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Evidence for the Conformation of the
Pathologic Isoform of the Prion Protein
Enciphering and Propagating Prion Diversity
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The fundamental event in prion diseases seems to be a conformational change in cellular
prion protein (PrPC) whereby it is converted into the pathologic isoform PrPSe. In fatal
familial insomnia (FFl), the protease-resistant fragment of PrPS¢ after deglycosylation has
a size of 19 kilodaltons, whereas that from other inherited and sporadic prion diseases
is 21 kilodaltons. Extracts from the brains of FFI patients transmitted disease to trans-
genic mice expressing a chimeric human-mouse PrP gene about 200 days after inoc-
ulation and induced formation of the 19-kilodalton PrPS¢ fragment, whereas extracts
from the brains of familial and sporadic Creutzfeldi-Jakob disease patients produced the
21-kilodalton PrPSc fragment in these mice. The results presented indicate that the
conformation of PrPSe functions as a template in directing the formation of nascent PrPSe
and suggest a mechanism to explain strains of prions where diversity is encrypted in the

conformation of PrPSe.

For many years the prion diseases, also
called transmissible spongiform encephalop-
athies, were thought to be caused by slow-
acting viruses (1), but it is now clear that
prions are not viruses and that they are
devoid of nucleic acid (2, 3). Prions seem to
be composed only of PrPS¢ molecules, which
are abnormal conformers of a normal, host-
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encoded protein designated PrP© (3, 4).
PrPC has a high a-helical content and is
virtually devoid of B-sheets, whereas PrPS
has a high B-sheet content (4, 5); thus, the
conversion of PrP® into PrPS¢ involves a
profound conformational change. Formation
of PrP% is a posttranslational process that
does not appear to involve a covalent mod-
ification of the protein (6).

The prion diseases are unique in that they
may present as inherited and infectious dis-
orders (3, 7). More than 20 different muta-
tions of the human (Hu) PrP gene segregate
with dominantly inherited disease; five of
these have been genetically linked to famil-
ial Creutzfeldt-Jakob disease (fCJD), Gerst-
mann-Striussler-Scheinker disease, and fatal
familial insomnia (FFI) (8). The most com-
mon prion diseases of animals are scrapie of
sheep and bovine spongiform encephalopa-
thy; the latter may have been transmitted to
people through foods (9).

To extend studies on the transmission of
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wild-type and mutant prions from sporadic
Creutzfeldt-Jakob disease (sCJD) and fCJD
patients, respectively, to transgenic mice ex-
pressing a chimeric mouse-human PrP gene
[Te(MHu2M) mice] (10, 11), we inoculated
these mice with mutant prions from the
brains of patients who died of FFl. Transmis-
sion of human prions to Tg(MHu2M) mice
involves the conversion of chimeric
MHu2M PrP€ into MHu2M PrP5¢ through a
process that is thought to involve the bind-
ing of PrPS to PrP® as PrP¢ undergoes a
structural transition (12, 13). A point muta-
tion of the PrP gene at codon 178 [in which
an Asp residue at position 178 is mutated to
Asn (D178N)] is the cause of FFI, but a Met
residue must be encoded at position 129 on
the mutant allele for the FFI phenotype to be
manifest (14). The same D178N mutation
segregates with a subtype of fC]D, but in this
case, Val is encoded on the mutant allele at
position 129. The DI178N mutation is
thought to destabilize the structure of PrPC,
resulting in its transformation into PrPSe
(13, 15). Some investigators have reported
transmission of FFI prions to non-Tg and
Tg(HuPrP) mice; the incubation times ex-
ceeded 400 days, and only a minority of the
inoculated Tg(HuPrP) mice expressing both
human and mouse PrP® developed disease
(16). These findings with Tg(HuPrP) mice
are in accord with earlier studies showing
that transmission of human prions to
Tg(HuPrP) mice is inhibited by mouse PrPC,
and this inhibition can be abolished by ab-
lation of the mouse PrP gene (Prmp®°) (10,
11).

Teg(MHuZM)Prnp®° mice (17) were in-
oculated intracerebrally with extracts pre-
pared from brain tissue obtained after the
death of individuals who died of FFI,
fCJD(E200K) (with a mutation in which
Glu at position 200 has mutated to Lys), or
sCJD. The mice developed signs of experi-
mental prion disease about 200 days after
inoculation (Table 1). At the time of writ-
ing, inoculation of Tg(MHu2M)Prnp®°
mice has resulted in primary passage of pri-
ons from at least one brain region from
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three of four FFI patients. As previously
reported, Te(MHuZM)Prnp®° mice are sus-
ceptible to prions from patients who carried
the E200K mutation (11). Extracts from
patients who died with fCJD(E200K) or
sCJID(M/M129) (homozygous for Met at
position 129) caused neurologic dysfunc-
tion in Tg(MHu2M)Prnp®° mice between
170 and 190 days after inoculation.

