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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any intermolecular aggregates (Narwa and Harris, unpublished data).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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mutant Prp¢ |~ resistant 'I" insoluble > | resistant
. BFA
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Reticulum Endocytic pathway
(“Rafts”)
| | | |
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Figure 5. A scheme for transformation of mutant PrPs to a PrP%¢ 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 PrP5¢ 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 PrP5¢ 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 PrPS°, 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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