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ABSTRACT: In contrast to most amyloidogenic proteins or peptides that do not contain any significant
posttranslational modifications, the prion protein (PrP) is modified with either one or two polysaccharides
and a GPI anchor which attaches PrP to the plasma membrane. Like other amyloidogenic proteins, however,
PrP adopts a fibrillar shape when converted to a disease-specific conformation. Therefore, PrP
polymerization offers a unique opportunity to examine the effects of biologically relevant nonpeptidic
modifications on conversion to the amyloid conformation. To test the extent to which a long hydrophobic
chain at the C-terminus affects the intrinsic amyloidogenic propensity of PrP, we modified recombinant
PrP with anN-myristoylamidomaleimidyl group, which can serve as a membrane anchor. We show that
while this modification increases the affinity of PrP for the cell membrane, it does not alter the structure
of the protein. Myristoylation of PrP affected amyloid formation in two ways: (i) it substantially decreased
the extent of fibrillation, presumably due to off-pathway aggregation, and (ii) it prohibited assembly of
filaments into higher order fibrils by preventing their lateral association. The negative effect on lateral
association was abolished if the myristoylated moiety at the C-terminus was replaced by a polar group of
similar size or by a hydrophobic group of smaller size. When preformed PrP fibrils were provided as
seeds, myristoylated PrP supported fibril elongation and formation of higher order fibrils composed of
several filaments. Our studies illustrate that, despite a bulky hydrophobic moiety at C-terminus,
myristoylated PrP can still incorporate into fibrillar structure and that the C-terminal hydrophobic
substitution does not affect the size of the proteinase K resistant core but controls the mode of lateral
assembly of filaments into higher order fibrils.

Conversion of proteins and peptides into amyloid fibrils a GPI anchor, which attaches PrP to the plasma membrane
is linked to several neurodegenerative or conformational (4). However, like other amyloidogenic proteins, PrP adopts
maladies including Alzheimer’s disease, Parkinson’s disease,a fibrillar shape, referred to as scrapie-associated fibrils or
amyotrophic lateral sclerosis, and prion diseageg)( Most prion rods, when converted into the disease-associated form
amyloidogenic proteins involved in these diseases are cy-(5—7). Therefore, PrP fibril formation offers a unique
tosolic and do not contain any significant posttranslational opportunity to evaluate the effect of biologically relevant
modifications. Prion protein is unique in this respect.’PrP natural modifications consisting of polysaccharides and/or
is modified with either one or two polysaccharid& énd a hydrophobic anchor, both of nonpeptide nature, on acquir-
ing the amyloid conformation.
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Ficure 1: Schematic representation of possible packing of PrP
molecules within amyloid fibrils. Hypothetical arrangements of PrP
molecules within the fibrillar form, where the GPI anchor (gray

circle) is buried inside the fibrils and interferes with the structure
of the fibrillar core (A) and where the GPI anchor does not interfere
with the structure of the fibrils (B).

While removal of the GPI anchor from mature PfBoes
not reduce prion infectivityg), it is unclear whether the lack
of the GPI anchor in PiPresults in formation of fibrils that
may be biologically irrelevant. The limited infectivity of
fibrils produced in vitro from GPI-deficient recombinant PrP
could be attributed to the lack of GPI-imposed steric
constrains essential to infectious fibril formatia® (0).

Biochemistry, Vol. 46, No. 3, 2007853

0
Cl
I N/\/NHZ + \n/\/\/\/\/\/\/
0]
o)
Et;N, DMAP
CH,Cl,
o)
H
| N/\/N\n/\/\/\/\/\/\/
o)
0 1

‘ PrP(S230C)-SH

PrP(S230C)-S H
Wi’\l /\/N\n/\/\/\/\/\/\/
O
o}

myr-PrP(S230C)

FIGURE 2: Synthesis of myr-PrP(S230C). Maleimide derivative
was prepared by acylation dfi-(2-aminoethyl)maleimide with
myristoyl chloride in the presence of triethylamine and 4-(dim-
ethylamino)pyridine (DMAP). The resulting maleimide was at-
tached to PrP(S230C) to yield myr-PrP(S230C).

J. T. Baker (Phillipsburg, NJ); other chemicals and buffer
salts, Sigma-Aldrich (St. Louis, MO); NuPage gels,
secondary antibodies, Dulbecco’s modified Eagle medium,
Glutamax, and fetal bovine serum, Invitrogen (Carlsbad,
CA); Permanox eight-well Lab-Tek chamber slides, Nalge
Nunc (Rochester, NY).

