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Abstract 

The scrapie amyloid (prion) protein (PrP27-30) is the protease-resistant core of a larger precursor (PrPsC)  and 
a  component  of the infectious  scrapie  agent; the potential to  form amyloid is a result of a  posttranslational event 
or conformational abnormality. The conformation, heat stability, and solvent-induced conformational transitions 
of  PrP27-30 were studied in  the solid state in films by CD spectroscopy and correlated with the infectivity of re- 
hydrated and equilibrated films. The  exposure of PrP27-30 in films to 60 "C, 100 "C, and 132 "C for 30 min did 
not change the @-sheet secondary structure;  the infectivity slightly diminished at 132 "C and correlated with a de- 
creased solubility of PrP27-30 in sodium dodecyl sulfate (SDS), probably  due to cross-linking. Exposing PrP27- 
30 films to formic acid (FA), trifluoroacetic acid (TFA),  trifluoroethanol  (TFE),  hexafluoro-2-propanol (HFIP), 
and SDS transformed  the amide CD band, diminished the mean residue ellipticity of aromatic bands, and inacti- 
vated scrapie infectivity. The convex constraint  algorithm (CAA) deconvolution of the CD spectra of the solvent- 
exposed and rehydrated solid state  PrP27-30  identified five common spectral components. The loss of infectivity 
quantitatively  correlated with a decreasing proportion of native, @-pleated sheet-like secondary structure  compo- 
nent, an increasing amount of a-helical component, and  an increasingly disordered tertiary structure.  The results 
demonstrate the unusual  thermal stability of the @-sheet secondary structure of PrP27-30 protein in the solid state. 
The conformational  perturbations of PrP27-30 parallel the changes in infectivity and suggest that  the @-sheet struc- 
ture plays a key role in the physical stability of scrapie amyloid and in the ability to propagate and replicate scrapie. 
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Recent  molecular  biological and genetic  evidence demon- 
strates that  the  abnormal isoform of the host cell-derived 
scrapie amyloid (prion) protein plays a central role in the 
development of spongiform encephalopathies (Gajdusek, 
1988; Prusiner, 1992). The scrapie amyloid (prion)  pro- 
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tem Studies, National  Institute of Neurological Disorders and Stroke, 
NIH, Building 36, Room 4A-15, Bethesda, Maryland 20892. 

Abbreviations: CCA, convex constraint analysis; FA, formic  acid; 
HFIP, 1,1,1,3,3,3-hexafluor0-2-propanol (hexafluoroisopropanol); 
HPLC, high-performance liquid chromatography; PAGE, polyacryl- 
amide gel electrophoresis; PBS, phosphate-buffered saline; PMSF, 
phenylmethyl sulfonyl fluoride; PrPsc'cJD, scrapie (Sc) or Creutzfeldt- 
Jakob disease (CJD) isoform of prion  protein; PrPC, normal  isoform 
of prion protein; PrP27-30, prion protein; SDS, sodium dodecyl sulfate; 
TBS, 10 mM Tris, 100 mM NaCI; TEM, transmission electron micros- 
copy; TFA, trifluoroacetic acid; TFE, 2,2,2-trifluoroethanol; [e], mean 
residue ellipticity. 

tein, a critical factor involved in neuronal degeneration, 
undergoes a  three-stage  transition  during disease de- 
velopment: normal  form of scrapie amyloid precursor 
(cellular isoform of prion  protein, PrPC) -+ infectious 
form (scrapie isoform of prion protein, PrPSC) + scrapie 
amyloid (prion  protein,  PrP27-30)  (Gajdusek, 1988; 
Prusiner, 1992). Such a cascade  occurs not only  in  scrapie 
in sheep and  goat,  but also during  the development of 
encephalopathy in mink, chronic wasting disease in deer 
and elk, bovine spongiform encephalopathy in cattle, and 
Creutzfeldt-Jakob disease (CJD),  kuru,  Gerstmann- 
Straussler-Sheinker syndrome (GSS), and  fatal familial 
insomnia in man (Gajdusek, 1988; Prusiner, 1992). 

Because both PrPC and PrPSC'CJD protein isoforms 
are encoded by the same cellular gene, and because until 
now chemical differences between them have not been 
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observed (Prusiner, 1992), it is possible that  both amyloid 
formation  and disease transmission result from  confor- 
mational  transitions in the PrP molecule. Such a  confor- 
mational  transition may be facilitated  either by point 
mutations,  interactions with a  theoretically  proposed li- 
gand (Weissmann, 1991), or yet undetected  posttransla- 
tional events. Recent IR spectroscopy  studies  (Caughey 
et al., 1991; Gasset et al., 1993) confirmed  a high content 
of &sheets in the secondary structure of PrP27-30, as had 
been anticipated  from  the TEM appearance  and green bi- 
refringence of Congo red-stained  scrapie  amyloid  fibrils 
(SAFs) or prion rods  (Prusiner et al., 1983). However, the 
secondary and  tertiary  structure of full-length PrPSC,  the 
secondary and  tertiary  structure of PrPC,  and  the molec- 
ular mechanism of the  transitions of PrPC  to  PrPSC  are 
not known.  Another  characteristic of the  scrapie agent is 
the  extreme resistance to heat and physical inactivation 
(Brown et al., 1990a), which has never been fully ex- 
plained. It is critical to understand  the  relationship be- 
tween the  conformation of PrP27-30 and  the ability to 
propagate,  replicate,  and  cause disease. 

