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ABSTRACT:. Amyloid fibrils have been classically defined as linear, nonbranched polymeric proteins with

a crossB-sheet structure and the ability to alter the optical properties of the amyloid-specific dye Congo
Red. Mounting evidence suggests that soluble oligomeric peptide assemBl28 nm in diameter are

critical intermediates in amyloid formation. Using a pathogenic prion protein peptide comprised of residues
23—144, we demonstrate that, under quiescent but not agitated conditions, much larger globular assemblies
up to 1um in diameter are made. These globules precede fibril formation and directly interact with growing
fibril bundles. Fibrils made via these large spherical peptide assemblies displayed a remarkable diversity
of ultrastructural features. Fibrillization of thesA—40 peptide under similar conditions yielded similar
results, suggesting a mechanism of general amyloid formation that can proceed through intermediates
much larger than those previously described. Our data suggest that simply changing the physical
microenvironment can profoundly influence the mechanism of amyloid formation and yield fibrils with
novel ultrastructural properties.

Amyloid formation is an incompletely understood process. syndrome (GSS)and Alzheimer's disease (AD). Several
However, the biological relevance of amyloid is underscored mechanisms have been proposed for the formation of
by the identification of more than 20 different human amyloid fibrils, most of which are consistent with partially
disorders involving abnormal amyloid depositidt), (nclud- unfolded protein molecules slowly self-aggregating into small
ing prion diseases such as GerstmanritSsker-Schienker  oligomeric nuclei which then propagate more rapid fibril
growth (1, 2). The use of in vitro models to understand the
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1 Abbreviations: GSS, Gerstmann-Stsaler-Scheinker syndrome; . . .
AD, Alzheimer’s disease; PrP, prion protein; HaPrP234, hamster pathway oligomeric species have also been repofied)

PrP peptide with a stop codon at residue 14548, Alzheimer's A81— Many researchers have reported that soluble oligomers

40 peptide; ATR-FTIR, attenuated total reflectance Fourier transform ~2-20 nm in diameter are key amyloidogenic intermediates
infrared spectroscopy; TEM, transmission electron microscopy; HD

hanging drop: ThT, thioflavin T; SEM, scanning electron microscopy; &Nd are largely responsible for the pathology associated with
Ap42, Alzheimer's A31—42 peptide. amyloidoses such as GSS and AB—(3). These well-
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documented small oligomers have exhibited diverse mor- Hanging drops (HDs) were set up in pregreased VDX plates
phologies when visualized by electron and atomic force (Hampton Research) on a siliconized glass coverslip with
microscopy 14—20), suggesting that fibrillization reactions 10 uL over a 900uL reservoir solution containing 50 mM
may proceed through multiple reaction pathways. Indeed, it of the same sterile-filtered buffer at 2C. Analysis of the
has been demonstrated that variations in growth conditionsfibrillization reactions by ThT was performed as described
for a specific peptide can impact the underlying molecular previously @4).

structure of the amyloid itself2(1). Fibrillization of AB40. Lyophilized A340 (0.5 mg) from

Amyloid can accumulate in various tissuéy, ©ften with rPeptide (Bogart, GA) was reconstituted in 1% ammonium
distinctive histopathological feature22). It is therefore hydroxide (2 mL) and subjected to ultracentrifugation
probable that environmental variables directly influence the (25600@). This solution was adjusted to 25 mM MES
pathway of assembly, the mechanism, and the underlying(pH 5.4) and then either shaken at 600 rpm and°G7
molecular structure of the resulting amyloid. To determine or suspended in hanging drops on a siliconized glass slide
the effects of the physical environment upon key mechanistic over 1 mL of 125 mM MES (pH 5.4) in a 24-well VDX
aspects of amyloidogenesis, we compared fibrillization via tray.