Expression and Purification of Wild-Type rPrP and PrP-

In the current study, we examined whether a hydrophobic (S230C). Wild-type mouse rPrP23230 (Mo rPrP) was

moiety, which is attached to the C-terminal amino acid

expressed and purified as described earligl; (2). The

residue and mimics a GPI anchor, interferes with or alters purified rPrP was confirmed by SDSAGE and electro-
the amyloid structure adopted by PrPin squnpn. _Prewously, spray mass spectrometry to be a single species with an intact
we developed an experimental procedure for in vitro conver- gisyifide bond and correct molecular weight. Refolding of

sion of recombinant full-length PrP (rPrP) into amyloid fibrils

rPrP to amyloid fibrils and electron microscopy were

(11). Being a bacterially expressed recombinant protein, the performed as previously describex®). Fibril formation was
rPrP used in our studies lacked a GPI anchor. Absence of.qnqucted at LM (automatic conversion format)L®) or

_the anchor removes steric constrains .that mi.gh_t have beenloﬂM (manual conversion format) rPrP in the presence of
imposed on the packing of the polypeptide chain in the cross-, p GdnHCI, 50 mM MES, and 10 mM thiourea (used as
[-sheet fibrillar core. Therefore, in the fibrillar state, GPI- antioxidant) at pH 6, 3PC, with shaking at 600 rpm. For

deficient PrP polypeptides may adopt a conformation dif- seeded fibril formation in the manual format the solution of
ferent from the disease-specific conformations formed by pyp was rotated in a Nutator (VWR) in the presence of 5%

PrP® in the cell. To mimic a GPI anchor, we mutated the ot hreformed fibrils. Seeds were sonicated for 10 s in a bath-
C-terminal residue of rPrP into cysteine whose thiol side type sonicator prior to reaction.

chain was chemically modified with a hydrophobic myris- *'5230C point mutation was introduced into the mouse
to_yl-conquated mal_e|m|dk(F|gure 2). Fibril formatlo_n from_ PrP23-230 gene using the QuickChange procedure, and the
this modified protein [myr-PrP(S230C)] was partially dis-  regylts were verified by sequencing. The mutant protein was
rupted at the early stages, possibly because the hydrophobigypressed and purified as previously descritield 12) with
modification enhanced off-pathway aggregation. But myr- he following modifications. For solubilization of inclusion
F_’rF_’(8230C) supported fibril elongation w_hen preformed rPrF_’ bodies and purification on an IMAC columf;mercapto-
fibrils were used as seeds. These results illustrate that, despit@nanol was replaced with 10 mM reduced glutathione. After
the bulky hydrophobic moiety at its C-terminus, myr-PrP- g fijtration, the PrP(S230C) solution (0.3 mg/mL in 6 M
(S230C) is able to incorporate into the fibrillar structure ;e and 100 mM Tris-HCl pH 7.5) was supplemented with
formed by GPI-deficient rPrP. 5 mM EGTA and 0.2 mM.-cystine, oxidized at 23C for
1 h, and dialyzed agaih8 M urea, 100 mM Tris-HCI, 5
MATERIALS AND METHODS mM EGTA, and 0.2 mMc.-cystine, pH 7.5, overnight for
Reagents and supplies were purchased from the followingfurther oxidation. All subsequent steps were as previously

companies and were of the highest quality availab\e:
ethylmaleimide, USB (Cleveland, OH); oxidized glutathione,
Calbiochem (San Diego, CA); HPLC grade acetonitrile,

described 11, 12).
Synthesis of N-(2-Myristoylamidoethyl)maleimitle K-(2-
Aminoethyl)maleimide trifluoroacetate salt (100 mg, 0.393



854 Biochemistry, Vol. 46, No. 3, 2007

mmol), 4-(dimethylamino)pyridine {1 mg), and triethy-
lamine (17QuL) were dissolved in 5 mL of dichloromethane
under dry argon atmosphere. Myristoyl chloride (1410

Breydo et al.

resolved by Fourier self-deconvolution in the Opus 4.2
software package using a Lorentzian line shape and param-
eters equivalent to 20 crh bandwidth at half-height and a

0.405 mmol) was then added in a single portion. The reaction noise suppression factor of 0.3.

mixture was stirred under argon at 28 for 2.5 h. The
mixture was extracted with 0.5 M sodium citrate buffer (pH
4.5, 4x 2 mL). The organic phase was extracted once with
2 mL of saturated NaHCg®then washed with 2 mL of the
citrate buffer, and finally washed with 2 mL of saturated
NaCl. The organic phase was dried over anhydrous MgSO
containing a pinch of activated carbon and then filtered.

Maturation and Proteinase K Digestion of Amyloid Fibrils
For detergent-mediated maturation, preformed rPrP fibrils
were dialyzed from denaturants and heated in a water bath
at 80°C in 100 mM Tris-HCI buffer (pH 7.5) and 0.05%
Triton X-100 for 20 min as described earliet4]. The
solution was then spun down in a tabletop centrifuge for 2
s to restore the original volume. The amyloid fibrils of rPrP

Solvent removal under reduced pressure on a rotary evapora{0.1 mg/mL, 10uL) were then treated with PK at 3T for

tor yielded 0.101 g of as a white foam (73% yield). HRMS
(ESI): m/z calculated for GoH3sN2O3 (M + H') 351.2648,
found 351.2639.

