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ABSTRACT. The “protein only” hypothesis of prion propagation postulates that the abnormal isoform of
the prion protein, P, acts as a causative and transmissible agent of prion disease. In attempt to reconstitute
prion infectivity in vitro, we previously developed a cell-free conversion protocol for generating amyloid
fibrils from a recombinant prion protein encompassing residue239 (rPrP 89-230) [Baskakov et al.
(2002)J. Biol. Chem. 27,721140]. When inoculated into transgenic mice, these amyloid fibrils induced
prion disease, which can be efficiently transmitted to both wild-type and transgenic mice [Leghame et al.
(2004)Science 305673]. Here we show that the polymerization of rPrPs into the fibrils displays a number

of distinctive kinetic features that are not typical for polymerization by other amyloidogenic polypeptides.
Specifically, the lag phase of polymerization showed only modest dependence on protein concentration,
and the conversion reaction displayed a dramatic volume-dependent threshold effect. To explain these
unique kinetic features, we proposed that the conversion reaction is regulated by the dynamics between
the rates of multiplication and deactivation of self-propagating fibrillar isoforms. Our further studies
demonstrated that surface-dependent sorption of fibrillar isoforms is responsible for their deactivation in
vitro, while fibril fragmentation seems to account for the multiplication of the active centers of
polymerization. Our findings support the hypothesis that development of prion disease is controlled by a
fine dynamic balance between self-propagation and clearance/deactivation>df PrP

The “protein only” hypothesis of prion propagation to as strains and subtypes, which are characterized by a broad
postulates that the abnormal isoform of the prion protein, range of PK resistance and diverse physical properii@s (
PrPcl acts as a causative and transmissible agent of thel6), creates additional challenges for reconstitution of prion
disease and propagates its pathologitaheet-rich confor- infectivity in vitro. Notably, cell-free conversions of recom-
mation in an autocatalytic mannel)(Conversion from Prf binant PrPs produced a large diversity of abnorfixaheet-
to PrP*involves a substantial conformational change: PrP  rich isoforms, many of which possess some but not alfPrP
is a proteinase K- (PK-) sensitive-helical monomer, like properties 8, 17—24). However, despite broad conforma-
whereas Prf® is an multimer characterized by enhanced tional diversity of these isoforms, reconstitution of the
resistance toward PK digestion and increased amount ofinfectious form of PrP has been difficult to achie\&by,
[-structure 2, 3). Despite substantial differences between Since no physical property has been identified as an exclusive
PrP and PrP¢ it is still unclear what physical properties feature of infectious PP, the ability of PrP¢to propagate
can be used as a valid probe for monitoring generation of itself in an autocatalytic manner seems to be the key element
infectious PrP¢in vitro. It has been shown that prion disease to follow in reconstitution of infectivity in vitro.
can be transmitted in the absence of the PK-resistant form In one of our previous studies using mouse recombinant
of PrP @—6). On the other hand, generation of PK-resistant PrP encompassing residues-880 (Mo rPrP 89-230), we
PrP in vitro did not correlate with amplification of infectivity =~ developed an in vitro conversion protocol that generates self-
(7—9). The fact that Pr®® exists in multiple forms referred  propagating amyloid isoforms of rPrP-8231 @6). The cell-
free conversion of rPrP displayed a species barrier, an

T This work was supported by National Institute of Health Grant important attribute of prion propagatio@4). When inocu-
NS045585 to I.V.B. lated into transgenic mice expressing only PrP-830, this

* To whom correspondence should be addressed: 725 W. Lombard 3 A ; ;
St., Baltimore, MD 21201, Phone 410-706-4562; fax 410-706-8184; SC|I-Propagating isoform of Mo rprP 8231 induced prion

e-mail Baskakov@umbi.umd.edu. disease that couId. be (_efficiently transmitteq to both wild-
*Medical Biotechnology Center, University of Maryland Biotech- type and transgenic mic&®). Our two studies provided

nology Institute. strong evidence for the “protein only” hypothesis of prion
§ Department of Biochemistry and Molecular Biology, University . . . . .

of Maryland School of Medicine. propagation in mammals and introduced the simplest bio-

1 Abbreviations: PrP, prion protein; rPrP, recombinant prion protein; logically relevant in vitro conversion system developed so
PrF=, cellular isoform of the prion protein; P¥P disease associated  far that can be used to study the biophysical mechanism of
isoform of the prion protein; NPM, nucleatietpolymerization mech- prion replication
anism; Hu, human; Mo, mouse; SHa, Syrian hamster; ThT, thioflavin . .
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polymerization mechanism (NPM29). NPM was originally
introduced in 1975 to describe polymerization of proteins
(30) and has been later applied to amyloid formati@a)(
For the last several years NPM was used broadly for
modeling a complex mechanism of fibril polymerization, in
which a variety of amyloidogenic proteins and prions are
involved 29, 31—-35).