either agitation in microcentrifuge tubes or hanging drop  Transmission Electron Microscopgample suspensions
vapor diffusion. Hanging drop vapor diffusion is used (5 ,1) were diluted 10-fold with reaction buffer and settled
extensively for protein crystallization and provides a static, gn parlodian- or Formvar-coated copper grids. After excess
low-convection environment with a markedly increased flyids were micropipetted from the grid surface, the grid was
hydrophobic airbuffer interface area compared to that of \ashed with water and stained for 60 s with 0.3% aqueous
the microcentrifuge tube environment. As a model amyloid yrany| acetate. Excess stain was removed, and the samples
forming peptide, we first used a hamster prion protein peptide were dried at room temperature. The samples were analyzed
containing a stop codon at position 145, HaPrP284. In  at 80 kV in a Hitachi 7500 electron microscope or 60 kV on
humans, this peptide is the result of a stop codon at positiong phjlips CM-10 (FEI, Hillsboro, OR) transmission electron
145 of thePrnp gene, resulting in a form of cerebral amyloid  mjcroscope. Digital images were captured with an AMT
angiopathy with significant perivascular accumulation of PrP gigital camera system (AMT, Chazy, NY).

amyloid in the brainZ3). As a second model peptide/iA- Extensive control studies were also performed with the

40 (A340), which is associated W'th AD, Was _StUd'ed' ~different reaction buffers and uranyl acetate but excluding
Our results show that amyloid formation in the static the peptide. No fibrillar structures were observed in any of
hanging drop environment is closely associated with the these preparations (e.g., Figure 1A inset), indicating that the
formation of peptide globules up to Am in size. Closer  contribution of a TEM artifact from different reaction buffers
analysis of the fibrillization kinetics demonstrated that such (e g., Tris vs Hepes) was unlikely. For direct comparisons
large globules preceded the formation of amyloid in the petween the agitated and HD preparations, the buffer and
hanging drop environment, suggesting an intermediary role the yranyl acetate used for staining procedures were kept
for these structures. This mechanism was markedly differentconstant, minimizing any potential structural differences due

from that observed in the agitated microenvironment where tg sample preparation.

fibril formation was consistent with progression via smaller
oligomeric intermediates. The amyloid formed in these two
systems was morphologically and structurally different,
suggesting that contrasting fibrillization environments can
trigger different mechanisms leading to distinct types of
amyloid.

EXPERIMENTAL PROCEDURES

Purification and Fibrillization of HaPrP23-144 HaPrP23-
144 from sequenced DNA was purified froBscherichia
coli Rosetta cells as described previousi#)(and kept at
4 °C either in water £0.1 mg/mL) or as a lyophilized
powder. The purity of the peptide was assessed by-SDS
PAGE, Western blotting, and MALDI to be 99% (data not
shown). Fibrillization reactions were initiated after dialysis
against glass-distilled milliQ water (16 L). The peptide was
then sterile filtered and concentrated by ultrafiltration (Ami-
con, MWCO of 5000) to 125M with water. Buffer
concentrations were adjusted to 10 mMnfra 1 M stock

Congo Red Staining and Polarized Light Microscople
fibrillization reaction mixture (5«L) was applied to a glass
slide, treated with 4ulL of a 0.2% Congo Red/ethanol
solution (Sigma), and dried in air for 6 h. The suspension
was then washed three times with 95% ethanol and dried
with a stream of nitrogen. The sample was observed under
bright field illumination and then between crossed polars at
40x magnification using a Zeiss HB50 polarizing micro-
scope equipped with a digital camera. No birefringence was
observed in buffer samples that did not contain HaP#P23
144 (data not shown).

Scanning Electron Microscopiroplets (5uL) of sample
in suspension were allowed to settle for 20 min on silicon
chips and fixed with a 2.5% glutaraldehyde/4% paraform-
aldehyde mixture in 0.1 M sodium cacodylate buffer for 30
min. Samples were postfixed by alternating two rounds of
15 minin a 1% Os@0.8% K;Fe(CN}) mixture and 30 min
in 1% tannic acid. Samples were dehydrated in ethanol and
critical point dried in a Bal-Tec, cpd 030 drier (Balzers,

of the appropriate buffer as stated in the figure legends. TheLiechtenstein). Chips were mounted on aluminum studs (Ted
time course reactions for both hanging drop and agitated Pella, Inc., Redding, CA), coated with 25 A of chromium

samples were conducted in 10 mM Bis-Tris propane (pH
7.0) after ultracentrifugation (2560@pfor 30 min to remove

for HaPrP23-144 samples or 25 A of platinum for/0
samples in an IBS/TM200S ion beam sputterer (South Bay

protofibrils or aggregated material. Selected reaction mixtures Technology, Inc., San Clemente, CA), and viewed-a86
were agitated in an Eppendorf Thermomixer at 1000 rpm kV with an S-5200 in-lens electron microscope in secondary

with a 500uL volume in siliconized microfuge tubes (VWR).

