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ABSTRACT. The central event in the pathogenesis of prion diseases is a profound conformational change
of the prion protein (PrP) from aa-helical (Pr®) to a3-sheet-rich isoform (Pf). The elucidation of

the mechanism of conformational transition has been complicated by the challenge of collecting high-
resolution biophysical data on the relatively insoluble aggregation-prori iBdform. In an attempt to
facilitate the structural analysis of FffPa redacted chimeric mouse-hamster PrP of 106 amino acids
(MHM2 PrP106) with two deletionsN23—88 andA141—176) was expressed and purified fréscherichia

coli. PrP106 retains the ability to support B¥Rormation in transgenic mice, implying that it contains all
regions of PrP that are necessary for the conformational transition into the pathogenic isoform [Supattapone,
S., etal. (1999Cell 96 869—878]. Unstructured at low concentrations, recombinant unglycosylated PrP106
(rPrP106) undergoes a concentration-dependent conformational transiti@rstteat-rich form. Following

the conformational transition, rPrP106 possesses properties similar to thoseS&f0BrRuch as high
pB-sheet content, defined tertiary structure, resistance to limited digestion by proteinase K, and high
thermodynamic stability. In GdnHCI-induced denaturation studies, a single cooperative conformational
transition between the unstructured monomer and the assefiblagbmer was observed. After proteinase

K digestion, the oligomers retain an intact core with unusually figiheet content{80%). Using mass
spectrometry, we discovered that the region of residues-238 of rPrP106 is protected from proteinase

K digestion and possesses a solvent-independent propensity to gtspéat-rich conformation. In contrast

to the Pri¢106 purified from the brains of neurologically impaired animals, multimgn®rP106 remains
soluble, providing opportunities for detailed structural studies.

Prions cause a variety of degenerative neurologic diseaseproteinase-sensitive isoform (F)R3). Despite advances in

that can be infectious, inherited, or sporadic in oridih A understanding the molecular basis of prion diseases, the
key event in all three forms of prion diseases is the replication mechanism of propagation remains poorly understood.

of the pathological isoform of the prion protein (P Elucidation of the structure of both PrP isoforms is
which exhibits substantiaB-sheet structure and partial fundamental to understanding the molecular mechanisms of
proteinase K resistance, from the predominantijelical, the conformational transition from ttee-helical form to the

p-sheet form. In vivo, PrPis a GPl-anchored glycoprotein
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PrP to the3-sheet-rich conformation, no infectious isoform Expression of PrP MHM2(106) was confirmed by growing
of protein has been created in vitro de nold,(18). Thus, cultures fa 3 h at 37°C in LB medium and 50 mg/mL
the difficulties associated with the structural studies ofSPrP  ampicillin and then diluting them 100-fold into AP5 medium
together with long incubation times for assays of infectivity (Genentech) with 5@«g/mL ampicillin. Cells were grown
create a challenge. at 37°C and harvested 21 h later. The equivalert{@fODgoo

In an effort to understand the mechanism of ®rp unit of cell pellets was lysed in SDS loading buffer, loaded
formation, we sought to identify PrP fragments that can ONto an 18% SDSPAGE gel, and analyzed by Coomassie
support prion infectivity as measured by bioassay. Recently, staining and Western blots. Large-scale expression and
we demonstrated that 50% of the PrP residues may pepurification were carried out as described previously for other
removed, while the remaining polypeptide supportsSPrP  Prion proteins 25). In short,E. coli paste was resuspended
propagation in transgenic mice that develop neuropathologicin 25 mM Tris-HCI (pH 8.0) with 5 mM EDTA (buffer A)
changes characteristic of scrapl® (The resulting mini-prion ~ @nd centrifuged. The pellet was resuspended in buffer A,
is composed of redacted chimeric mouse-hamster MHM2 passed through a microfluidizer (Microfluidics International,
PrPc106, which consists of 106 amino acids with two Model MF110), and centrifuged for 1 h, after which the
substantial deletions. The N-terminal deletioh28—88) supernatant was discarded and the pellet subsequently solu-
removes most of the octarepeat r39|041$]-9_21), whereas bilized in 8 M GdnHCl, 25 mM TriS-HCl, and 100 mM DTT
the deletion of residues 14176 removes the regions that (PH 8.0) and purified first by SEC and then by C4 reversed-
in PrP° form helix A and one of the shoft-strands $—8). phase HPLC. After each chromatographic step, fractions
To our knowledge, PrP106 is the shortest polypeptide chain containing the rPrP106 were identified by SBISAGE with
Current|y known that retains the ab|||ty to Support Prp Western bIottlng Purified rPrP106 was |y0ph|l|Zed and stored
formation in vivo (). To gain a better understanding of the at —80 °C. The protein identity was confirmed by SBS
properties of PrP106, we expressed, purified, and biophysi-PAGE and mass spectrometry using a PE Biosystems
cally characterized recombinant PrP106 (rPrP106). Mariner orthogonal acceleration time-of-flight mass spec-

fPrP106 was found to be unstructured at sub-micromolar trometer equipped for electrospray ionization. The protein

concentrations, whereas it underwent a concentration-de-V&S S€en to be a single pure SpEcies with a molecular mass
of 11570.13 Da, compared with a calculated value of

endent conformational transition at micromolar concentra- . X o
b 11 570.24 Da, assuming the presence of a single disulfide

tions, adopting -sheet-rich conformation. The formation bond. The absence of free sulfhydryls was confirmed by mass

of the 8-sheet-rich conformation is accompanied by coopera- ' v th lecul £ IPrP106 did not ch
tive self-assembly to ordered oligomers with defined tertiary spectrometry; the molecular mass of rer Id not change
after treatment with iodoacetic acid under conditions that

structure. Using size-exclusion chromatography, we dem- Id carb thvlate T el id
onstrated that only two thermodynamic ensembles, the WWOU'd carboxymetnylale Iree cysteine residues. .
CD and FluorescenceCD spectra were recorded with a

unfolded monomer and th¢-sheet-rich oligomer, are .
populated under equilibrium GdnHCI-induced denaturation. Jasco J'7ZQ CD_spectromet_er (Jasco, Easton, MD) scanning
t 20 nm/min, with a bandwidth of 1 nm, and data spacing

