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Abstract

The prion protein (PrP) is capable of folding into multiple self-replicating prion strains that
produce phenotypically distinct neurological disorders. Although prion strains often breed true
upon passage, they can also transform or “mutate” despite being devoid of nucleic acids. To
dissect the mechanism of prion strain transformation, we studied the physicochemical evolution of
a synthetic prion strain (MoSP1) after repeated passage in mice and cultured cells. We show that
MoSP1 gradually adopted shorter incubation times and lower conformational stabilities. These
changes were accompanied by a structural transformation as indicated by a shift in the molecular
mass of the protease-resistant core of MoSP1 from approximately 19 kDa [MoSP1(2)] to 21 kDa
[MoSP1(1)]. We show that MoSP1(1) and MoSP1(2) can breed with fidelity when cloned in cells,
but when present as a mixture, MoSP1(1) preferentially proliferated, leading to the disappearance
of MoSP1(2). In culture, the rate of this transformation process can be influenced by the nature of
the culture media and the presence of polyamidoamines. Our findings demonstrate that prions can
exist as a conformationally diverse population of strains, each capable of replicating with high
fidelity. Rare conformational conversion, followed by competitive selection among the resulting
pool of conformers, provides a mechanism for the adaptation of the prion population to their host
environment.

INTRODUCTION

In prion diseases, including Creutzfeldt-Jakob disease (CJD) in humans, scrapie in sheep,
and bovine spongiform encephalopathy (BSE) in cattle, an alternatively folded conformer of
the prion protein (PrP) propagates by catalyzing a posttranslational structural transition,
utilizing endogenous cellular PrP (PrPC) as a substrate 1+ 2. This transition converts the a-
helix—rich PrPC into pathogenic, aggregation-prone, p-sheet-rich conformers, termed
PrPSc3:4.5 This conversion can occur spontaneously or be induced by autosomal dominant
mutations in the PrP gene (PRNP) & 7. Alternatively, prion disease can result from exposure
to exogenous PrPSc5,
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The pioneering work of Pattison, Dickinson and colleagues indicated that the sheep scrapie
agent can propagate as multiple phenotypically distinct strains 8: % 10, More recent work has
identified the existence of strains within prions derived from other species 11: 12, Prion
strains can be distinguished based on their pathogenic properties (incubation times,
neuropathology, ability to infect cell lines) and biochemical characteristics (electrophoretic
mobility, glycoform ratio, conformational stability, exposure of antibody epitopes, affinity
towards conjugated polymers) 13: 14:15:16 Evyidence suggests that these strain-specific
properties are enciphered in the conformation of PrPS¢ 11 14:17 The ynique biological and
biochemical signatures of strains can propagate faithfully in animals, cell culture and in-
vitro amplification experiments °: 12 18: 19,20,

Although natural prion strains can breed true upon serial passage, several observations
suggest that they are capable of altering their molecular properties in order to adapt to new
hosts and environments, in a process referred to as “strain adaptation”. This phenomenon is
frequently observed when prions are transmitted to a different host species. The interspecies
transmission of prions is typically an inefficient process characterized by long incubation
times and low infection rates 21: 22 23: 24 Evidence suggests that this species barrier is a
result of incompatibilities between the conformations of the infecting prion strain and host
PrPC, due in part to differences in the amino acid sequences 23: 25, However, upon repeated
passage, the prion conformation changes in its new host and the incubation period gradually
shortens 23,

Prion adaptation has also been observed in the form of dynamic interconversions of strains
derived from the same organism. Passaging of biologicially cloned transmissible mink
encephalopathy (TME) prions into Syrian golden hamsters can result in two phenotypically
distinct strains: a long-incubation-period strain named drowsy (DY) and a short-incubation-
period strain named hyper (HY) 26. Upon initial infection of hamsters with biologically
cloned TME prions, the DY strain predominated. However, continuous serial passage of DY
prions in hamsters resulted in the gradual selection of the HY strain 20: 27; 28,

A similar phenomenon was observed in mice infected with variant CJD strains. Transgenic
(Tg) mice expressing chimeric human/mouse PrP inoculated with vCJD prions can harbor
two distinct strains of prions 2°. In mice that expressed a mixture of the two strains, the
faster-replicating strain became dominant on subsequent passage3°. More recent
experiments have shown that prions can also evolve in response to selective environmental
pressures. The presence of the antiprion drug quinacrine 31 or the glycoside hydrolase
inhibitor swainsonine 32 result in the selection of prion conformations that are resistant to
the respective drug’s actions in cell-culture models. Although these observations suggest
that prion strains are dynamic pathogens capable of adaptation to novel environments, the
mechanism of prion strain evolution remains unknown and subject to speculation 33,

Prion strain diversity has recently been augmented by the creation of infectious synthetic
prions formed exclusively from bacterially derived recombinant PrP. The first synthetic
prion strain (termed MoSP1) was created by refolding recombinant, truncated mouse
PrP(A23-88) into B-sheet—rich amyloid fibrils followed by intracerebral inoculation into Tg
mice expressing the same truncated PrP sequence (Tg9949) 34. Although aged Tg9949 mice
are prone to neurologic disease, they do not spontaneously accumulate infectious prions 3°.
However, when inoculated with MoSP1 fibrils, Tg9949 mice amassed protease-resistant
infectious prions (rPrPSC) 34, Passage of MoSP1 in wild-type (wt) inbred FVB or Tg mice
overexpressing full-length PrP (Tg4053) led to diverse incubation times, suggesting that
MoSP1 may be comprised of multiple strains 36 37, Further inoculations of wt and Tg mice
with various PrP amyloid preparations led to the generation of additional, distinct synthetic
prion strains 35: 38; 39,
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Compared to prions that are endemic in natural populations (such as scrapie), newly created
synthetic prion strains have not been exposed to extended periods of natural selection. We
therefore reasoned that synthetic strains reflect unoptimized prion states that may be prone
to conformational transformation and selection upon repeated passage. We serially passaged
MoSP1 in mice and cultured cell lines, and monitored changes in its biochemical and
biological properties. Our data indicate that MoSP1 gradually adopted shorter incubation
periods and a defined set of biochemical and neuropathological properties. We demonstrate
that the observed MoSP1 transformation resulted from rare conversion events followed by
competition and selection among a heterogeneous pool of prions.