mode (Hitachi, Tokyo, Japan). Digital images were processed
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Ficure 1. Transmission electron microscopy of HaPrP234 globules and fibrils from hanging drops at neutral to basic pH under
nondenaturing conditions. Hanging drops (40 on glass coverslips were composed of 128 HaPrP23-144 in 10 mM buffer over a

50 mM reservoir solution of the same buffer in a 24-well VDX plate incubated &C20nder the following conditions: (A) potassium
phosphate (pH 7.4) (inset, image of buffer without peptide), (B and C) Bis-Tris propane (pH 7.0), (D) a-higher magnification image of the
fibrillar bundle in panel C, (E) Bicine (pH 7.4), (F and G) HEPES (pH 7.5), and (H) Tris (pH 8.5). The boxed numbers represent measurements
for, clockwise from top, the width of a fibril bundle (57.05 nm), the distance between two globules (124.21 nm), the width of a fibril bundle
(31.83 nm). (1) Bicine (pH 7.4).

with Adobe Photoshop, version 7.0 (Adobe Systems, Moun- portion, or “soft pellet”, was used for ATR-FTIR analyses,
tain View, CA). which were performed as described previougy)(

Attenuated Total Reflectance Fourier Transform Infrared RESULTS
Spectroscopy (ATR-FTIRAgitated and hanging drop reac-
tion mixtures were pelleted by centrifugation (14000 rpm).  HaPrP23-144 Forms Large Globular Assembligdighly
Agitated fibril pellets containing=80% of the total protein  purified HaPrP23-144 was fibrillized under either agitated
were deposited on the diamond surface of the instrument asor hanging drop (HD) conditions and analyzed by transmis-
aqueous slurries and dried with a stream of anhydroussion electron microscopy (TEM). No fibrils were observed
nitrogen gas. Only a relatively small percentag@(%) of in buffer alone (Figure 1A, inset) or in a mock purification
the original HaPrP23144 in hanging drop reaction mixtures in which an empty vector was transformed ino coli
could be isolated by centrifugation, and it was often difficult (Figure 1A of the Supporting Information). However, when
to identify a discernible pellet. However, a fibril-enriched HaPrP23-144 was suspended in HDs without detergents or
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Ficure 2: Representative HD fibrils of HaPrP2344 grown in
10 mM HEPES (pH 7.5). The fibrils are characteristically bundled

and display a wide range of diameters. Individual strands measured o o
~5 nm in diameter with bundles ranging in size from 2 to 9 times Ficure 3: HaPrP23-144 fibrils in a HD environment form more

larger. slowly and differ ultrastructurally from those formed with agitation.
A sample of HaPrP23144 incubated in 10 mM Bis-Tris propane

harsh d t ¢ istentlv ob d alobul h was subjected to either agitation at 1000 rpm or incubation without
arsh denaturants, we consistently observed globules (here,giation in HDs. (A) Both reaction mixtures displayed apple-green

simply defined as a spherical mass) that were unusually largepirefringence when incubated with Congo Red. (B) ThT curves
and reminiscent of detergent micelles (e.g., Figure 1A).  for HaPrP23-144 fibrillization. Agitated reaction mixtures were