The assembled oligomer of the recombinant protein possesse§l :
some physical properties similar to those of Pextracted 0f 0.5 nm usm%o.?l, 01 t ?”d ? C”i cuvelt<tes.°CD s%ectra
from the brains of sick animals, such as partial resistance to\Were measured after incubation for 1 week at .23 and
digestion by proteinase K and high-sheet content. In did not change after an additional week of incubation.
contrast to Pr®106, rPrP106 remains soluble in aqueous Background spectra were sgbt_ra_\cted, and th'.a data were
solution upon oligomerization, thereby providing opportuni- colnverted to mean resédui ellipticity, ohn the bhaS|s of known
ties for more detailed structural studies. Following proteinase solute concentrations. Each spectrum that is shown represents
K digestion of the assembled oligomers, the proteinase the accumulation of three or more individual spectra. The
K-resistant core contains an unusually high e’lmouqﬂ-slﬁeet secondary structure content was calculated by deconvolution

structure £80%). Using mass spectrometry, we have identi- of far-UV CD spectra as describgd in %', .
fied the region of rPrP106 that is protected from proteinase ' luorescence spectra were monitored using a Perkin-Elmer

K digestion and possesses a solvent-independent propensit SSQB _(Perkin-EImer, Wal';ham, MA). spectrofluorir_ne’ger
to adoptj-sheet conformation. excitation at 278 nm, slit width of excitation and emission

of 5 nm) in 0.4 cm rectangular cuvettes, and all data were
MATERIALS AND METHODS corrected for the contribution of the respective solute
concentrations.

Cloning, Expression, and Purification of Recombinant PrP  Analytical Size-Exclusion Chromatographyor the ex-
MHM2(106).The MHM2(106) PrP gene was amplified from periments, we employed a TSK-3000 HPLC gel filtration
a eukaryotic expression constru@2( by PCR (Perkin- column (300 mmx 7.80 mm). For the GdnHCI-induced
Elmer) using a 50ligonucleotide with aVlul restriction site denaturation experiment, rPrP106 samples were incubated
within the coding sequence of the STII signal peptidd, (  with GdnHCI for 7 days prior to SEC analysis. The SEC
24), a 3-oligonucleotide with a TGA stop codon, and a column was equilibrated with the same concentration of
BanH| restriction site incorporated2p). The amplified GdnHCI [in 20 mM sodium acetate buffer (pH 5.4)]. All
product was digested witidlul —BanHl, purified and ligated separations were performed at room temperaturé@23vith
into expression vector pPho4l (Genentech), previously a flow rate of 0.75 mL/min. To take into account anticipated
digested with the same restriction enzymes, and thenchanges in the permeation properties of the column that occur
transformed intd&scherichia colDH5a cells. Positive clones  as a function of denaturant concentrations, we calculated
were sequenced (ABI) and transformed into protease- partition coefficientsKq) for each concentration of GAnHCI
deficient E. coli expression strain 27C7 (ATCC 55244). from the equation
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Kg= (Ve = VIV, — V) octa repeats ——S-§—,

B +{ C |—l
whereV, is the elution volume of the protein samp\g, is ]

the void volume represented by the elution volume of blue 8 140 jid 230

N N e e
dextran, and/; is the full volume available for low-molecular  ppqg \\\J__I_\_\aﬁ.m_/
mass compounds represented by the elution volume of S-S
aminobenzoic acid. ' . FiGURE 1: Schematic diagram of full-length PrP and PrP106. The

The column was calibrated using cytochroméStokes octarepeats, three-helices (A-C), and the twgs-strands that are
radius of 1.73 nm), myoglobin (2.08 nm), carbonic anhydrase highlighted are shown for full-length PrP. PrP106 includes residues
(2.4 nm), BSA (3.37 nm), and ferritin (6.79 nm) under native 89—140 and residues 17230 of full-length PrP with the intact

e . disulfide bond (mouse numbering). The single Trp and four Tyr
conditions, and cytochrome (3.04 nm), myoglobin (3.78 residues of PrP106 are shown by vertical bars. The proteinase

nm), and carbonic anhydrase (5.13 nm) under denaturingk-resistants-sheet core of rPrP106 (residues +245) is defined
conditions, using previously reported Stokes radif)( To by a bold line.

produce denatured proteins, samples of standard proteins

were incubated at 27 for 4 h in 6 MGdnHCI and 10 mM experiment. In the course of PK digestion performed at 23
DTT, and their elution volume was determined using the - liquots were withdrawn, the digestion was stopped by

same denaturing conditions. The Stokes radius (Sr) of a2dding phenylmethanesulfonyl fluoride (PMSF) to a final

protein is proportional to Ky with a correlation coefficient concentration of 1 mM, and samples were analyzed by SEC,
of 0.99 as described by the equation CD, fluorescence, mass spectrometry, and 16% Tricine

SDS-PAGE with silver staining. In the presence of 1 M
Sr=0.022+ 1.36K, GdnHCI, proteinase K maintains 50% of its specific activity.
HPLC Mass SpectrometryThe proteinase K digestion
The equation was used to estimate the dimensions of specie®roducts of rerP106 were separated by reversed-phase HPLC
formed by rPrP106. The square variance was measured a&nd analyzed by MS. HPLC was carried out with an Applied
the square of the width determined at 60% of the peak height. Biosystems 1408 syringe pump solvent delivery system (PE
This provides information about heterogeneity of the species Biosystems, Foster City, CA), ugira 1 mmx 150 mm C-18
eluted within a particular peak. Assuming no sorption effect, Yydac column with a 300 A pore size dm 5 mmparticle

any increase of the square variance over the value determine@'Z€: connected to a 759A U\/Odetector with a 35 nL capillary
for standard proteins indicates either that more than oneflow cell. Solvent A was 0.1% TFA and solvent B aceto-

ensemble of species is present in a particular peak or thatnitrile/0.08% TFA, with a linear gradient of 5 to 95% B over

interconversion occurs between different ensemi28s20). the course of 30 min at a flow rate of 50 mL/min. The eluent
In this case, the K value represents a weighted average Was sp_llt so that-10% was introduced into the ele_zctrospray
size of all species eluted with a particular peak. ionization source of the mass spectrometer mentioned above.