The failure to transmit disease with
brain homogenates of frontal and insula
cortices from FFI patient V-58 is apparently
not related to heterozygosity at codon 129,
because homogenate from patient IV-16,
who has the same haplotype, transmitted
the disease. Patients V-58 and IV-16 are
phenotypically similar and exemplify the
FFI phenotype of the codon 129 heterozy-
gotes with especially long duration (I8).
The sleep disorder was comparable in pa-
tients V-58 and IV-16, and spongiosis was
actually more severe in patient [V-16 than
in patient V-58 (18). It is noteworthy that
a homogenate prepared from the parietal
cortex of a patient with fCJD(D178N,
V/V129) has so far failed to transmit dis-
ease. Whether the titer of prions in this
particular sample is low or the Val (V)
residue at position 129 in combination with
the D178N mutation prevents transmission
to Tg(MHuZM)Prnp®® mice remains to be
established.

Prion proteins in extracts from the brains
of Tg(MHuZM) mice inoculated with
FFI(D178N, M129) were compared with
those inoculated with fCJD(E200K) or
sCJD. Mouse brain homogenates were di-
gested with proteinase K (100 wg/ml) for 1
hour at 37°C followed by denaturation by
boiling in 3% SDS. The denatured PrPSc
was then digested with glycopeptide N-
glycosidase (PNGase F) to remove Asn-
linked oligosaccharides. As previously de-
scribed, the human brain extracts prepared
from FFI patients yielded a 19-kD protein,
whereas extracts from brains of patients
with fCJD(E200K) or typical sCJD con-
tained a 21-kD protein (19). Because the
amino acid sequences of HuPrPS¢ molecules
from FFI and fCJD(E200K) patients differ at
two residues, it was not surprising that the
conformations of PrPSe as reflected by the size
of the protease-resistant PrP fragments are
different (Fig. 1A). In contrast, it was unex-
pected that PrPS¢ found in Tg(MHuZM)
mice inoculated with FFI prions would be
19 kD, whereas that in Tg(MHuZM) mice
injected with fCJD(E200K) was 21 kD
(Fig. 1A). These findings demonstrate that
the conformation of HuPrP®¢ in the inoculum
is replicated in the brains of the
Tg(MHu2M)Prnp®° mice by conversion of
MHu2ZM PrP€ into MHu2M PrPSe. Wild-type
PrPS¢ in the brain extract from a patient who
died of sCJD was found to be 21 kD. Trans-
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mission of sCJD to Tg(MHu2ZM)Pmp®° mice
produced MHu2M PrPS¢, also of size 21 kD,
again demonstrating the fidelity of the con-
version process whereby the conformation of
MHuZM PrP% in the Tg(MHuZM)Prnp®©
mouse reflects that of HuPrPS in the in-
oculum (Fig. 1B). We emphasize that
whereas the primary structures of the
PrP5¢ molecules in the three different hu-
man brain inocula are distinct, the amino
acid sequences of the PrPS¢ molecules in
the brains of inoculated Tg(MHu2M)
mice are invariant. The MHu2M PrP
transgene was sequenced and found to be
the same as the construct used for micro-
injections during production of the mice
(20).

We also examined the regional distribu-
tion of PrP5 in the brains of
Teg(MHuZM)Prnp®© mice inoculated with
prions from FFI patients as well as from

Fig. 1. Protein immunoblot analysis of PrPSe from
brains of Tg(MHu2M) mice inoculated with FFl,
fCJD(E200K), and sCJD. Homogenates of human
or mouse brain were prepared as described (30).
(A) Comparison of fCJD(E200K) and FFI. Samples
analyzed are from the following sources: lane 1,
fCJD(E200K) patient LJ1, frontal cortex; lane 2,
Tg(MHU2M)Prnp®° mouse inoculated with prep-
aration used for lane 1; lane 3, {CJD(E200K) pa-
tient LJ1, frontal cortex treated with PNGase F;
lane 4, Tg(MHu2M)Prmp®° mouse inoculated with
preparation used in lane 3; lane 5, FFI patient
IV-16, frontal cortex; lane 6, Tg(MHU2M)Prnp®©
mouse inoculated with preparation used for lane
5; lane 7, FFI patient IV-16, frontal cortex treated
with PNGase F; and lane 8, Tg(MHU2M)Prnp®°

fCJD(E200K) and sCJD patients (21). His-
toblots of coronal brain sections through
the hippocampus and thalamus as well as
those through the brainstem and cerebel-
lum were developed (Fig. 2). The pattern of
PrPS¢  deposition in  FFl-inoculated
Tg(MHuZM)Prmp®© mice was clearly dif-
ferent from Tg(MHu2M)Prnp®° mice inoc-
ulated with CJD.