Protein Modification with Maleimidel. In a typical
reaction, to a solution of the S230C mutant of rPrP (400
uM, 50 uL) in 6 M GdnHCI were added Hepes buffer (1 M,
pH 7.3, 50uL), 6 M GdnHCI (50 L), DMSO (20 uL),
TCEP (10 mM in water, L), and water (255L). The
reaction mixture was shaken at 2@ for 10 min, and a
solution of the maleimidé (2.5 mM in DMSO, 7QuL) was
added. The reaction was shaken at@3or 5 h. The reaction
mixture was purified by HPLC (Symmetry 300 C4, 46
250 mm; Waters Corp., Milford, MA). The eluant gradient
consisted of +20% acetonitrile in water for 10 min,
followed by 20-60% acetonitrile in water over 55 min; the
flow rate was 0.8 mL/min, and the eluant contained 0.1%
TFA. The product eluted at 37% acetonitrile and was
lyophilized. The purity of modified rPrP was confirmed by
SDS-PAGE followed by silver staining and electrospray

1 hin 100 mM Tris-HCI buffer (pH 7.5, 1:100 PK:rPrP
ratio). Digestion was stopped by quenching with PMSF (0.5
uL, 50 mM in acetonitrile), followed by addition of x4
sample buffer ath 9 M urea to the final urea concentration
of 2.25 M. Samples were heated at 95 for 10 min and
analyzed by SDSPAGE on precast 12% NuPage gels
(Invitrogen) followed by silver staining.

Atomic Force Microscopylhe samples were imaged with
a PicoSPM LE AFM (Molecular Imaging, Phoenix, AZ),
operating in the AAC (acoustic alternative current) AFM
mode and using a silicon cantilever PPP-NCH (Nanoscience,
Phoenix, AZ) with a tip radiuss7 nm and a spring constant
of 42 N/m.a-rPrP,a-myr-PrP(S230C), or myr-PrP(S230C)
fibrils (10 uL) were deposited onto glass cover slips (25 mm
x 25 mm, Fisher) at 2xg/mL (for rPrP monomers) or 5
ug/mL (for fibrils). The coverslips were cleaned with 30%
HNO; before use. Samples were washed with distille®H
30 min after deposition and then dried with nitrogen. The
images (512x 512 pixel scans) were collected at a scan

mass spectrometry. The masses of WT and myristoylatedrate of -2 lines/s and a drive frequency of 285 kHz.

rPrP were 23062 and 23422 Da, respectively. This procedure

yielded 135ug of modified protein (29% vyield).

Protein Modification with N-Ethylmaleimide (NEMn a
typical reaction, to a solution of the S230C mutant of rPrP
(2 mg/mL, 42uM, 300uL) in water were added ammonium
acetate (1 M, pH 7.0, GL), TCEP (5 mM in water, &),
and a solution of NEM (25 mM in DMSO, 14L, 25 equiv).
The reaction mixture was shaken at 23 for 18 h and

Immunoconformational Assaypual-color staining was
performed as described earlid5]. Briefly, amyloid fibrils
were incubated fol h in Permanox eight-well Lab-Teks in
10 mM sodium acetate buffer (pH 5.0), then fixed with 4%
formaldehyde for 15 min, washed with Tris-buffered saline
(TBS), incubated with 3106 M GdnHCI in 50 mM Tris-
HCI (pH 7.5) for 1 h, and washed with TBS prior to assaying.
Samples were incubatedrfé h at 23°C with humanized

purified by HPLC as described above. The product eluted anti-PrP Fab R1 (2 mg/mL, 1:400), followed by incubation

in 37% acetonitrile and was lyophilized. The vyield of the
product was about 18@g (60%). The identity and purity of
the modified protein were verified by ESI-MS and SBS
PAGE.

Estimation of Hydrodynamic Dimensiori8ynamic light

with a secondary goat anti-human IgG (1:700) labeled with
Alexa-488. Then, the samples were incubatedLfa with a
reference Ab, mouse IgG AG4 (2 mg/mL, 1:1000) that
recognizes epitope 3750 in PrP, followed by incubation
with secondary Ab, goat anti-mouse 1gG (1:700) labeled with

scattering was used to determine the hydrodynamic radii of Alexa-546. Fluorescence microscopy was carried out on an

particles in solution with a DynaPro molecular sizing

inverted microscope (Nikon Eclipse TE2000-U; Plan Fluor

instrument (Protein Solutions, Lakewood, NJ) and Dynamics 100x, NA 1.3 objective) with an illumination system X-Cite

software using a 1L quartz cuvette with 1.5 mm path
length.

FTIR SpectroscopyTIR spectra were measured with a
Bruker Tensor 27 FTIR instrument (Bruker Optics, Bullerica,
MA) equipped with a multiple internal reflection cell
BioATR Il (effective path length is~1 um) and a MCT
detector cooled with liquid nitrogen. Fibrils were dialyzed
against 10 mM sodium acetate buffer (pH 5.0), andulLO
of each sample (0.25 mg/mL) was loaded into a BioATR Il
cell. Atotal of 1024 scans at 2 crhresolution were collected
for each sample under constant purging with nitrogen.

120 (EXFO Photonics Solutions Inc.) connected through fiber
optics.