Dynamic Light ScatteringAll measurements were carried Mass spectra were recorded continuously sintervals over
out using a DynaPro-801 TC Dynamic Light Scattering the m/z range of 606-2000. UV chrqmatograms recorded
Instrument (Protein Solution Inc.). Samples (D) were at 215 nm were compared with total ion current (TIC) traces
filtered through 100 nm membrane filters (Whatman Inc.), obtained from the mass spectrometer. ESIMS spectra cor-
placed in DynaPro-MSTC’s quartz cuvette, and measured respondlng to peaks in the UV and_TIC traces were sele_cted
at a constant temperature of 23. After accumulation of at  OF averaging and deconvoluted using the software provided
least 30 data points, experimental data were analyzed withWith the mass spectrometer, or spectra containing signals
both DYNAMICS version 4.0 and DynalL$ software, which from mul'luple u'nresolv.ed peptides were deconvoluted manu-
use three independent algorithms: cumulants (bimodal) ally by v_|sual mspectlon_and selection of relate_d multiply
analyses, the regularization fit, and the DynalLS non-negative charged ions. Deconvolution converted each multiply charged
least-squares (inverse Laplace transform) analyses. ion series into a single peak of zero charge, giving thg relative

Negatie Staining and Electron Microscop\Negative moIecu_Iar masses of the pepndes.. The exp_enmentally
staining was performed on carbon-coated 600-mesh Coppe,dete(mlned values were compared with calculations for all
grids that were glow discharged prior to staining. Samples Possible fragments of the rPrP106 MHM2 sequence. The
were adsorbed for 30 s, stained with freshly filtered 2% calculated values were based on monoisotopic atomic masses
ammonium molybdate or 2% uranyl acetate, and after drying fOr the smaller peptides<3000 Da) and average masses for
were viewed in a JEOL JEM 100CX Il electron microscope the larger peptides, for which the isotopic components could
at 80 kV at standard magnifications of 40000 and 80000. "ot be resolved.
The diameter of the particles was measured on highly RESULTS
magnified prints of 80002 negatives. Measurements were
made parallel to one side of the print, independent of the Figure 1 shows the polypeptide PrP106 with two large
orientation of the particles. The magnification was calibrated deletionsA23—88 andA141-176. The N-terminal deletion
using negatively stained catalase crystals. (A23—88) removes the octarepeat regions that contain the

Proteinase K DigestionrPrP106 £1 mg/mL concentra-  Cu?' binding sites 4, 19—21). The deletion of residues 141
tion) was incubated for at lea8 h at 23°C under two 176 removes the first of the three helices of Pwhile
different solution conditions: 1 M GdnHCI/20 mM sodium preserving the disulfide bond.
acetate buffer (pH 5.5) and 1 mM sodium acetate buffer (pH Concentration-Dependent Conformational Transition of
5.5) without GdnHCI before addition of proteinase K. The rPrP106. Using CD, we have examined the rPrP106
proteinase K to protein ratio (1:50) was kept constant in each conformation as a function of protein concentration using
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Regardless of the solution conditions used (in low and high
-2000 ° : salt and in 20% TFE at pH 5.5), increasing the rPrP106
° (3o A concentration facilitated the transition of rPrP106 to a state
®e . of high g-sheet content. In addition, the mean residue molar
© o ®e ellipticity monitored at 216 nm in three different solution
conditions approached a similar level upon concentration-
o dependent conversion, suggesting that the post-transition
states contain a similar amount @fsheet structure, regard-
-8000 | v less of the solution conditions (Figure 2A). In contrast, the
v far-UV CD spectra monitored at lower protein concentrations
-10000 |y ¥ v are different from each other, illustrating that the pretransition
VY "y VVyvV state is intrinsically more flexible and adopts a solution-
0.1 1 10 100 dependent secondary structure. As an example, the CD spec-
PrP106 (uM) tra of rPrP106 with a concentration corresponding to the
pretransition region have significant contributions of random
10000 -— coil conformation with some signature of residual secondary
B structure in aqueous solution, whereas 20% TFE induces
5000 a-helix in the pretransition state with no signature of the
i random coil conformation. Most notably, the concentration-
dependent transition is significantly facilitated by physiologi-
cal salt concentrations. This occurs at a sub-micromolar con-
centration of rPrP106 in 0.2 M NaCl, whereas in the presence
of TFE, a much higher concentration of protemn1(00xM)
is required for conversion to th@sheet-rich state.
The concentration-dependent conformational transitions of
~10000 rPrP106 point to changes in the oligomerization state of PrP.
Upon centrifugation of rPrP106 at 100@Pfor 1 h, the
protein was found only in the supernatant. Because rPrP106
Wavelength (nm) oligomers are soluble at a high concentration (0.6 mM) at
FIGURE 2: (A) Mean residue ellipticity of rPrP106 monitored as a room temperature, we studied the oligomerization states of
Solution ®), 11 0.2 M NaCl O). and in 20% TEE ). () CD - T106.
solution @), in O. , () . . . N . .
spectra o??PrPlOG measured in the absence of salt (---), in 0.2 M . Analysis .Of the Ollgomerlzatlon StatdSs,lr)'g dynamic .
NaCl (—+-—), in 20% TFE (- — —) at a protein concentration of  light scattering, we estimated the Stokes radii of the species,
0.6 mM, in dilute aqueous solutior), and in 20% TFE ++) at a the formation of which is concentration-dependent (Figure
protein concentration of 18M. All samples were prepared in 1 3). We found that rPrP106 assembles into particles with an
mM sodium acetate buffer (pH 5.5) and were incubated for 2 weeks gyerage Stokes radius of 3.0 nm upon incubation in dilute
ﬁefeg’t;(g.the corresponding solvent before CD measurements aqueous solution, whereas in the presence of 0.2 M NaCl
and in 20% TFE, the average Stokes radius of the particles
three different solution conditions: (1) dilute aqueous was 5.5 nm. The Stokes radius obtained for each sample
solution, (2) 0.2 M NaCl, and (3) 20% TFE (Figure 2A). was largely independent of the algorithm used for calculation
When rPrP106 was incubated in dilute aqueous solution [1 (Figure 3A). The fact that two distinct oligomeric states
mM sodium acetate (pH 5.5)], far-UV CD spectra of samples formed under different conditions is illustrated by the two
with low protein concentrations (up to 30 mM) exhibited a separable populations (Figure 3B). The observation of
minimum at 202 nm, an indication of a disordered confor- relatively narrow distributions for each population argues that
mation (Figure 2B). With increasing protein concentrations, oligomerization is specific, although small amounts of larger
we observed a conformational transition (in the range ef 30  aggregates with Stokes radii of 20 nm were detected in
100 mM) characterized by the decrease in the ellipticity at all samples (less than 0.6% based on the mass). No change
202 nm and the appearance of a new minimum at 216 nmin aggregation state was observed upon incubation of samples
(Figure 2B). If rPrP106 was incubated with 0.2 M NaCl, a for a period of 2 weeks at room temperature. Assuming a
similar structural transition was monitored at much lower spherical shape, the apparent molecular mass of 3.0 nm
protein concentrations (0-% uM) (Figure 2A). CD spectra  particles lies in the range of 5/0O kDa, whereas the
with a considerable-helical contribution were observed for molecular mass of the 5.5 nm species has to be between
rPrP106 prepared in 20% TFE when the protein concentra-150 and 300 kDa.
tion was less than 10@M. Nevertheless, increasing the Negative stain electron microscopy shows a very homo-
rPrP106 concentration above 1M induced the confor-  geneous population of spherical particles for rPrP106 assem-
mational transition characterized by the appearance of thebled in 1 mM sodium acetate at pH 5.5 (Figure 3C). The
single minimum at 216 nm (Figure 2A,B). Dilution of the average diameter of 6.5 nm [standard deviation (SD) of 1.7
sample to the pretransition range of the concentrations didnm, n = 125] agrees well with the Stokes radius measured
not induce any further change in the CD spectra over periodsby dynamic light scattering. rPrP106 assembled in 20% TFE
of at least 1 week. Thus, the concentration-dependentshows a somewhat larger particle size of 10 nm (SD of 3
formation of thisg-sheet-rich form was effectively irrevers- nm, n = 125), also in excellent agreement with the light
ible. scattering data (Figure 3D). Histograms of the size distribu-
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Ficure 3: (A) Stokes radius of rPrP106 species estimated by dynamic light scattering after incubation of samples for 30 min (1) and 2
weeks (2) in dilute aqueous solution, for 2 weeks in the presence of 0.2 M NaCl (3), and for 2 weeks in the presence of 20% TFE (4).
Stokes radii were calculated with three different algorithms: cumulative bimodal distrib@)pregularization fit ©), and DYNALS (¥).