To ensure that globule formation in the HDs was not an more responsive to ThT than the HD fibrils. Error bars are expressed
if fd f he b ial lvsi as the standard error of the mean for= 3. (C) TEM time course
artifact of detergent carryover from the bacterial lysis, We o yp and agitated fibrillization reactions. No fibrils were present

also purified the peptide without detergent lysis according early in the reaction. Within 22 h, mature fibrils were present in
to the method of Zahn et al2%). When HaPrP23144 was the agitated reaction mixtures. In the HD reaction, globules were
purified without detergents (BugBuster, EMD Biosciences), Presentby 12 h and displayed networking properties by 400 h and
then placed into HDs, and analyzed by TEM, large globules Mature fibrils by 600 h.

were still observed (Figure 1B of the Supporting Informa- haracteristics were observed. They were typically entangled,
tion), thus demonstrating that they were not detergent highly curved, and bundled with extensive bifurcation (Figure
micelles. Given that the globules were not observed in ¢ |y These fibrils were nevertheless consistent with
reaction mixtures containing only vector or buffer, the ,.e\ious microscopic descriptions of general amyloid mor-
spherical structures must represent large peptide assembliesyqjogy in that individual strand diameters within the bundles
composed of HaPrP23L44 and buffer. ranged in diameter from 3 to 8 nm (Figure 2, and Figure 3
The supramolecular spherical structures were formed atof the Supporting Information)26—29), and they demon-
neutral to basic pH in a variety of dilute buffers (Figure-1B  strated apple-green birefringence when stained with Congo
E) and with repeated preparations of HaPrP284. Impor-  Red (Figure 3A). Thus, the HD environment promoted the
tantly, they were far larger than most previous reports of formation of morphologically diverse amyloid-like fibrils
soluble oligomers, ranging from a few nanometers foxl  which were, in many instances, reminiscent of the tangled
or more in diameter (Figure 1). Surprisingly, many of them plaques observed in viv®().
appeared to be interconnected with fibrillar material (e.g.,  Peptide Globules Precede Fibril Formation in the HD
Figure 1B-E), suggesting a direct association between the Enyironment We next asked whether the supramolecular
two and a potential intermediary role for the large peptide assemblies preceded the unusual fibrils or if both types of
assemblies. When HaPrP2B844 was agitated in microfuge  structures formed concurrently. After ultracentrifugation of
tubes, globules such as those shown in Figure 1 were notthe sample to remove any aggregates that might interfere
observed (Figure 3C, bottom panels), nor were they observedyith the assay, the kinetics of HD and agitated reactions were
in microfuge tubes without agitation (data not shown). These monitored using thioflavin T (ThT) and TEM. Agitation of
data suggested that the globules were specific to the HDHaPrP23-144 gave a fibrillization curve with a lag phase
environment. of ~10 h followed by a log phase of fibril growth (Figure
Atypical Fibrils Are Formed in Reaction Mixtures Con- 3B). To our surprise, the ThT assay was much less sensitive
taining Supramolecular GlobulesThe large spherical for HD fibrillizations even though the buffer conditions were
HaPrP23-144 assemblies were usually associated with fibrils similar, and it was not possible to derive a kinetic curve from
displaying variable morphologies, as shown in Figure 1. these data (Figure 3B). This lower ThT reactivity may be at
Despite the diversity of the HD fibrils, some general least partly due to the smaller amount of fibrillar material
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Ficure 4: Attenuated total reflectance infrared spectroscopy (ATR-
FTIR) of reaction products from HD and agitated reaction condi-
tions show differences in secondary structure. Deconvoluted primary
spectra (top) are aligned with their second derivatives (bottom).
The HD reaction shows a greater variety of isoforms containing
turn and loop structure (165700 cnt?), while the agitated fibrils
show a greater proportion @Fsheet structure at 1627 ct The
band at 1587 cmi is present in the HD reaction but not in any
portion of the agitated reaction of the same sample.