Cell Culture and ImmunostainingHuman SH-SY5Y
neuroblastoma cells (ATCC) were cultured in Dulbecco’s
modified Eagle medium supplemented with 10% fetal bovine
serum, 2 mM Glutamax, 100 units/mL penicillin, and 100
ug/mL streptomycin. Cultured cells were plated at a density
~8000 cells/criin eight-well Permanox Lab-Tek chamber
slides and incubated at 3T in humidified 5% CG/95%
air. Wild-type o-rPrP or myre-PrP(S230C) was adminis-
tered to the culture medium at 1@/mL and incubated for

Spectra were corrected for water vapor, and backgroundl h. Cells were fixed with 4% formaldehyde in PBS and
spectra of the same buffer were subtracted. The bands weréncubated fo 1 h at 23°C with anti-PrP AG4 Ab (1:1000)
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followed by incubation with secondary Ab, goat anti-mouse
IgG (1:700) labeled with Alexa-546.

RESULTS

The C-Terminal Epitope 224230 of rPrP Is Buried within
Fibrils. We have observed earlier that the C-terminus of rPrP
encompassing residues 15230 is a part of the protease-
resistant3-sheet-rich core in amyloid fibrilsl@). Using a
recently developed immunoconformational assay, we con-
firmed that the epitopes located within the most stable PK-
resistant core 152230, including the extreme C-terminal
region (residues 224230), are buried in the fibril interior
(Figure 1) (L5). The accessibility of the 224230 epitope
was probed using dual staining with a pair of antibodies,
AG4 and R1, where antibody AG4, which recognizes the
unstructured N-terminal region of PrP, was used as an
internal control. We found that R1 antibody (epitope 224
230) does not bind to WT rPrP fibrils under native conditions.
Incubation of fibrils n 6 M GdnHCI, however, resulted in
denaturation and partial exposure of the R1 epitope (Figure
3). Global denaturation of fibrilsts&6 M GdnHCI seems to
be required for this epitope to become immunoreactive, as
incubation n 3 M GdnHCI had only a minor effect. These
data indicate that the C-terminus of rPrP is buried in the
fibrillar core. In light of this, it seems likely that attaching a
bulky hydrophobic moiety at position 230 could interfere
with amyloid formation or have a significant effect on
amyloid structure. To test this hypothesis, we have introduced
a point mutation at position 230 followed by chemical
modification of this residue and investigated the consequent
effect on the amyloid structure.

Design and Synthesis of Myr-PrP(S230@) order to
introduce modifications at the C-terminus of rPrP230,

we mutated the C-terminal serine residue (S230) to cysteine.
The mutant was expressed and purified using the same

procedure previously described for WT rPrP with minor
modifications. We took special precautions regarding forma-
tion of the proper disulfide bond in this mutant by performing
oxidative refolding of the protein in partially denaturing
conditions (3 M urea; see Materials and Methods). ESI-MS,
SDS-PAGE, CD, and size-exclusion chromatography con-
firmed that the final product of purification is the correctly
folded monomeriax-helical rPrP(S230C) (data not shown),
which is present as a mixture of cysteine and glutathione
adducts at cysteine 230 (Figure 4A).

The high reactivity of free cysteine with electrophiles
allows selective modification of this amino acid7( 18).
We prepared a maleimide derivatitevith a myristoyl (C14)
acyl chain by coupling oN-(2-aminoethyl)maleimide with
myristoyl chloride (Figure 2 and Materials and Methods).
The resulting substituted maleimide was covalently attached
to cysteine 230 of rPrP(S230C). Two natural cysteines in
rPrP(S230C) are involved in the disulfide bond buried in
the interior of the protein, and the newly introduced cysteine
could be reduced and modified with good selectivity. In the
optimized conditions (4@M protein, 100uM TCEP, 350
uM 1, 1.2 M GdnHCI, pH 7.3, 23C, 5 h) cysteine 230 in
rPrP(S230C) was modified with myristoylated maleimide
in ~80% yield. The product [myr-PrP(S230C)] was purified
by reverse-phase HPLC (Figure 4B). Only 30% yield of the
modified protein was obtained after purification, possibly

Biochemistry, Vol. 46, No. 3, 20055

Ficure 3: Immunoconformational assay on WT rPrP fibrils.
Fluorescence microscopy images of fibrils stained with a pair of
anti-PrP antibodies: AG4 (recognizing residues-80) and R1
(residues 224230). The fibrils were kept under native conditions
(top panel) or exposedt3 M GdnHCI (center panel) or to 6 M
GdnHCI (bottom panel) prior to staining. The secondary Ab to AG4
was labeled with Alexa-546 (red), and the secondary Ab to R1
was labeled with Alexa-488 (green). Unstained fibrils have no
detectable fluorescence.

due to aggregation of the product during purification. Purity
and identity of the modified protein were verified by
electrospray mass spectrometry (MW 23422 Da) (Figure 4C).
Using CD spectroscopy, we confirmed that myr-PrP(S230C)
maintains arw-helix-rich conformation similar to that of the
WT o-rPrP (Figure 4D).

Myr-PrP(S230C) Binds to the Cell Membran/hile
myristoylation had no visible effect on the secondary
structure of rPrP, we suspected that hydrophobic substitution
on the C-terminus of rPrP might change other biophysical
properties, such as the ability of rPrP to interact with the
cell membrane. Because the GPI anchor is normally respon-
sible for attachment of PFRo the cellular membrane&$¢—

21), we were interested in knowing whether myr-PrP(S230C)
could mimic the localization of PfPto lipid interfaces.