In FFl-inoculated mice, PrPS¢ deposition
was most intense in the thalamus and the
rostral part of the corpus callosum (Fig.
2A). In FFI patients PrPS¢ deposition and
neuropathologic changes are marked in the
antero-ventral and mediodorsal nuclei of
the thalamus (18, 22). Intermediate inten-
sities of immunostaining were found in the
deeper layers of the frontal cortex and in
the lateral portions of the caudate nuclei.
Little or no immunostaining was found in
the habenula or the hypothalamus (Fig.

A
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mouse inoculated with preparation used in lane 7. (B) Comparison of sCJD and FFI. Samples analyzed
are from the following sources: lane 1, sCJD patient EC; lane 2, Tg(MHu2M) mouse inoculated with
preparation used in lane 1; lane 3, sCJD patient EC treated with PNGase F; lane 4, Tg(MHuU2M) mouse
inoculated with preparation used in lane 3; lane 5, FFI patient IV-16, frontal cortex; lane 6,
Tg(MHU2M)Prnp®° mouse inoculated with preparation used in lane 5; lane 7, FFI patient IV-16, frontal
cortex treated with PNGase F; lane 8, Tg(MHU2M)Prmp®° mouse inoculated with preparation used in

lane 7.

Table 1. Transmission of neurodegeneration from patients with FFI or CJD to Tg(MHU2M)Prnp®° mice.
M, Met; V, Val; n, number with central nervous sytem dysfunction; n,, number inoculated.

Incubation time

Patient™ Brain region Codon 129 mean days + SEM (1/n,)

FFI (IV-37) Frontal cortex M/M 193 = 5 (9/9) FFI
FFI (IV-26) Thalamus M/M 206 = 7 (7/7)
FFI (IV-26) Frontal cortex M/M 232 + 9 (6/6)
FFI (IV-26) Cerebellum M/M >400 (0/10)

FFI (IV-16) Frontal cortex M/V 222 + 7 (7/7)
FFI (V-58) Frontal cortex M/V >350 (0/10)

FFI (V-58) Insula M/V >350 (0/10)
fCJD (CM, D178N) Parietal cortex V/V >400 (0/10)
sCJD (WL) Frontal cortex M/M 186 + 5 (9/9)
sCJD (MA)T Frontal cortex M/M 180 = 5 (8/8)
fCJD (LJ1, E200K) ¥ Frontal cortex M/M 170 = 2 (10/10)
fCJD (LJ2, E200K) Frontal cortex M/M 179 =1 (8/8)
fCJD (LJ3, E200K) Frontal cortex M/M 184 = 4 (8/8)

*All samples were 10% (w/v) brain homogenates that were diluted 1:10 before inoculation. If the PrP gene of the patient
carried a mutation other than that found in FFI, then the mutation is noted after the patient’s initials or identification

code. tTransmissions previously reported (17).
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2A). Staining in the hippocampus was also
negative except for the stratum lacunosum
molecularae where most of the spongiform
degeneration and reactive astrocytic gliosis
occurred. The absence of PrPS¢ deposition
in the habenula is unique to FFI because
deposition invariably occurs in this region
in response to CJD and scrapie prion inoc-
ulations (10, 23).

In contrast to FFl-inoculated mice, in-
oculation of Tg(MHuZM) mice with
fCJD(E200K) and sCJD prions induced
PrPS¢ accumulation in many areas of the
central nervous system (Fig. 2, B and C).
Although inoculation with fCJD(E200K)
and sCJD as well as with iatrogenic CJD
prions (24) resulted in accumulations of
PrPS¢ in the brainstem (Fig. 2, F and G),
that was not the case for FFI (Fig. 2E).
These differences in PrPS¢ deposition re-
flect earlier studies on prion strains where
the patterns of spongiform degeneration
and PrPS¢ accumulation were specific for a
particular strain when assessed in isogenic
animals (23, 25).