Previously, we have shown that proteins  and  peptides 
aggregate on glass and mica surfaces in amorphous, glass- 
like films with preserved secondary structures  (Safar et al., 
1993). In  this  paper, we have used CD spectroscopy of the 
PrP27-30  protein in the solid state  and  explored  the phe- 
nomenon that  the change in the  secondary  structure of the 
protein induced by organic  solvent remained stable in the 
solid state  after  rapid solvent elimination  (Safar  et  al., 
1993). The resulting films,  rehydrated  and  equilibrated in 
H20,  and displaying  stable CD spectra, were assayed for 
infectivity in hamsters. The results indicate that  the native 
&sheet secondary  structure  of  PrP27-30  remains  stable in 
the solid state  after  exposure to 132 "C for 30 min,  and  that 
the minor decrease in infectivity after exposure parallels the 
cross-linking of PrP27-30 with resulting lower solubility. 
In contrast,  the chemical scrapie  inactivators  such as FA, 
SDS, additional a-helix-inducing fluorinated alcohols, and 
TFA had dramatic  effects  on  the  secondary  and  tertiary 
structure of PrP27-30 in the solid state  and  on  the infectiv- 
ity. Secondary structure analysis by the  CCA  algorithm in- 
dicates that loss of the native &pleated sheet-like secondary 
and tertiary structure correlates with inactivation of scrapie 
infectivity. 

Results 

Purification, bioassay, and CD 
spectroscopy of PrP27-30 films 

As estimated  from  the  densitometry  of silver-stained gels 
(Fig. l) ,  the  purity of PrP27-30 after proteinase K cleav- 
age was 195%.  The triplet  bands on silver-stained gels 
and Western blots reflect different levels of glycosylation 
(Safar et al., 1990). Reconstituting  the  PrP27-30  film by 
sonication in H 2 0  recovered most of the infectivity (Ta- 
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Fig. 1. Effect  of  heat and formic acid on PrP27-30 in the solid state. 
The films  of PrP27-30 made on  glass  were  exposed for 30  min to dif- 
ferent temperatures, reconstituted into original  volume in HzO,  boiled 
for 5 min in Laemmli buffer, separated on 12.5%  SDS-polyacrylamide 
gels, and detected by silver staining ( S )  or Western blots (W). Sample 
I ,  original suspension of PrP27-30 in PBS,  pH  7.2; sample 2, film of 
PrP27-30 exposed to 23 "C; sample 3, film  exposed for 30  min to 60 "C; 
sample 4, exposed for 30  min to 1 0 0  'C; sample 5 ,  exposed for 30  min 
to 132 "C; sample 6, films of PrP27-30  exposed  for 30 min to FA, dried 
by Speed-Vac,  kept  under  vacuum in a desiccator for 24 h above KOH 
pellets, and then reconstituted in H20  and boiled in Laemmli buffer. 
M, of the marker is in kDa. 

ble I), when compared with the sonicated original suspen- 
sion in H20.  

The near-UV CD spectra of dry PrP27-30 films  showed 
a  broad low-intensity aromatic positive band centered at 
261 nm with a negative component at 290 nm (Figs. 2,4). 
The symmetric negative band in the  amide region has a 
minimum at 222.5 nm, crossover at 206 nm,  and weak 

Table 1. Cumulative data on the effect of heat and 
solvents on scrapie infectivity in PrP27-30 samples 
as measured by incubation time  assaya 
~ 

~~ 

Exp.  Infectivity f SEM 
Sample ( n )  (log IDSo/mL) 

PrP27-30 susp/PBS 3 9.4 f 0.2 
PrP27-30 fiIm/23  "C 3 8.9 f 0.3 
PrP27-30 film/60 "C 2 8.8 k 0.5 
PrP27-30 film/100 "C 2 8.7 f 0.3 
PrP27-30 film/132"C 2 7.6 ? 0.1 
PrP27-30 film/SDS 3 6.8 f 0.2 
PrP27-30 film/TFE I 7.9 f 0.4b 
PrP27-30 film/HFIP 4 7.1 f 0.1 
PrP27-30 film/TFA I <2 
PrP27-30 film/FA 5 <2 

~ ~- ~~~ " ~ ~ ~~ 

~ _ _ _  

PrP27-30 susp/PBS, purified  protein  resuspended in PBS, pH 7.4; 
PrP27-30 film, the films  cast from H20  and exposed for 30  min to: 
23 "C, 60  "C. I 0 0  "C, 132 "C, SDS (270x molar  excess), TFE, HFIP, 
TFA, and 99% FA.  All films  were  rapidly  dried in a Speed-Vac, stored 
for  224 h at 23 "C in a vacuum above KOH pellets, rehydrated with 
H20 for 24 h, and reconstituted by 15 min sonication in a sonication 
bath in PBS,  pH  7.4. The titer is an average f SEM calculated from n 
experiments; each sample titrated at dilution of IO-2  or 10" on eight 
golden Syrian hamsters. 

SEM  is the standard error of one bioassay on eight animals. 

~~ 
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positive component toward 197 nm  (Figs. 2,4). Rehydra- 
tion of the films decreased molar ellipticity and  red- 
shifted both  CD bands: the aromatic  band to 263.5  nm 
and the amide to 226-227 nm (Figs. 2,  4). There were no 
changes in the spectra after 30 min of rehydration. 

High-temperature effect on PrP27-30 in solid state 

The temperature measured  directly  inside  the vessels con- 
taining protein films  reached  equilibrium at 132 "C within 
11 min, and cooling  back to 23 "C was  achieved  in a com- 
parable time period (data not shown). The  dry films ex- 
posed to different temperatures were reconstituted in 
Laemmli sample buffer, boiled for 5 min at 100 "C,  and 
runon 12.5% PAGEinthepresenceofO.l%SDS(Fig. 1). 
The  pattern of PrP27-30  protein  reconstituted from 
films exposed to 23 or 60 "C showed neither qualitative 
nor quantitative changes when compared to the original 
PrP27-30 solution. There was increased  intensity of dimer 
and higher oligomer bands in the gels after exposure to 
100 "C, and more at 132 "C with a parallel  decrease  in the 
proportion of monomers (Fig.  1). The densitometry of the 
sample after exposure to 132 "C (not shown) indicated a 
decrease in the total  amount of PrP27-30 to 40% of the 
original and an increase of dimers and higher oligomers 
from  7 to 14%. 