Indeed, we observed that myristoylation of rPrP significantly
increased its binding to the cell surface of SH-SY5Y
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FiGUurRe 4: Preparation of myr-PrP(S230C). (A) ESI-MS of PrP(S230C) displays a mixture of two adducts. In the inset, the deconvoluted
mass spectrum shows two peaks at 23196 and 23382 Da that correspond to cysteine and glutathione adducts of PrP(S230C), respectively.
(B) PrP(S230C) was modified with myristoylated maleimitién ~80% vyield and purified by HPLC. (C) ESI-MS of myr-PrP(S230C)

displays a single component with a correct molecular mass of 23422 Da as calculated from the deconvoluted mass spectrum (inset). (D) CD
spectra of myr-PrP(S230C) (dashed line) and WT rPrP (solid line) are similar, and both show predonairfeiital structure.
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FIGURE5: Myr-PrP(S230C) (A) but not WT rPrP (B) binds to cell membranes. Human SH-SY5Y neuroblastoma cells were incubated with
rPrPs (10ug/mL) for 1 h and stained with the anti-PrP antibody. Top panels represent immunofluorescence images using anti-PrP AG4
antibody (green). Bottom panels represent different fields of view, where phase-contrast images were superimposed with the
immunofluorescence images (antibody staining is shown in red). Cells treated with WT rPrP (B, left top panel) and control cells that were
not treated with rPrPs (B, right top panel) display only dim fluorescence, which was due to endogenously expréssed PrP

neuroblastoma cells (Figure 5A). This is not surprising since tions that rPrP with a synthetic hydrophobic modification at
protein myristoylation is known to promote protein the C-terminus binds to phospholipid membrar&3 g4).
membrane interactiong%). WT rPrP did not bind efficiently Myristoylation of rPrP Interferes with Spontaneous Fibril
to the cell surface under the same experimental conditionsFormation To test whether myristoylation at the C-terminus
(Figure 5B). Our data are consistent with previous observa- interferes with conversion into fibrillar form, we subjected
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Ficure 6: Myristoylation of rPrP impairs fibril formation. (A) AFM images of myr-PrP(S230C) fibrils taken at the end point of growth:
low magnification (panels 1 and 3), high magnification (panet8% and 3D image (panel 2). Green arrows show nonfibrillar aggregates,
and black arrows show fibril-like structures. Scale bar.1 um. (B) Electron micrographs of myr-PrP(S230C) fibrils taken at the end
point of growth. Scale bars 0.1 um. (C) Deconvoluted FTIR spectra (top panel) and their second derivatives (bottom panel) of myr-
PrP(S230C) (solid) and WT rPrP (dashed) fibrils show that conversion of myr-PrP(S230C) into the fibrillar isoform is incomplete. (D)
Proteinase K digestion assay of WT rPrP and myr-PrP(S230C) fibrils performed before and after maturation of fibrils.

myr-PrP(S230C) to conditions that readily convert WT WT fibrils (Figure 6D). The PK-resistant fragments, how-
protein to amyloid fibrils (2 M GdnHCI, 50 mM MES, pH ever, had the same size for fibrils formed from WT rPrP
6.0, 10 mM thiourea, 37C, shaking) 12). Under these = and myr-PrP(S230C). A new PK-resistant band of 16 kDa
conditions, myristoylated protein did form fibril-like elon- was observed upon brief incubation of WT rPrP and myr-
gated aggregates, but the reaction proceeded with{dld PrP(S230C) fibrils at high temperature (a procedure referred
lower yield as determined by ThT binding assay (Figure 8). to as maturation) (Figure 6D). Temperature-induced matura-
As judged from atomic force and electron microscopy, the tion consists of brief heating at 80C and results in
end products of the conversion reaction resembled fibrils elongation of the proteinase K resistant cdré) (Maturation
(Figure 6A,B). However, the majority of aggregates were was shown to be specific for amyloid rPrP structures but
short (106-500 nm in length, less than 8 nm in height) and not for g-sheet-rich nonamyloid oligomersl4). Taken
bent or kinked (Figure 6A, panels 1, 4, and-& or together, these results strongly suggest that myr-PrP(S230C)
composed of single filaments (Figure 6A, panels 2 and 5, is capable of forming amyloid structures with amyloid cores
and Figure 6B, panels-28). These filaments were strikingly ~ that are similar in size to the cores of wild-type fibrils.
different from the highly ordered fibrils formed from WT  However, myristoylation at the C-terminus of rPrP2230
rPrP, which were found to be composed of several laterally reduces the efficiency of spontaneous conversion into fibrils
assembled filamentsly, 25). In addition to fibril-like and seems to interfere with the complex process of lateral
structures, a large number of nonfibrillar amorphous ag- assembly of filaments into higher order fibril25).

gregates (2 nm height, 2600 nm radius) were observed To understand why myristoylation interferes with spon-
by atomic force microscopy at the end point of conversion taneous fibrillation, we suggest that this substitution either
of myr-PrP(S230C) (Figure 6A, panels 1 and 3); such changes physical properties of the conversion substrate,
aggregates were not observed in WT rPrP samples (data not.e., monomeric rPrP, or prohibits certain stages of
shown; ref25). For the samples taken at the end point of polymerization.