RESULTS

Generation and serial passage of MoSP1 in mice

Previously, we demonstrated that inoculation of B-sheet—rich amyloid fibrils prepared from
truncated (residues 89—-230), recombinant mouse PrP (recMoPrP) into Tg mice expressing a
similarly truncated construct (Tg9949 mice 49) led to the generation of synthetic prions 34,
Although Tg9949 mice inoculated with phosphate-buffered saline (PBS) or bovine serum
albumin (BSA) developed late-onset ataxia after 600 days, neither infectious prions nor
related neuropathology were detectable in their brains 3. Conversely, Tg9949 mice
inoculated with PrP amyloid fibrils developed neurologic disease between 380 and 608 days
postinoculation 34, which was characterized by the presence of vacuoles and astrocytic
gliosis, and biochemical analysis indicated the presence of proteinase K (PK)-resistant
PrPS¢ 34, The resulting synthetic prion isolate was termed MoSP1.

Brain homogenates from MoSP1-infected mice were serially passaged in Tg9949, Tg4053,
and wt FVB mice. After each passage, extracts from multiple infected brains were used as
inocula for additional rounds of infections (Tables S1-S3). Upon serial passaging, the
incubation period for MoSP1 decreased in a stochastic fashion in all three mouse models
(Fig. 1A, Tables S1-S3; 37).

Biochemical characterization of passaged MoSP1

Brain extracts from selected MoSP1-infected mice (Fig. 1A) were digested with PK and
protease-resistant PrPSC bands were detected on Western blots using the D18 antibody*
(Fig. 1B). The epitope of D18 lies between residues 132 and 157 of mouse PrP. Tg9949
mice that succumbed to disease after primary infection with recombinant MoSP1 amyloid
fibers had PrPSC banding patterns that were distinct from those of mouse-passaged, Rocky
Mountain Laboratory (RML) scrapie strain in Western blots. In three Tg9949 mice (K4974,
K4985 and K4973) with incubation periods of >500 days after infection with MoSP1, the
unglycosylated PrPSC bands had apparent molecular weights of 19 kDa (Fig. 1B, red arrow).
In comparison, Tg9949 mice infected with RML prions had an unglycosylated PrPS¢ band of
21 kDa (Fig. 1B, blue arrow). In one Tg9949 mouse (K4977) that was infected with
recMoPrP(89-230) amyloid and developed signs of neurologic dysfunction after 380 days,
PrPSC bands of both molecular weights were observed. These results contend that MoSP1-
infected mice can accumulate at least two biochemically distinct prion isoforms. Analogous
variations in PK-resistant PrPS¢ banding patterns have been observed in CJD cases 2. “Type
1” prions, found in most sporadic (s) CJD patients homozygous for methionine at PrP
residue 129, have an unglycosylated PrPSC¢ band of 21 kDa, whereas “type 2 prions,
commonly found in variant (v) CJD patients, have an unglycosylated PrPS¢ band of 19 kDa.
We refer to the MoSP1 isoform with the 21-kDa, unglycosylated protease-resistant fragment
as MoSP1(1) and the MoSP1 isoform with the 19-kDa, unglycosylated protease-resistant
fragment as MoSP1(2).

J Mol Biol. Author manuscript; available in PMC 2012 October 28.
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Serial passage of MoSP1 in Tg9949 and FVB mice resulted in the accumulation of
MoSP1(1) or a mixture of MoSP1(1) and MoSP1(2). Mice with shorter incubations periods
(e.g., M6050, M72698 and O7303) accumulated MoSP1(1) alone whereas mice with longer
incubation periods had a mixture of the two strains (Fig. 1B). The 12B2 antibody, raised
against the N-terminal domain of PrP (residues 86 to 104) 43 can detect the protease-
resistant core of MoSP1(1) but not of MoSP1(2) (Fig. 1B). The result supports the
proposition that MoSP1(1) and MoSP1(2) are conformationally distinct strains.

We next measured the conformational stability of passaged MoSP1 strains by determining
the GdnHCI concentrations required to expose half of the PrPS¢ population to limited
proteolysis (GAnHCly,,) (Fig. 1C, D). In general, MoSP1(1) had lower conformational
stabilities compared to MoSP1(2). GdnHCl4, values ranged from 1. 8 M to 3. 2 M for
MoSP1(1), and from 3. 8 M to 5 M for MoSP1(2). In passages resulting in a mixture of
MoSP1(1) and MoSP1(2), differences between the stabilities of two coexisting strains were
detectable in the same brain extract and could be separately measured by analyzing the
disappearance of the corresponding 19-kDa or 21-kDa band (e. g., Fig. 1C, sample N70149).

Figure 1E summarizes the quantitative changes in the incubation period, banding patterns,
and conformational stability of MoSP1 upon three passages in Tg9949 mice. Together, the
data indicate that serial passage of MoSP1 in mice results in: (i) shortening of the incubation
period; (ii) accumulation of MoSP1(1); (iii) depletion of MoSP1(2); and (iv) a decrease in
the conformational stability of both strains.

Infection of a neuroblastoma (N2a) cell line with MoSP1

We next attempted to recapitulate the adaptation of MoSP1 that occurred in animals in a
cell-culture system. N2a cells were infected with brain extracts from four MoSP1-infected
FVB mice (N70116, N70118, N70149 and M72698). Protease-resistant PrPSC was
detectable after 6 passages following infection by all four extracts (Fig. 2A). Cells infected
with the M72698 extract retained the MoSP1(1) banding pattern (Fig. 1B and 2A) and were
detectable by the 12B2 antibody. Infection with extracts N70116, N70118, and N70149
resulted in the cellular accumulation of MoSP1(2) alone, which was undetectable by 12B2.
The distinct banding patterns of the infected cultures were retained after two passages
(passages 6-8 postinfection). Interestingly, cells infected with M72698 accumulated much
higher levels of PrPS¢ compared to those infected with N70116, N70118, or N70149 (Fig.
2A). The greater PrPSE accumulation may reflect a faster rate of formation for MoSP1(1)
compared to MoSP1(2).