The  CD spectrum recorded at 23 "C after exposure of 
the protein for 30 min to different temperatures showed 
no changes in the band maxima and crossover points, 
with  less than -5% decrease in ellipticity amplitude at 
132 "C from  that of the original film (Fig. 2). The CD 
spectrum of the film rehydrated after exposure to 132 "C 
decreased the ellipticity, red-shifted the amide band min- 
imum by 5 nm, and increased the ellipticity of both the 
260-nm aromatic peak and its negative component at 
290  nm  (Fig.  2). There was no difference between  hy- 
drated heated and nonheated films. 

Fig. 2. Thermal stability of PrP27-30 conformation in the 
solid state.  The films of PrP27-30 were cast from 100 pL 
of 9 pM solution in H20, exposed for 30 min to 23 "C, 
60 "C, 100 "C, or 132 "C,  and  the UV CD spectra were  re- 
corded at 23 T ;  "re" is the CD spectrum of the film first 
exposed to 132 "C,  rehydrated at  23 "C for 24 h in H20, 
and then recorded. 

The infectivity of dried, heated, and then reconstituted 
PrP27-30 films  assayed on two PrP27-30 samples  (Fig. 3) 
underwent only minor changes while  exposed for 30 min 
to different temperatures. After exposure to 132 "C, the 
decrease in infectivity was  '0.6 and 1.3  log  ID,,/mL,  re- 
spectively,  compared to the original untreated films.  Only 
the difference of 1.3  log IDSo/mL was statistically  signif- 
icant (ANOVA; P < 0.05). 

Solvent exchange effect on conformation 
and infectivity  of PrP27-30 

The amide CD spectra of PrP27-30 films treated with 
SDS and different organic solvents  (Fig. 4)  revealed a uni- 
form response: the appearance of a double negative  band 
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at -208-210 and 222-226 nm and  a positive band  toward 
-195 nm.  The negative [ e ]  at 208 nm progressively in- 
creased from  PrP27-30 films  cast from water in the  fol- 
lowing order: water --f TFE "* SDS + HFIP + TFA + 

FA-treated  films.  The crossover  point  blue-shifted from 
206 nm in the native  film to 200 nrn in  TFA-  and FA- 
treated  films.  The  aromatic  spectrum  underwent complex 
perturbations, showing different effects in the various sol- 
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Fig. 4. Solvent-induced  conformational 
transitions  of PrP27-30 in  the  solid  state in 
films on quartz  glass.  The  far-UV  (left)  and 
near-UV  (right) CD spectra of the PrP27-30 
film  cast  from 100 pL of 9 pM solution 
in H,O at 23 "C.  f, UV CD spectrum of 
PrP27-30 film  recorded  at 23 "C,  no  treat- 
ment; SDS, film exposed for 30 min to 270X 
molar excess of SDS  (SDS/protein  molar  ra- 
tio);  TFE,  film  exposed  for 30 min to  triflu- 
oroethanol; HFIP, film  exposed  for 30 min 
to hexafluoroisopropanol;  TFA,  film  ex- 
posed for 30 min to trifluoroacetic  acid; FA, 
film exposed for 30 min to 99% formic  acid. 
All films were stored 224 h  at 23 "C in a vac- 
uum  above KOH pellets  before  recording. 

vents,  but with generally  decreasing [ e ]  at 290 nm  in the 
following  order:  native -+ TFE -+ HFIP -+ SDS -+ TFA --f 
FA-treated films (Fig. 4). The results of CD spectroscopy 
of  the films cast directly from  PrP27-30  solutions in the 
above  solvents were identical. 

The CD spectra of rehydrated  films  that were treated 
with SDS or organic  solvents or cast from  proteins dis- 
solved in organic  solvents  (Fig. 5 ) ,  exhibited  decreased 
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Fig. 5. Effect  of  hydration on solvent- 
induced  conformational  transitions  of PrP27- 
30 in the  solid  state.  The  far-UV  (left)  and 
near-UV  (right) C D  spectra  of  the PrP27-30 
films treated as in previous experiments (Fig. 4), 
rehydrated  for 24 h  in H 2 0  (see  Materials 
and  methods),  and  recorded  at 23 "C. f ,  UV 
CD spectrum  of  the  rehydrated PrP27-30 
film at 23 "C, no treatment; SDS, rehydrated 
SDS-treated  film; TFE, rehydrated  trifluoro- 
ethanol-exposed  film; HFIP, rehydrated 
hexafluoroisopropanol-exposed film;  TFA, 
rehydrated  trifluoroacetic  acid-exposed  film; 
FA,  rehydrated  formic  acid-exposed  film. 
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amplitude of negative [e] comparable to that seen in the 
native film. The spectra had general characteristics simi- 
lar to both the rehydrated native and the dry, organic sol- 
vent-treated  films.  The  amide  double-negative  band 
remained but the amplitude ratio at 208 and 222 nm de- 
creased. Additionally, with  decreasing amplitude of  ellip- 
ticity at 208 nm, there was a progressive shift of the 
second band to a higher  wavelength: from 220 nm of  FA- 
treated film to 225  nm  of TFE-treated and 227 nm of un- 
treated  film.  The  aromatic  spectra showed complex 
perturbations of the bands with  generally decreased [ e ]  
in rehydrated, solvent-treated films  versus nontreated 
films (Fig. 5 ) .  The  aromatic spectral regions of FA- and 
TFA-treated films were flat  and close to the baseline; 
there was a trend toward lower CD band amplitudes at 
290  nm  in the following order: native + TFE --t SDS --f 
HFIP + TFA -+ FA-treated films. The  CD spectra of or- 
ganic solvent-treated films changed within the first min- 
utes of rehydration, and after 30 min remained stable for 
24 h. 

The results of the bioassay of the solvent-treated and 
rehydrated films  in hamsters, summarized in Table 1, 
showed different levels of infectivity after each organic 
solvent replacement. The results of FA- and TFA-treated 
films are expressed as <2 log ID5,/mL, indicating that 
the result is  less than  the sensitivity limit of the bioassay. 