In the present study two recombinant PrPs were used:

truncated PrP encompassing residues 28l (rPrP 96-231)
and full-length PrP encompassing residues-230 (rPrP
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IMAC buffer A (5 mL/g of pellet; 0.1 M NaHPQ,, 10 mM
Tris, 8 M urea, and 10 mMgs-mercaptoethanol, pH 8),
incubated fo 2 h atroom temperature, and centrifuged at
2000@ for 15 min to remove insoluble material. The
solubilized inclusion bodies were incubated with nitrilotri-
acetic acid (NTA) fast-flow Sepharose resin (Amersham
Biosciences, Sweden) precharged with Ni ions at room
temperature fiol h in a top-bottom mixer. The NTA column
was washed with five volumes of IMAC buffer A, followed
by elution of rPrP in IMAC buffer B (0.1 M NaHPQ,, 10

23—230). Using both PrPs, we found that the lag phase of mM Tris, 8 M urea, and 10 m\8-mercaptoethanol, pH 4.5).
the in vitro conversion showed modest dependence on proteinFractions containing rPrP were diluted to a final protein
concentrations. On the other hand, the cell-free conversionconcentration of 0.5 mg/mL wit9 M urea in 0.1 M Tris
reaction displayed a dramatic volume-dependent thresholdbuffer, pH 8.0, and dialyzed agair&M urea in 0.1 M Tris
effect. We present evidence that fragmentation of fibrils may buffer, pH 8.0, to eliminat@-mercaptoethanol. The dialyzed
account for the multiplication of the active centers of solution was diluted 3-fold with buffer | (0.1% trifluoroacetic
polymerization, while surface-dependent sorption of self- acid/H0), loaded on a 25 mnx 25 cm C4 HPLC column
propagating fibrillar isoforms to tube walls is responsible (Vydac), and eluted with a gradient of buffer 1l (0.1%
for the deactivation. Taken together, our data on the kinetics trifluoroacetic acid/acetonitrile). Fractions containing rPrP
of polymerization were consistent with the nucleation po- were eluted in 40% acetonitrile and lyophilized. The purity
lymerization model, which postulates that in addition to the of final rPrP preparation was confirmed by sodium dodecyl
nucleation and elongation steps, there is a multiplication of sulfate-polyacrylamide gel electrophoresis (SBBAGE)
active centers of propagation occurring in parallel with their followed by silver staining and electrospray mass spectrom-
deactivation. According to this model, dynamic equilibrium etry to be a single species with an intact disulfide bond. Ten

between multiplication and deactivation of the active centers milligrams of 99.5+% pure rPrP was obtained per liter of
regulates the rate of conversion. Our findings support the culture.

hypothesis that prion replication is a dynamic process

In Vitro Corwversion of rPrPs into Amyloid FibrilsTo

controlled by a fine balance between self-propagation and form amyloid fibrils, a stock solution of rPrid 6 M GdnHCI

clearance of P (36).

MATERIALS AND METHODS
Protein Expression and PurificatioRecombinant mouse

was diluted to a final protein concentration of 630 uM

in the presencefdl M GdnHCI, 2.4 M urea, and 150 mM
NaCl and incubated at 37C in conical plastic tubes
(Eppendorf) with continuous shaking at 600 rpm on a Delfia

(Mo), human (Hu), and Syrian hamster (SHa) truncated PrPsplate shaker (Wallac). The conversion reactions at pH 5.0

were purified as previously describe2irf. Mouse PrP 23

231 DNA was polymerase chain reaction- (PCR-) amplified
from pcDNAS3 plasmids containing the full-length PrP gene,
inserted into pET101/D-TOPO vector (Invitrogen), and
transformed into Top10 cells (Invitrogen). The transformants
were tested by PCR amplification, and the DNAs from the
positive clones were checked by DNA sequencing and
retransformed into BL21 (DE3) Star cells (Invitrogen). For
expression, transformants were inoculated into 10 mL of
Luria—Bertani (LB)/carbenicillin medium (0.1 mg/mL car-
benicillin) and were grown at 37C for 3.5 h. The entire
culture was inoculated into 100 mL of LB/carbenicillin
medium and grown overnight{16 h). A portion (5%) of
the overnight culture was inoculated into Terrific Broth (TB)
medium (300 mL) supplemented with carbenicillin (0.1 mg/
mL) and grown at 37°C until the Asponm reached 0.6.
Expression was induced by addition of isoprogAo-
thiogalactopyranoside (Sigma) to a final concentration of 1
mM, and the cultures were grown for an additional 5 h. Cells

were carried out in 20 mM sodium acetate buffer and at pH
6.8 in phosphate-buffered saline (PBS). When the reaction
was carried out under the same solvent conditions but in a
reaction volume<0.3 mL, the conversion did not occur
spontaneously. However, it was possible to induce the
conversion by seeding. The conversion in reaction volume
<0.3 mL is referred to as subthreshold conditions.

The kinetics of fibril formation was monitored by a ThT-
binding assay. Aliquots (4L unless specified) withdrawn
during the time course of incubation at 3Z were diluted
into 5 mM sodium acetate buffer (pH 5.5) to a final
concentration of rPrP of 03M (unless specified), and then
ThT (Invitrogen, Carlsbad, CA) was added to the final
concentration of 1M. Six emission spectra (from 460 to
520 nm) were recorded for each sample in 0.4 cm rectangular
cuvettes with excitation at 445 nm on a FluoroMax-3
fluorometer (Jobin Yvon, Edison, NJ); both excitation and
emission slits were 4 nm. Spectra were averaged and the
fluorescence intensity at emission maximum (482 nm) was

were harvested by centrifugation, resuspended in lysis bufferdetermined.

[50 mM Tris, 1 mM ethylenediaminetetraacetic acid (EDTA),
and 100 mM NacCl, pH 8; 9 mL/g of pellet], followed by
the addition of lysozyme (200g/mL) and phenylmethane-
sulfonyl fluoride (PMSF) (20ug/mL) with subsequent
incubation on ice for 2640 min. Deoxycholic acid (1 mg/
mL) was added, followed by incubation on ice for-280
min, subsequent addition of DNase (2§/mL), and a final
incubation for 36-45 min. The lysate was centrifuged at
2000@ for 20 min. The resulting pellet was dissolved in

Congo Red StainingPlastic tubes were rinsed with
phosphate-buffered saline (PBS) followed by incubation with
freshly filtered aqueous solution of Congo red (@) for
30 min on a rotary shaker. To remove amyloid fibrils from
tube walls, sarcosyl was added to a final concentration of
2% and tubes were treated by ultrasound for 1 min in a
Branson 2510 ultrasonic cleaners bath (Danbury, CT).