(B) Distribution of population vs Stokes radius calculated according to the DYNALS algorithm for rPrP106 incubated in dilute aqueous
solution (stippled bars), in 0.2 M NaCl (black bars), and in 20% TFE (gray bars). (C and D) Electron micrographs of negatively stained
rPrP106 assembled in dilute agueous solution (C) and in 20% TFE (D). (E) Histograms of particle sizes estimated from electron micrographs
of rPrP106 in dilute aqueous solution (stippled bars) and in 20% TFE (gray bars). All samples were prepared in 1 mM sodium acetate
buffer (pH 5.5).

tions measured from electron micrographs provide in- of absorption at 220 nm of the two peaks did not change
dependent evidence that two distinct populations of particles either, suggesting that the species separated by SEC have a
are formed under different solution conditions (Figure 3E). similar absorption coefficient at this wavelength. The CD
Preliminary studies of the oligomerization process using spectra of the species eluted with the first peak exhibited a
the TSK-3000 size-exclusion column demonstrated that minimum at 217 nm, characteristic ffsheet conformation,
rPrP106 interacts with the column when SEC is performed whereas the far-UV CD signal of the second peak gave no
in dilute aqueous buffer. Binding was completely abolished clear indication of eithew-helical or3-sheet conformation
in the presence o£1 M GdnHCI. As shown in Figure 4, (data not shown).
we observed two peaks when rPrP106 was prepared in 1 M The observation of only two populations of species
GdnHCI. Upon incubation of the protein at room temperature, separated by SEC suggests cooperative self-assembly of
the area of the second peak was observed to decreasePrP106. Because the cooperativity of folding and/or as-
concomitantly with an increase in the area of the first peak. sembly is a condition characteristic of a unique tertiary
This process reached an apparent equilibrium after 1 week.structure, we explored the cooperativity of self-assembly of
We did not observe any change in the elution time of either rPrP106 by monitoring GdnHCI-induced equilibrium dena-
peak during the course of the experiment. The combined areaturation using both SEC and CD.
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Ficure 4: SEC profiles monitored during the time course of & 16043 1
rPrP106 incubatiomi 1 M GdnHCI. Peaks 1 and 2 correspond to ]
rPrP106 in different oligomer states. The rPrP106 fraction from 2 1.2e+5
C4 HPLC was lyophilized and dissolved 1 M GdnHCI/20 mM
sodium acetate buffer (pH 5.5) and incubated at@3or 10 min, 8.0e+4
1h, 4 h, 1 day, 2 days, 3 days, and 7 days (from bottom to top). RV, Vv
SEC was performed using a TSK-3000 column equilibrated with Y _D vVVevy 8
1 M GdnHCI/20 mM sodium acetate buffer (pH 5.5) with a flow > ’ . . 100
rate of 1 mL/min, and peaks were detected by absorption at 220 nm. E s00] @ g
. . & °
SEC can monitor three parameters as a function of E 7000 4 m -+ 80
GdnHCI: (1) Stokes radius, (2) heterogeneity of the species §' 8 B | _
eluted within a particular peak, estimated on the basis of ~ 6000 L g0 &
the square variance of each peak, and (3) the integrated UV & 2 g
absorbance of each peak, which is proportional to the & 50001 o e |40 &
population of each different oligomer state. Regardless of «=‘3 0 ] o
the GdnHCI concentration that was used, only two peaks s 40004 B o 'S 20
were observed by SEC with no indication of intermediate § a0l C ©0B8oag 5 g i
species (data not shown). The Stokes radius of the species g e
eluted with the second peak did not increase significantly g 5 1 2 3 a : e 0
=

with addition of GdnHCI, whereas the species eluted with
the first peak expanded from 5.5 nm 1 M GdnHCI to 9 GdnHCI (M)

nm in 6 M GdnHCI (Figure 5A). Because the linear working Ficure 5: GdnHCl-induced equilibrium denaturation of rPrP106
range of the SEC column was for particles with Stokes radii monitored by SEC and CD at two different protein concentrations:
of 1.5-7 nm, the apparent increase in radius beyond 7 nm 3.6uM (white symbols) and 4aM (black symbols). rPrP106 was
could be partly explained by a nonlinear dependence of theincubated in different concentrations of GdnHCI with 20 mM

o = . sodium acetate buffer (pH 5.5) for 1 week at 23 before SEC
partition coefficient. However, it should be noted that the 5,4 cp measurements were taken. (A) Dependence of the Stokes

values of Stokes radii measured by SEC and light scatteringradius of the species eluted with peak 1 (circles) and with peak 2
in 2 M GdnHCI were in good agreement with each other (triangles) vs GdnHCI concentration. The Stokes radius determined
(Figure 5A). The extrapolation of the Stokes radius measuredunder reducing conditions (in 10 mM DTT) is shown By The

in the presence of GAdnHCI toward zero denaturant Concen_Stokes radius estimated by light scattering using the DYNALS