Deconvolution of PrP27-30 by CCA algorithm 

The deconvolution of the 12 CD spectra of PrP27-30 in 
the solid state  into  an increasing number of components 
gave the deflection point at P = 5 ;  further increase in the 
number of components did not significantly increase the 
accuracy of deconvolution (Fig. 6). The  “pure” compo- 
nent spectra for the increasing  number  of components are 
in Figure 7. None of the deconvolution up to 10 compo- 

0 2  4 6 8 10 12 
number of components [PI 

Fig. 6. Dependency of the standard deviation (u)  of the CCA decon- 
volution on the number of components ( P )  obtained  for  the set  of  12 
solid state  PrP27-30 CD spectra from solvent exchange experiments 
(Figs. 4, 5 ) .  
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Fig. 7. “Pure” component curves obtained by CCA analysis from 
PrP27-30 solvent exchange database for two- (A), three- (B), four- 
(C), and five- (D) component deconvolutions. The assignments for a five- 
component deconvolution (D, P = 5 )  are: C1, &turn type I(III), or 
3,0-helix-like component;  C2, a-helix-type component; C3,  native 
6-pleated-sheet-like component; C4,b-turn type I1 component; C5 com- 
ponent,  additional chiral contribution. 

nents  gave the solution-like “random coil”  spectra  (Woody, 
1985), and all of them, starting from P =  3 deconvolution, 
maintained the spectrum corresponding to the dry film  of 
PrP27-30 as a “pure”component (Fig.  7).  The  observed CD 
spectrum of HFIP-exposed rehydrated PrP27-30 film and 
the spectrum that  had been calculated from  conforma- 
tional weights and five “pure” spectral components are very 
similar (Fig. 8). 

Relationship of secondary structure 
perturbation and infectivity 

The results of the CCA method were  used to estimate the 
changes in spectral contribution (Table 2) of the native 
@-pleated sheet-like component (C3) to PrP27-30 CD 
spectra from solvent  replacement  studies.  The  plot  (Fig. 9) 
indicates a correlation between the percentage of native 
@-pleated sheet-like spectral component (C3) and infec- 
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Fig. 8. CD curve  of  HFIP-treated,  rehydrated  PrP27-30  film  as  mea- 
sured  (line) and  calculated  (triangles)  as  the  best  fit  by  CCA  analysis. 

tivity for  both  dry  and  rehydrated  organic  solvent-treated 
films. In  contrast,  the  spectral weight of  the  a-helix-like 
component (C2) was inversely proportionate  to infectiv- 
ity (Fig. 10). The statistics  did  not  incorporate  the  results 
of  the infectivity  bioassay of TFA-  and  FA-treated  sam- 
ples because the results were below the sensitivity limit of 
the bioassay. 

Table 2. The perturbation  effect of solvents on the CD 
spectra of dry (Cl-5) and rehydrated (Clre-5re) hamster 
PrP27-30  protein in the solid state at 23 "C" 

~~ ~ ~ ~~~~ ~ ~~ ~ .~ 
~~~ 

CI  Clre  C2  C2re  C3  C3re  C4  C4re  C5  C5re 

f23 0.0 0.0 0.0 0.0 99.8 47.1 0.1 52.9 0.1 0.0 
TFE 0.0 13.6 9.9 3.2 12.1 7.9 0.1 16.9 77.9 58.4 
HFIP 11.2 17.0 31.7 21.7 3.0 3.3 6.9 40.0 47.2 18.0 
SDS 13.3 13.3 35.4 37.1 2.7 2.3 39.0 39.4 9.6 7.9 
TFA 22.1 34.9 73.4 50.0 0.0 0.0 0.1 15.0 4.4 0.1 
FA 20.6 23.1 79.3 68.4 0.0 0.0 0.0 1.3 0.1 7.2 

___ 

- ~ ~~ ~~ ___ -~ ~ _ _ ~ ~  

.~ ~ ~ _ _ ~  _ _ _ ~ ~ ~ ~ _ _ _  ~ 

~~~~ _ _ _ _ _ _ ~ _ _ ~  ~~~ 

a The  native  film of PrP27-30  at 23 "C is labeled  f23;  the rest of the 
labels  indicate  the  solvent used for  the  conformational  perturbations. 
The  spectral  component  weights  were  obtained by the  deconvolution  of 
the set of 12 PrP27-30  CD  spectra by the  CCA  program  (Perczel  et  al., 
1991b)  into  five  common ( P  = 5) components:  C1,  @-turn  type I(III), 
or 310-helix-like  component;  C2,  a-helix-type  component;  C3,  native 
fi-pleated-sheet-like  component; C4,P-turn type I1 component;  C5  com- 
ponent,  additional  chiral  contribution.  The  contribution of each  com- 
ponent  to  the  final  spectra is expressed as  percent of the  total. 
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Fig. 9. Correlation  of  the solvent-induced changes in the  native@-pleated- 
sheet-like  spectral  component of PrP27-30  and  infectivity.  The  plots  are 
the  least-square  fits  of  spectral weights of the  @-pleated-sheet-like  com- 
ponent  (C3)  obtained  by  CCA  analysis  (Perczel  et al., 1991b) for sol- 
vent-treated  PrP27-30  films  (Figs.  4, 5) and  infectivity.  The  data  for 
dehydrated  films  are  indicated by open  circles,  for  rehydrated  films by 
triangles. The  data  on FA-  and  TFA-treated  films (*) are expressed as 
a  range;  they  were  excluded  from  the  least-square  fit.  The  bars  are  the 
SEM of the  bioassay. 