FTIR SpectroscopyTIR spectra were measured with a
Bruker Tensor 27 FTIR instrument (Bruker Optics, Billerica,
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MA) equipped with a mercurycadmium-telluride (MCT) A B
detector cooled with liquid nitrogen. Samples of rPrP were « 2000 —
dialyzed against 10 mM sodium acetate buffer, pH 5.0, and % g 3
10 uL of each isoform (0.5 mg/mL for the amyloid fibrils g 15007 5 n=0.93
or 3 mg/mL for thea-rPrP) was loaded into BioATRcell II. g 1000 8,
A total of 128 scans at 2 cm resolution were collected for 8 500 %
each sample under constant purging with nitrogen; a cor- § = - -
rection for water vapor was applied, and background spectra 2 0 “AAAAANE 3 Lol
of water were subtracted. o 5 10 1
Time (hours)

Fluorescent Imaging of Fibrils-luorescence microscopy Ficure 1: (A) Kinetics of Hu rPrP 96-231 conversion into the

ex_perlmen_ts were carried O_Ut _on an mverted mlcros_cope amyloid form monitored by ThT-binding assay and measured for
(Nikon Eclipse TE2000-U) with illumination system X-Cite  djfferent concentrations of rPrP: M (v), 20uM (¥), 12.5uM
120 (EXFO Photonics Solutions Inc.) connected through (0), 6.2 uM (®). Dashed lines represent the initial rates of
fiber-optics with a 1.3 aperture Plan Fluor »00NA elr(])ngation and are extrafp(;]lated k?elg\;vbthle detection I(ijmit of the
iaeti e ; ; ThT assay. Generation of the amyloid fibrils was carried out at 37
objective. _The emission was Iso.lated from. Raylelg_h gnd °C in PBS (pH 6.8) 1 M GdnHCI, and 2.4 M urea in a reaction
Raman-shlfted light by a cor_nbmaﬂon of filters: an exutaﬂo_n volume of 0.8 mL. Aliquots (4.L) were withdrawn in the time
filter 485DF22, a beam splitter 505DRLPO2, and an emis- course of the reaction and diluted 80-fold to final concentrations
sion filter 510LP (Omega Optical, Inc.). Digital images were of rPrP 0.625, 0.25, 0.16, and 0.8, respectivly, for the ThT-
acquired by use of a cooled 12-bit CoolSnap HQ charge- binding assay. (B) van't Hoff plot of the initial rate of elongation

; ; ; as a function of rPrP concentration. The range of rPrP concentrations
coupled device (CCD) camera (Photometrics). Prior to used in the plot is between 6.2 and GBI. The slope of the plot

imaging, fibrils were _diluted toa fin_al concentration of rPrP (n = 0.93 + 0.09) represents the apparent reaction order of the
equivalent to 0.tM in 10 mM sodium acetate buffer and  elongation reaction.

stained with ThT (10uM) for 3 min. Fibril length was
calculated by an automated measurement routine with-v  fluorescence and displayed stronger dependence on protein
software version 4.0 (Auckland, New Zeland). concentration (Figure 1B). Our previous studies demonstrated
Negatve Staining and Electron MicroscopNegative that growth of ThT fluorescgnce cprrelated well with
staining was performed on carbon-coated 400-mesh coppeiconsumption of the monomeric species and that the ThT
grids that were glow-discharged prior to staining. The assay can be used as a valid probe for analysis of polym-
samples were adsorbed for 30 s, stained with freshly filtered €rization kinetics %6, 27). To determine the reaction rate of
2% ammonium molybdate, dried, and then viewed in a Zeiss the €elongation, we employed an expression originally

EM 10 CA electron microscope. introduced by van't Hoff: logv = A+ nlog C, whereV is
the initial rate of elongationC is the rPrP concentration,
RESULTS andn is the apparent reaction order. The slope of the plot (

= 0.93 + 0.09) shows that the elongation may follow

According to the NPM, the rate-limiting step of polym-  apparent first-order kinetics. The first-order or less than first-
erization is regulated by the formation of oligomeric nuclei; order kinetics is consistent with the model in which the rate-
therefore, the length of the lag phase of spontaneousiimiting step of polymerization is controlled by conforma-
conversion is expected to depend dramatically on the tional rearrangement of polypeptides upon their binding to
concentration of polypeptide9). To test whether the cell-  fibrillar ends rather than the binding step itself (Figure 8 ).
free conversion follows the NPM, we analyzed the kinetics  Because full-length recombinant PrP that encompasses
of nonseeded amyloid formation as a function of rPrP residues 23230 (rPrP 23-230) represents a more relevant
concentration. Using truncated human (Hu) rPrP-281, biological model, we set out to determine whether the lag
we observed very modest dependence of the lag phase ofphase of Mo rPrP 23230 polymerization also displays a
protein concentration (Figure 1A). Thus, an 8-fold increase weak dependence on protein concentration. To our surprise,
in concentration resulted in reduction of the lag phase from here we found that a decrease of rPrP-230 concentrations
6 h at 6.2uM to 4.5 h at 50uM (Figure 1A). The kinetics  from 22 to 4.4uM resulted in a reduction of the lag phase
of fibril formation of mouse (Mo) rPrP 89230 and Syrian from 2 h to 1 h(Figure 2A). Further decrease of the
hamster (SHa) rPrP 931 varied with protein concentra-  concentration to 1.M did not change the length of the
tion in a very similar manner, displaying only modest |ag phase. Shortening of the lag phase upon a decrease in
dependence of the lag phase on concentration (data no¥prp 23-230 concentration indicates that significant off-
shown). Therefore, weak concentration dependence of thepathway aggregation of rPrP may interfere with the polym-
lag phase is not limited to Hu rPrP 9@31 but rather is  erization reaction. Other amyloidogenic proteins prone to
general for the in vitro conversion of rPrPs. The weak nonspecific aggregation have been also shown to display
dependence of the lag phase is usually attributed to anatypical dependence of the lag phase on protein concentration
accumulation of Iarge off—pathway aggregates, which are in (32, 37, 38) Using electron microscopy7 we observed
competition with on-pathway polymerization. However, at substantial amount of nonfibrillar aggregates coexisting
given experimental conditions (pH 6.8, partially denaturing together with amyloid fibrils when the polymerization