. . . . . algorithm n 2 M GdnHCI is shown by with an error bar. (B)
tration gives an estimate of the dimension under nondena-pependence of the square of variance of the chromatographic peaks

turing conditions. By such an extrapolation, we found that on GdnHCI concentration for the first peak (circles) and the second
the oligomeric species formed upon incubation in 0.2 M peak (triangle). The square variances for standard proteins in the
NaCl, in 20% TFE, and in GdnHCI all had similar Stokes native a_nd denatured co_nditions are sljown as reference values: for
radii. Under conditions that would reduce the disulfide bond, ggﬂgpﬁ;gﬁg&ﬁi;’gﬂg ggnﬁifgﬂ;é?gsgls;n&eeogrg‘sdgrcil
the Stokes radius increased only for the species eluting inof 6 M GdnHCI. (C) The mean residue ellipticity monitored at 216
the second peak. This Stokes radius is consistent with thenm (squares) and the oligomer population calculated from SEC
dimensions of either the 313 kDa unfolded protein or the  (circles) are presented as a function of GdnHCI concentration.
50—70 kDa folded proteind7). interconversion between the oligomeric states of different
As shown in Figure 5B, the square variance of the secondsizes (dynamic heterogeneity). Taking into account the fact
peak did not vary with GdnHCI concentration and cor- that the square variance of the first peak was not affected
responded to the square variance of the homogeneous specidsy addition of the denaturant or by changes in the total
estimated as the square variance of standard proteins (Figur@rotein concentration in the range of 8:500 mM (data not
5B). The square variance of the first peak was considerably shown), these facts do not support additional denaturant- or
higher than anticipated for a homogeneous species (Figureconcentration-dependent interconversion between the oligo-
5B). Such deviation can be due to the presence of speciesneric states of different sizes (dynamic heterogeneity)
of different sizes (structural heterogeneity) or the rapid (Figure 5B). Dynamic heterogeneity also is inconsistent with
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the irreversibility of the conversion. Hence, the first peak is T 10

composed of a structural ensemble of self-assembled oligo- g /\

meric species with an average Stokes radius of 5.5 nm and «\E 0 4 _\ _____ — ]

a high content of3-sheet conformation. e T g
Several lines of evidence suggest that the species eluted £ 104 /7

with the second peak was unfolded monomer rather than £ 0 ~

partially or fully folded oligomer. These include the absence = /

of a clear signature fan-helical and3-sheet conformations; o -30 { \ /

the absence of the denaturant-dependent conformational é \

transition anticipated for folded multimer, as follows from g =40 1 w /

gradual expansion of the dimension and from the behavior 8 50 ' ' .

of the square variance (Figure 5A,B); and the absence of = 260 280 300 320

the concentration-dependent transition that was observed Wavelength (nm)

using SEC.for the range of protein concentrations from 0.5 FiGure 6: Near-UV CD spectra of a 0.3 mM rPrP106 solution
to 500 mM in the presencéd @ M GdnHCI (data not shown). measured after incubation for 2 weeks in 1 mM sodium acetate

Hence, our data indicate that only two states exist in the puffer (pH 5.5) at 23°C (— — —) and measured 5 min after
GdnHCl-induced equilibrium denaturation: the folded oli- dissolution of rPrP1061 8 M GdnHCI/20 mM NaCl (pH 5.5)).
gomer represented by the first peak and the unfolded The spectra are the averages of six scans that have been corrected
monomer represented by the second peak. by subtracting corresponding blanks.

Taking into account the fact that the absorption coefficient
at 220 nm does not depend on oligomerization state, the are
under the peaks provides an estimate of the respectiv
populations of the oligomer and the monomer. Figure 5C
presents the GdnHCl-induced transitions monitored as a
change in the population of the oligomer together with mean !
residue ellipticity measured by CD at 216 nm. The confor- of SEC (15 min). The fact that about 12% of the rPrP106

mational transitions measured by two observables were foundp(.)pmatlon remains oligomeric after mcubat_lon for 1_week
to be cooperative, and they follow each other, reminiscent with 6 M GrnHCl |Ilus§rates the unusually high stability of
of a two-state transition for protein folding. The fact that the 8-sheet conformation.

two individual transitions are superimposable indicates that Decon\éolution of far-UV CD spectra demonstrated that
the oligomeric state maintains its structural integrity with aoout 40% of the amino acid residues are involved in the

equal amounts of secondary structure, independent of Gd-?-Sheet structure upon self-assembly of rPrP106, whereas
nHCI concentration. In contrast to the two-state model used ONly 5—10% areo-helical. Because the ability to induce

to describe equilibrium protein folding and unfolding, the Neuropathologic changes in vivo is associated with PrP
denaturant-induced transition of “monomer to oligomer” is 1S0forms enriched irB-structure, we attempted to identify
concentration-dependent. Thus, at a protein concentration ofth€ region of rerP106 that is responsible for formation of
3.6 4M, the midpoint of the transition was 1.3 M GdnHcl, the/-sheet structure.

whereas the transition determined at;48 rPrP106 had a Insight into the Structural Organization of Self-Assembled
midpoint at 2.6 M GdnHCI. Hence, attempts to estimate the SpeciesThe cooperativity observed in the GdnHCl-induced
thermodynamic stability of thg-oligomer of PrP using a  denaturation indicates that a unique tertiary structure is
two-state model of equilibrium denaturation would not be formed upon self-assembly of the polypeptide chains. As
appropriate without taking into account additional factors, shown in Figure 6, assembled rPrP106 exhibits a near-UV
such as protein concentration. Taking into account the CD signal that does not disappear, even in the presence of
common tendency of PrP molecules to oligomerize upon 8 M GdnHCI. This suggests that at a high protein concentra-
transition to thgs-sheet isoform, we consider that denaturant- tion (0.3 mM) the assembled state is still populated even
and temperature-induced unfolding experiments cannot es-under strongly denaturing conditions.

pecies accompanied by the conformational transition to the

-sheet conformation. It should be noted that in our experi-
ments we are not able to separate any kinetic intermediate
in the rPrP106 self-assembly process, suggesting that the
process of oligomer formation is faster than the time scale

timate the true thermodynamic parameters forhsoform, Because rPrP106 contains five intrinsic fluorescence
as has been reported recen®p,(31), unless evidence fora  probes (one Trp residue located in the N-terminus and four
concentration-independent transition can be obtained. Tyr residues, three of which are at the C-terminus of the