GdnHCI denaturation assays indicated that the distinct conformational stabilities of
MoSP1(2) and MoSP1(1) were faithfully transferred to cells (Fig. 2C). The measured
GdnHCly, values of PrPSC in cells mirrored those of the corresponding brain-derived
inocula (compare Fig. 1D and 2C).

Gradual transformation of MoSP1 in culture

N2a cells infected with N70116 and harboring MoSP1(2) were continuously propagated for
32 weekly passages in dextrose-rich DMEM media (Fig. 3A). As a control, the same N2a
subclone was infected with RML prions and propagated for the same number of passages
(Fig. 3B). During the first 24 passages, the accumulation of MoSP1(2) progressively
increased over time. At passage 23, the accumulation of MoSP1(1) was detectable. Between
passages 24 and 27, MoSP1(1) levels steadily increased and MoSP1(2) levels declined.
After passage 27, MoSP1(2) was undetectable. Interestingly, the culture media influenced
the relative proportions of MoSP1(1) and MoSP(2) between passages 24-29 (Fig. 3C).
When cells were switched to MEM at passage 24, MoSP(1) did not accumulate as quickly

J Mol Biol. Author manuscript; available in PMC 2012 October 28.
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compared to levels observed with DMEM. Furthermore, MoSP1(2) persisted at passage 29
in MEM, whereas it was depleted at passage 29 in DMEM. The rates of cell division in
MEM and DMEM were 0. 02 h"L and 0. 04 h1, respectively.

As the PrPSC population shifted from MoSP1(2) to MoSP1(1) with passage, the
conformational stability of PrPSC in the infected N2a cells decreased (Fig. 3D). At passage 9,
PrPS¢ from N70116-infected cells had a GdnHCly, value of 3. 2 M. By passage 32, the
strain exhibited a GdnHCly» value of 1. 7 M. By comparison, the conformational stability of
RML-infected cells was 1. 7 M.

Sensitivity of MoSP1 strains to antiprion drugs

In order to provide further evidence that MoSP1(2) and MoSP1(1) represent discrete
conformational states with distinct biological properties, we assessed their sensitivities to
known antiprion compounds. Positive polyamidoamines (PAMAM) and quinacrine have
been shown to reduce PrPSC levels in RML-infected cells 44 4° through poorly understood
mechanisms of action. We added increasing concentrations of PAMAM and quinacrine to
N2a cells infected with MoSP1 (from mouse N70116) or RML prions, at varying timepoints
(passage numbers) postinfection. The cells were treated for 7 days, and the lysates were
digested with PK and analyzed by Western blots (Fig. 4). At passage 15, RML-infected cells
were cleared of PrPS¢ by 1 pg/mL PAMAM whereas N70116-infected cells, harboring
MoSP1(2), were resistant to its antiprion activity. In N70116-infected cells at passage 26,
both MoSP1(2) and MoSP1(1) were present; 1 ug/mL PAMAM completely abolished the
MoSP1(1) population whereas MoSP(2) remained. By passage 38, 1 ug/mL PAMAM
cleared all PrPS¢ from N70116-infected cells. Unlike PAMAM, 1 uM of quinacrine cleared
PrPSC¢ from both RML- and MoSP1-infected cells, abolishing both MoSP1(1) and MoSP(2)
from the cultures (Fig. 4). These results indicate that MoSP1(1) and MoSP1(2) have
differential sensitivities to PAMAM but are equally susceptible to quinacrine.

Serial passage of MoSP1 results in prions with shorter incubation periods

We next assessed the infectivity of MoSP1 at various passage numbers in culture. Cell
extracts were collected at passages 9, 15, 27 and 38 for MoSP1-infected cells, and passages
15 and 24 for RML-infected cells. The extracts were intracerebrally inoculated in Tg4053
mice overexpressing full-length MoPrP. Mice inoculated with RML-infected cell lysates
developed signs of neurologic dysfunction after ~60 days (Fig. 5A). This incubation period
is similar to mice infected with serially passaged RML brain homogenate (for example,

see 46). In comparison, lysates derived from MoSP1-infected cells caused signs of
neurologic dysfunction with progressively shorter incubation periods as a function of
passage number (Fig. 5A). Mice inoculated with MoSP1 lysate at passage 9 showed signs of
neurologic dysfunction after ~180 days, whereas those infected with passage 38 cells
became ill after ~80 days. Mice inoculated with lysate from uninfected N2a cells remained
healthy for 400 days postinoculation, at which point the experiment was terminated.

The banding patterns and conformational stabilities of PrPSC derived from a number of
terminal mice were subsequently analyzed (Fig. 5B, C). The results indicated that, at the
time of death, all mice harbored the MoSP1(1) strain with a conformational stability of ~1. 7
M. Thus, during the course of the bioassay, prions derived from MoSP1-infected cells at
passage 9 and passage 15 had undergone a transition from a high-stability MoSP1(2) strain
(see Fig. 3A) to a low-stability MoSP1(1) strain. The results suggest that the course of
MoSP1 adaptation initiated in cell culture continued along the same trajectory when
inoculated into the brains of mice.