Discussion 

When  the  proteins in  solid state  are exposed to (or  cast 
from)  organic solvents,  they  retain the solvent-induced 
secondary  structure  after elimination  of the solvent  in  a 
vacuum (solvent "memory"  effect)  (Stevens, 1977; Safar 
et al., 1993). This  finding  and  the  fact  that  the  PrP27-30 
reconstituted from  dry films is infectious were  used in this 
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Fig. 10. Inverse  correlation  of  the  solvent-induced  a-helix-like  spectral 
component  of CD spectra of PrP27-30  and infectivity. The plots  are  the 
least-square  fits of spectral  weights  of  the  a-helix-like  (C2)  component 
obtained by CCA analysis  (Perczel  et al., 1991b) for  solvent-treated 
PrP27-30  films  and  infectivity.  The  data  for  dehydrated  films  are  indi- 
cated by open circles, for  rehydrated films by triangles. The  data  for FA- 
and  TFA-treated  films (*) are expressed as a  range;  they  were  excluded 
from  the least-squares fit. Bars are  the SEM of the  incubation time assay. 
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paper to determine  the  conformational  impact of the hy- 
dration,  heat,  and  organic solvents on PrP27-30  in  the 
solid  state and  to  correlate  the resulting conformational 
changes with the infectivity of rehydrated,  equilibrated, 
and  conformationally  stable films. 

Both CD spectra of dry  and hydrated  PrP27-30  can be 
assigned to type 11-0 spectra (Stevens et al., 1968; Woody, 
1985) with the n a *  transition  red-shifted to  222.5 nm  in 
dry  and 227 nm in rehydrated films. The higher amplitude 
of the  aromatic  bands  in  the CD spectra of the  hydrated 
film indicates that  the  shift  of  the  amide  band is at least 
partially due  to  the  strong  aromatic coupling (Stevens 
=.t al., 1968; Auer, 1973). An  additional  contribution may 
come  from a different &sheet twist in the  dry  and hy- 
drated  states  (Woody, 1985). The loss of free water in the 
solid state  apparently  increased  (Greenfield & Fasman, 
1969) the @-sheet content  in  the  PrP27-30 secondary struc- 
ture,  altered  the  tertiary  structure  (Ewbank & Creighton, 
1991) of PrP27-30  into a less ordered  one,  but did  not 
change  the infectivity. The @-sheet growth in the  dry  state 
is probably  due  to  the intermolecular  alignment of exter- 
nal @-sheets, or  to the  intramolecular  secondary  structure 
transition favoring 0-sheets, or  both.  The observed changes 
may simulate  the  PrP27-30  conformational  transitions in 
amyloid  plaques upon early  aggregation of PrP27-30  in 
the  extracellular  space. 

An  important  characteristic  of agents  causing  spongi- 
form  encephalopathies  (prion disease) is their exceptional 
thermal  resistance  (Rohwer, 1984; Brown et a]., 1990a). 
Although  most of the  inactivation  experiments were per- 
formed with whole  tissue or  crude  homogenates  (for re- 
view,  see Asher et al. [1986]), it  appears  that a  portion of 
scrapie and  CJD infectivity is heat  resistant,  under  some 
circumstances  for 2 6 0  min at 132 “C  (Brown  et  al., 
1990a). This is difficult to explain by any hypothesis, and 
in the case of the  “protein  only”  prion model  (Prusiner, 
1992), it implies reversibility of the  protein  thermal un-  
folding or a very unusual  conformational heat resistance 
(Creighton, 1990). However, all proteins from  the scrapie 
host organisms  undergo full unfolding  (denaturation) be- 
tween 40 and 80 “C; the process is irreversible if the  pro- 
teins aggregate  (Jaenicke, 1987). 

The experiments with purified PrP27-30  in  dehydrated 
thin films exposed to heat for 30 min indicated no change 
of infectivity at 100 “C  and a  minor drop  at 132 “C.  At 
the same time,  the  secondary  structure of this protein was 
heat-resistant  in the solid  state and  there were no signifi- 
cant changes after exposure to 132 “ C .  The slightly dimin- 
ished infectivity at 132 “C correlated with less PrP27-30 
protein entering the SDS-polyacrylamide gel, and with an 
increased percentage of dimers and higher oligomers. The 
most likely explanation is the side-chain  cross-linking  at 
high temperature  (Jaenicke & Rudolph, 1986). The sec- 
ondary  structure of PrP27-30 in the solid state  apparently 
has the necessary thermal  stability to be  a  carrier of in- 
fectivity. Our recent data  on  some model  proteins  and 
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peptides  indicate that  this heat  stability of the &sheet 
structured  protein  in the solid state is not exceptional (Sa- 
far et al., 1993) and may be explained by the absence of 
free  solvent (Schulz & Schirmer, 1979). 

Solvent perturbation  studies of the  PrP27-30 second- 
ary  structure in the solid  state  followed by CD spectros- 
copy indicate loss of native 0-pleated sheet-like secondary 
and  tertiary  structure  after  FA,  TFA,  fluorinated alco- 
hols,  or  after SDS treatment.  Equivalent results were ob- 
tained with the films cast directly from  FA,  TFA,  or SDS 
solutions.  When  the  films were rehydrated,  the  resulting 
CD spectrum  showed a combination of the  characteris- 
tics of dry,  solvent-treated,  and  native-rehydrated  film. 
None  of  the CD spectra of the  rehydrated  and  solvent- 
treated  proteins  indicated a full return  to a nativelike sec- 
ondary  or  tertiary  structure within 48 h. The strongest 
a-helix  inducer was FA, which is known to inactivate 
scrapie  infectivity  (Brown et al., 1990b). The  structural 
effect of FA may be explained by the  formation of tem- 
porary  hydrogen  bonds in the  protein.  During FA evap- 
oration  and in the absence of water,  the FA hydrogen 
bonds  are replaced by intrachain  (a-helix) or interchain 
@-sheet) hydrogen  bonds in a  zipperlike  manner  (Naka- 
jima et al., 1973; Kugo et al., 1992; Safar et al., 1993). 
Simultaneously,  the  PrP27-30  film loses infectivity. The 
TFA  and  fluorinated  alcohols,  TFE  and  HFIP,  are also 
H-bond  donors  and a-helix- or 0-turn-promoting solvents 
(Barrow  et al., 1992; Hollosi et al., 1992); they  induced 
a different degree of 0-to-a secondary and tertiary  struc- 
ture transitions of PrP27-30 and proportionally diminished 
the residual  infectivity of the film. Despite its  hydropho- 
bic interactions, SDS is also an a-helix inducer at  the  mo- 
lar  ratio  SDS/protein  >270:1  (Safar et al., 1993), and  at 
the same  time, SDS decreases the infectivity of PrP27-30 
(this  paper and  Safar  et  al. [1990]). The lack of recovery 
of infectivity from FA- and  TFA-treated films and  the re- 
cent  study of the effect of SDS, GdnSCN,  and  urea  on 
the infectivity of PrP27-30  (Prusiner et al., 1993) indicate 
irreversible  inactivation with no reactivation in vitro or 
in  vivo. 