SEC and CD data illustrate that the oligomeric state polypeptide; see Figure 1), we were able to employ fluo-
gradually expands in size as a function of denaturant rescence spectroscopy to monitor the aggregation state of
concentration while maintaining its integrity and a constant rPrP106. Spectra were recorded for the assembled state (in
level of 3-sheet structure. Such a gradual expansion is usually0.2 M NaCl at a protein concentration of #M), a
considered to be a property of the unfolded state rather thanpredominantly monomeric state (in 1 mM sodium acetate at
of the folded stateZ8). In the case of the folded oligomer, 1 mM protein), and under highly denaturing conditions (6
the gradual increases of the radius can be explained by theM GdnHCI at 1uM protein). Figure 7B shows the fluores-
expansion of the solvent-exposed, partially unfolded N- cence emission spectra monitored upon excitation at 278 nm,
terminal region of assembled polypeptide chains with addi- in which signals arise from tyrosine and tryptophan residues.
tion of denaturant, as will be illustrated below. Hence, the These spectra can also indicate energy transfer from Tyr to
GdnHCl-induced equilibrium unfolding experiment demon- Trp. Similar spectra with maxima at 304 and 350 nm were
strates that the process of rPrP106 oligomerization is a two-observed for all three samples regardless of the oligomer
state cooperative self-assembly of monomeric to oligomeric state. Separate maxima for Tyr at 304 nm and for Trp at
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Ficure 7: Analysis of the products of proteinase K digestion (1:50 proteinase K:protein ratio) of rPrP106 self-asserhiNe&dnHCI/

20 mM sodium acetate buffer (pH 5.5). (A) The time course of proteinase K digestion monitored by $BL GdnHCI with a flow rate

of 0.75 mL/min and detected by absorption at 220 nm: before addition of proteinase K and upon incubation for 5, 25, 60, 120, 210, 300,
and 420 min with proteinase K. (B) Fluorescence emission spectra of the products separated by SEC after PK digestion for 5 min: peak
1 (—), peak 2 {-+), and peak 3 (- - -). The fluorescence spectra of full-length rPrP106 are shown for reference: in 1 mM sodium acetate
buffer (—--—) and in 6 M GdnHCI {--—) with a protein concentration of ZM and in 0.2 M NaCl ¢ — —) with a protein concentration

of 7 uM (the fluorescence intensity for the last sample was recalculated on a millimolar basis). (C) Far-UV CD spectra of the products
separated by SEC after proteinase K digestion for 300 min: peak,lpgak 2 (--), and peak 3 (- - -). CD and fluorecsence spectra were
measured 5 min after collection of SEC fractions. (D) Kinetics of proteinase K digestion monitored as a percentage of the ellipticity signal
at 216 nm calculated relative to the ellipticity signal at time zero QUQR) (®) and by the Stokes radii of species eluted with the first peak

(O). All CD and fluorescence spectra have been corrected by subtracting corresponding buffer blanks and taking into account the amount
of proteinase K in some CD samples.

350 nm, as well as similar quantum yields observed for all cence with maxima at 304 nm (typical for Tyr), profound
three spectra, do not support efficient transfer of energy from g-sheet conformation, and a Stokes radius of 4.3 nm after
Tyr residues to the single Trp in the assembled state, digestion for 5 min, which decreased gradually upon ad-
indicating that the N- and C-termini are not adjacent to each ditional incubation with proteinase K, reaching the steady-
other when rPrP106 is assembled. We judge the Trp to bestate level of 2.7 nnfFigures 7B,C and 8D). The species

in a polar environment given that the fluorescence maximum corresponding to the second peak had fluorescence maxima
is at 350 nm for all samples. Hence, the fluorescence dataof 350 nm, characteristic of Trp; the CD spectra show a high
suggest that the N-terminus and probably the C-terminus arecontent of the random coil conformation and a slight
exposed to the solvent in the assembled state. signature of the residual structure. The species of the third

To localize the regions of rPrP106 that adopt stable orderedP€ak had fluorescence spectra typical for Tyr residues and
conformations in an oligomeric state, we performed limited CD spectra similar to a left-handed palyproline type Il
proteinase K digestiomi1 M GdnHCI and analyzed the helix. The SEC profiles demonstrated continuous change in
products of cleavage using SEC, far-UV CD, fluorescence, the shape and the elution time of the second and the third
and SDS-PAGE. As has been shown before in 1 M Peaks, whereas the elution time of the first peak became
GdnHCI, rPrP106 assembles into the oligomeric species with Stable after digestion for 4 h (Figure 7A). The very high
an average Stokes radius of 6 nm. As shown in Figure 7A, resistance of the species in the first peak to proteinase K
about 98% of the polypeptide is in the oligomeric state at digestion and their profoungs-sheet conformation are
time zero of proteinase K digestion. The oligomer with a 6 consistent with our suggestion that t_hls represents a stable
nm Stokes radius disappeared completely after incubationordered core of the assembled species.
for just 5 min with proteinase K; instead, three new The SDS-PAGE gel depicted in Figure 8A shows that
populations of products were separated by SEC (peal83.1  the final proteinase K-resistant products of cleavage of self-
The species eluted in the first peak exhibited weak fluores- assembled rPrP106 have a molecular mass-06 &Da.
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Ficure 8: Analysis of the products of rPrP106 cleavage during the course of proteinase K digestion. (APSBE of the products of

digestion of rPrP106 self-assembledli M GdnHCI/20 mM sodium acetate{5) and in 1 mM sodium acetate<{@0) at pH 5.5. rPrP106

before digestion (1) and after incubation for 5 min (2 and 6), 15 min (3 and 7), 30 min (4 ahdh 8% and 9), and 3 {iL0) with proteinase

K. The proteinase K:protein ratio was 1:50, and samples were incubated @t g) A spectrum from HPLC-MS analysis of PrP106 after

digestion for 1 h, showing later eluting fractions not separated by HPLC. Manual analysis identified five peptides as shown in the inset
table. Peptides C and D with the strongest signals are likely the most abundant species. Measured masses in the table are mean values from
several analyses. (C) Proteinase K-resistant products of digesforPoP106 are identified using MS. Major products of digestion estimated
according to the peak intensity of mass spectra are highlighted.

These products of proteinase K cleavage remained resistanand 5.5 nm under different solute conditions, we sought to
to further digestion even when a higher proteinase K to test whether the propensity to formgaconformation was
rPrP106 ratio of 1:10 was used. In contrast, the monomeric solvent-dependent. Therefore, we analyzed the products of
form of the polypeptide was hydrolyzed completely after proteinase K digestion of both oligomeric forms. As shown
incubation for 20 min with proteinase K at a 1:50 ratio (data in Figure 8A, the time-dependent patterns of proteolytic
not shown). It is very surprising that a substantial reduction fragmentation for rPrP106 oligomers self-assembled in 1 M
of the Stokes radius of the oligomeric state from 6.0 to 2.7 GdnHCI and in dilute aqueous solution seem to be different
nm in the time course of proteinase K digestion is ac- (compare lanes-24 with lanes 79). Although this indicates
companied by a loss of only 10% of the intensity of the CD there are some differences in the structural organization of
signal measured at 216 nm. This indicates that the core ofthe two oligomers, the final products of proteinase K
assembled species remains intact, maintaining figheet digestion have identical electrophoretic mobilities (compare
content (Figure 7D). lane 5 with lane 9).

