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Fatal familial insomnia and familial Creutzfeldt-Jakob disease:
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ABSTRACT Fatal familial insomnia and a subtype of
Creutzfeldt-Jakob disease, two clinically and pathologically
distinct diseases, are linked to the same mutation at codon 178
(Asp-178 — Asn) but segregate with different genotypes de-
termined by this mutation and the methionine-valine polymor-
phism at codon 129 of the prion protein gene. The abnormal
isoforms of the prion protein in these two diseases were found
to differ both in the relative abundance of glycosylated forms
and in the size of the protease-resistant fragments. The size
difference was consistent with a different protease cleavage site,
suggesting a different conformation of the protease-resistant
prion protein present in the two diseases. These differences are
likely to be responsible for the type and location of the lesions
that characterize these two diseases. Therefore, the combina-
tion of the mutation at codon 178 and the polymorphism at
codon 129 determines the disease phenotype by producing two
altered conformations of the prion protein.

Prion diseases, also called spongiform encephalopathies or
transmissible amyloidoses, are a group of sporadic, iatro-
genic, and familial diseases that affect humans and animals
(1-3). The human familial forms include three major groups:
(i) Creutzfeldt-Jakob disease (CJD), a subacute dementing
illness usually associated with cerebellar signs, myoclonus,
and spongiform degeneration (4, 6); (ii) Gertsmann-
Striussler-Scheinker syndrome (GSS), a chronic condition
characterized by ataxia, dementia, and the presence of amy-
loid plaques (4-6); and (iii) fatal familial insomnia (FFI),
characterized by a loss of the ability to sleep, dysautonomia,
selective atrophy of the thalamus, and usually no spongiform
changes (7-11). Within these three groups there are subtypes
defined by specific mutations in the prion protein (PrP) gene
(PRNP). Mutations at PRNP codons 102, 105, 117, 198, and
217 are associated with GSS subtypes (12, 13), while a
mutation at codon 200 is linked to one CJD subtype, CJD2%
(14). A mutation at codon 178 that results in the replacement
of aspartic acid by asparagine (Asp-178 — Asn) is shared by
FFI and another CJD subtype, CJID'?8 (4, 15-17). In spite of
the common mutation, these two diseases are phenotypically
distinct since in CJD!78 severe sleep impairment has not been
reported and there is widespread spongiosis rather than
selective thalamic atrophy. Also, in contrast to FFI, CJD!78
has been consistently transmitted to receptive animals (18).
We recently showed that FFI and CIJD!7® segregate with
distinct PRNP genotypes determined by a common methio-
nine-valine polymorphism at codon 129 of the mutant allele
that specifies methionine in FFI and valine in CJD!7® (18).
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The hallmark of all prion diseases is the presence of an
aberrant isoform of the PrP that is partially resistant to
proteases (1-3). The protease resistance is thought to result
from a conformational change of the normal PrP (1-3).
Different protease-resistant PrP isoforms have been shown to
cause distinct pathological changes in animal models (19-21).
In inherited human prion diseases, it is hypothesized that
each mutation results in a different PrP conformation, which
in turn determines the disease phenotype (1-3). However,
this proposal fails to explain FFI and CID'”8, which are
associated with the same mutation.

In this study, we have characterized the protease-resistant
PrP present in brain tissue of subjects from three FFI and
three CJD'”8 kindreds and found them to differ both in size
and in the relative abundance of glycosylated forms.

MATERIALS AND METHODS

Source of Tissue. The subjects and kindreds for this study
have been described (18). Tissue analyzed was from five
subjects from three FFI kindreds (FFI-1: IV-16, IV-37, and
V-58; FFI-2: IV-27; FFI-5: IV-4) and five subjects from three
CJD'78 kindreds (CJD'8-Str; CJD'”® Day IV-2; CID'"8-Wui:
IV-4, V-5, and V-6). Two of the FFI and three of the CJD!78
subjects were heterozygous at PRNP codon 129 (18).

Antibodies. The following antibodies were used: mouse
monoclonal antibody 3F4 (22), which reacts with PrP resi-
dues 109-112 (23); rabbit antisera to synthetic peptides
homologous to hamster PrP residues 90-104 (24) and to
human PrP residues 220-231 (L.A.-G., unpublished data) and
residues 23-40 (B.G., unpublished data).