The neuropathologic changes in the

Fig. 2. Regional dis-
tribution of PrPSe in
Tg(MHU2M)Prnp®/©
mice inoculated with
extracts from FFlI,
CJD(E200K), and
sCJD patients. His-
toblots of coronal
sections of the brain
and brainstem of
mice inoculated with
extracts from FFI (A
and E), f{CJD(E200K)
(B and F), or
sCJD(M/M129) (C
and G) patients were
performed as de-
scribed (21). PrP€
was eliminated from
the section by ex-
posing the mem-
branes for 18 hours
at 37°C to protein-
ase K (400 pg/ml) in
a buffer containing
0.5% Brij 35, 100
mM NaCl, and 10
mM tris-HCI, pH 7.8.
Immunostaining of
PrPSc  was en-
hanced by exposing
the histoblots to 3 M
guanidinium isothio-
cyanate for 10 min at
room temperature in

brains of five Tg(MHu2M)Prnp®° mice in-
oculated with prions from three different
FFI patients were examined (Fig. 3). They
were characterized by moderate to severe
spongiform degeneration and astrocytic gli-
osis in the deeper layers of the frontal cor-
tex and rostral part of the cingulate gyrus,
the thalamus, the lateral portions of the
caudate nucleus, and in the white matter
tracts of the cerebral hemispheres. Immu-
nohistochemical examination of FFl-inocu-
lated brains (Fig. 3B) showed that regions
with the largest amount of PrP staining
corresponded to the regions with the most
severe neuropathological changes in both
gray and white matter. The accentuated
immunostaining resulted from multiple
primitive PrP plaques ranging in size from
10 to 40 pM (Fig. 3B).

Comparison  of  FFl-inoculated — Tg-
(MHuZM)Pmp® mice with the same type
mice inoculated with prions from fCJD-
(E200K) and sCJD patients revealed two
main histopathologic differences. First, FFI
produced no vacuolation in the hypothala-
mus, whereas a mild to moderate degree of

20 mM tris-HCI, pH 7.8, then rinsing three times with TBST [10 mM tris-HCI, pH 8.0, 150 mM NaCl,
0.5% (v/v) Tween 20] before immunostaining with monoclonal antibody 3F4 to PrP (anti-PrP) (37).
Also shown are labeled diagrams of the coronal sections of the hippocampus-thalamus region (D)
and brainstem-cerebellum region (H). NC, neocortex; Hp, hippocampus; Hb, habenula; Th, thala-
mus; vpl, ventral posterior lateral thalamic nucleus; Hy, hypothalamus; Am, amygdala; GC, granular
cell layer of the cerebellum; IC, inferior colliculus; R, dorsal nucleus of the raphe; LC, locus ceruleus.
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vacuolation was found with both sCJD and
fCJD(E200K) prions. Secondly, FFI produced
moderate to severe vacuolation of the corpus
callosum. In contrast, there was only mild
vacuolation of the corpus callosum with sCJD
and none with fCJD(E200K).

Our studies show that human prions in-
oculated into Tg(MHu2M)Prnp®° mice in-
struct with substantial fidelity the forma-
tion of distinct MHuZM PrP%¢ molecules.
Although the prions in patients with FFI,
fCJD(E200K), and sCJD can be distin-
guished by differences in the amino acid
sequence of HuPrPS¢, that is clearly not the
case for MHuZM PrP%¢ in the brains of the
inoculated Tg(MHu2M)Prnp®° mice. From
our findings we contend that the different
sizes of chimeric MHuZM PrPS¢ molecules
found after limited digestion with protein-
ase K result from distinct secondary and
tertiary structures. Whether these differenc-
es in PrPS structure will be propagated
upon serial passage of the chimeric prions in
Tg(MHUuZM)Prnp®© or Tg(HuPrP)Prnp®©
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Fig. 3. Representative examples of neuropatho-
logic changes in Tg(MHU2M)Prmp®© mice after
inoculation with human FFI prions. (A) Hematoxy-
lin and eosin stain of a serial section of the thala-
mus shows mild to moderate spongiform degen-
eration of the neuropil, with vacuoles 10 to 30 pm
in diameter. Brain tissue was immersion-fixed in
10% buffered formalin solution after the animals
were killed. The brains were embedded in paraffin
and histological sections prepared and stained
with hematoxylin and eosin for evaluation of spon-
giform degeneration. (B) PrP immunohistochem-
istry of a serial section of the thalamus shows
multiple punctate PrP-immunopositive deposits,
the largest being ~10 um. PrP immunoreactivity
was enhanced by immersing the sections in 1.3
mM HCl and autoclaving them at 121°C for 10 min
(82). Immunostaining of tissue sections was per-
formed as previously described (33) with anti-PrP
(87). Barin (B) = 50 wm and also applies to (A).
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mice remains to be determined.