Having previously shown that rPrP106 self-assembles into  Using mass spectrometry, we identified the core region
oligomers characterized by two different Stokes radii of 3.0 of rPrP106 that is resistant to proteinase K digestion (Figure
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Table 1: Biochemical Properties of Recombinant and Scrapie Isoforms of PrP

multimeric state solubility proteinase K resistance o%helix/% f-sheet N-sugars/GPI| infectivity
o-rPrP106 monomer soluble very sensitive 48/7 by CD —/—= ?
in 30% TFE
o-rPrP(96-231) monomer soluble very sensitive 43/4 by NMR —/— -
42/3 by FTIR
p-rPrP106 oligomers with 3 soluble upto 10 mg/mL  resistant core contains—10/40 by CD —/— ?
and 5.5 nm Stokes radii residues 134215
B-rPrP(96-231) oligomers (6-7mers) soluble at low<0.5 sensitive 15/33 by CD —/—= -
mg/mL) concentrations
Pr106 prion rods nonsoluble resistant -231/36 by FTIR +/+ +
PrP 2730 prion rods nonsoluble protease-resistant ca2&/54 by FTIR +/+ +

of full-length PrFc

alju et al. (7). " Pan et al. 43). ¢ Supattapone et all).

8B,C). Analysis of the reaction mixture after digestion for 6 disulfide bridge $—8) (Figure 1). Unlike full-length recom-
min revealed two major sites of cleavage located in the binant PrP®, rPrP106 is largely unfolded in the monomeric
N-terminus (residues 116 and 134) and two sites in the state, but helical structure can be stabilized with the addition
C-terminus (residues 224 and 220). Upon incubation with of TFE. Thus, it is possible that monomeric PrP106 repre-
proteinase K, a few new cleavage sites were found near thesents a destabilized analogue of Pdn the path to PrP*.
C-terminus, whereas the N-terminus was very resistant t0  \yhether recombinant PrP106 folded to theich con-
proteolysis. Finally, three major proteinase K-resistant fq mation is a relevant model for Pi206 remains to be
products of digestion of the oligomeric species assembled ogtaplished. As shown in Table 1, PYEO6 isolated from

in 1 M GdnHCl were identified after incubationif6 h with scrapie-infected mouse brains exhibits major features typical
the enzyme (peptides 13215, 134-217, and 134222). of PrP 27-30 such as resistance to limited proteolysis,
Identical products of proteinase K digestion were found for 44 inance ofg-sheet content ovem-helical content, and
the oligomeric species with a Stokes radius of 3.0 nm (Figure o qbility in nondenaturing detergents upon purificatit (
8C). Thus, under a variety of conditions, rPrP106 assemblesHere, we report thaf-rPrP106 possesses some properties

Into an ollg:l](ome_r Ic state_,r where rgsgjou;s f%ﬁ‘lS rgt?ln that are similar to those of P¥P After rPrP106 assembles
proteinase K resistance. To maintain 90% of the Initial mean ;i gligomers with a-sheet content similar to that of

residue ellipticity measured at 216 nm upon cleavage of More o rse1 0 (Table 1), it becomes more resistant to limited

than 50% of the amino acid residues, about 80% of the : : . ;

. . ' proteinase K digestion than the monomeric rPrP106. The fact
residues c_)f the 134215 peptide Sh.OUId adopt @:s_heet that rPrP106 assembles inteoligomers under a variety of
conformapon. Be.cause 'thénshe(_at-.nch coré remains as- - .qgitions llustrates a solvent-independent propensity to
;emble@ in the 9I|gomer|c form', Itis I|I§ely thgstructure adopt af-sheet-rich conformation upon association, sug-
is stabilized by intermolecular interactions. gesting that this conformation is the thermodynamically most
DISCUSSION stable multimeric fo_rm. Whiqu-rPrP106- exhibits some

features of Prf*106, it also has several distinct properties.
The central event in the pathogenesis of prion diseases isThus, upon prolonged proteinase K digestigaPrP106
a conformational transition of PrP from tlehelical Pr® retains a resistant core composed of amino acid residues
isoform to the predominantl§-sheet PrP*isoform. Experi- 134-215, whereas PfPL06 remains entirely resistant. It is
mental evidence suggests PiB a kinetically trapped state, |ikely that S-rPrP106 has a reduced amount chelical
and we have operationally defined PrP* as a transition statecontent as studied by CD relative to the #tP6 as measured

intermediate between PrRind Pri by FTIR. The question of whethef-rPrP106 can be
= . e infectious is currently under investigation. In contrast to
PrE”— PrP*—Pr PrPsc106, B-rPrP106 forms soluble oligomers. Since the

In this formalism, PrP* is a high-energy conformational disulfide bond remains intact in both PFEO6 and3-rPrP106,

isoform that s likely to be partially unfolded. Although NMR ~ Some differences in the biochemical properties such as
studies have provided structural details about the C-terminalSClublility might be due to the absence of the GPI moiety as
a-helical domain of recombinant PrB+8), which appears ~ Well as two N-linked sugars in rPrP106. Even though

to resemble P12 the absence of similar information for PP £/-TPrP106 and PP106 possess some distinctions, rPrP106

and intermediate states creates difficulties in understandingMidnt represent a useful tool for studying the principles
the molecular mechanism of prion replication. involved in the conformational transition to tjferich state.
Our recent studies have demonstrated that 50% of the PrP  Implications for Models of Pr® Formation Two compet-
residues may be removed while the remaining polypeptide, ing models have been proposed to explain replication of
PrP106, is able to form priond); The ability to support  prions: template-assisted and nucleation-dependent polym-
prion replication for such short polypeptides presents a new erization @, 33). The template-assisted model postulates that
tool for studies of the mechanism of the conformational rearrangement froma-helix to 5-sheet constitutes a confor-
conversion. This result established that PrP106 retains regionsnational distinction between PtRand PrP¢ that creates a
that are necessary for prion formation, including the most high kinetic barrier (Figure 9A)3; 34). Because conforma-
conserved region of PrP (residues #1B0) (32) and the tional conversion has to proceed through a partially unfolded
regions that form helices B and C in PrRncluding the intermediate state (PrP*) that is highly unfavorable, the
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1PtP106 Protein concentration rPrP106 assembles spontaneously to the thermodynamically
ac PP low  high stable oligomerig-sheet isoform under the same conditions
A AR iow | ABy4; Nucleation .that recombinant Syrian hamster PrP folds toocahelical
PLP106(TFE) Structural *~.___ dependent isoform (18). At thg same time, in the presence of .20% TFE,
e ooty g}l::gz@grfiﬂ;r ProscTED) rPrP106 remains in am-helical form upon incubation for 2
) . weeks even at protein concentrations as high as a0
high & prpasass PP whereas unstructured rPrP106 at the same concentration
PrPC \ Template assisted undergoes complete conversion to fheligomer within 1
i B-1PrP10s . . . .
e h (Figure 2). Only at protein concentrations higher than 100
A — B uM doeso-rPrP106 undergo conversion to tHeoligomer

