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Continuum of prion protein structures enciphers
a multitude of prion isolate-specified phenotypes
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On passaging synthetic prions, two isolates emerged with incubation
times differing by nearly 100 days. Using conformational-stability
assays, we determined the guanidine hydrochloride (Gdn-HCl) con-
centration required to denature 50% of disease-causing prion protein
(PrP5<) molecules, denoted as the [Gdn-HCl]4/, value. For the two prion
isolates enciphering shorter and longer incubation times, [Gdn-HCl]4,>
values of 2.9 and 3.7 M, respectively, were found. Intrigued by this
result, we measured the conformational stabilities of 30 prion isolates
from synthetic and naturally occurring sources that had been pas-
saged in mice. When the incubation times were plotted as a function
of the [Gdn-HCl]1/> values, a linear relationship was found with a
correlation coefficient of 0.93. These findings demonstrate that (i) less
stable prions replicate more rapidly than do stable prions, and (ii)
a continuum of PrP5¢ structural states enciphers a multitude of
incubation-time phenotypes. Our data argue that cellular machinery
must exist for propagating a large number of different PrP5¢ con-
formers, each of which enciphers a distinct biological phenotype as
reflected by a specific incubation time. The biophysical explanation
for the unprecedented plasticity of PrP5¢ remains to be determined.

conformational stability | memory | strain | synthetic prions |
tertiary structure

rion diseases are neurodegenerative disorders that afflict hu-

mans and other mammals. In humans, Creutzfeldt-Jakob dis-
ease generally presents with a rapidly progressive dementia, with
memory impairment and other cognitive deficits (1). The prion
diseases are unique in that a single pathologic process may present
as a sporadic, genetic, or infectious illness (2). Despite a wealth of
data arguing that prions are composed solely of isoforms of the
disease-causing prion protein, designated PrPS¢, the composition of
the infectious prion particle continues to be debated (3-5), largely
because prions exist in many different strains.

For many years, it was postulated that prions must carry a small
nucleic acid to encode strain-specific information. Studies of the
protease-resistant, C-terminal fragment of PrPS¢ (PrP 27-30) re-
vealed that some strains exhibit differences in the resistance of PrPSc
to limited proteolysis (6—8), but this procedure, similar to glycoform
analyses, could not always distinguish one strain from many others
(9-11). In search of better methods to study prion strains, we first
developed the conformation-dependent immunoassay (12) and
later conformational-stability assays (see Supporting Text, which
is published as supporting information on the PNAS web site)
(13, 14).

The conformational-stability assay combines guanidine hydro-
chloride (Gdn'HCl)-mediated denaturation of PrPS¢ with limited
proteolysis using proteinase K (PK; ref. 13). Using this approach,
many different prion strains exhibited distinct denaturation profiles.
The denaturation profile of a new strain of prions derived by
passage through mice expressing a chimeric PrP transgene was
sufficiently different to allow us to discriminate a new prion isolate
from many naturally occurring strains (14). A prion strain is
generally defined by its incubation time in a host, the neuropatho-
logic lesion profile, and the pattern of PrPS¢ deposition in the CNS
(15, 16). Moreover, these properties remain constant when the
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strain is repeatedly passaged in an inbred host. Strains have often
been isolated by repeated passage at limiting dilution; this process
has been termed “biological cloning” (17).

Because the cloning of prion strains requires repeated passaging
in inbred mice, we chose to study prions in the brains of individual
mice that in many cases had not been cloned. In the studies reported
here, many of the prion inocula are derived from mice initially
inoculated with synthetic prions; none of these inocula were cloned
and thus, they are referred to as isolates.

We describe here the conformational stabilities of 30 prion
isolates from synthetic and naturally occurring sources. Using
conformational-stability assays, we determined the Gdn-HCI con-
centration required to denature 50% of the PrPS¢ molecules,
denoted the [Gdn-HCl],/, value. When the incubation times were
plotted against the [Gdn-HCl]y, values, a linear relationship was
found, indicating that less stable prions replicate more rapidly than
do stable prions. Remarkably, we found that a continuum of
structural states of PrPS¢ enciphers a multitude of incubation-time
phenotypes.