If such properties are propagated, then
this will suggest that different mutant human
PrPs will have generated distinct strains of
prions. The existence of prion strains has
posed a conundrum as to the mechanism by
which strain-specific characteristics are en-
crypted (23, 26). Although differences in
the size of protease-resistant fragments of
PrPS¢ have not been a general characteristic
of prion strains (27), the hyper and drowsy
strains of prions isolated from mink by serial
passage in Syrian hamsters do differ with
respect to the size of the PrPS¢ molecules
after limited proteolysis (28). But unlike the
studies reported here, where prions were gen-
erated de novo in patients carrying the
D178N or E200K mutations, the origin of
the hyper and drowsy strains is obscure.

Qur results provide a plausible mechanism
for explaining diversity in a pathogen that
lacks nucleic acid; the biological properties of
prion strains seem to be encrypted in the
conformation of PrPS¢. Because prion strains
produce different disease phenotypes, such
findings raise the possibility that deviations in
the phenotypes of other degenerative disor-
ders may also reflect conformational variants
in pathologic proteins. Variations in the con-
formation of PrPS are reproduced through
templating of the PrPS¢ in the inoculum onto
the substrate PrP®. Deciphering the molecular
events by which the conformation of one
protein is imparted to another and the mech-
anism responsible for the apparently high de-
gree of fidelity associated with this process
should be of considerable interest. Indeed, the
foregoing data violate the widely and long-
held idea that amino acid sequences are the
sole determinants of the tertiary structures of
biologically active proteins (29).
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Intestinal Secretory Defects and Dwarfism in
Mice Lacking cGMP-Dependent Protein Kinase Il

Alexander Pfeifer,” Attila Aszédi, Ursula Seidler,{ Peter Ruth,
Franz Hofmann, Reinhard Fassler

Cyclic guanosine 3’,5’-monophosphate (cGMP)-dependent protein kinases (cGKs) me-
diate cellular signaling induced by nitric oxide and cGMP. Mice deficient in the type Il
cGK were resistant to Escherichia coli STa, an enterotoxin that stimulates cGMP ac-
cumulation and intestinal fluid secretion. The cGKIl-deficient mice also developed dwarf-
ism that was caused by a severe defect in endochondral ossification at the growth plates.
These results indicate that cGKIl plays a central role in diverse physiological processes.

Nitric oxide (NO) and a broad spectrum of
hormones, drugs, and toxins raise intracel-
lular ¢GMP concentrations and thereby
regulate a great variety of functions, includ-
ing smooth muscle relaxation, neuronal ex-
citability, and epithelial electrolyte trans-
port (1). Depending on the tissue, the in-
crease in cGMP concentrations leads to the
activation of different receptors, such as
cyclic nucleotide phospodiesterases, cGMP-
regulated ion channels, and cGK (2). Al-

A. Pfeifer, P. Ruth, F. Hofmann, Institut fir Pharmakologie
und Toxikologie, Technische Universitéat Minchen, Bied-
ersteiner Strasse 29, D-80802 Mtnchen, Germany.

A. Aszddi and R. Féssler, Max-Planck-Institut flr Bioche-
mie, D-82152 Martinsried, Germany.

U. Seidler, Medizinische Klinik |, Eberhard-Karls-Univer-
sitat TUbingen, D-72076 TUbingen, Germany.

*To whom correspondence should be addressed.
E-mail: pfeifer@ipt.med.tu-muenchen.de
FThese authors contributed equally to the work.

VOL. 274 -«

20 DECEMBER 1996

though the major effects of cGMP have
been attributed to the activation of cGK, its
physiological role is still controversial (2,
3). It has been suggested that cGMP effects
are mediated in some cell types by cross-
activation of adenosine 3’,5'-monophos-
phate (cAMP) kinase (cAK) (3), which
shares high homology in the cyclic nucleo-
tide binding domains with the cGKs (4).
The identification of the physiological me-
diator of cGMP is further complicated by
the existence of two forms of cGK, type I
and type II, which are encoded by distinct
genes (5). Smooth muscle, platelets, and
cerebellum contain high concentrations of
the type I ¢cGK, whereas ¢GKII is highly
concentrated in brain, lung, and intestinal
mucosa (5, 6). The function of cGKII is not
well understood, although there is evidence
that it mediates intestinal secretion of water
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