Preparation and Analysis of Protease-Resistant PrP. Brain
tissue was homogenized in 9 volumes of lysis buffer (100 mM
NaCl/10 mM EDTA/0.5% Nonidet P-40/0.5% sodium de-
oxycholate/10 mM Tris, pH 7.4) and digested with proteinase
K at 100 ug/ml for 1 hr at 37°C. Digestion was terminated by
the addition of 2 mM phenylmethylsulfonyl fluoride and
boiling in electrophoresis sample buffer (3% SDS in 62.5 mM
Tris, pH 6.8). For deglycosylation, these proteinase
K-treated samples were digested for 2 hr with recombinant
glycopeptide N-glycosidase (PNGase F; New England Bio-
labs) as specified by the supplier, precipitated with 4 volumes
of methanol at —20°C, and resuspended in electrophoresis
sample buffer. Presence of the glycosyl phosphatidylinositol
anchor was determined by phase-partitioning with Triton
X-114 (25).

Abbreviations: CJD, Creutzfeldt-Jakob disease; FFI, fatal familial
insomnia; GSS, Gertsmann-Striussler-Scheinker syndrome;
PRNP, prion protein gene; PrP, prion protein; PNGase, glycopeptide
N-glycosidase.
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Gel Electrophoresis and Immunoblots. Samples were re-
solved on 12% polyacrylamide gels and transferred to Im-
mobilon P (Millipore) for 2 hr at 60 V. Immunoblots were
developed by the enhanced chemiluminescence system
(ECL, Amersham) as described by the manufacturer. Quan-
titative analysis of the immunoblots was carried out with a
computer-assisted laser scanner (LKB Ultroscan XL).

Analysis of Amino- and Carboxyl-Terminal Fragments.
Brain homogenates (1 g in 10 volumes of 320 mM sucrose/1
mM EDTA/10 mM Tris, pH 7.5) were centrifuged at 5000 %
g for 10 min, and the supernatants were centrifuged at 100,000
X g for 60 min. The final pellets were homogenized in lysis
buffer, digested with proteinase K, and deglycosylated as
described above and then digested with endoproteinase
Asp-N (sequencing grade, Boehringer) as described (26).
Briefly, the samples were denatured with 6 M guanidine
hydrochloride in 50 mM Tris*HCl (pH 8.0), reduced with 2
mM dithiothreitol, carboxymethylated with 6 mM sodium
iodoacetate, and precipitated with 10 volumes of ethanol at
—20°C. The pellet was resuspended in 0.1% SDS/50 mM
sodium phosphate, pH 8.0, and digested overnight at 37°C
with endoproteinase Asp-N. Peptides were electrophoreti-
cally resolved in 10-18% (wt/vol) Tris-tricine gels (27) and
detected on immunoblots as above. For analysis of the intact
PrP amino-terminal fragment in subjects homozygous for
either valine or methionine at codon 129, the same procedure
was followed except that digestion with proteinase K was
omitted.

RESULTS

Proteinase K treatment of brain tissue from FFI subjects
generated two major fragments of 28 and 26 kDa (Fig. 1). A
minor fragment migrating at 19 kDa was seen at longer film
exposures. Similar preparations from CJD!7® subjects dem-
onstrated three fragments of 29, 27, and 21 kDa (Fig. 1). The
stoichiometry among these fragments in CJD78 (1:1.53:0.45)
was significantly different from that in FFI (1:0.69:0.09). All
fragments from both diseases included the PrP region be-
tween residue 90 and the site of attachment of the glycosyl-
phosphatidylinositol anchor at residue 231, as determined by
epitope-mapping with antisera to PrP residues 90-104 and
220-231 (data not shown).

N-deglycosylation of proteinase K-treated samples re-
sulted in a single immunoreactive PrP band that corre-
sponded in mobility to the smallest protease-resistant frag-
ment, the 19-kDa fragment in FFI and the 21-kDa fragment
in CID!”® (Fig. 1). Therefore, the number of protease-
resistant fragments are accounted for by the degree of
glycosylation, with the smallest fragment being unglycosyl-
ated (Fig. 1). The underrepresentation and the faster elec-
trophoretic mobility of the unglycosylated fragment in FFI,
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Fic. 1. Protease-resistant PrP fragments from three types of
familial prion diseases. Samples of brain tissue from cases of CJD200
(lane 200), CID'78 (lane 178), and FFI were digested with proteinase
K (PNGase, lanes —), and these digested samples were also degly-
cosylated with PNGase F (PNGase, lanes +). Immunoblots were
probed with the monoclonal antibody 3F4.
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when compared with the corresponding CJD'78 fragment,
shows that in these two diseases the fragments generated by
proteinase K differ both in the degree of glycosylation and in
size. We also compared the protease-resistant PrP fragments
of FFI and CID!” to those obtained from another familial
CID subtype, CID2%, to determine whether they differed in
prion diseases with PRNP mutations other than Asp-178 —
Asn. The fragments generated from the CJD2%® case by
treatment with proteinase K and the single fragment obtained
after subsequent deglycosylation differed from those of FFI
and CJD'?. Thus, each of the pathogenic mutations exam-
ined generates distinct PrP isoforms (Fig. 1).