concentrations of urea and GdnHCI), Hu rPrP—@31  reaction was carried out at high concentrations of protein
remains monomeric even after prolonged incubation at 37 (Figure 2C, left panel). When the conversion reactions were
°C (27). carried out at protein concentrationg§l or less, predomi-

The second step of amyloid formation referred to as nantly fibrillar structures were seen by electron microscopy
elongation was accompanied by rapid growth of ThT (Figure 2C, right panel). Concentration-dependent off-
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Ficure 2: (A) Kinetics of amyloid formation of Mo rPrP 2323
measured for different concentrations of rPrP: 22 (O0), 11 uM

(m), 4.4uM (Vv), 3.3uM (v¥), 2.2uM (O), 1.1uM (@). Aliquots
were withdrawn in the time course of the reaction and diluted to
the final concentration of rPrP Qi@ for ThT-binding assay. The
volume of aliquots was variable 80 uL) depending on the initial
concentration of rPrP. To reduce the effect of withdrawing aliquots
on the reaction volume, multiple samples were started in parallel
for the reactions carried at concentrations belowland aliquots
were taken from different samples at each time point. By the end
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Ficure 3: (A) Kinetics of amyloid formation of Hu rPrP 9231

(24 uM, in PBS, pH 6.8 1 M GdnHCI, and 2.4 M urea) as a
function of the reaction volume: 0.5 mKX), 0.4 mL @), 0.3 mL

(v), 0.2 mL @), and 0.1 mL ). (B) Kinetics of amyloid formation

of SHa rPrP 96-231 (16uM, in 20 mM sodium acetate buffer at
pH 5.0, 1 M GdnHCl, 2.4 M urea, and 150 mM NaCl) as a function
of the reaction volume: 1.2 mlw(), 0.4 mL ©), and 0.1 mL @).
Error bars represent standard deviations for triplicates. Aliquots (4
uL) were withdrawn in the time course of the reaction and diluted
to a final concentration of rPrP 03V for the ThT-binding assay.

To reduce the effect of withdrawing aliquots on the reaction volume,
multiple samples were started in parallel for the reactions carried
outin 0.1 and 0.2 mL, and 4L aliquots were taken from different
samples at each time point. By the end of measurements the reaction
volume was reduced less than 20% in each sample.

While studying the kinetics of fibril formation, we were
surprised to discover that other factors contribute more
substantially in determining the length of the lag phase than
the protein concentration. In particular, we found that
polymerization into amyloid fibrils was very sensitive to

of measurements the reaction volume was reduced less than 2094€action volume. Specifically, the decrease of the reaction

in each sample. The initial reaction volume was 0.9 mL. (B)
Kinetics of amyloid formation monitored in the presence of ThT
(10 uM) for different concentrations of Mo rPrP 2230: 1.1uM

(@), 0.44uM (O), and 0.22uM ('¥). Formation of fibrils at lowest
concentration of 0.22M was confirmed by fluorescent microscopy.
Formation of the amyloid fibrils presented in panels A and B was
carried out at 37C in PBS (pH 6.8)1 M GdnHCI, aml 3 M urea.
(C) Electron micrographs of negatively stained amyloid fibrils
formed at concentrations of rPrP 2 (left panel) and 4.44M
(right panel). Nonfibrillar aggregates are formed together with fibrils
at concentration 22M. The size of the scale bars isuin.

pathway aggregation of rPrP 2230 is consistent with
recent studies that demonstrated that nonspecific aggregatio
of full-length rPrP occurs at neutral pH and is facilitated in
the presence of salB89). Because nonspecific aggregation
is triggered by deprotonation of His side chains within the
N-terminal domain 2391, the full-length rPrP has much
higher propensity for aggregation than rPrP-231.

To test whether the amyloid fibrils can be generated at
concentrations of rPrP below 1M, we carried out the
conversion reactions without taking out aliquots in the
presence of ThT. This allowed us to monitor the kinetics at
the protein concentrations belowM (Figure 2B). Remark-
ably, we observed amyloid formation even at the lowest
concentration of rPrP tested (0.21) without any substan-
tial increase in the lag phase (Figure 2B). This concentration

volume carried out in conical plastic tubes (1.5 mL Eppen-
dorfs) from 0.5 mL to 0.4 mL resulted in longer lag phase,
slower rate, and lower yield of fibril formation of Hu rPrP
90—231 (Figure 3A). SHa rPrP 9231 and Mo rPrP 89

230 also showed strong dependency of the reaction rate and
the lag phase on the reaction volume. For instance, the
reduction of the reaction volume from 1.2 to 0.4 mL resulted
in a 50-h longer lag phase for SHa rPrP-IB1 (Figure
3B). Furthermore, we observed a dramatic threshold effect
upon the gradual decrease of the reaction volume. The
conversion of Hu rPrP 90231 occurred only in samples
pvith the reaction volume exceeding 0.3 mL, while samples
with a reaction volume below 0.3 mL did not show any fibrils
even after prolonged incubation as judged by ThT binding
assay (Figure 3A). Similarly, by decreasing the reaction
volume of SHa rPrP 96231 to under 0.3 mL, the polym-
erization reaction was completely abolished (Figure 3B). The
in vitro conversion of Mo rPrP 89231 displayed similar
volume-dependent effects (data not shown).