In order to decipher the solvent perturbation effects on 
the  secondary  structure of dry  and hydrated  PrP27-30 
proteins, we deconvoluted  the set of  the  PrP27-30 CD 
spectra with the recently introduced  CCA  method (Perc- 
zel  et al., 1991b). Neither fixed nor  variable  reference 
methods,  commonly used for  quantitative  protein CD 
spectra  deconvolution,  could be applied to  the solid state 
for  the following  reasons: ( I )  the variable  differences in 
[ e ]  in the  dry  and fully hydrated  state  (this  paper and Sa- 
far  et  al. [1993]); (2) all reference  databases are based on 
solution  spectra  (Woody, 1985; Yang et  ai., 1986); and 
(3) the apparently different (or nonexistent) solution-derived 
“random  coil” or “open”  CD  spectrum in solid state  (Sa- 
far et al., 1993). In  order  to overcome  the bias effect of 
the  database  composition,  the  CCA  algorithm  operates 
to extract the  common  components based on  the number 



Con formation and transitions of scrapie amyloid (prion) protein 2213 

of components ( P )  as an  input  parameter (Perczel et al., 
1991 b). The natural  deconvolution by CCA algorithm has 
already been applied to measure  conformational weights 
and extract pure  components  from  the CD spectra sets of 
globular (Perczel et al., 1991b; Park et al., 1993) or mem- 
brane  proteins  (Park  et  al., 1992); to analyze the  confor- 
mational  transitions  of  linear  polypeptides  during  ion 
titration  (Hollosi et al., 1992); and  to investigate the  CD 
spectrum  and  conformational  interconversion  of  &turn 
model  peptides  (Perczel et al., 1991a; Perczel & Fasman, 
1 992). 

The statistically satisfactory (Perczel et ai., 1991b; Park 
et  al., 1992) deconvolution of the set of PrP27-30 CD 
spectra  (Figs. 4, 5) was obtained  with five ( P  = 5) com- 
ponents. The first “pure”  component (Cl) resembles the 
class C  spectrum  (Woody, 1985), and by the blue-shifted 
crossover  point and  the low intensity  positive  band  of 
mi transition  may  correspond to  that of a  type I(II1) 
turn (Perczel & Fasman, 1992) or 3,0-helix (Miick et al., 
1992). The second component (C2)  has  all the  character- 
istics of an a-helix  (Woody, 1985); the  third  component 
(C3) was assigned to  the red-shifted 0-sheet (11-0) (Stevens 
et al., 1968; Woody, 1985); and  the  fourth  (C4)  compo- 
nent closely resembles the class C’  spectrum and could in- 
dicate  spectra  of  type I1 @-turn  or  similar  structure 
(Woody, 1985; Perczel & Fasman, 1992). The  fifth  com- 
ponent  (C5) is an  additional chiral  contribution  and  may 
indicate  the presence  of another  secondary  structure ele- 
ment,  or  the  contribution  of disulfidic and  aromatic resi- 
dues  (Brahms & Brahms, 1980; Perczel et al., 1991b). The 
amplitude  of a “pure”  a-helix-like spectral component is 
lower  then  expected.  Whether or  not it is the  a-helical 
end-effect  or a  different  amplitude of CD spectra of this 
secondary  structure element in the solid state is not clear. 
For  that reason,  the  spectral weights obtained from  CCA 
deconvolution  should  not be taken  as  conformational 
weights of secondary-structure elements until the relation- 
ship is verified by a large  enough  solid-state  database or 
by an  independent technique. The striking  observation is 
that  no  deconvolution  of  PrP27-30 CD spectra in solid 
state led to a solution-like “random coil” or “open” spec- 
tral  component.  The  absence  of  solution-like  “random 
coil” CD spectra in the solid state was previously sug- 
gested by parallel  solid state  CD  and IR  studies of pro- 
teins and model  peptides  (Safar et al., 1993). Additionally, 
the persistence  of 11-0-sheet-type spectra  through  the  de- 
convolution  process  indicates  unique  spectral  properties 
(Woody, 1985). 

The correlation of spectral weights of each “pure”  com- 
ponent with infectivity confirmed  that all the solvents used 
in this study decreased the percentage of the native @-sheets, 
increased the  amount of secondary  structure  in an a-helix- 
like conformation,  and simultaneously  diminished infec- 
tivity. Analogous results were obtained by calculating the 
percentage  of  the  a-helical  secondary  structure  from [ e ]  
at 208 nm (Greenfield & Fasman, 1969) or correlating the 

CD fractional  changes at 208 nm  (Matthews & Crisanti, 
1981) with infectivity (data  not  shown).  The  concurrent 
perturbations in aromatic CD spectra suggest the changes 
in tertiary  structure or  the manner in which the secondary- 
structure  elements  interact  (Ewbank & Creighton, 1991). 
The  hydration  apparently  transformed segments  of the 
secondary  structure  into  0-turn-like  components. 