No variation in either pattern or mobility of the PrP
fragments was seen in the FFI kindreds, while minimal
variations were occasionally seen in the CJD!”® kindreds
(Fig. 2). PrP fragments from subjects homozygous or hetero-
zygous at PRNP codon 129, in either FFI or CJD!”® kindreds
were not qualitatively different. Thus, the type of protease-
resistant PrP is highly consistent and apparently is deter-
mined only by the mutant allele.

To investigate further the difference in the sizes of the
protease-resistant PrP fragments in FFI and CJD'™®, we ana-
lyzed the amino- and carboxyl-terminal peptides obtained after
digestion with endoproteinase Asp-N. Carboxyl-terminal pep-
tides, inclusive of the glycosyl-phosphatidylinositol anchor as
determined by phase partition in Triton X-114, had identical
electrophoretic mobility (Fig. 34). In contrast, the amino-
terminal peptides showed differences in mobility that corre-
sponded to those of the deglycosylated fragments in FFI and
CJD'™ (Fig. 3B). To exclude the possibility that the difference
in electrophoretic mobilities is merely due to the different amino
acid at position 129, we analyzed amino-terminal peptides (PrP
residues 23-143) from individuals homozygous for either me-
thionine or valine at that position and from one heterozygous for
a deletion of one of the octapeptide repeats within PRNP
codons 76 and 91. These fragments had identical mobilities, and
the peptide with the deletion, differing by only 0.78 kDa, was
well resolved (Fig. 3 C). Thus, the different amino acid at
residue 129 is not by itself responsible for the difference in
migration of the protease-resistant PrP fragments in and
CID'%8, Also, the PrP amino-terminal fragment we analyzed is
not known to be posttranslationally modified (28), and varia-
tions in glycosylation are unlikely to have affected protei K
cleavage because the different glycosylated PrP isoforris within
each disease were apparently cleaved at the same site (see Fig.
2). Therefore, differences in electrophoretic mobility of the
protease-resistant fragments are most likely due to different
conformations of PrP, which expose different sites to proteinase
K cleavage in the two diseases. Proteolytic cleavage is consid-
ered to be a useful probe of conformational change (29-31).
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Fi1G.2. Analysis of five subjects from three FFI kindreds and five
subjects from three CJD!?8 kindreds as described in Fig. 1. (4)
Samples were from FFI-2 IV-26 (lanes 1 and 6), FFI-5 IV-4 (lanes 2
and 7), FFI-2 IV-27 (lanes 3 and 8), FFI-1 IV-16 (lanes 4 and 9), and
FFI-1 V-58 (lanes 5 and 10). (B) Samples were from CJD!”® Wui IV
(lanes 1 and 6), CJD'7® Wui V (lanes 2 and 7), CJD!7® Wui VI (lanes
i é\)nd 8), CID!78 Str (lanes 4 and 9), and CJD!78 Day IV-2 (lanes 5 and
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FiG. 3. Comparison of carboxyl- and amino-terminal fragments
from CJD!'78 (lane 178) and FFI. (A and B) After digestion with
proteinase K and deglycosylation, samples were treated with en-
doproteinase Asp-N. Carboxyl-terminal fragments were detected
with antiserum to PrP residues 220-231 (4). Amino-terminal frag-
ments (arrowheads) were detected with monoclonal antibody 3F4,
which recognizes PrP residues 109-112 (B). The slower moving band
in CJD178 js due to incomplete cleavage at Asp-143. (C) Samples from
subjects homozygous for methionine (lane MET) or valine (lane
VAL) at PRNP codon 129 and from a subject with a deletion of an
octapeptide repeat (lane Del) were deglycosylated and digested with
endoproteinase Asp-N. The amino-terminal fragments, spanning
from the predicted signal peptide cleavage site at residue 23 to
Asp-143, were identified by reactivity with both monoclonal anti-
body 3F4 (shown in C) and an antiserum to PrP residues 23-40 (not
shown).