We noticed that the decrease in reaction volume to under
0.3 mL substantially reduces the effectiveness of shaking,
which seems to be linked to fibril fragmentation and
formation of new active centerd). A decrease in reaction
volume is also equivalent to an increase in surface-to-volume
ratio. Vessel surfaces may either facilitate the formation of
new nucleation centerg?) or deactivate existing ones, thus

was approximately 2000-fold lower than that reported for having a significant impact on the lag phase and final yield

nucleation-dependent polymerization of PrP-derived peptidesof the reactions. In our case, the observation of an apparent
(40). Our data demonstrate the lag phase of amyloid volume-dependent threshold is consistent with the scenario
formation of both truncated and full-length rPrPs shows weak that self-propagating isoforms of rPrP are adsorbed and
dependence on protein concentration. Furthermore, we founddeactivated by the vessel surfaces. As the reaction volume
that the in vitro conversion of rPrP 2230 can be achieved decreases, the surface-to-volume ratio grows. Therefore, one
at very low concentrations. can hypothesize that the threshold may be observed when
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the rate of surface-dependent deactivation exceeds the rate A

of multiplication of self-propagating isoforms. e e
To test this hypothesis, first, we sought to elucidate

whether self-propagating amyloid isoforms of rPrP are ¥

adsorbed to the surface of the plastic tube during the ,.’

conversion process. To test this we used the amyloid-specific

dye Congo red that has been exploited widely to stain |

amyloid deposits in vitro and in vivad@). The plastic tubes ' o ”

used for the in vitro conversion of Hu rPrP 9031 were

rinsed with PBS and incubated with Congo red. We found 1 2

that only those tubes that were used for the conversion

reactions bound Congo red (Figure 4A, tube 2). Binding of

the dye to tube walls was accompanied by a shift of Congo

red color from orange to pink, a change that usually B T 104

accompanies staining of amyloid-specific structures. Ultra- g /’ X

sound treatment of plastic tubes for 1 min in the presence £ /N

of 2% sarcosyl removed amyloid deposits from the tube walls ; 05 4 f \\ I~
(Figure 4A, tube 3). rPrP deposits removed from the walls § / N/ N\
showed birefringence under polarized light, an indication of g - AN
amyloid-specific structure (data not shown). The FTIR 2 005 T T T T
spectra of rPrP deposits showed a major band at 1622 cm 1700 1850 1600 1550 1500
and a minor broad band centered at 1535 tnhoth are Wavenumber (cm™)
characteristic of 3-sheet structures with intermolecular c o

hydrogen bonds. A smaller band at 1693 ¢mvas indicative S

of antiparallel-sheets (Figure 4B,C;). These spectra were g

substantially different from that of the-monomer (Figure s

4B,C, — — =), which displayed major bands at 1651 and g

1550 cnt?l, a characteristic ofi-helices. The increased § 1693

tendency of amyloid forms for binding to tube walls was s SV 1535
not limited to Hu rPrP 96231. We found that self- 2 L ”’5'1 I”’,” 1230

propagating amyloid isoforms of rPrPs of all species tested 1700 1650 1600 1550 1500
(Mo, Hu, and SHa) bind well to walls of plastic tubes during

the conversion reaction. Furthermore, both plastic and glass
surfaces showed high propensity to retain amyloid deposits FIGURE 4: (A) Amyloid isoforms adsorb to walls of plastic tubes.

o The plastic tubes used for the in vitro conversion of Hu rPrP 90
regardless whether these surfaces were siliconated or not231 (244M. in PBS, pH 6.81 M GdnHCI, and 2.4 M urea, reaction

The propensity of amyloid isoforms of rPrP for binding t0 6jume 0.9 mL) were washed with PBS (tube 1), stained with
various materials is reminiscent of that of PtRt is known Congo red (50uM) for 30 min (tube 2), and incubated in an

that prion diseases can be efficiently transmitted through ultrasonic bath for 1 min in the presence of 2% sarcosyl (tube 3).
wires and surgical instruments contaminated withSP{4— An unused tube incubated with Congo red does not show any

- . . 1. Staining (tube 4). (B) FTIR spectrum of Hu rPrP-9231 removed
47). Our data confirmed that the amyloid of rPrP has a high from the tube walls-{). The FTIR spectrum of Hu rPrP 9@31