J Mol Biol. Author manuscript; available in PMC 2012 October 28.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ghaemmaghami et al. Page 6

Cloning of MoSP1(2) and MoSP1(1)

The foregoing data indicate that a gradual shift in the prion population towards MoSP1(1)
occurred in infected cultures. Such a shift is likely to occur because MoSP1(1) has a faster
rate of replication in comparison to MoSP1(2). However, the origin of the MoSP1(1) strain
in the infected cells remains unclear. In theory, MoSP1(1) that existed in the brain-derived
inocula could have been passed on to cells at levels that were initially undetectable, but
gradually accumulated upon serial passage, competing out the MoSP1(2) strain (see
Discussion below). Alternatively, MoSP1(1) may be formed by direct conformational
conversion from MoSP1(2) over time. In order to distinguish between these two
possibilities, we sought to clone MoSP1(1) and MoSP1(2) in culture and assess their fidelity
of replication. At passage 24, the cells were subcloned by limiting dilution and 16 individual
clones were obtained. Upon expansion, 11 of the 16 clones contained detectable levels of
PK-resistant PrPS¢ by Western blot (Fig. 6A). Interestingly, most clones contained either
MoSP1(2) or MoSP1(1), but not both. This finding is consistent with the observation that
intercell prion propagation occurs more slowly than intracell PrPSC¢ formation 47. Although
the rate of cell-to-cell transmission of MoSP1(1) is likely to be relatively slow, once a cell
acquires small levels of MoSP1(1), the strain rapidly propagates within that cell,
outcompeting the MoSP1(2) population. Thus, within an adapting culture, the transition
from MoSP1(2) to MoSP1(1) appears to occur in a quantized manner, and cells harboring
detectable levels of both strains (e.g., as seen in subclone 4) are rare.

Subclone 7 that harbored only MoSP1(2) and subclone 10 that harbored only MoSP1(1) had
the respective conformational stabilities and PAMAM sensitivities of the MoSP1(2) and
MoSP1(1) in the uncloned cultures (Fig. 6B, C). MoSP1(2) in subclone 7 remained in the
culture for at least 32 subsequent passages (Fig. 6D). Conversely, in the uncloned N70116-
infected culture containing a mixture of MoSP1(2) and MoSP1(1), MoSP1(2) was depleted
after 5 passages (from passage 24 to 29) and replaced by MoSP1(1) (Fig. 3A). Thus, when
cloned, MoSP1(2) can replicate with fidelity in culture. This result suggests that the rapid
depletion of MoSP1(2) that was seen in the uncloned culture (Fig. 3A) required the
competitive presence of previously formed MoSP1(1) that was introduced to the culture
during infection.

Bioassays of cloned MoSP1(1) and MoSP1(2)

Extracts from cloned cells harboring MoSP1(1) and MoSP1(2) (subclone 10 and subclone 7,
respectively), as well as RML, were collected at passage 8. The extracts were normalized
based on the detectable levels of PrPS¢ on Western blots (see Methods) and intracerebrally
inoculated into Tg4053 mice. MoSP1(1), MoSP1(2) and RML resulted in incubation periods
of ~120 d, ~220 d and ~60 d, respectively (Fig. 7A). Brains of Tg4053 mice at the terminal
stage of disease were collected for biochemical analysis. As expected, protease-resistant
PrPSC in mice infected with RML and MoSP1(1) had a type 1 banding pattern and a
GdnHCly value of ~1. 7 M (Fig. 7B, C). Conversely, protease-resistant PrPSC¢ in mice
infected with MoSP1(2) primarily showed a type 2—banding pattern and had relatively high
conformational stability (GdnHCl,, value of ~4 M). However, it is important to note that in
all three MoSP1(2)-infected mice analyzed, small levels of MoSP1(1) were detectable in the
brain (Fig. 7B). Thus, although cloned MoSP1(2) could replicate with high fidelity in
culture (Fig. 6D), during the course of its incubation in the brain, it is capable of
conformationally converting to MoSP1(1) (see Discussion below).

Neuropathological profiles of MoSP1(1) and MoSP1(2)

We compared the neuropathological profiles of terminal Tg4053 mice infected with RML,
MoSP1(1) and MoSP1(2) lysates by vacuolation score histograms and neurohistology (Fig.
8). Vacuolation scores are the estimated area of a brain region covered by vacuoles. The

J Mol Biol. Author manuscript; available in PMC 2012 October 28.
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vacuolation scores of MoSP1(1) and MoSP1(2) were essentially the same, except with
regard to the cerebellar cortex. MoSP1(2) infection resulted in vacuoles in the cerebellar
molecular layer whereas MoSP1(1) infection did not. In contrast, the vacuolation histogram
of RML prions was distinct from the two synthetic strains (Fig. 8A).

The neurohistology resulting from MoSP1(1) and MoSP1(2) inoculations also differed
substantially (Fig. 88-D). MoSP1(1) prions formed large plaque-like deposits of PrPSC in
the corpus callosum while MoSP1(2) did not. In the cerebellar granule cell layer, very little
PrPS¢ was deposited with MoSP1(1) prions (Fig. 8B, bottom row), but a large amount of
PrPS¢ was found with MoSP1(2) (Fig. 8B, bottom row). The accumulation of PrPSC in the
cerebellum with MoSP1(2) was also associated with vacuolation of the molecular layer (Fig.
8A). In the brainstem, MoSP1(1), MoSP1(2), and RML showed similar changes: finely
granular PrPSC deposits tended to be localized the neuropil between nerve cells and not in
the nerve cell bodies (Fig. 8B, middle row). H&E staining (Fig. 8C) did not show vacuoles
in the hippocampus with either MoSP1(1) or MoSP1(2) prions. Vacuolation was less intense
in the thalamus with MoSP1(1) than MoSP1(2), but more intense in the brainstem with
MoSP1(1) than MoSP1(2). RML differed in that vacuolation was mostly distributed
throughout the CNS.

Reactive astrocytic gliosis also varied for the three prion strains (Fig. 8D). With MoSP1(1)
and MoSP1(2) prions, no reactive astrocytic gliosis was seen in the hippocampus proper.
However, the large plaques associated with MoSP1(1) prions evoked a moderately intense
reactive astrocytic gliosis in the corpus callosum. MoSP1(2) prions were associated with no
plaque-like PrPSC deposits in the callosal region, and astrocytes were of normal size and
shape. In contrast, RML was associated with vacuolation of the hippocampus proper, small
amyloid plaques in the subcallosal region, and fine granular PrPSC in the hippocampus
proper; as a result, intense reactive astrocytic gliosis was present in the hippocampus.
Infection with MoSP1(1), MoSP1(2), and RML resulted in a similar, moderately severe
astrocytic gliosis in the thalamus. In the brainstem, the relatively intense vacuolation seen
with MoSP1(1) prions (Fig. 8A) was associated with a very intense degree of reactive
astrocytic gliosis (Fig. 8D, bottom row). In comparison, the relatively low vacuolation in the
brainstem with MoSP1(2) prions was associated with a relatively low degree of reactive
astrocytic gliosis. RML was associated with a moderate degree of vacuolation and the
reactive astrocytic gliosis was moderate. Together, the neuropathological data argue that
each of the three inocula [MoSP1(1), MoSP1(2) and RML] represents a distinct prion strain.