the conversion reaction, second derivatives of FTIR spectra Myr-PrP(S230C) Forms Multimers in SolutiofRormation
showed significantly smaller peaks corresponding-gheets of off-pathway aggregates is one of the possible explanations
(1616-1626 cnt) andf-turns and loops (1662 crd) and for the low vyield of fibrils from myr-PrP(S230C). We

a bigger peak corresponding tehelices (1651 cmt) for addressed this issue directly by examining the oligomeric
myr-PrP(S230C) compared to the WT rPrP (Figure 6C). state of the modified protein. Dynamic light scattering of
These data illustrate a decrease in the yield of fibril myr-PrP(S230C) (0.3 mg/mL, 0.5 M GdnHCI, 50 mM MES,
formation. PK digestion revealed a smaller amount of pH 6) showed a significant population of large (Stokes radius
protease-resistant fragments compared to that produced fron®20 nm) aggregates that were not observed for WT rPrP
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FIGURE 7: Myristoylated rPrP forms multimers in solution. The size of the particles formed by WT rPrP (black bars) and myr-PrP(S230C)
(gray bars) in solution was examined by dynamic light scattering (A) and atomic force microscopy (B): WT rPrP, panel 1; myr-PrP-
(S230C), panel 2. Scale bar 1 um.

A Myr-PrP(S230C) B differ from those of WT rPrP. Specifically, the slightly longer
) TS T 800 lag phase can be attributed to the high oligomerization state
p g of myr-PrP(S230C) in solution.
< 2 o00 To test whether fibrils formed from myr-PrP(S230C) are
2 g 400 structurally different from the fibrils produced from WT rPrP,
s S 500 we prepared seeded fibrils of myr-PrP(S230C) on a larger
- ' - scale. FTIR spectra of seeded fibrils were very similar to
i 0 20 40 60 80100 = 0 20 40 60 80 100 those formed from WT rPrP (Figure 9A). Fibrils produced

Time (h) Time h) from both proteins displayed double bands at 1618 and 1626
FIG\l,JVR1E 8;3 gir(ng;iqs ?rl: fibrg format]i[on from myf-g)P(?Zl%/OC\?,)vg_A) cm™! that correspond to intramolecular and intermolecular
or rPr in the absencev) or presence@) of 1% 3
rPrP fibrils used as seeds. The conversion reactions were carriedTH sheet structures and a band a.t 166”'“?"’“ apcounts
out in automated format at 3T at a rPrP concentration ofzdM or ﬁl-turn.s and loops. Th? proteinase K digestion pattern
in 50 mM MES (pH 6.0) in the presencé ® M GdnHCl and 10 ~ was identical for seeded fibrils of myr-PrP(S230C) and for
mM thiourea and monitored by ThT fluorescence in a Fluoroscan WT fibrils (data not shown). As judged from electron
Ascent CF microplate reader using a 444 nm excitation filter with mjcroscopy, the seeded fibrils of myr-PrP(S230C) were

a half-bandwidth of 12 nm and a 485 nm emission filter with a .
half-bandwidth of 14 nm (RFU corresponds to relative fluorescence composed of several laterally assembled filaments that

units). The measurements were conducted in triplicate, and thedisplayed relatively regular twisting patterns (Figure 9B).
results were averaged; error bars represent standard deviation forThese data indicate that myr-PrP(S230C) was successfully

triplicates. Data were acquired at 10 min intervals. recruited by preformed fibrils to support elongation of higher