formed in the hanging drop reactions when compared to
agitated reactions~20% vs ~80%). Therefore, reaction
kinetics were estimated by TEM (Figure 3C). The TEM
images confirmed that no fibrils were present at initial time 300nm
points in either reaction. Consistent with the ThT data, the e 5 S lecular alobul trude Hap Pi84 f"I
agitated reaction formed amyloid in22 h and was complete SIELl\J/lREimég e”sproa;ma%ﬁg;‘ezr ?Ao al:]38|3e)x and ho girn g drolp—nﬂs).
within 160 h (Figure 3C, bottom panel). By contrast, the fiprillization reaction mixtures. (A) HaPrP23L44 agitated in 10
HD reaction was significantly slower, and the appearance mM Bis-Tris propane (pH 7). The arrow indicates the fibril bundle
of supramolecular peptide spheres clearly preceded fibril S.ho.wn in panel B which has c.haracteristic cur\{ilinear and helical
formation (Figure 3C, compare HD 12 h with HD 400 ). Ill'tr)irslllarromgrr]gh(mﬁg%/). ('?rzeHr[e)I;\{:f/r:e giazzrspz;zﬁcjl ﬁﬁrlz;]stlrgcrpul\r/laﬁl:iarac
W!thm 600 h, character|st|(_: fibrillar bundle_s We_re observed teristri)cs%bser\rl)ed by SEM are consistent with images obtained by
(Figure 3C, top, last panel) in the HD reaction mixture. Thus, TEM analysis (see Figure 1). (D) Representative globules with
hanging drop fibrillizations exhibited reaction kinetics slower surface features (arrow) ranging in size frer20 to 70 nm. The
than those of agitated fibrillizations, and the fibrils were inset shows the entire assembly. (E and F) Active fibrillization

i ; _ associated with supramolecular peptide globules. (G) Fibrils extrude
preceded by the formation of supramolecular peptide glob from and appear to be contiguous with the globule (arrow). (H)

ules_. . Mature HD fibrils are highly entangled and bundled.
Different Secondary Structures Are Present in HD and

Agitated Fibrillization ReactionsThe striking morphologies  two types of reaction products were examined by FTIR.
observed in the HD fibrils prompted us to question whether Agitated HaPrP23 144 fibrils routinely displayed significant
these fibrils were also unique at the molecular level. When f-sheet character with a major band at 1626 nas
precise structures are impossible to obtain from X-ray expected from amyloid, in addition to minor bands typical
diffraction patterns or NMR, as is the case with heteroge- of a-helical and turn structures at 1653 and 1663/1670'cm
neous amyloid aggregates, then Fourier transform infraredrespectively (Figure 4, left panels). By contrast, the HD
spectroscopy (FTIR) is considered a method of choice for mixture was more complex, distinguished by a broad band
examining changes in protein secondary structugé). ( between 1650 and 1700 cf which likely represented a
Consequently, differences in secondary structure between themixture of incompletely resolved random caikhelix, turn,

F 1
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FiGure 6: AB40 peptide forms supramolecular globules in the HD
environment. A sample of A40 incubated in 25 mM MES (pH
5.4) was subjected to either agitation at 600 rpm or incubation in
HDs and analyzed. (A) TEM analysis of fA0 fibrillization
reactions. After incubation for 1 h, both reaction mixtures displayed
soluble oligomers and small protofibrils but no mature fibrils. By
18 h, the HD reaction mixture exhibited numerous examples of
globules while the agitated reaction mixture was essentially
complete. By 190 h, both reactions produced fibrillar material. (B)
SEM analysis of 840 fibrillization reactions. In the HD reactions
at 18 h, examples of both globules and mature fibrils could be found
on the same chip. In many instances, globules were interconnecte
by polymerized 440 (left panel). At 18 h, both HD and agitated
reaction mixtures had mature fibrils, although in the HD reaction
mixture the fibrils were more bundled and interconnected.

and loop structures, as well as a characterj$taheet band
at 1627 cm? (Figure 4, right panels). Additionally, we
observed a peak at 1587 chin both the primary and

Moore et al.
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FIGURE 7: Attenuated total reflectance infrared spectroscopy (ATR-
FTIR) of AB40 fibrils. Fibrillar material from HD and agitated
reaction mixtures was pelleted and analyzed by FTIR. Analysis of
deconvoluted primary spectra reveals structural differences in
agitated vs HD fibrils. Both types of fibrils show significgs¥sheet
character, but the HD fibrils appear to display a greater variety of
isoforms in the 16561696 cnT? region.