tendency of sorption to walls of reaction vessels. in predominantlya-monomeric form (90%o-rPrP) is given for
The surface-dependent deactivation seems to be one otomparison{ — —). Both samples were dialyzed against 10 mM
the possible factors that may shift a balance between sodium acetate buffer, pH 5.0, before the FTIR measurement. The
deactivation and generation of new active centers. One maySample of Hu rPrP 96231 in predominantlyx-monomeric form
. . . contained approximately 1098-oligomer, as assessed by size-
hypothesize that the reaction can be stl_mulated even atgyciusion chromatography6%). Formation of the S-oligomer
unfavorable surface-to-volume ratio by adding seeds. There-normally occurs at high concentration of rPrP-GB1 (3 mg/mL),
fore, we were interested in testing whether the conversion which was required for FTIR measurements. The shoulder displayed
reaction can be induced by exogenous addition of amyloid by predominantlyo-monomeric sample at 1622 cinis due to
fibrils at subthreshold conditions. We seeded the fresh Presence of thg-oligomeric species. (C) Second derivatives of
. . . ) . FTIR spectra in the amide | and Il regions. The line definitions are
reaction carried out in a reaction volume of 0.3 mL with 6 same as for panel B.
preformed fibrils. While no fibril formation was detected in
solution in the absence of seeding, addition of small amount reaction mixture. Accordingly, the slope of the polymeriza-
of seeds (0.22% w/w) initiated the conversion (Figure 5A). tion kinetics is expected to be proportional to the amount of
Notably, while the length of the lag phase was dependent seeds (Figure 5B). Instead, we found that the rate of seeded
on the amount of seeds added, the initial velocity measuredpolymerization was similar regardless of the amount of seeds
as a growth of ThT fluorescence was independent of the added to the reaction. Furthermore, the seeded conversion
amount of seeds. According to the NPM, exogenous additionalso displayed a substantial lag phase, illustrating the
of seeds bypasses the formation of nucleus, which is the ratecomplexity of seeded conversion. Overall, the present
limiting step of the polymerization2Q). If the seeded  experiment demonstrated that the conversion reaction can
conversion under subthreshold conditions represents mainlybe induced even under subthreshold conditions by seeding.
an elongation of original seeds, than the rate of conversionHowever, the rate of the seeded polymerization was not
should be proportional to the amount of seeds added to thedetermined entirely by the amount of catalytic centers

Wavenumber (cm™)
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Ficure 5: (A) Kinetics of amyloid formation of Hu rPrP 9231
(24 uM) carried out at subthreshold conditions (in the reaction 17 h
volume of 0.3 mL in PBS, pH 6,8L M GdnHCI, and 2.4 M urea) 40
induced by seeding with 0.1% (w/wy}, 0.5% ©), and 2% @) 20
preformed fibrils or without seedingv). Seeds are added to the
fresh reaction mixture at time zero. Aliquotsg(l) were withdrawn 0 &
in the time course of the reaction and diluted to a final concentration 40
of rPrP 0.3uM for the ThT-binding assay. Error bars represent
standard deviations for triplicates. (B) Theoretical kinetic curves 20
representing seeded amyloid formation. According to the NPM,
the slope of the kinetic curves is expected to be proportional to the 0
amount of seeds added at time zef28)( In the absence of
secondary nucleation, the kinetic curves in seeded conversion reflect 20 1
only the process of linear elongation of fibrils: — —) Hypotheti-

cal detection limit of the assay:+() extrapolation of the kinetic
curves below the detection limit. The conversion is not measurable
at the initial stage due to detection limits; therefore the initial time 20 4!
intervals of conversion are often referred to as a lag phase. The
NPM predicts that both the apparent lag phase and the rate of
elongation are a function of the amount of seeds.

Fluorescence

Fluorescence (cps, x103)
Fluorescence (cps x10%)

20h

23h

Frequency (%)

26h

provided exogenously. Therefore, the rate-limiting step of
elongation may not be dictated by the binding of polypeptides
to fibrillar ends and/or their consequent rearrangement but
rather determined by some yet unknown process. 0 ==
Previous studies postulated that fragmentation of fibrils 0 1 2 3 4
is an important step of polymerization and may account for Length (um)
highly cooperative kinetics of in vitro conversiodl( 48, FIGURE 6: Fibril length distribution as a function of elongation
49). Indeed, the elongation reaction by itself does not time.(A) Kinetics of amyloid formation of Mo rPrP 23230 (11

; i ; uM at 37 °C in 20 mM sodium acetate buffer at pH 5.0, 1 M
generate new active centers, unless fibril fragmentation and/de_K:l 3 M urea, and 150 mM NaCl. in a reaction volume of

_or _fibril_—dependent secqndary nuc!ea_ltior) occur. To gain 0.6 mL) monitored by ThT-binding assay. In parallel with the ThT-
insight into the mechanism of multiplication of the active pinding assay, aliquots were withdrawn in the time course of the
centers, we monitored a change in length of fibrils in the reaction and diluted to the final concentration of rPrP @\ for

time course of the conversion by epifluorescent microscopy fluorescent imaging presented in panel B. Because amyloid fibrils

: : ] have a tendency to coaggregate at neutral pH, this experiment was
(Figure ). For this purpose, we used _fuII_ length Mo rPrP conducted at pH 5.0, which produces a much longer lag phase than
23-230 at pH 5.0, because it forms fibrils that are long 14 6.8 (B) Fibril length distribution and fluorescent images

enough to be accurately measured. At pH 5.0 the fibrils of obtained at 17, 20, 23, 26, and 40 h of incubation afG7 For

Mo rPrP 23-230 do not coaggregate and can be seen aseach time point, the length distribution is based on measuring 1200
single fibrils. fibrils taken in 5-10 fields of view. - — —) Fitting to either one

Using epifluorescent microscopy, we observed a large or two Gaussian distributions:) individual Gaussian distributions.

number of short fibrils by the end of the lag phase (Figure (Figure 6B, 26 and 40 h of incubation). One may speculate
6B, 17 h of incubation). Interestingly, while most fibrils were that such broad distribution of fibrillar length is indicative
shorter than 0.2xm, a small fraction £5%) of relatively of high heterogeneity of the elongation rate among individual
long fibrils (0.5-1 um) can be seen even at the early fibrils. Although differences in the elongation rate may
elongation stage (17 h of incubation). Nevertheless, the account in part for a broad distribution in fibrillar size, this
histogram of fibrillar length at 17 h could be fitted with a explanation is not consistent with rapid overall kinetics of
single Gaussian distribution. Over time, the total number and elongation as measured by the ThT assay. Surprisingly, a
the average length of fibrils increased (Figure 6B, 20 and substantial fraction of fibrils{30%) remained very short
23 h of incubation). A broad distribution of fibrillar length  (<0.25uM) even at the end of the elongation stage. There
becomes evident at 23 h, indicating that no discrete lengthare two possible explanations for this observation. The
but rather a continuum of fibrillar sizes existed. Starting at process of fibril elongation may be terminated at an early
the 20 h time point the histogram could be fitted only with stage, producing a subpopulation of short fibrils. Alterna-
two Gaussian curves, while fitting with a single Gaussian tively, fibrils may undergo fragmentation, a process that
was unsatisfactory. Notably, by the end of the elongation constantly occurs in parallel with elongation, resulting in a
stage the fibrillar size distribution showed a subpopulation subpopulation of short fibrils. The second hypothesis is
of short fibrils together with various fibrils of higher length  consistent with the recent studies by Weissman and co-