in TFE. Thus, the TFE-managed increase in the structural

Ficure 9: (A) Free energy diagram for the conformational ; i ;
transition of the monomerio-isoform of prion protein (Prf to complexity of the pretransition state corresponding to the

the oligomerig3-isoform (PrP9. The kinetic barrier between PtP a-helix formation prevents transition to tifeoligomer, as

and PrP¢is extremely high and cannot be crossed in a biologically €Xxpected by the template-assisted model (Figure 9/88) (
relevant time. The barrier height is reduced substantially for PrP106 Since the template-assisted model suggests a connection

when the polypeptide is in an unfolded state (rPrP*106), while TFE hetween the structural complexity of the monomeric state

delays the conformational transition by increasing the structural ; - ; ; ;
complexity of rPrP106d-rPrP106TFE). (B) The schematic diagram and _t_he _helght of the k_lr)etlc barrier, th_e induction an_d_/or
shows that the conformational conversion of,APrP106, and  Stabilization of any additional contacts in the pretransition

PrP23-231 can be described either by a template-assisted or by astate causes an increase in the kinetic barrier as shown in
nucleation-dependent model depending upon the structural com-Figure 9A. It is more difficult to explain the effect of TFE
plexity and the concentration of proteins. on the conformational transition using a nucleation-dependent
model because this model postulates fast equilibrium between
template-assisted model assumes (1) that the transition fronpre- and post-transition states of the conformational conver-
PrP° to monomeric Prf® is the rate-limiting step and thus  sion regardless of the structural complexity of both states.
(2) that the reaction is a first-order process. Mutations linked The nucleation-dependent mechanism was developed to
with familial prion diseases as well as exogenous inoculation describe oligomerization of amyloid peptide§(A—40) and
of homologous Pr®templates facilitate the conformational ApS(1—42) to the crosg-sheet amyloid fibrils, the major
transition of PrP to PrP¢ by decreasing the kinetic barrier component of Alzheimer’'s amyloid plaqué3 35). Because
between PrP and PrP¢ isoforms B4). According to the a similar conformational change accompanies propagation
nucleation-dependent mechanism, Préxists in a fast of PrPc, the nucleation-dependent mechanism was applied
equilibrium with monomeric PP with little kinetic barrier to describe the conformational transition of P83,(35, 38).
separating PrPfrom PrPc In this model, the slowest step  In contrast to the monomeric®peptides, which are unstruc-
of PrP¢ propagation is formation of the nucleus (the tured @9), PrP* exists in a stable conformation characterized
assembly of monomeric P¥Pinto a small aggregated by a unique secondary and tertiary structure with a tightly
oligomeric form) that is followed by fast polymerization to packed hydrophobic interiof7). Such a difference in the
the higher oligomerization stat83, 35). Consequently, the  structural complexity between /A peptides and PfPis
nucleation step has to proceed as a higher-order reactionbelieved to be responsible for a fundamentally different
Thus, each mechanism postulates a distinct rate-limiting stepoligomerization mechanism, resulting in a clear distinction
for PrP¢ propagation that can be distinguished on the basis in the rate-limiting step of the conformational transition
of the reaction order of PPP propagation. The template- (Figure 9B). A3 and PrP can be considered two ends of a
assisted model relates the kinetic barrier with the structural structural complexity spectrum, and their conformational
complexity of the pretransition state (Pri8oform), whereas  conversion occurs according to the nucleation-dependent and
the nucleation-dependent model postulates that the lowtemplate-assisted mechanisms, respectively. Monomeric
thermodynamic stability of the prenucleus (the oligomeric rPrP106 occupies an intermediate position betwegraAd
intermediate state during PiPformation) determines the  PrP in terms of structural complexity. Consequently, the
slow rate of conformational conversion. Previous studies conformational transition of rPrP106 iB-oligomer may
demonstrated that the length of scrapie incubation time is correspond to either the template-assisted or the nucleation-
inversely proportional to the level of Pfexpression inthe  dependent model, depending upon solvent conditions and
brain, consistent with a first-order process in accord with protein concentration. As shown in Figure 9B, conforma-
the template-assisted mod&g( 37). tional conversion of rPrP106 resembles the nucleation-
The data presented here illustrate that the deletion of 36 dependent mechanism when the pretransition state of rPrP106
amino acid residues\(141—-176), which include helix Aand is unstructured and the concentration of polypeptide is high
the loop between helices A and B (Figure 1), strongly enough, whereas the conformational transition occurs ac-
destabilizes thea-helical isoform of PrP, which is a  cording to the template-assisted model at a lower concentra-
pretransition state. Thus, monomeric rPrP106 exhibits the tion or when the pretransition state of rPrP106 is structured.
characteristics that the template-assisted model predicts for Recently, Chiti et al. and Guijarro et al. observed formation
the PrP* intermediate state, such as the absence of extensivef typical amyloid fibrils for acylphosphatase and the SH3
secondary and tertiary structure, sensitivity to proteinase K domain of phosphatidylinositol 3-kinase, proteins that are
digestion, and high solubility. Because monomeric rPrP106 not associated with any of the known amyloid disead@s (
is mostly unstructured, the template-assisted model assumed1). Conformational conversion occurred under specific
that the kinetic barrier for conversion to tieoligomer is partially denatured conditions when the native states of the
considerably reduced (Figure 9A). Our data demonstrate thatproteins were destabilized. The authors suggested that the
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formation of ordered amyloid fibrils is a property that can the actual kinetic pathway of the conformational transition.
be common for all natural polypeptide chains because the Thus, we cannot distinguish between monomer refolding to
crossp-sheet structure is stabilized by backbone hydrogen a S-rich structure prior to multimer assembly and multimer
bonds, a principle that is focused on the general intrinsic facilitating a conformational change in the monomer.
property of polypeptide backbone, rather than on the specific

side chain, sequence-dependent interactions. If the gross- AckNOWLEDGMENT

sheet conformation is the most thermodynamically stable

multimeric form for many proteins, it must be separated from  Mass Spectrometry was carried out in the University of
the native state by a high kinetic barrier that most proteins California, San Francisco, Mass Spectrometry Facility.
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