Results

In earlier studies, we reported that polymerization of N-
terminally truncated recombinant (rec)PrP composed of mouse
residues 89-230 into amyloid fibrils rendered the protein “in-
fectious” (18). Transgenic (Tg) mice expressing truncated PrP
denoted MoPrP(A23-88) were designated Tg9949 and inocu-
lated with the recMoPrP(89-230) amyloid fibrils. These mice
exhibited signs of neurologic dysfunction after prolonged incu-
bation times ranging from 379 to 523 days (Table 1; ref. 18). The
PrP expressed in the Tg9949 mice corresponds in length and
sequence to that used to produce the amyloid fibrils.

Brain extracts from each of the five Tg9949 mice were
passaged into Tg9949/FVB, WT FVB, and Tg4053/FVB mice
overexpressing WT MoPrP (Table 1). The prions in the five
Tg9949 brain extracts produced similar incubation times of ~250
days upon second passage in Tg9949 mice (Table 1). Unexpect-
edly, passage of the five Tg9949 brain extracts into FVB and
Tg4053 mice indicated the presence of at least two different
prion isolates (Table 1). The Tg9949 mouse MK4977 developed
neurologic dysfunction 379 days after inoculation with recMo-
PrP(89-230) amyloid; the prions in its brain produced incuba-
tion times of 154 and 90 days in FVB and Tg4053 mice,
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Table 1. Transmission of synthetic prions to three different lines of mice

Tg9949 mice FVB mice Tg4053 mice
Incubation Incubation Incubation Incubation

MoSP1 period, period, period, period,

inoculum* days* days = SEM  (n/no)*  days = SEM  (n/ng)*  days = SEM  (n/no)*
MK4977 379 258 + 25 77 154 + 4 9/9 90 + 1 10/10
MK4973 505 237 =19 12/12 530 = 82 6/6 306 £ 9 4/4
MK4974 505 266 + 20 10/10 623 + 19 5/5 320+ 16 4/4
MK4979 522 332 £ 23 10/10 586 = 31 5/5 392 + 22 5/5
MK4985 523 240 + 22 10/10 522 + 29 717 324+6 77

*Inoculum was a 10-fold dilution of a 10% crude brain homogenate prepared from a Tg9949 mouse. The

experimental identification number of each mouse is indicated in the first column. After inoculation with
amyloid fibrils composed of recMoPrP(89-230), each mouse developed signs of neurologic dysfunction after a
prolonged incubation period as indicated in the second column.

n, number of animals developing clinical signs of prion disease; no, number of animals inoculated. Animals dying

atypically after inoculation were excluded (55).

respectively (Table 1). In contrast, the MK4973 mouse devel-
oped neurologic dysfunction after 505 days; prions in its brain
gave incubation times of 530 and 306 days when passaged in FVB
and Tg4053 mice, respectively (Table 1). The prions found in the
brains of the MK4974, MK4979, and MK4985 mice were similar
to those in the MK4973 mouse based on passaging in FVB and
Tg4053 mice (Table 1). Incubation times in FVB mice ranged
from 522 to 623 days and in Tg4053 mice from 320 to 392 days.

When the brains of Tg9949 mice inoculated with the MK4977
extract were compared with those inoculated with the MK4985
extract, the neuropathology was indistinguishable, in accord with
the initial transmission of synthetic prions to Tg9949 mice (18).