again revealed peptide globules, some of which were
studded with spherical structures (Figure 5D). Maturing
fibrils appeared to be contiguous with many of the peptide

Qlobules (Figure SEG, arrow) displaying morphologies

which were consistent with numerous TEM observations.
Entanglements of thickly bundled, curved fibrils were also
observed on different locations of the same chip (Figure 5H).
Thus, the SEM images further support the idea that complex
fibrillar networks emanate directly from the globular forma-
tions.

secondary derivative spectra (Figure 4, right panels), which - Formation of Supramolecular Peptide Spheres Is¢@

we were unable to associate with any known protein
structure. The 1587 cm band was not observed in the
spectra of the agitated fibrils of the same peptide sample
increasing the likelihood that it was specific to the HD
reaction rather than the result of a nonprotein impurity.

Overall, the infrared spectra supported the hypothesis that

there were structural differences in the products formed in
quiescent versus agitated fibrillization reactions.
Supramolecular Peptide Globules Are Contiguous with
Growing Fibrils. While the TEM data strongly suggested
that the fibrils could be extruded directly from the globules
(e.g., Figure 1B-F, and Figure 3A of the Supporting
Information), there were other instances in which fibrils and

To determine whether other amyloid-forming peptides could
also form fibrils via similar supramolecular peptide globules,

'Ap40 was suspended in HDs. Similar phase partitioning of

Ap40 into large spherical structures was observed at pH 5.4,
near the isoelectric point of the peptide (Figure 6A, top
panels). As with HaPrP23144, the 4640 peptide formed
large globules only in the HD environment. No such
structures were observed under agitated conditions even
though similar buffer conditions were used (Figure 6A, bot-
tom panels). Further analysis of the¢g40 HD reaction by
SEM suggested that fibrils were associated with and directly
extruded from the globules (Figure 6B) in a manner similar

globules may have been coincidentally associated (e.g., int© that seen in the HaPrP2344 HD reaction (Figure 5).

Figure 2, note the fibrils running underneath the globule).

Finally, FTIR analysis of the 40 HD and agitated reactions

Scanning electron microscopy (SEM) of progressing HD showed that there were subtle but reproducible structural
fibrillizations was used to further probe whether fibrils differences between the agitated and quiescent fibrils (Figure
emanated from the large globules. SEM of the agitated 7). Overall, our results suggest that supramolecular peptide
fibrils displayed extensive networks, often with a helical spheres represent intermediary components of a reaction
topography (Figure 5A,B). After 350 h, the HD fibrillizations mechanism that can yield distinctive amyloid products.
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Ficure 8: Model of amyloid formation in the HD environment. In the top scheme, agitation prompts the efficient formation of amyloid
fibrils via formation of small soluble oligomers which then interact to form fibrils. In our hands, approximately 80% of the input peptide
was pelleted fibrillar material. In the bottom scheme, hanging drop conditions prompt the formation of supramolecular multimeric assemblies
which eventually interconnect and progress into highly bundled amyloid fibrils. When compared to agitated reactions, HD reactions proceed
through a more diverse set of intermediates and yield more heterogeneous amyloid products. In some instances;4dRxBa@3ormed
amorphous aggregates and apparently inert globular species. We estimate that approximately 20% of the original peptide formed fibrillar
material within the time frame of our HD studies (see Experimental Procedures).

DISCUSSION highly bundled fibrils (e.g., Figure 5H). Thus, the process
, of fibril extrusion from such globules would still be
Our data clearly show that the pathway of peptide self- ¢,nsistent with nucleation-dependent polymerization, albeit
assembly can be profoundly altered by simply changing the yith siower reaction kinetics and more structural heterogene-
_phyS|caI reaction environment, while the resulting differences ity in the prefibrillar species. Agitation would promote more
in morphology and secondary structure between the two types;aiq fiprillization by providing kinetic energy to the reaction

of fibrils are indicative of fundamental changes in the gysiem and dissociating larger aggregates into smaller
fibrillization mechanism. Within the static environment of particles 84).