The results provide evidence for a quantitative relation- 
ship between perturbations  of  native 0-pleated-sheet-like 
secondary  and  tertiary  structure  of  scrapie  amyloid, 
PrP27-30,  and infectivity. Another  interpretation could 
be that  the observed  changes  in  scrapie  amyloid  protein 
conformation paralleled the  conformational changes of 
still undetected  subfraction of scrapie  amyloid  protein  or 
scrapie  agent, responsible for scrapie transmission.  How- 
ever, this is largely a theoretical possibility and is difficult 
to prove or invalidate  for technical  reasons  (Safar  et al., 
1990; Prusiner, 1992). It is possible that  the  0-pleated- 
sheet secondary and specific tertiary  structure of PrP pro- 
tein is solely responsible for its  ability to propagate  and 
amplify. The alternative  explanation  may  be  that  the  na- 
tive conformation of PrP27-30 is critical for ligand bind- 
ing,  and  only  the  entire complex can  propagate,  amplify, 
and  form amyloid.  This  does  not diminish the key role of 
the  PrP27-30  protein  structure, because any  change in 
PrP27-30  conformation would result in  changed binding 
of the ligand (Jaenicke, 1991) and in different biologic ac- 
tivity (infectivity). The biologic data  on different  “strains” 
of infectivity  isolated from  the  animals with an identical 
primary  sequence of PrP protein (Kimberlin et al., 1989; 
Hecker  et  al., 1992) may support  the ligand  concept 
(Weissmann, 1991) or alternative  posttranslational modifi- 
cation  (Safar  et  al., 1990; Prusiner, 1992). The least con- 
ventional  explanation,  the existence of multiple  stable 
conformations of the  same  primary sequence  under the 
same  conditions  able  to specifically replicate itself from 
passage-to-passage, is difficult to  incorporate  into  current 
models of protein  folding  thermodynamics  (Creighton, 
1990; Jaenicke, 1991). 

Materials and methods 

Reagents 

FA  (99%) was obtained  from Sigma  (St.  Louis, Mis- 
souri).  TFE,  HFIP,  TFA,  and  SDS were all spectroscopic 
or NMR grade  from Aldrich  (Milwaukee,  Wisconsin). 
Other chemicals were reagent grade  and of the highest pu- 
rity commercially  available. 

Source of hamster PrP27-30 

Golden  Syrian  hamsters  LVG/LAK  (Animal  Production 
Area,  Frederick  Cancer Research  Facility,  Frederick, 
Maryland) were  inoculated  intracerebrally  (i.c.) with 
0.03  mL of a  lo-*  dilution of hamster  brain  homogenate 
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infected with the seventh serial hamster passage of scrapie 
strain 263K. All animals were sacrificed  during  the ad- 
vanced  terminal  stages  of  their illness, brains  surgically 
removed under aseptic conditions,  snap-frozen,  and  stored 
at -70°C until  used. 

Bioassay 

The infectivity  assay was carried out in groups  of eight 
weanling female golden Syrian hamsters  LVG/LAK  (An- 
imal  Production  Area,  Frederick  Cancer Research Facil- 
ity,  Frederick,  Maryland)  inoculated  i.c. with 0.03 mL of 
!3-2 or lop3 dilution of the test sample in phosphate- 
buffered  saline  (PBS),  pH  7.4.  The clinical diagnosis of 
scrapie was confirmed by histopathologic  evaluation of 
two  randomly chosen hamster  brains  from each test sam- 
ple. The  titers were calculated from  the  incubation time 
as  described  (Prusiner, 1982), with some  modifications. 
The original formula was fit by linear regression least- 
squares technique into  a  database with endpoint titers and 
incubation times obtained  from 28 independent  endpoint 
titrations  on 417 female  golden  Syrian  hamsters  injected 
with the 263K strain of scrapie. The  adapted  formula dif- 
fers  in  constants:  log ID5,/mL = 16.571 - 7.495 X 

log( Ti - 40) - log D, where log ID5,/mL is the final titer 
in log,, of infectious units per milliliter of original sample, 
Ti is the  incubation  time in days,  and log D is the dilu- 
tion  of  the  sample.  The expected  differences  in  intercept 
and slope from  that published reflect the differences in 
experiments and  probably  also in scrapie  strain  (Prusiner 
et al., 1982). The correlation coefficient ( R  = 0.8291) be- 
tween endpoint  and  incubation time-derived titers is  highly 
significant ( P  < 0.0001). 

Purification of hamster PrP" and  PrP27-30 

The purification  procedure of PrPS' is described in detail 
elsewhere (Safar et al., 1990). To cleave PrPS',  the  pro- 
tein was resuspended in PBS,  pH 7.4, containing  2.3  M 
NaCl  and 1Vo sarcosyl (w/v) to a  final  protein  content of 
1 mg/mL,  and incubated with proteinase K (27 U/mg ac- 
tivity;  Merck, Darmstadt,  Germany)  for 2  h at 37 "C 
in an  enzyme/protein  ratio of 1:40 (w/w). The reaction 
was stopped by adding  3  mM  PMSF, 20 pg/mL  aproti- 
nin, and 10 pg/mL  leupeptin;  the  sample was centrifuged 
at 13,000 x g (Beckman  SW 5 5  rotor)  for 15 min at 4 "C. 
The pellet was washed  first  in HzO containing  0.1% 
sarcosyl, 2  pg/mL  aprotinin,  and 1 pg/mL leupeptin, then 
in TBS,  pH  7.4,  containing 2 pg/mL  aprotinin  and 
1 pg/mL  leupeptin,  and  then in TBS, pH 7.4, only. 

Protein content 

Protein  content was calculated from  the  absorption co- 
efficient eZO5 (1 mg/mL;  1 cm) and  absorbance  at 205 nm 
as described  (Scopes, 1974; Stevens, 1977; Safar et al., 

1993). The  standard  solutions  for  determination 
were prepared  from  SE  HPLC-purified  PrP27-30  after 
amino acid determination as described (Safar et al., 1990). 
Absorbance  spectra of the  proteins in films were recorded 
from 200 to  320 nm with a Beckman spectrophotometer, 
model DU-68, in a 0.1-cm quartz  Hellma  square cell (also 
used in  recording  CD) at 23 "C against  blanks with iden- 
tical buffer  composition.  The signal was subtracted  from 
the baseline spectra of an empty cell; the cell aperture  and 
distance from  the photomultiplier window were the  same 
as  for  the  solutions.  The  above  procedure was not neces- 
sary  for the samples  run on a 5-720 model, where the CD 
spectrum was recorded  in  parallel with an  HT parameter 
and  absorbance calculated by the  software provided by 
the  manufacturer  (Jasco Inc., Easton,  Maryland). 