under the same conditions (Figure 7A). Atomic force Order fibrils. _ N
microscopy (10 mM acetate, pH 5) showed that while WT A Smaller Hydrophobic NEM Adduct and a Hydrophilic
rPrP formed a few aggregates (Figure 7B, panel 1), myr- Glutathione Adduct Interfere Less Wlth PrP Fibril Formation
PrP(S230C) formed a large number of spherical aggregates! © test wh.ethe.r the size or polarity of t_he_ modn‘lc_atlon at
of variable sizes (Figure 7B, panel 2). These results indicatethe C-terminus influences spontaneous fibril formation fror_n
the tendency of myr-PrP(S230C) to form multimeric ag- 'PrP, we prepared adducts of the S230C rPrP mutant with
gregates under solvent conditions similar to that used for the small and hydrophobibl-ethylmaleimide [NEM-PrP-
the conversion reaction. Addition of large hydrophobic (S230C)] and the larger but hydrophilic glutathione [GS-
substituents such as myristoyl is known to facilitate formation PrP(S230C)]. NEM-PrP(S230C) was prepared by reacting
of protein—protein complexes2g, 27). Lack of secondary rPrP(S230C) with NEM in the presence of TQ.EP.at neutral
structural changes upon myristoylation of rPrP indicates that PH. GS-PrP(S230C) was produced by modification of the
binding between monomers in myr-PrP(S230C) multimers Purification procedure for rPrP(S230C) where oxidized
is unlikely to be tight, and the multimers may be considered 9lutathione was used instead of cystine for oxidative refold-
protein micelles. Off-pathway aggregation of myr-PrP- ing of the protein.
(S230C) is consistent with the low yield observed in fibril Both NEM-PrP(S230C) and GS-PrP(S230C) were used
formation. However, the aggregation does not explain the in our standard nonseeded conversion conditions (2 M
deficiency in assembling of filaments into high-order fibrils. GdnHCI, pH 6, 37C, shaking). In comparison to the fibrils
Mature Fibrils Can Be Formed from Myristoylated rPrP  produced from WT rPrP, fibrillar samples obtained from
upon Seedingn order to evaluate whether myr-PrP(S230C) NEM-PrP(S230C) showed lower ThT fluorescence (data not
is competent to form amyloid structure, we initiated fibril shown) and a somewhat larger proportion @helical
formation from this protein by addition of preformed WT conformation (shoulder at 1651 cf) as judged from
rPrP fibrils as seeds. Unlike spontaneous fibril formation FTIR spectra (Figure 10A). A prominent peak at 1626 ¢ém
from myr-PrP(S230C), which proceeded with low yield (see Wwith a shoulder at 1616 cm indicated the presence of
above), in fibril formation initiated by addition of 1% WT  intermoleculaiB-sheets (Figure 10A). Electron microscopy
rPrP fibrils, the final ThT fluorescence increased to the level showed high-order twisted fibrils composed of several
observed when WT rRrP was used as a substrate (Figure 8)filaments (Figure 10C). These fibrils exhibited complex
The lag phase, however, did not disappear completely evenultrastructures, suggesting that NEM did not interfere with
in the presence of the seeds (compare curves marked by lateral association.
in panels A and B of Figure 8). This is a possible indication  The kinetics of fibril formation from GS-PrP(S230C) and
that the physical properties of myr-PrP(S230C) in solution final ThT fluorescence were similar to those of WT rPrP
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Ficure 9: Fibril formation from myr-PrP(S230C) in the presence of 5% WT PrP seeds. (A) Deconvoluted FTIR spectra (top panel) and
their second derivatives (bottom panel) of WT PrP fibrils (dashed line) and fibrils formed from myr-PrP(S230C) seeded with WT rPrP

fibrils (solid line). (B) Electron microscopy images of seeded myr-PrP(S230C) fibrils. Scate @&um. The images in panels-b were
expanded perpendicular to the fibril axis to visualize the details in the intertwining pattern.
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line) and WT rPrP (dashed line) fibrils. (B) Deconvoluted FTIR spectra of GS-PrP(S230C) (solid line) and WT rPrP (dashed line) fibrils.
Electron micrographs of NEM-PrP(S230C) (C) and GS-PrP(S230C) (D) fibrils. Scalest@&um. The images of individual fibrils were
expanded perpendicular to the fibril axis to visualize the details in fibrillar ultrastructures.

(data not shown). FTIR spectra of GS-PrP(S230C) fibrils of the protein by enabling attachment to the cell membrane.
resembled the spectra of WT rPrP fibrils with the exception There is strong evidence that conversion of Pri@
of an extra shoulder at 1651 cin(a-helices) and a slightly ~ PrP¢ occurs on the cell membrane, possibly in lipid
decreased intensity at 1626 chy(S-sheets) (Figure 10B). rafts 28—32).
When examined by electron microscopy, the resulting fibrils | an attempt to mimic membrane-bound PrBeveral
were composed of several filaments and displayed straight|ahoratories have labeled recombinant or synthetic PrP with
and flat ribbon-like morphologies (Figure 10D). Both Sub- - synthetic surrogates of the GPI anchor. Ball and co-workers
stituents at the C-terminus of rPrP, small hydrophobic NEM chemically synthesized a “mini-prion” (lacking residues23
and larger hydrophilic glutathione, appeared to impact the gg and 141176 of WT PrP) and attached a lipophilic group
capacity of the filaments for lateral association much less {4 the C-terminal lysine residug®). The protein bound to
than the myristoyl group. NEM and glutathione, however, the cell surface in an orientation resembling that of PrP
seem to favor different modes of lateral association 10 Gjockshuber and co-workers added a short cysteine-contain-
pro_duce morphologically different populatlons _of hlgh-or_der ing peptide to the C-terminus of full-length rPr3}. The
fibrils. NEM-PrP(S230C) formed twisted fibrils that dis-  cysteine was the site of covalent attachment of the protein
played relatively regular twisting patterns, whereas GS-PrP-q |inosomes containing the thiol-reactive lipid PDP-DHPE.
(S230C) produced predominantly flat ribbon-like fibrils, - The structure of rPrP remained unchanged upon its modifica-
which occasionally showed some twisting. tion and coupling to the liposomes as judged by CD and PK
digestion 23). Pinheiro and co-workers mutated the C-
DISCUSSION terminal residue of rPrP to cysteine and attached a synthetic
The GPI anchor is an integral part of the prion protein GPI mimic 24). This modification resulted in a reversible
expressed in vivo. It has a significant effect on the properties increase of rPrB-sheet content as judged by FTIR and CD.