DISCUSSION

The present findings show that FFI and CJD?8 are associated
with distinct PrP isoforms that differ in the degree of glyco-
sylation and in the size of the fragments generated by
proteinase K treatment. Because the sequence of the mutated
PrPin FFI and CJD differs only at position 129 (18), the amino
acid (methionine or valine) encoded at this position is likely
to be responsible for the observed differences and may
function as a conformational modifier. Thus, the mutant
asparagine at position 178 might destabilize the PrP molecule
while the methionine or valine at 129 could determine two
distinct conformations. The interaction between the patho-
genic mutation and the polymorphism at codon 129 may also
play a role in modifying the disease phenotype in other
familial prion diseases.

Our findings point to a change in conformation in the
amino-terminal region of the protease-resistant PrP and dif-
ferences in the relative abundance of glycosylated forms and
possibly other factors as determinants of the topography and
the type of lesion in prion diseases. A correlation between
pathological phenotype and ‘‘type’’ of protease-resistant PrP
has been repeatedly observed in experimental models of
transmitted prion diseases, prompting the suggestion that
differences in PrP conformation and glycosylation may target
the exogenous protease-resistant PrP to selected cell popu-
lations, which then generate endogenous abnormal PrP and
undergo pathologic changes (19-21). The present data add
further complexity to this pathologic mechanism because in
the genetic forms, in contrast to the transmitted models, the
mutated PrP could be expressed constitutively in virtually all
cells. Since the topographic distribution of protease-resistant
PrP in FFI brains is highly selective (unpublished data), some
cell populations appear to protect themselves either by
preventing conversion of the mutated PrP into the pathogenic
PrP or by ‘“‘neutralizing’’ the pathogenic PrP before irrevers-
ible cytological damage occurs.

Proc. Natl. Acad. Sci. USA 91 (1994) 2841

The first two authors contributed equally to these studies. We
thank Drs. R. J. Kascsak and M. Shinagawa for providing antibodies
and Drs. J. Chatelain, P. Beaudry, J. L. Laplanche, J. D. Degos, and
P. Cesaro for the identification of the CJD2% subject. This work was
supported by National Institutes of Health Grants NS-14509 and
NS-29822; National Institute of Aging Grants ADRC AG-08012,
AG-08155, and AG-08992; and the Britton Fund.

1. Prusiner, S. B. (1992) Biochemistry 31, 12277-12288.

2. Prusiner, S. B. (1991) Science 252, 1515-1522.

3. Brown, P., Goldfarb, L. G. & Gajdusek, D. C. (1991) Lancet
337, 1019-1022.

4. Gajdusek, D. C. (1990) in Virology, eds. Fields, B. N., Fields,
B. N. & Knipe, D. M. (Raven, New York), 2nd Ed., pp.
2289-2323.

5. Masters, C. L. & Richardson, E. P. (1978) Brain 101, 333-344.

6. Masters, C. L., Gajdusek, D. C. & Gibbs, C. J. (1981) Brain
104, 559-588.

7. Medori, R., Tritschler, H. J., LeBlanc, A., Villare, F., Man-
etto, V., Chen, H.-Y., Xue, R., Leal, S., Montagna, P.,
Cortelli, P., Tinuper, P., Avoni, P., Mochi, M., Baruzzi, A.,
Hauw, J. J., Ott, J., Lugaresi, E., Autilio-Gambetti, L. &
Gambetti, P. (1992) N. Engl. J. Med. 326, 444—-449.

8. Medori, R., Montagna, P., Tritschler, H. J., LeBlanc, A. C.,
Cortelli, P., Tinuper, P., Lugaresi, E. & Gambetti, P. (1992)
Neurology 42, 669-670.

9. Manetto, V., Medori, R., Cortelli, P., Montagna, P., Baruzzi,
A., Hauw, J., Rancruel, G., Vanderhaeghen, J. J., Mailleux,
P., Bugiani, O., Tagliavini, F., Bouras, C., Rizzuto, N.,
Lugaresi, E. & Gambetti, P. (1992) Neurology 42, 312-319.

10. Petersen, R. B., Tabaton, M., Berg, L., Schrank, B., Torack,
R. M., Leal, S., Julien, J., Vital, C., Deleplanque, B., Pend-
lebury, W. W., Drachman, D., Smith, T. W., Martin, J. J.,
Oda, M., Montagna, P., Ott, J., Autilio-Gambetti, L., Lugaresi,
E. & Gambetti, P. (1992) Neurology 42, 1859-1863.