In contrast to the similar neuropathology in Tg9949 mice, the
neuropathologies in FVB and Tg4053 mice inoculated with the
MK4977 isolate differed dramatically from those found in mice
inoculated with the MK4985 isolate. Interestingly, the indistinguish-

FVB Tg4053
. TR s

Fig. 1. Neuropathologic analysis of FVB and Tg4053 mice inoculated with two
isolates from Tg9949 mice that had received synthetic prions (see Table 1). FVB
mice inoculated with the MK4977 isolate show moderate vacuolation in the
thalamus (A) and diffuse PrP5¢ deposits in the CA1 region (B) and cerebellar cortex
(0). In contrast, FVB mice inoculated with the MK4985 isolate show reduced
vacuolation in the thalamus (D) and PrP%¢ clustering in the dentate gyrus () and
deep cerebellar nuclei (F). Tg4053 mice inoculated with the MK4977 isolate show
moderate vacuolation in the thalamus (G) but more in the hippocampus where
it is associated with intense PrP5¢ deposits (H). Minimal vacuolation and PrPS¢
deposition in the cerebellar cortex (). The MK4985 isolate caused more intense
vacuolation of the thalamus (J) and other regions, except for the CA1 region,
which contained sparse PrP5¢ deposits (K). In the cerebellar cortex, abundant
vacuoles were associated with abundant plaque-like PrP5¢ deposits (L). Dt, den-
tate gyrus of the hippocampus; g, cerebellar granule cell layer; Pk, Purkinje cell;
Py, pyramidal cell layer of the CA1 region. [Scale bar: J, 40 um (and applies to A,
G, and D); L, 30 um (and applies to B, C, E, F, H, I, and K).]
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able neuropathology in Tg9949 mice inoculated with the two
extracts parallels the similarity in incubation times (Table 1), and
the different neuropathologies in FVB and Tg4053 mice (Fig. 1)
parallel the very different incubation times observed for the two
extracts.

In two FVB mice inoculated with the MK4977 isolate, we
found widespread moderately intense vacuolar degeneration
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Fig.2. Survival curves of Tg9949 mice after inoculation with synthetic prions.
(A) First passage (filled triangles) of synthetic prions in Tg9949 mice. For the
second passage (filled squares), homogenate from the brain of one Tg9949
mouse that died at 382 days (MK4977, indicated by the filled triangle symbol
inside the square box) was inoculated into Tg9949 mice. (B) For the third
passage of synthetic prions, homogenates were prepared from the brains of
two ill Tg9949 mice, MM6055 (diamond in A) and MM6060 (circle in A), and
inoculated into other Tg9949 mice. Tg9949 mice inoculated with the MM6055
homogenate developed neurologic signs with a mean incubation period of
172 + 8 days (open diamonds). Tg9949 mice inoculated with the MM6060
homogenate exhibited a mean incubation of 335 = 47 days (open circles).
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Table 2. Conformational stabilities of synthetic and naturally
occurring prion isolates

Incubation

Recipient [Gdn-HCl]42, period,
Inoculum* mouse Mouse ID M = SEM days = SEM (n/no)*
RecMoPrP (89-230) Tg9949 MK4985 4.9 + 0.1 523

Tg9949 MK4979 5.1 = 0.1 522

Tg9949 MK4977 33*=03 379

Tg9949 MK4974 5.0 = 0.1 505
MK4977 Tg9949 MM6060 3.7 £0.1 270

Tg9949 MM6059 3.7 + 0.1 270

Tg9949 MM6055 29=*0.1 204

Tg9949 MM6054 4.0 + 0.1 327

Tg9949 MM6050 24 +0.1 190
MK4985 Tg9949 MN19826 3.8 = 0.1 312

Tg9949 MN19822 3.2+03 196

Tg4053 MN10362 3.8 + 0.1 323

FVB MN70149 4.4 + 0.1 453
MK4973 Tg4053 MN9060 3.8 + 0.1 299
MM6060 Tg9949 MN12910 3.7 0.2 267

Tg9949 MN12916 3.4+ 0.1 301

Tg9949 MO516 3.8+0.2 302
MK4977 Tg4053 MN11316 1.7 + 0.1 88

FVB MM72698 1.7 + 0.1 145
Me7 Tg9949 MJ8291 29 0.1 229

CD-1 N/A 1.6 + 0.1 145 =2 24/24
22L C578Bl6 N/A 2.4 +0.1 150
RML Tg9949 N/A 1.7 + 0.1 1614 11/

Tg4053 MN8064 1.7 + 0.1 60

CD-1 N/A 1.7 £ 01 1332 29/29

FVB N/A 1.7 0.1 173 10110
301V CD-1 N/A 22 =*0.1 230 £3 10/10
139A C578Bl6 N/A 2.0 147 =1 14/14
BSE Tg4092 MI1909, 28+ 0.1 240