the hanging drop, this mechanism involves oligomeric . , . .

species much larger than those that are typically described. 1he high degree of bundling observed in the hanging drop
Fibril formation via these supramolecular peptide spheres €nvironment may also help to explain the diminished ThT
was consistently observed in multiple independent purifica- fluorescence. Such a decrease has been observed in other
tions and subsequent hanging drop preparations of HaPrP23 instances in which fibrils hav_e aggregated into densely matted
144. Thus, it does not appear to constitute an off-pathway @ssemblies4). We also noticed that, although HaPrP23
mechanism of fibril formation within the hanging drop 144 reacted with ThT, it was much less responsive than
environment but rather the primary one. corresponding reaction mixtures containing similar concen-

. . . trations of A340 fibrils (unpublished observations). It may
HaPrP23-144 and 4640 are amphipathic peptides con- » : .

taining a short but hyd?iphobic C—tgrmpi)nus ar?d 2 hydrophilic be; that th_e positively charged ThT mtera_cts less vigorously
N-terminus, as shown graphically with a Kyt®oolittle W'tlh peptldes _ﬁuclh ash HaP(;P§B44t, W?'Chbat mosli[ DE h
hydropathy plot 81) in Figure 2 of the Supporting Informa- va u:es tI'S posltlveli flzrg(f ue r? |.st'a qogmafYI_h_:_g
tion. These properties could allow them to self-assemble into Eﬁﬁrg(r:]arllcae%mcgpworkér)s. gisacTsesCeﬁn: Isﬁrﬁi:;rl);/ocatioﬁic
structures resembling detergent micelles under the right : . e
conditions. In fact, peptide micelles have been described for peptld.e (KLEG.’ .KLKLKLELELELG) that formed f'bf”s
some amyloidogenic peptides, including42 (32), which but failed to ellc_lt ThT quorescencéS@. The cumulapve
has a hydrophobicity profile similar to that of HaPrp23 ~ Effects of the high degree of bundling coupled with the

144. The HD environment appears to promote these ultra-Smaller -amounts O.f. fibrillar - material pr'oduced (see
structural features, perhaps by providing an increased polarR€sults) and the positive charge of the peptide may lead to

air—water interface area. The hydrophobic surface area attn® Poor ThT reactivity observed with the hanging drop

the air-water interface has been described as an important'€actions.

variable in protein aggregation and fibrillizatiod3j. Since Polymerization of HaPrP23144 in the hanging drop
the majority of amino acids in HaPrP2344 are hydrophilic, ~ environment appeared to occur outward from the globule
these residues may partition away from this hydrophobic (e.g., Figure 5SEG), suggesting that only the ends of the
surface into the agueous core of the globule, thus promotingfibril were actively polymerizing. However, there were also
phase separation and eventual self-aggregation. The SEMmany examples of large globules which appeared to be
images support the notion that over time fibrillization- directly interacting with mature fibrils (e.g., Figures 1D and
competent nuclei originating on the globular surface (e.g., 2) and, in some cases, actually extruding a new fibril onto
Figure 5D) could polymerize into entangled networks of the mature fibril (Figure 1D). This suggests that new fibril
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growth can occur along the length of an already mature fibril E. coli, the Kyte-Doolittle hydropathy plot for HaPrP23
and could help explain why large fibril bundles were formed 144 and A640, and representative nonagitated fibril mor-
under HD conditions. In these instances, we postulate thatphologies. This material is available free of charge via the
the mature fibrils act as a scaffolding to promote new fibril Internet at http://pubs.acs.org.

growth.

In our model, the large globules form and then thermo- REFERENCES

dynamically partition into either amorphous precipitate, inert
material, or polymerization competent species yielding
complex fibrillar networks (Figure 8). Such a heterogeneous
mixture may in part explain the gross differences in the
secondary structure of the HD reaction products when
compared to agitated fibrils. While both reaction mixtures
displayed the characteristitzsheet associated with mature
fibrils, HD mixtures also displayed a broader band from 1650
to 1700 cm* which likely represents a soluble mixture of
partially structured conformers, only some of which were
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