860 Biochemistry, Vol. 46, No. 3, 2007 Breydo et al.

When modified rPrP was incorporated into POPC or raft served as efficient seeds for polymerization of myr-PrP-
liposomes, its secondary structure reverted back to that of(S230C). The differences in the mechanism of spontaneous
unmodified PrP as judged by FTIR4). These results show versus seeded conversion could account for dramatic differ-
that a variety of nonpolar substituents at the C-terminus of ences in the impact of myristoylation observed in these two
rPrP can mimic a GPI anchor and mediate protein attachmentexperiments. Spontaneous polymerization is a highly hier-
to phospholipid membranes without causing significant archical process that consists of consecutive steps of filament
structural changes. However, none of the existing studiesformation followed by their lateral assembly into higher order
attempted to examine the effect of GPI surrogates on fibrils (25, 36). Seeded conversion, on the other hand, seems
conversion of rPrP into disease-related isoforms. In the to proceed via binding of single PrP molecules to fibrillar
current study, we introduced a nonpolar myristoylated group edges. Therefore, the negative effect of myristoylation on
at the C-terminus of rPrP as a modification designed to mimic seeded conversion is minimized as this effect appears to be
a GPI anchor. We did not attempt to directly emulate prion counteracted by the energy of binding of myr-PrP(S230C)
polymerization on a surface as it occurs in vivo, where the polypeptide to the fibrillar crosg-structure. These results
membrane-attached Pris recruited by membrane-bound are consistent with a report by Chesebro and co-workers that
PrPc. Rather, we explored the effects of C-terminal hydro- PrP¢ fibrils formed in mice that express GPI-deficient
phobic substitution on the intrinsic ability of rPrP to form PrP° were capable of initiating prion replication and induced
amyloid fibrils. Previous studies using other cell-free conver- prion disease in WT mice by recruiting normal GPIl-anchored
sion protocols demonstrated that lipid-raft-bound PrP PrF° (37).
resisted conversion into a PK-resistant conformation (referred In our study, smaller (NEM) or less hydrophobic (glu-
to as PrP-res) untii PFPwas released from rafts by tathione) substitutions at the C-terminus affected spontaneous
phospholipase digestion or PfRaeeds were fused with the fibrillation to a lesser extent than myristoylated modification.
membranesdl, 34). It seems that both PfRand PrP¢need High-order fibrils composed of several filaments were
to be aligned in a similar orientation for the conversion observed for both NEM- and glutathione-modified rPrPs
reaction to occur on a surface. (Figure 10). The mode of lateral assembly, however, was
To test the extent to which the intrinsic ability of rPrP to significantly affected by the size and the chemical nature of
form fibrils is affected, we introduced a hydrophobic the group attached to the C-terminus. Together with our
modification into the C-terminus of rPrP by covalent former studies on mapping of PK-resistant regions and
coupling to the maleimidé& prepared by acylation dfi-(2- epitope presentation, these data suggest that the C-terminus
aminoethyl)maleimide with myristoyl chloride. This sub- is not only involved in formation of cros§-structure but
stituent is somewhat shorter than the natural GPI anchor ormight also contribute to formation of the interface between
its previously used synthetic analogu@3, 4). Nonetheless,  filaments (5, 16).
it was sufficient to significantly increase the binding of myr- Chesebro and co-workers recently showed that infection
PrP(S230C) to cell membranes compared to WT rPrP (Figureof mice expressing GPI-deficient FrRvith PrPc led to
5). Moreover, the secondary structure of rPrP was unchangedaccumulation of protease-resistant Pideposits 7). These
by the modification (Figure 4). These results suggest that deposits (containing anchorless PyRvere infectious toward
our modification is a satisfactory functional analogue of the mice expressing wild-type P¥Pwhich suggest that the GPI
GPI anchor. anchor is not required for generating infectivity in the ®+P
Our experiments show a significant decrease in the yield dependent conversion reaction in viv®7). Also, Jackson
of fibrils from myr-PrP(S230C) (Figure 6). It appears that and co-workers have shown that enzymatic removal of the
the rest of the protein is present in the form of nonfibrillar GPI anchor from Pr® did not lead to any decrease in
aggregates, which account for a substantial drop in the yield infectivity as tested in cultured cells and in mice expressing
of fibrillation (Figures 6 and 7). The low yield of spontaneous wild-type Prf® (8). These experiments clearly indicate that
fibrillation observed for myr-PrP(S230C) is consistent with conversion of PrP to PrP¢ in vivo produces infectious
the results of Riesner and co-workers on conversion of PrP material independently of the presence of the GPI anchor
into fibrillar form in vitro (35). Using different solvent  on either of the participants. It is not clear, however, whether
conditions for the in vitro conversion reaction (0.01% SDS, the GPI anchor is important for generating infectivity in the
pH 7.2), they observed that FrRrmed a mixture of fibrils absence of PP seeds, the way it occurs in sporadic CJD.
and amorphous aggregates. Aggregates accounted for th@ur conversion reaction is designed to mimic spontaneous
majority of the protein (over 85%). Thus, formation of formation of prions, when PEP seeds are not provided.
amorphous aggregates may be a general property of PrP wittFuture investigation of fibril formation from myr-PrP(S230C)
a hydrophobic modification at the C-terminus in the absence bound to the cellular or synthetic membrane will provide
of any cellular components or cellular membrane. further insight into the mechanism of PrP polymerization.
As judged from the PK digestion pattern, the length of
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