MI11907
Scrapie Tg4092 MI114146, 2.2 +0.1 220
MI14141

*Inocula are synthetic prions formed from recMoPrP(89-230) polymerized
into amyloid; Tg9949 mouse brains MK4973, MK4977, MK4985, and
MM6060; mouse prion strains Me7, 22L, RML, 301V, and 139A; bovine
spongiform encephalopathy (BSE) from cattle and scrapie from sheep.

Tn, number of animals developing clinical signs of prion disease; no, number of
animalsinoculated. Animals dying atypically after inoculation were excluded
(55).

*SEM for the [Gdn-HCl]y;; value for prion strain 139A was not determined
because the conformational-stability curves could not be fitted for statistical
analysis (see Fig. 6C).

(Fig. 14) and moderately severe reactive astrocytic gliosis (not
shown). Immunohistochemistry showed widespread granular
deposits of PrPS¢ (Fig. 1 B and C). In contrast, FVB mice
inoculated with the MK4985 isolate showed aggregates of PrPSe
and little vacuolar degeneration (Fig. 1D). In the hippocampus,
PrPS¢ accumulated exclusively in the molecular layer of the
dentate gyrus where they appeared to be within astrocytes (Fig.
1E). No PrPS¢ deposits were located in the cerebellar cortex, as
was the case with the MK4977 inoculum; rather, they formed
aggregates between nerve cell bodies within deep cerebellar
nuclei where they appeared to be located within reactive glia
(Fig. 1F). In contrast to FVB mice, two Tg4053 mice inoculated
with the MK4977 isolate exhibited widespread vacuolar degen-
eration in multiple brain regions (Fig. 1G) but not in the
cerebellar cortex. Reactive astrocytic gliosis (not shown) and the
fine granular PrPS¢ deposits were consistent with the degree of
vacuolation, which was intense in the hippocampal CA1 region
(Fig. 1H) and less so in the cerebellar cortex (Fig. 17). In contrast
to the MK4977 isolate, the MK4985 isolate provoked minimal
neuropathology in the two Tg4053 mice. The exceptions were the
thalamus (Fig. 1/) and the cerebellar granule cell layer, where
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Fig.3. Conformational-stability assays of synthetic prions on second passage in
Tg9949 mice. Brain homogenates from one Tg9949 mouse (MK4977) that
showed signs of neurologic dysfunction at 379 days after inoculation with syn-
thetic prions were inoculated into two other Tg9949 mice. (A and C) Western
blots of PrP5¢ in brain extracts of mouse MM6055 that was killed after developing
signs of neurologic dysfunction at 204 days after inoculation (A) and mouse
MM6060 that showed signs of neurologic dysfunction at 270 days after inocula-
tion (C). Lanes 0-6, samples were exposed to increasing concentrations of
GdnHCI (0-6 M, as indicated), then subjected to digestion with 20 pg/ml PK for
1 hat37°C. Lane C, undigested control sample that was not exposed to Gdn-HCI.
Molecular weight markers based on the migration of protein standards are
indicated in kilodaltons. (B and D) Denaturation curves obtained by scanning the
PrP 27-30 signals in the Western blots shown in A and C, respectively, show the
[Gdn-HCl]y/; values.

the number and size of vacuoles were substantially greater than
those produced by the MK4977 isolate. Large numbers of
vacuoles in the cerebellum were associated with large aggregates
of PrPS¢ between Purkinje and granule cells (Fig. 1L). The small
number of vacuoles in the hippocampal CA1 region was asso-
ciated with small numbers of punctate PrPS¢ deposits (Fig. 1K),
in contrast to the intense PrPS¢ deposits in mice inoculated with
the MK4977 isolate. The marked differences in the neuropatho-
logic and PrPS¢ deposition phenotypes in FVB and Tg4053 mice
support the hypothesis that the MK4977 and MK4985 isolates
are distinct.