CD spectroscopy 

The films were prepared  as  described previously (Safar 
et  al., 1993), and  the  CD spectra are  the averages of 4-10 
scans with the baseline subtracted  from  corresponding 
blanks. Briefly, the  PrP27-30 was sonicated five times at 
5-s bursts at 50 W on ice  using a BraunSonic 2000 and mi- 
croprobe,  and dialyzed for 24 h at  4°C against  three 
changes of HzO.  The samples containing 0.9 nmol of the 
protein in 150 pL of HPLC-grade  HzO were loaded  in- 
side the  inner  sinter ring of 0.01- or 0.001-cm-pathlength 
quartz sandwich cells (Hellma Cells Inc.,  Jamaica, New 
York). The films were dried  under 20-mm Hg vacuum in 
a desiccator above  KOH pellets for 24 h  at 23 "C. The  CD 
signal of the film remained stable  at  4  "C  for several days. 
Measurements were carried out with a  Jasco  spectropo- 
larimeter,  model  J-500A/DP-501N  or  model  J-720lPS2 
(Jasco  Inc.)  and  are expressed as  mean  residue ellipticity 
[ e ]  (Woody, 1985; Yang et al., 1986). The recording  pa- 
rameters were: bandwidth  l .O nm, slit width auto, sensi- 
tivity 5-10 m",  response  4 s, scan speed 10 nm/min,  and 
step  resolution  0.025 nm.  The mean residue weight cal- 
culated  according to  the DNA-deduced  amino  acid se- 
quence starting at Gly 90 minus carboxyl-terminal domain 
is 109.5 for  hamster  PrP27-30.  The  data shown are rep- 
resentative  spectra from  three  to five experiments. 

High-temperature exposure and solvent replacement 

The assembled sandwich cells with dry films of PrP27-30 
were exposed to 23 "C, 60 "C,  100°C,  and 132 "C  for 
30 min in a sealed glass vial, and scanned at 23 "C  after 
cooling as described (Safar et al., 1993). The  temperature 
inside one vial was measured  directly by a  thermometer 
inserted through a silicon septum.  When  indicated,  the 
films cast from protein in H 2 0  were dried and  then  over- 
laid with 100 pL  of  99%  FA,  TFE,  HFIP,  or  TFA, incu- 
bated  for 30 min  at 23 "C  in a Parafilm-sealed  and 
solvent-saturated petri dish, rapidly evaporated in Speed- 
Vac (Savant,  Hicksville, New York) equipped with an 
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NaOH  trap,  and finally  dried  in  a  desiccator in a vacuum 
above KOH pellets for 24 h at 23 “C. Identical results were 
obtained when the  protein was first  dissolved in solvent 
and  then cast in film and  dried.  The  SDSIprotein films 
were prepared  from a PrP27-30  protein  solubilized by 
270x  molar excess of  SDS  (SDS/protein  molar  ratio). 
The films were dried in a desiccator  under  vacuum  above 
KOH pellets for 24 h at 23 “C. 

The dry films were rehydrated  in an  H20-saturated  at- 
mosphere  in a petri dish at 23 “C  and  CD  spectra were re- 
corded  after 1  min, 30 min,  3  h,  and 24 hr.  Equivalent 
results were obtained when 0.001-cm-pathlength sandwich 
cell and films were directly  overlaid with 15 pL of H 2 0  
and  scanned by CD. For bioassay, the  rehydrated films 
were sonicated  in  PBS, pH 7.4,  in a sonication  bath be- 
fore  injection. 

Deconvolution of CD spectra and analysis 
of secondary structure components 

To analyze the solvent-induced perturbation of the sec- 
ondary  structure  in  the solid state  and  to extract  common 
components, we used the  CCA  method developed by 
Perczel and  Fasman (Perczel et al., 1991b). The set of the 
12 CD spectra of PrP27-30  in  the solid state  after expo- 
sure to different  solvents was used to construct a 46 x 
12-data  point  matrix, which was analyzed by the  CCA al- 
gorithm  using  IBM-compatible  software  made  available 
by G.D.  Fasman.  CCA is a natural  deconvolution algo- 
rithm  that  incorporates  three  constraints: (1) the  sum of 
the  secondary  structure  should be  100%;  (2)  each  com- 
ponent would be a positive value (weight coefficient); and 
(3) each  coefficient  value for a given protein  should  be 
placed in a simplex of  the  P-dimensional  Euclidean  space 
with the smallest  volume  (volume  minimization), where 
the value P is the  number  of  the  common  components. 
The  PrP27-30  matrix, instead  of the original  reference 
dataset (RDS) matrix (Perczel et al., 1991b), was deconvo- 
luted on  an IBM PS2 equipped with a numerical coproces- 
sor.  The deconvolution was repeated for 2-10 components 
and  the  standard  deviation a(P)  of each  deconvolution 
was plotted  against the  number of components ( P )  to de- 
termine  the inflection  point.  Assignment of each “pure” 
spectral  component was done by comparing  the CD spec- 
trum with published or calculated standards. Using con- 
formational weights (8) and  pure  component curves ( p ) ,  
the  CD  spectrum [ f ( A ) ]  can be reconstructed  from ( n )  
components: ”(A) = P I  * gl(A) + p2 * g2(A) + . . . + 
P n  * g n ( A ) -  

SDS-PAGE, Western blots, and densitometry 

The  SDS-PAGE  (formula T 12.5/C 3), silver-staining, 
and Western blotting  of  electrophoresed  proteins are  de- 
scribed  elsewhere (Safar  et  al., 1990). The gels were 
scanned by a  Shimadzu  dual-wavelength  flying-spot  la- 

ser scanner  model CS-9000, in a linear  transmittance 
mode  at 550 nm. 
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