20 4
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FIGURe 8: Schematic representation of rPrP polymerization. In
addition to the steps of nucleation and elongation, the conversion
reaction of rPrP into the amyloid fibrils involves multiplication of
active centers through fibril fragmentation and quenching of active
centers.

nucleation clongation

apparent volume-dependent threshold effect; and (5) the lack
of effect the amount of seeds has on the rate of seeded
conversion. These kinetic features are not typical for the
polymerization kinetics displayed by other amyloidogenic
proteins and could not be explained by simple NPM.

To explain the distinctive kinetic behavior of rPrP po-
lymerization, we applied a more complex model of nucle-
ation—polymerization introduced recently in several studies
(48—50). According to this model, in addition to the steps
of nucleation and elongation, the polymerization of rPrP in
vitro involves multiplication of active centers of polymeri-
zation (Figure 8). Recent work by Weissman and co-workers
(41) demonstrated that the multiplication of active centers
during polymerization of the yeast prion protein Sup 35
Ficure 7: Electron micrographs of negatively stained amyloid occurs through fibril fragmentation. Our observation that a
fibrils of Mo rPrP> 23-230: an intact fibril (panel 1) and fragmented g ystantial subpopulation of rPrP fibrils remained short even
fibrils (panels 2 and 3). . . . ;

by the end of the elongation stage is consistent with the new
i model that postulates fibril fragmentation as an important
step of in vitro conversion (Figure 6). Although we were
not able to measure directly the fragmentation of fibrils in

workers @1), who demonstrated that fragmentation o
amyloid fibrils of yeast prion protein Sup 35 occurs in
parallel with elongation and is caused by agitation. Interest- . ) N o
ingly, agitation did not affect the rate of binding of monomer solution, e!ectron_mlcroscopy 9f individual f'b”.ls llustrated
to fibril ends; however, it accelerated polymerization by the potential frag|I|ty_ of amyloid structu.res (Figure 7).
creating new active centers through fragmentation of Sup Remarkably, addition of a fragmentation step to NPM not
35 fibrils. While Sup 35 was shown to be able to polymerize Only explains the strongly sigmoidal shape of the kinetic
slowly even without agitation, we were unable to detect any curve but also could account for the reduced concentration

amyloid fibrils of rPrP in test tubes without permanent dependence of the length of the lag phase, the feature that
shacking. otherwise would be difficult to explain within a simple NPM

framework @1, 50). According to simple NPM, formation
of oligomeric nucleus is controlled by the mass-action law;
therefore, the length of the lag phase is expected to depend
strongly on protein concentration. However, when a frag-
mentation step is incorporated into NPM, modeling of
polymerization kinetics was shown to give only a first-order
dependence of the lag phase on protein concentration for a
nucleus size of six, and this dependence decreased even
further for smaller nucleus sizell). Therefore, the weak
dependence of the lag phase on the concentration of rPrP
observed in the present studies can be rationalized by the
model that incorporates multiplication of active centers
during polymerization (Figure 8). It is quite likely that the
combination of partially denaturing conditions and shaking
employed in the present conversion protocol is necessary
DISCUSSION for fibril fragmentation. An alternative in vitro conversion
protocol developed for amplification of PK-resistant PP

In the present study, we demonstrated that the in vitro like isoforms required repetitive cycles of sonication, which
conversion of rPrP into amyloid fibrils displays several are also believed to result in fragmentation of ¥r&g-
distinctive kinetic features: (1) the weak dependence of the gregatesq1). While fragmentation of yeast prion aggregates
lag phase on the concentration of rPrP; (2) apparent first- seems to involve cellular chaperongg,(53), the mechanism
order kinetics of elongation; (3) the dramatic effect of the responsible for multiplication of catalytic centers of PYP
reaction volume on the length of the lag phase; (4) an in vivo is currently unknown. Nevertheless, the ability to