To assess whether the brain of the MK4977 mouse contained
more than one prion isolate, we inoculated its brain extract into
Tg9949 mice (Fig. 24). The second-passage survival curve was
biphasic, suggesting that at least two different prion isolates were
present in the MK4977 inoculum. This notion was confirmed on
third passage: Prions from a Tg9949 mouse (MM6055) developing
neurologic dysfunction at 204 days caused disease in 172 = § days,
and prions from another Tg9949 mouse (MM6060) developing
neurologic dysfunction at 270 days caused disease in 335 *+ 47 days
(Fig. 2B and Table 2).

Next, we analyzed the conformational stability of these prion
isolates. We tested the ability of the conformational-stability assay
to discriminate among naturally occurring prion strains passaged in
mice. In initial studies, we used an ELISA to quantify the amount
of PrP 27-30 after exposure to Gdn-HCI (Fig. 5, which is published
as supporting information on the PNAS web site; see ref. 13).

Encouraged by the ELISA studies to measure the conforma-
tional stability of PrPS¢ in pools prepared from the brains of several
mice, we undertook similar studies on the brains of Tg9949 mice
inoculated with synthetic prions. To analyze the prions present in a
small portion of a single brain, we developed a protocol using
Western blotting and densitometry (Figs. 6 and 7, which are
published as supporting information on the PNAS web site).
Although the [Gdn-HCl]; 2 of PrPS¢ for a particular prion strain (19)
was similar by the two methods, the Western blot protocol did not
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Fig.4. The conformational stability of prions is directly proportional to the length of the incubation time in mice. The [Gdn-HCl]1/; values for prions were plotted as
a function of the incubation times. (A) Prions in the brains of Tg9949 mice infected with synthetic prions showed an excellent correlation (R = 0.91) between these
parameters. (B) Naturally occurring prions passaged in both non-Tg and Tg mice showed a strong correlation (R = 0.77). (C) Synthetic prions (circles) in the brains of
Tg9949, Tg4053, and non-Tg mice were plotted with many naturally occurring prions passaged (squares) in both non-Tg and Tg mice. R > 0.93.

reproduce the biphasic curves found for Rocky Mountain Labo-
ratory (RML) and 139A using ELISA (Fig. 5 and Table 3, which are
published as supporting information on the PNAS web site). The
[Gdn-HCl];2 value is the concentration of Gdn-HCI required to
denature 50% of PrP5¢ molecules, as judged by sensitivity of PK
digestion.

We compared the conformational stabilities of the prions in the
brains of two Tg9949 mice (MM6055 and MM6060) inoculated
with prions from the MK4977 mouse (Fig. 2A4). The prions in the
MM6055 mouse that became ill at 204 days after inoculation
exhibited a [Gdn'HCl],, value of 2.9 M, whereas prions in the
MM6060 mouse that became ill at 270 days after inoculation
displayed a [Gdn-HCl],/, value of 3.7 M (Fig. 3).

That these two isolates are distinct is supported by the differences
in the incubation times found on subsequent passage (Fig. 2B).
Intrigued by this finding, which seemed counterintuitive, we mea-
sured the conformational stabilities of 30 prion isolates from
synthetic and naturally occurring sources (Figs. 8 and 9, which are
published as supporting information on the PNAS web site.)