DISCUSSION

Our studies demonstrate that MoSP1 undergoes profound conformational transformations
during serial passage in both mice and cultured cells. These conformational changes were
accompanied by marked decreases in incubation periods and changes in neuropathological
profiles. Importantly, we were able to infect N2a cells with MoSP1 prions and recapitulate
its conformational transformation in culture. Recent experiments have shown that
mammalian 31:32 and yeast 4 49 prions can evolve conformationally in response to
environmental pressures. By isolating and characterizing conformationally distinct subtypes
of MoSP1, we were able to investigate the molecular mechanism of prion strain adaptation.
The salient observations were as follows:

1. Based on electrophoretic mobility of protease-resistant bands, two distinct MoSP1
strains can be defined in vivo: MoSP1(1) and MoSP1(2).

2. When cloned in cultured cells, MoSP1(1) and MoSP1(2) can each propagate with
fidelity.

J Mol Biol. Author manuscript; available in PMC 2012 October 28.
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3. When MoSP1(1) and MoSP1(2) co-exist in cells, MoSP1(1) preferentially
propagates and MoSP1(2) is depleted.

4. MoSP1(1) and MoSP1(2) are independently capable of biological transformation
and selection. For example, uncloned MoSP1-infected cells at passage 9 and 15
contained only MoSP1(2), yet had different GAnHClIy» values and incubation
periods (Fig. 4). This observation highlights the limitations of using Western blot
banding patterns to define prion strains and suggests that MoSP1(1) and MoSP1(2)
likely encompass a spectrum of conformations.

5. The inoculation of mice with cloned MoSP1(2) resulted in the formation and
accumulation of small amounts of MoSP1(1) (Fig. 6).

Based on these observations, we propose a model for the transformation of MoSP1 (Fig. 9).
After inoculation with MoSP1(2), low levels of MoSP1(1) can be formed in the brain by
rare conversion events. It is not clear why this conversion does not occur in cloned
MoSP1(2) in cultured cells. Perhaps extended in vivo incubation periods are required for
MoSP1(1) to form initially. However, once MoSP1(1) is formed in the brain, its selective
accumulation occurs by a process of competitive selection. Upon serial passage, MoSP1(1)
accumulates faster than MoSP1(2), leading to the extinction of the latter. As they propagate,
both MoSP1(1) and MoSP1(2) become conformationally less stable. However, MoSP1(1)
can access lower conformational stabilities and cause disease in shorter incubation periods.

What provides the selective pressure in favor of MoSP1(1)? It is evident from our data that
MoSP1(1) has a faster rate of formation and causes disease with shorter incubation times in
mice. Thus, during serial passage in mice, lethality provides a clear bias for the gradual
accumulation of MoSP1(1). Because of its faster rate of formation, MoSP1(1) can reach
lethal levels in a shorter period of time. Thus, mice inoculated with a mixture of MoSP1(1)
and MoSP1(2) succumb to disease before the slower MoSP1(2) strain can accumulate.
MoSP1(2) levels gradually decline as infected brains are used as inocula for further rounds
of passage. However, a similar strain competition was observed in cultured cells. Given that
neither MoSP1(2) nor MoSP1(1) is lethal to or alters the rate of growth in N2a cells,
lethality cannot be the only source of selective pressure. It is therefore likely that the
presence of MoSP1(1) causes the depletion of MoSP1(2) by outcompeting it for a limited
resource. As a mixture, both strains are competing for the same pool of PrP€ substrate and
other auxiliary factors required for PrPSC formation. The faster replicating MoSP1(1) strain
may be more effective at interacting with PrPC or other auxiliary factors, denying MoSP1(2)
the resources required for its propagation 20: 50: 51,

In our studies, increases in the molecular weight of the deglycosylated band (from 19 kDa to
21 kDa) as well as decreases in the conformational stability of PrPSC correlated with shorter
incubation periods. It is not clear whether these two biochemical properties produce faster
rates of formation or are independent correlates of more infectious conformations. However,
it is important to note that a direct correlation between conformational stability and
incubation period has been previously noted for several natural and synthetic mouse prion
strains 37, Likewise, in two independent models of prion strain diversity, shifts in PrPSC
banding patterns, from 19 kDa to 21 kDa, have been associated with shorter incubation
periods. In human CJD cases, two distinct biochemical subtypes of PrPSC¢ have been
identified 42: 21-kDa “type 1” prions and 19-kDa “type 2” prions (described above). Upon
infection of Tg mice with vCJD prions, type 2 prions accumulated in the brain after an
extended incubation period 2°. However, after serial passage into two different lines of Tg
mice, the incubation period decreased and occasionally the banding pattern shifted to type 1
PrPSc 30, Similarly, infection of Syrian golden hamsters with TME prions predominantly
resulted in the formation of DY prions, a long-incubation-period strain with a 19-kDa
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banding pattern. Upon serial passage, a transformation to the HY strain occurred, with
shorter incubation periods and a 21-kDa band 2. It remains to be determined whether the
21-kDa banding pattern is a general biochemical signature of increased infectivity in
synthetic prion strains.

