all of our experiments to date. This should now be possible, using
cells cultured directly from the brains and peripheral tissues of mice with normal or
genetically altered PrP genes.
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