Using Western blotting and densitometry, we measured the
conformational stabilities of synthetic prions upon first passage in
four Tg9949 mice (Fig. 8). The denaturation curves were monopha-
sic, but the slopes varied. The [Gdn-HCl];, values calculated from
the denaturation curves ranged from 3.3 to 5.1 M (Table 2). Many
synthetic prions passaged in either WT or Tg mice exhibited much
higher conformational stabilities than those observed for naturally
occurring prions (13, 14). Upon second passage of the synthetic
prions into Tg9949 mice, the conformational stabilities decreased,
with [Gdn-HCl],, values between 2.4 and 4.0 M (Fig. 3 and 9;
Table 2).

When we plotted the incubation periods as a function of the
[Gdn-HCl]» values for 14 synthetic prion isolates passaged in
Tg9949 mice, we found a linear relationship between these two
parameters (R = 0.91; Fig. 44). The brains of Tg9949 mice with
incubation periods >500 days displayed extremely stable PrPSc
conformers, with [Gdn-HCl];, values of ~5 M. Tg9949 mice
succumbing to disease in ~200 days had less-stable PrPS¢ molecules
that exhibited [Gdn-HCl];., values between 2.4 and 2.9 M. Gener-
ally, mice with identical incubation times exhibited similar often
superimposable [Gdn-HCl],, values.

Impressed by the excellent correlation between the
[Gdn-HCl];.; values and length of the incubation time in Tg9949
mice inoculated with synthetic prions, we asked whether the
same relationship might hold for naturally occurring prions. We

19108 | www.pnas.org/cgi/doi/10.1073/pnas.0608970103

determined the [Gdn-HCI];, values for (i) Rocky Mountain
Laboratory prions passaged in WT FVB, WT CD-1, Tg4053, and
Tg9949 mice; (if) Me7 prions in WT CD-1 and Tg9949 mice; (iif)
301V prions in WT CD-1 mice; (iv) bovine spongiform enceph-
alopathy and scrapie prions in Tg4092 mice expressing the
bovine PrP gene; and (v) 139A and 22L prions in WT C57BI6
mice (Table 2). When the [Gdn-HClI]; values for these naturally
occurring prions were plotted as a function of the incubation
times in Tg and non-Tg mice, the data could be fitted to a straight
line (Fig. 4B). The slope of the line was slightly diminished
compared with the line in Fig. 44, and the correlation coefficient
decreased to 0.77.

Buoyed by finding that both synthetic and naturally occurring
prions exhibited the same relationship between conformational
stability and the incubation time, we plotted all of the data points
in Figs. 44 and B together with the [Gdn-HCl]; > values for synthetic
prions passaged in WT and Tg4053 mice. In this plot (Fig. 4C), a
total of 30 points for synthetic and naturally occurring prions are
shown; the correlation coefficient improved to 0.93. Thus, an
excellent correlation exists between the conformational stability of
PrPS¢ and the length of the incubation time over a range from 60
to >500 days.

Discussion

Our finding that the length of the incubation time in mice is
directly proportional to the conformational stability of the prion
isolate creates an approach for the rapid characterization of
prion strains. It may now be possible to replace many incubation
time determinations with Gdn-HCl-melting curves. In those
cases for which such an approach is applicable, we can expect a
>100-fold acceleration in the studies.

Continuum of Prions. The availability of 30 different isolates with
incubation times ranging from 60 to 523 days in mice allowed us to
ask whether the conformational-stability assay could be related to
the incubation-time phenotype. We found that the [Gdn-HCl];.,
value is directly proportional to the length of the incubation time
(Fig. 4). This relationship seems to hold whether the prion isolate
has been passaged many times and the incubation time is constant,
as is the case for RML, or the incubation time has changed with
successive passaging, as is the case for some synthetic prion isolates
(Table 2). In other words, the [Gdn-HCl];, value reflects the
incubation time that is specified by the prions being replicated in the
brain.

Legname et al.
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It may be important to emphasize that we did not analyze prion
isolates from mice where prolonged incubation times resulted from
amismatch between the sequence of PrPS in the inoculum and that
of the cellular PrP isoform (PrP¢) expressed by the host. Such
extended incubation times are generally because of a species
transmission barrier and diminish on second passage in the homol-
ogous host (20, 21).