Our findings with MoSP1 propagation in both cell culture and mice indicate that the
MoSP1(1) prion strain has a selective advantage over MoSP1(2). In cell culture,
environmental conditions can influence the relative advantage of the two strains. Growth in
minimal media slows the rate of MoSP1(1) selection while growth in dextrose-rich media
increases the rate of N2a cell division and MoSP1(1) selection. These data suggest that cell
growth acts as a constant dilution force, decreasing the cellular levels of intracellular prions
after each round of division 4. Thus, in a rapidly dividing culture, a prion strain with a slow
rate of formation, such as MoSP1(2), may be at a particular disadvantage as it may not be
able reach steady-state levels prior to the next round of division. In addition to the culture
media, the presence of biologically active chemicals also influenced the relative abundance
of MoSP1(1) and MoSP1(2). PAMAM reversed the natural selection of MoSP1 prions by
inducing the clearance of MoSP1(1) while sparing MoSP1(2). Other antiprion compounds,
such as swainsonine and quinacrine, have also demonstrated strain-specific efficacy 31 32,

Among the neurodegenerative disorders, infectivity was previously thought to be a unique
feature of PrP-associated prion diseases. However, recent experiments have demonstrated
that aggregates of proteins causing other neurodegenerative diseases such as Ap %2 53 g-
synuclein 54 55 tau 56: 57 and huntingtin 58 can stimulate their own modified states under
certain conditions. It now seems clear that protein aggregates can have a spectrum of self-
replicative properties. The protracted nature of Alzheimer’s disease and Parkinson’s disease
may reflect a relatively inefficient aggregation process. Conversely, in endemic prion
diseases such as scrapie and chronic wasting disease in which horizontal transmission is
common 9 60, PrpSC has likely undergone many rounds of conformational selection and
evolved into a highly infectious state. The conformational selection observed for MoSP1
may represent a general mechanism by which protein aggregates can transform into highly
infectious prions.

MATERIALS AND METHODS

Ethics statement

All animal experiments followed “The Guide for the Care and Use of Laboratory Animals,”
National Research Council publication, 1996. All operations and procedures were approved
by the Institutional Animal Care and Use Committee (IACUC) at UCSF.

Production of recMoPrP(89-230) and amyloid fibers

The expression and purification of recMoPrP(89-230), and the formation of amyloid fibers
have been previously described 1. The molecular weight and purity of recMoPrP(89-230)
were confirmed by laser desorption and electrospray mass spectrometry. Amyloid fibrils
were formed by incubating recMoPrP(89-230) at 37 °C in 3 M urea; 0. 2 M NaCl; 50 mM
sodium acetate buffer, pH 5. 0, as previously described®2.

Mouse bioassays

Tg9949 and Tg4053 mice have been previously described 4% 62, Amyloid fibers were
prepared for inoculation by dialysis in sterile PBS without calcium or magnesium, pH 7. 2
over 2 days. The concentration of recMoPrP(89-230) in the inocula was ~0. 5 mg/ml. Serial
passage was conducted by inoculation with brain homogenates in sterile PBS without
calcium or magnesium; brain homogenates were prepared by repeated extrusion through
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syringe needles of successively smaller size, from 18- to 22-gauge. All work was carried out
in laminar flow hoods to avoid cross contamination. Mice of either sex, aged 7 to 10 weeks,
were inoculated intracerebrally with 30 pl of recMoPrP(89-230) amyloid fibrils, control
PBS, or 1% brain homogenate or 5 mg of PTA-precipitated PrPSC from cell lysates in
calcium- and magnesium-free PBS plus 5 mg/ml BSA. Inoculation was carried out with a
27-gauge disposable hypodermic needle inserted into the right parietal lobe. After
inoculation, mice were examined daily for neurologic dysfunction. Standard diagnostic
criteria were used to identify animals exhibiting signs of prion disease 63 64, The indicated
mice were sacrificed, and their brains were removed for biochemical analysis.

The N2a cell line was purchased from American Tissue Culture Collection. Cells were
infected by exposure to the indicated brain homogenates as previously described 6°. Cells
were maintained at 37 °C in 10 mL of MEM or DMEM supplemented with 10% FBS, 1%
penicillin-streptomycin and 1% GlutaMAX (Invitrogen). Media were refreshed every 2
days. Cells were propagated in 100-mm plates and allowed to grow to 95% confluence
before dissociation with 1 mL of enzyme-free cell dissociation buffer. Cells were then
replated at 10% confluence for further propagation. To collect cell lysates, cells were rinsed
with PBS (3 x 10 mL) and lysed with 1 mL cold lysis buffer (10 mM TrisHCI, pH 8. 0; 150
mM NacCl; 0. 5% Nonidet P-40; 0. 5% sodium deoxychloate). Lysates were centrifuged for 3
min at 10,000 x g to remove cell debris and the total protein concentration was measured in
the supernatant using the bicinchoninic acid assay (BCA,; Pierce, Rockford, IL). Aliquots
containing 500 ug of total protein were titrated by adding lysis buffer to achieve a final
protein concentration of 1 mg/mL, then stored at -20 °C until further analysis. Cloning was
conducted by limiting dilution as previously described 5. For drug treatment studies, stock
solutions of 10 mg/ml PAMAM in PBS and 2 mM quinacrine in PBS were prepared prior to
adding to the culture to obtain the indicated concentrations. Cultures were exposed to drugs
for 7 days while being replenished every 2 days during feeding.

Western blots, conformational-stability assay, and densitometry

Nuclei and debris were removed from brain homogenates and cell lysates by centrifugation
at 1000 x g for 10 min. Cleared extracts were adjusted to 1 mg of protein per ml in 100 mM
NaCl-1 mM EDTA-2% Sarkosyl-50 mM Tris-HCI (pH 7. 5). PK (20 pg/mL; Boehringer
Mannheim) was added to 0. 5 ml of adjusted homogenate to achieve a protein:enzyme ratio
of 50:1. After incubation at 37 °C for 1 h, proteolytic digestion was terminated by the
addition of 8 ml of 0. 5 M phenylmethylsulfonyl fluoride in absolute ethanol. Both PK-
digested and undigested samples were prepared for sodium dodecy! sulfate—12%
polyacrylamide gel electrophoresis by mixing equal volumes of adjusted homogenate and 2x
sample buffer. Following electrophoresis, Western blotting was performed as previously
described 5. Membranes were blocked with 5% nonfat milk protein in calcium- and
magnesium-free PBS plus 0. 1% Tween 20 (PBST) for 1 h at room temperature. Blocked
membranes were incubated with primary PrP-specific recFab HuM-D18 at 1 pg/mL in
PBST for 1 h at 4 °C 41, After incubation with primary Fab, membranes were washed 3x for
10 min in PBST, incubated with horseradish peroxidase—labeled, anti-human Fab secondary
antibody (ICN), diluted 1:5000 in PBST for 25 min at room temperature, and washed again
3x for 10 min in PBST. After chemiluminescent development with an ECL reagent
(Amersham) for 1 to 5 min, blots were sealed in plastic covers and exposed to ECL
Hypermax film (Amersham).