11. Medori, R., Tritschler, H. J., LeBlanc, A. C., Villare, F.,
Manetto, V., Montagna, P., Cortelli, P., Avoni, P., Mochi, M.,
Lugaresi, E., Autilio-Gambetti, L. & Gambetti, P. (1992) in
Prion Diseases in Humans and Animals, eds. Prusiner, S. B.,
Collinge, J., Powell, J. & Anderton, B. (Horwood, London),
pp. 180-187.

12. Gambetti, P., Petersen, R., Monari, L., Tabaton, M., Cortelli,
P., Montagna, P., Lugaresi, E. & Autilio-Gambetti, L. (1993)
Br. Med. Bull. 49, 980-994.

13. Kitamoto, T., Ohta, M., Doh-ura, K., Hitoshi, S., Terao, Y. &
Tateishi, J. (1993) Biochem. Biophys. Res. Commun. 191,
709-714.

14. Goldfarb, L. G., Mitrova, E., Brown, P., Hock, Toh, B. &
Gajdusek, D. C. (1990) Lancet 336, 514-515.

15. Goldfarb, L. G., Haltia, M., Brown, P., Nieto, A., Kovanen,
J., McCombie, W. R., Trapp, S. & Gajdusek, D. C. (1991)
Lancet 337, 425.

16. Goldfarb, L. G., Brown, P., Maltia, M., Cathala, F., McCom-
bie, W. R., Kovanen, J., Cervenakova, L., Goldin, L., Nieto,
A.,Godec, M. S., Asher, D. M. & Gajdusek, D. C. (1992) Ann.
Neurol. 31, 274-281.

17. Brown, P., Goldfarb, L. G., Kovanen, J., Haltia, M., Cathala,
F., Sulima, M., Gibbs, C. J. & Gajdusek, D. C. (1992) Ann.
Neurol. 31, 282-285.

18. Goldfarb, L. G., Petersen, R. B., Tabaton, M., Brown, P.,
LeBlanc, A. C., Montagna, P., Cortelli, P., Julien, J., Vital, C.,
Pendlebury, W. W., Haltia, M., Willis, P. R., Hauw, J. J.,
McKeever, P. E., Monari, L., Schrank, B., Swergold, G. D.,
Autilio-Gambetti, L., Gajdusek, C., Lugaresi, E. & Gambetti,
P. (1992) Science 258, 806-808.

19. Bessen, R. A. & Marsh, R. F. (1992) J. Virol. 66, 2096-2101.

20. Hecker, R., Taraboulos, A., Scott, M., Pan, K. M., Yang,
S. L., Torchia, M., Jendroska, K., DeArmond, S.J. &
Prusiner, S. B. (1992) Genes Dev. 6, 1213-1228.

21. DeArmond, S. J., Yang, S., Lee, A., Bowler, R., Taraboulos,
A., Groth, D. & Prusiner, S. B. (1993) Proc. Natl. Acad. Sci.
USA 90, 6449-6453.

22. Kascsak, R. J., Rubenstein, R., Merz, P. A., Tonna-DeMasi,
M., Fersko, R., Carp, R. J., Wisniewski, H. M. & Diringer, H.
(1987) J. Virol. 61, 3688—3693.

23. Bolton, D. C., Seligman, S. J., Bablanian, G., Windsor, D.,



2842

24.

R

27.

Medical Sciences: Monari et al.

Scala, L. J., Kim, K. S., Chen, C. J., Kascsak, R. J. & Bend-
heim, P. E. (1991) J. Virol. 65, 3667-3675.

Shinagawa, M., Munekata, E., Doi, S., Takahaski, K., Goto,
H. & Sato, G. (1986) J. Gen. Virol. 67, 1745-1750.

Bordier, C. (1981) J. Biol. Chem. 256, 1604-1607.

Stahl, N., Borchelt, D. R. & Prusiner, S. B. (1990) Biochem-
istry 29, 5405-5412.

Schagger, H. & von Jagow, G. (1987) Anal. Biochem. 166,
368-379.

28.

29.
30.
31.

Proc. Natl. Acad. Sci. USA 91 (1994)

Stahl, N., Baldwin, M. A., Teplow, D. B., Hood, L., Gibson,
B. W., Burlingame, A. B. & Prusiner, S. B. (1993) Biochem-
istry 32, 1991-2002.

Nakayama, N., Arai, N., Kaziro, Y. & Arai, K. (1984) J. Biol.
Chem. 259, 88-96.

Kassenbrock, C. K. & Kelly, R. B. (1989) EMBO J. 8, 1461-
1467. )

Liberek, K., Skowyra, D., Zylicz, M., Johnson, C. & Geor-
gopoulos, C. (1991) J. Biol. Chem. 266, 14491-14496.