In our studies, no prion isolates with [Gdn-HCl];» values of <1.5
M were found (Table 2). It is reasonable to hypothesize that a lower
limit is set by the inability of very unstable prions to maintain their
high B-sheet-rich structure and thus survive. Antithetically, prion
isolates with [Gdn-HCl];» values of >5 M may replicate so slowly
that they do not reach a sufficient concentration in the brain to
cause disease within the lifetimes of the mice.

Mechanism of PrPS¢ Denaturation. The mechanism by which
Gdn'HCl denatures PrPS¢ and renders it sensitive to limited pro-
teolysis is unknown. Whether Gdn-HCl renders PrPS¢ susceptible to
proteolytic digestion by disrupting tertiary or quaternary structure
(or both) remains to be established. Interestingly, sonication of
Syrian hamster Sc237 prions did not alter the incubation time, even
though the prion rods fragmented into spherical particles (22).

Notably, Syrian hamster (SHa) Sc237 prions are more readily
inactivated by acidic SDS than human sporadic Creutzfeldt-Jakob
disease prions by a factor of ~10° (23); in contrast, conformational-
stability assays were unable to distinguish these two isolates (13, 14,
24). A limitation of the methodology used in our studies is the need
for limited PK digestion, which precludes analysis of protease-
sensitive PrPS¢ (12, 25). In earlier studies of SHa prion strains, the
incubation time was found to be directly proportional to the level
of protease-sensitive PrPS¢ (12). Moreover, a limited study of the
[Gdn-HCl];; values for several SHa prion strains failed to show a
correlation with the incubation times (14).

Synthetic Prion Isolates. It is noteworthy that a single isolate as
characterized by a specific incubation time and a particular
[Gdn-HCI]; 2 value may, in fact, be a mixture of two or more isolates.
The synthetic prions in the brain of the Tg9949 mouse (MK4977)
display an incubation time of 379 days and a [Gdn-HCl];» value of
3.3 M. Yet, on second passage in Tg9949 mice, at least two different
prion isolates emerged (Fig. 2 and 3; Table 2).

It is uncertain whether the studies reported here could have
been performed with naturally occurring prion strains alone.
The availability of different isolates derived from synthetic
prions seems crucial in establishing the relationship between
conformational stability and incubation time. Only synthetic
prions have incubation times of ~500 days with [Gdn-HCl]»
values between 4 and 5 M.

Distinct from yeast prions, mammalian prions require N-
terminal truncation of PrP for amyloid formation to occur (26).
Different strains of synthetic yeast prions were formed from the
N-terminal domain of Sup35 by varying the temperature for
amyloid fibril formation (27, 28). The fibrils polymerized at 4°C
were less stable than those formed at 37°C. Similar to our results,
the [PSI+] prions initiated by the 4°C fibrils were less stable
and reproduced more rapidly than those induced by the 37°C
fibrils (29).

Investigations of Other Degenerative Diseases. Investigations of
amyotrophic lateral sclerosis (ALS) seem notable with respect to
our findings. The progression of familial ALS was found to corre-
late with the stability of the enzyme, superoxide dismutase (SOD).
Patients with familial ALS due to mutations in SOD survived
longer when the mutations resulted in a more stable enzyme,
whereas the clinical course was shorter if the SOD molecule was less
stable (30).

It seems reasonable to ask whether investigations of degenerative
diseases of unknown etiology such as multiple sclerosis, schizophre-
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nia, and bipolar disorders might benefit from our findings. At-
tempts to identify mutant genes in familial forms of these diseases
have been disappointing and studies of gene expression levels using
microarrays unrewarding. Perhaps analyses of the structural states
of proteins like those reported here might prove more fruitful.
Structural variants of proteins might be responsible for a disease
process that cannot be identified by either molecular genetic or gene
expression approaches.