The conformational-stability assay has been previously described 13. Briefly, 50 uL of 10%
brain homogenate or 1 mg/mL cell lysate were mixed with 50 uL. of GdnHCI, varying from
0to 6 M and incubated for 1 h at room temperature. For GdnHCI concentrations greater than
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4 M, less volume of extract was used. Prior to PK digestion, all samples were diluted in lysis
buffer to obtain GdnHCI concentrations of 0. 4 M. Densitometry on the appropriate bands
was performed using a CCD camera (FluorChem 8800, Alpha Innotech). Measurements
were normalized with respect to the highest intensity band in the denaturation curve. The
GdnHCly, values were obtained by least-square fitting to the following sigmoidal equation:
Y = 1/(1+(X/GdnHCly/,)"HC), for which Y represents the measured intensities, X represents
the GdnHCI concentrations, and HC represents the Hill coefficient.

Neuropathology

Brains were removed rapidly at the time of sacrifice, immersion-fixed in 10% buffered
formalin, and embedded in paraffin. Eight-micrometer-thick sections were stained with
hematoxylin and eosin for evaluation of prion disease. Peroxidase immunohistochemistry
with antibodies to glial fibrillary acidic protein was used to evaluate the degree of reactive
astrocytic gliosis. Immunohistochemistry of PrPS¢ was performed by the hydrated
autoclaving method using the PrP-specific, human-mouse R2 recombinant monoclonal
antibody fragment (Fab) 6.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CJD Creutzfeldt-Jakob disease

sCJD sporadic Creutzfeldt-Jakob disease
vCJD variant Creutzfeldt-Jakob disease
Prp prion protein

MoSP mouse synthetic prion
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Fig. 1.

Propagation of MoSP1 in mice. (A) MoSP1 amyloid fibers, derived from purified
recMoPrP, were inoculated into Tg9949 mice (black, 1° infection), then passaged in Tg9949
(black, 2° passage) and FVB (gray, 2° passage) mice. Codes (e.g., K4985) indicate
individual mice that were subsequently analyzed. The incubation period for each inoculated
mouse, in days postinoculation (dpi), is indicated in parentheses. (B) Western blot analysis
of a select group of MoSP1-infected Tg9949 (top) and FVVB (bottom) mice. Brain
homogenates were subjected to immunoblotting after limited digestion with proteinase K
(PK). Blots were probed with D18 or 12B2 Abs as indicated. The number in parentheses
indicates the passage number. Red and blue arrows denote the unglycosylated, protease-
resistant bands of PrPS¢ migrating to 19 kDa [MoSP1(2)] and 21 kDa [MoSP1(1)],
respectively. Molecular masses of protein standards are indicated in kilodaltons. (C) As an
example of a typical conformational-stability assay, Western blot of PK-digested N70149
brain homogenate after incubation with increasing concentrations of GdnHCI (left) and the
corresponding densitometry analysis (right) of MoSP1(1) (blue) and MoSP1(2) (red) bands
are shown. (D) Conformational stabilities of passaged MoSP1. GdnHCly/, values were
measured for each brain homogenate as shown in (C). Stabilities for MoSP1(1) and
MoSP1(2) bands are plotted in blue and red, respectively. The stability of RML is plotted for
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comparison. (E) Quantified changes in the incubation period, banding pattern, and
conformational stability of MoSP1 passaged in Tg9949 mice. Circles represent MoSP1(2)
(red) and MoSP1(1) (blue) strains for the indicated mouse and passage. In mice showing a
mixture of MoSP1(1) and MoSP1(2), solid lines connect the circles corresponding to
MoSP1(1) and MoSP1(2), with the areas of the circles representing the relative ratios of the
bands, as measured by densitometry.
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Fig. 2.

Infection of N2a cells with MoSP1. (A, B) N2a cells were infected with the indicated brain
homogenates. Western blots of PK-digested lysates indicate the presence of protease-
resistant PrPSC, Lysates were taken after passages 6-8 (A) and after passage 8 (B). Red and
blue arrows denote the unglycosylated, protease-resistant bands of PrPSC¢ migrating to 19
kDa [MoSP1(2)] and 21 kDa [MoSP1(1)], respectively. Blots were probed with D18 (A) or
12B2 (B). Molecular masses of protein standards are indicated in kilodaltons. (C) The
conformational stabilities of MoSP1 in infected N2a cells. Lysates from passage 8 were
analyzed. Stabilities for MoSP1(1) and MoSP1(2) bands are plotted in blue and red,
respectively. The stability of RML is plotted for comparison.
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Fig. 3.