At this point, it is difficult to assess the role of fibril
fragmentation and termination of elongation in generation
of short fibrils. Nevertheless, by using electron microscopy
we were able to see fragmented fibrils (Figure 7). Because
fibrillar pieces remain aligned along thg-axis, such
fragmentation is believed to occur after attachment of each
individual fibril to grids rather than in bulk solution.
Although the type of fragmentation we observed is a result
of sample preparation for electron microscopy, our observa-
tion emphasizes an intrinsic propensity of the amyloid fibrils
to break into short pieces despite their apparently rigid
structure. The extent to which fibrillar fragmentation occurs
in aqueous solution and factors affecting it remain to be
determined.
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control multiplication of the catalytic isoform of PrP would the rate of multiplication, the reaction decays, a kinetic
be a powerful strategy to treat prion diseases. parameter that explains subthreshold conditions. Correspond-
Other unusual kinetic features observed in the presentingly, it is expected that PAPwill be cleared throughout an
studies involve an apparent first-order rate of polymerization animal’s lifetime if the process of prion replication is slower
and lack of dependence of the rate of seeded conversion orthan the clearance. When the rate of multiplication is
the amount of seeds. The first-order rate of polymerization balanced with the rate of deactivation, apparently negligible
is in agreement with a proposition that it is postbinding changes in experimental parameters may switch the reaction
events, such as a conformational rearrangement, rather thafrom decay mode to autoacceleration mode and vice versa,
binding of rPrP polypeptides to growing fibrils that deter- causing stochastic behavior, in which the reaction follows
mines the rate-limiting step of polymerization (Figure 8). the “all or nothing” rule.
On the other hand, if one considers postbinding rearrange- The model in which the fine balance between multiplica-
ment as a sole rate-limiting step, it would be difficult to tion and clearance of P¥Pdetermines progression of prion
explain why the amount of seeds used for the seededdisease is consistent with several experimental observations.
polymerization does not affect the rate of polymerization but For example, the concentration of PtRn the brain of
only the length of the lag phase (Figure 5). Fibril fragmenta- experimental animals drops substantially in the first week
tion is another elementary step that follows apparent first- after intracerebral inoculatiorb4, 55), illustrating that the
order kinetics and could be a critical rate-limiting step (Figure rate of clearance exceeds the rate of multiplication during
8). If the fibril fragmentation occurs in parallel with the initial stage of prion transmission. Surprisingly, the
elongation, then at a given concentration of rPrP, the lifetime of PrP¢ was found to be relatively short despite
polymerization rate measured by ThT assay will be a function substantial resistance to proteolytic digestib6 67). Under
of both intrinsic fibril fragility and the rate of postbinding conditions that inhibit production of nascent PiRhe half-
rearrangement rather than the initial amount of seeds. If life of PrP>¢in ScN2a cells was shown to be only 2856y,
fibrils do not undergo fragmentation, then the amount of Multiple factors may influence the rate of clearance of¥rP
active centers of polymerization would remain constant in vivo: strain-specific intrinsic stability of P&° (13, 58),
during the entire conversion reaction, and therefore the rateintensity of proteolytic processin®9, 60), and interaction
of polymerization would be proportional to the amount of of PrE¢with stabilizing cofactors such as glycosaminogly-
initial seeds (Figure 5B). In our experiment, the rate of cans 61—63). Our data indicate that sorption of self-
polymerization was constant (Figure 5A). propagating amyloid isoform to walls of reaction vessels may
While detailed effects of fibril fragmentation on kinetics account for deactivation. Although sorption of the amyloid
of polymerization remains to be established in future studies, fibrils seems to be a peculiar feature of the conversion in
by incorporating a fragmentation step into NPM we can vitro, it may, in fact, mimic the clearance of the Ptform
explain several otherwise puzzling features of rPrP polym- in vivo and thus provide insight into the underlying mech-
erization observed here. Notably, if the intrinsic fragility of anisms of prion replication.
PrP¢ aggregates does dictate the rate of prion propagation, In the present studies we demonstrate that full-length rPrP
this property could account for substantial differences in the has a remarkably high intrinsic propensity to convert into
incubation times produces by different strains of P(B3). the amyloid form. The in vitro conversion of rPrP occurs at
While multiplication of active centers helps to rationalize concentration of 0.22M, which is below that found in a
several atypical kinetic features, the threshold effect has notcell (12). Most in vitro conversion reactions by other
yet been explained. This effect could be in part due to lower amyloidogenic proteins and PrP-derived polypeptides that
effectiveness of shaking at volumes below 0.3 mL. Specif- undergo nucleation-dependent conversion require amounts
ically, the rate of fragmentation might drop substantially at 100—2000-fold higher than those reported in the present
volumes below 0.3 mL due to less effective shaking. Within study. For comparison, the amyloidogenic concentration of
the detection limit of the ThT binding assay, we were unable PrP-derived polypeptide encompassing residuesl23 was
to detect any amyloid fibrils in the reaction volume below 2000-fold higher than that used here for full-length rR3B .(
0.3 mL. Even if a residual amount of amyloid fibrils is  This result indicates that full-length PrP possesses the unique
produced in small volumes, their active concentration in ability to adopt an amyloid-specific conformation, and that
solution may not increase at all due to ongoing sorption of this ability may not be well preserved by smaller peptides
fibrils to walls of the reaction vessels. We found that amyloid such as PrP 23144. Notably, the recent studies with
fibrils had high propensity for sorption to surfaces, a process molecular dynamic simulations demonstrated that the region
that may counteract production of fibrils in solution. Because corresponding to helices B and C (residues-1Z80) seems
sorption of fibrils is surface-dependent, the surface-to-volume to play a central role in the initial stages of conformational
ratio could be another factor that determines apparenttransitions frono-helical toS-sheet-rich conformatior6d).
volume-dependent threshold effect. In the present study we showed that the conversion of rPrP
Taken together, our findings are consistent with the NPM into fibrillar form displays a dramatic volume-dependent
in which the polymerization reaction is regulated by the fine threshold effect. In contrast to the amyloid formation, the
balance between two processes: multiplication and deactiva-generation of anothe#-sheet-rich isoform of rPrP, referred
tion of active centers. In its new format, the NPM predict to asj-oligomer, was highly concentration-dependent but
that this balance has a dramatic effect on the final outcomeindependent of the reaction volume. Taken together, our
of the in vitro conversion reaction or progression of prion study illustrates that the reaction volume is one of the
disease in vivo. When multiplication of the active centers experimental factors that may discriminate between the two
exceeds their quenching, the conversion reaction proceedsoutes of in vitro conversion: formation of fibrils versus the
with self-acceleration. If the rate of quenching is higher than f-oligomer. Notably, apparent volume-dependent threshold
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effects may account in part for technical difficulties in
generation of amyloid fibrils and confusion between different
f-sheet-rich isoforms of rPrP reported in previous studies.
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