A Physiological Function for PrP5<? The multitude of structures that
PrP 27-30 can adopt raises the possibility that PrPS is an alterna-
tively folded protein that performs a physiological function (31, 32).
Whether PrPC can also adopt a continuum of structures is unknown
but the large, flexible, N-terminal region might be a source of
structural variation (33). In contrast, the structural variation in
PrPS¢ occurs in the C-terminal, protease-resistant portion of the
molecule denoted PrP 27-30. PrPS¢ but not PrP¢ accumulation
stimulates the Notch and Hes pathways, resulting in the loss of
dendritic processes (34, 35). PrPC seems to function in signal
transduction and neurite outgrowth in conjunction with the neural
cell adhesion molecule, N-CAM (36, 37). Moreover, PrPC-deficient
mice exhibit defects in spatial memory tasks (38).

That PrPS¢ can exist in so many distinct structural states raises the
possibility that this protein or other prion-like neuronal proteins
function in information storage within the CNS. In such a scenario,
PrPS¢ would exist in the CNS at levels well below those that are
infectious (39, 40). The slow turnover and multitude of possible
structures make PrPS¢ an interesting candidate for information
storage in short-term memory. Recent studies of the cytoplasmic
polyadenylation element binding protein have raised the possibility
of a prion-like protein controlling the localized synthesis of new
proteins in long-term memory within a single dendrite (41-43). Our
results raise the possibility of an alternative role for prion proteins
in short-term or working memory where protein synthesis is not
required and transient information storage might be encrypted in
a large array of macromolecular structural states.

Future Studies. Our discovery that the [Gdn-HCl]); value for a
particular mouse isolate is directly proportional to the incubation
time has several implications. First, it may provide a rational
approach for the production of synthetic prions with short
incubation times. We might be able to produce infectious prions
that replicate rapidly by identifying conditions for polymeriza-
tion of recPrP into fibrils with relatively low [Gdn-HCl],, values.
Our findings predict that less-stable recMoPrP amyloids will
cause disease in mice much sooner than more stable polymers.
Second, in an optimistic view, we have begun to understand how
strain-specific phenotypes are enciphered within the conforma-
tion of PrPS¢, Whether this discovery will prove sufficient to
begin unraveling the molecular “language” used to encipher
strain-specified properties is uncertain. Third, determining the
atomic structures of PrPS¢ molecules enciphering short, inter-
mediate, and prolonged incubation times is of utmost impor-
tance. Although the insolubility of native PrPS¢ continues to
hinder high-resolution structural studies, fiber diffraction of
infectious amyloid fibrils formed from recMoPrP might circum-
vent this problem.

Materials and Methods

Materials. The isolation of 301V (44), Me7 (45), RML (46), and
synthetic prions (18) has been described. Tg9949 and Tg4053
mice have been described (47, 48). CD-1 and FVB mice
were purchased from Charles River Breeding Laboratories
(Wilmington, MA).

Brain homogenates [10% (wt/vol)] were prepared and inoc-
ulated into mice as described (49). After inoculation, mice were
examined daily for signs of neurologic dysfunction (50, 51). As
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neurologic deficits progressed, the mice were killed, and their
brains were removed for histological and biochemical analysis.
Preparation of HuM-Fabs was performed as described (31).

Neuropathology. Brains were removed, immersion-fixed in 10%
buffered formalin, and embedded in paraffin. Sections (8 wm) were
stained with hematoxylin/eosin. Peroxidase immunohistochemistry
with antibodies to glial fibrillary acidic protein was used to evaluate
reactive astrocytic gliosis. Hydrolytic autoclaving was performed as
described (52), using HuM-R2 to detect PrPSe.

PrPSc Detection. PrPS¢ was measured by limited PK digestion,
SDS/PAGE, and Western blotting, as described (49, 53).

Conformational-Stability Assay. The P2 fraction was prepared from
brain homogenates and analyzed by ELISA, as described (13, 54).
Alternatively, 50 ul of 10% brain homogenate was mixed with 50
wl of Gdn-HC], varying from 0 to 8 M; for final concentrations of
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