Long-term propagation of MoSP1 in cell culture. N2a cells infected with brain homogenate
from mouse N70116 (A) or RML (B) were propagated for 32 weekly passages in DMEM.
After each passage (as indicated by the number below each lane), lysates were collected,
treated with PK, and analyzed by Western blots. The red and blue arrows indicate MoSP1(2)
and MoSP1(1) bands, respectively. Starting from passage 24, cells were also propagated in
MEM (C), indicating a slower rate of transformation from MoSP1(2) to MoSP1(1) between
passages 24 and 29, compared to cells propagated in DMEM. (D) Conformational stability
of MoSP1 and RML after passage in N2a cells. Lysates were taken after the indicated
number of passages postinfection. Stabilities for MoSP1(1) and MoSP1(2) bands are plotted
in blue and red, respectively. Upon serial passage, the conformational stability of MoSP1
decreased. For the Western blots, molecular masses of protein standards are indicated in
kilodaltons. Blots were probed with the D18 antibody.
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Sensitivity of MoSP1 strains (A) and RML (B) to antiprion drugs after passage in N2a cells.
PAMAM or quinacrine was added at the indicated concentrations and cells were treated for
7 days; lysates were taken, digested with PK, and subjected to Western immunoblotting. The
red and blue arrows indicate MoSP1(2) and MoSP1(1) bands, respectively. PAMAM
selectively depleted MoSP1(1) but not MoSP1(2) in infected N2a cells, whereas quinacrine
depleted all prion strains. Molecular masses of protein standards are indicated in kilodaltons.
Blots were probed with the D18 antibody.
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Cloning and propagation of MoSP1(2) and MoSP1(1). At passage 24, N70116-infected N2a
cells were subcloned by limiting dilution. After expansion, subclones were lysed, treated
with PK, and analyzed by Western blot (A). Subclones 7 and 10 were subsequently analyzed
by the conformational-stability assay (B) and tested for sensitivity to PAMAM (C).
Subclone 7 was propagated for 33 additional passages and the banding pattern was analyzed
by Western blot (D). The results indicate that upon cloning, MoSP1(2) can stably propagate
without conversion to MoSP1(1). The red and blue arrows indicate MoSP1(2) and
MoSP1(1) bands, respectively. Molecular masses of protein standards are indicated in
kilodaltons. Blots were probed with anti-PrP antibody D18.
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Bioassays of cloned MoSP1(1) and MoSP1(2) in Tg4053 mice. (A) Survival curves of mice
inoculated with cell lysates containing cloned MoSP1(1), MoSP1(2) and RML. Colored
curves indicate the different inocula; colored circles indicate the corresponding ill mice (also
given unique ID codes) that were biochemically analyzed by Western immunoblotting (B)
and the conformational-stability assay (C). For the Western blots, the red and blue arrows
indicate MoSP1(2) and MoSP1(1) bands, respectively. Molecular masses of protein
standards are indicated in kilodaltons, and PrP probed with the D18 antibody. The red and
blue bars in (C) indicate the conformational stability of MoSP1(2) and MoSP1(1),

respectively.
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MoSP1(1), MoSP1(2), and RML produced three different neuropathologic phenotypes in
Tg4053 mice. Brains from T1159, S24838 and S24827 mice were analyzed. (A)
Vacuolation score histograms of MoSP1(1) (top), MoSP1(2) (middle), and RML (bottom)
prions. The vacuolation score is the estimated area of a slide occupied by vacuoles.
MoSP1(1) and MoSP1(2) histograms were very similar except the MoSP1(2) histogram
showed mildly intense vacuolation in the cerebellar molecular layer and MoSP1(1) did not.
The RML histogram was characterized by a moderate degree of vacuolation in many more
brain regions than MoSP1(1) or MoSP1(2). (B) PrPS¢ immunohistochemistry in mice
following inoculation with MoSP1(1) (left column), MoSP1(2) (middle column), and RML
(right column). MoSP1(1) prions resulted in large PrPSC plague-like deposits in the corpus
callosum and subcallosal region. In contrast, no PrPS¢ was found in the corpus callosum or
subcallosal region with MoSP1(2) prions. With RML prions, finely granular and small
plaque-like deposits were located in the subcallosal hippocampus and small plaque-like
deposits were found in the corpus callosum. For all three inocula, finely granular PrPS¢
deposits were present in the motor trigeminal nucleus of the brainstem. Sparse numbers of
PrPSC deposits were found in the cerebellar granule cell layer, but none in the molecular
layer with MoSP1(1) prions. In contrast, MoSP1(2) prions were associated with many
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coarsely granular deposits in the granule cell layer and sparse numbers of finely granular
deposits in the molecular layer. No PrPS¢ deposits were seen in the cerebellar cortex with
RML prions. (C) H&E staining showed no vacuolar degeneration of neurons with MoSP1(1)
(left column) and MoSP1(2) prions (middle column) in the hippocampus whereas RML
prions (right column) resulted in vacuolar degeneration and nerve cell loss in the CA1
region. (D) Reactive astrocytic gliosis following infection with MoSP1(1) (left column),
MoSP1(2) (middle column), and RML (right column) prions. (Top row) A moderate degree
of white matter reactive astrocytic gliosis was found in the corpus callosum in association
with the PrPSC plaque-like deposits with MoSP1(1) prions but was absent from the corpus
callosum with MoSP1(2) prions. RML prions were associated with very intense astrocytic
gliosis in the hippocampus. In the thalamus (middle row), reactive astrocytic gliosis was
severe with MoSP1(1) prions, moderately intense with MoSP1(2) prions, and mildly to
moderately intense with RML prions. In the brainstem (bottom row), a very intense reactive
astrocytic gliosis was found with MoSP1(1) prions, mild with MoSP1(2) prions, and
moderately intense with RML prions. BF, basal forebrain; Bs, brainstem; CA1, region of the
hippocampus; Cb-M, cerebellar molecular layer; Ch-W; cerebellar white matter; cc, corpus
callosum; Cd; caudate nucleus; G, cerebellar granular cell layer; Hab, habenula; Hp,
hippocampus; Hy, hypothalamus; M, molecular layer of the cerebellar cortex; NC,
neocortex; Or, stratum oriens of the CA1 region; P, Purkinje cell layer of the cerebellar
cortex; Pir, piriform cortex; Pyr, pyramidal cell layer of the CA1 region of the hippocampus;
Th, thalamus. Bars represent 50 pum and apply to all photomicrographs in the same panel.
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Fig. 9.

Proposed maodel for the transformation of MoSP1 prions through a process of competitive
selection. MoSP1(1) (squares labeled “1”) is initially created by a low-frequency conversion
event (*) and exists at low levels in a heterogeneous prion population. Upon serial passage,
MoSP1(1) replicates faster than MoSP1(2) (squares labeled “2”), leading to the extinction of
the latter. As they propagate, both MoSP1(1) and MoSP1(2) become conformationally less
stable (shades of gray). However, MoSP1(1) can access lower conformational stabilities and
cause disease with shorter incubation periods.
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