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ABSTRACT. The analysis of modulation of fibril formation helps to understand the mechanism of fibrillation
processes besides opening routes for therapeutic intervention. Fibril formation was investigated with the
N-terminal domain of the nuclear poly-A binding protein PABPN1, a protein in which mutation-based
alanine extensions lead to the disease oculopharyngeal muscular dystrophy (OPMD). The disease is
characterized by fibrillar inclusions consisting mainly of PABPN1. A systematic modulation of fibril
formation kinetics was studied with trifluoroethanol, inorganic salts, low molecular weight organic
substances, a poly-alanine peptide and anti-amyloidogenic compounds. Anions with salting out properties
at high molar concentrations, poly-ethylene glycol and the poly-alanine peptide enhanced fibril formation
rates. The effect af-arginine on fibrillation rates depended on the counterion. Doxycycline and trehalose,
compounds that have been found to mitigate OPMD symptoms in animal models, surprisingly accelerated
fibril formation. Our results suggest that in the case of salts, primarily the salting out effects rather than
electrostatic effects modulate fibril formation. The unexpected acceleration of fibril formation by trehalose
and doxycycline questions the general view that these compounds per se impair fibril formation.

The nuclear poly(A) binding protein, PABPNlays an inclusions consisting primarily of PABPN#<8). Costain-
important role in the length control of poly(A) tail4,(2). ing with antibodies and in situ hybridization with oligo(U)
Trinucleotide extensions in the corresponding gene result in probes showed that the inclusions also contain ubiquitin,
an extension of the wild type sequence of ten alanines proteasomal subunits and poly(A) RNB)( The inclusions
positioned directly after the start methionine. In the most were described as palisade-like deposits resembling amyloid
extreme case observed in humans, these extensions comprisbrils with a diameter of ca. 8 nm.
seven additional_ alanine8)( The mutations have been shown Presently, numerous approaches are undertaken to clarify
to lead to the disease oculopharyngeal muscular dystrophyyhe gisease causing molecular processes. Indirect evidence

(OPMD). Afflicted individuals develop .around. the fift.h that OPMD may be caused by intranuclear protein deposits
decade typical OPMD-related symptoms like eyelid drooping, omes from mutant analysis demonstrating that oligomer-

swallowing difficulties and proximal limb weakness. His- i, 41ion of PABPNL facilitates protein aggregatia®.(High
tochemical analysis of biopsy material revealed intranuclear |, .| <oncentrations due to oligomerization are likely to

support aggregation. Critical levels of PABPN1 alone may
T This work was supported by the DFG through the Sonderfors- be sufficient for pathological conditions as already overex-
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overexpressionl@—14). Furthermore, certain low molecular
weight compounds like doxycycline and trehalose attenuate
OPMD-like symptoms in mouse model$3 15, 16). It is,

Lodderstedt et al.

used for synthesis were products of Novabiochem, Bachem,
Fluka or Merck and of highest available commercial purity.

NMR Spectroscopy and Fourier Transform Infrared

however, so far unclear whether these substances directlySpectroscopy (FTIR}H-spectra were recorded at a Bruker

interact with fibrillar or prefibrillar protein species.

While the effects of low molecular weight substances on
fibril formation can be tested in vivo, the influence of salts
on fibrillation can only be tested in vitro. Salt-induced altered
fibril formation rates have been demonstrated for insulin,
f2-microglobulin, a-synuclein, S6 and glucagoi{—21).

In this work we present results that show that fibril formation
kinetics can be modulated by saltsarginine, poly-ethylene
glycol, a synthetic poly-alanine peptide, trehalose and
doxycycline in vitro. Yet, in contrast to the above listed
proteins, high molar concentrations of the ions were required,

AMX 400 MHz spectrometer in 100%40 at 37°C. Buffer
composition was identical to that in the fibrillation assays.
Infrared spectra were recorded on a Bruker IFS 66 FTIR
spectrometer equipped with an MCT detector under continu-
ous purge with dried air. A spectral resolution of 2 ¢m
256 scans, Blackman-Harris 3-Term apodization and a zero
filling factor of 2 were used to collect the spectra. 20 mg/
mL of fibrils of N-(+7)Ala and the respective molar mixtures
with poly-alanine peptide AKYK —NH, were allowed to
form in H,O and centrifuged. The fibrils were dissolved in
D,0, centrifuged again and lyophilized twice with,®.

a fact that indicates that electrostatic effects are not the causésamples were prepared between two Leifidows separated

for their effects on fibril formation rates. Rather, the strongly
accelerating effect of S anions and PEG appears to

reflect their salting out properties. The acceleration of fibril
growth rates found for trehalose and doxycycline implies

by a Teflon spacer of 5am. D,O spectra were recorded
under the same conditions and subtracted from the spectra
obtained from fibrils. The final spectra were normalized to
the intensity of the band at ca. 1644 cinfor better

that, in the animal models, these substances may not directlycomparison.

interfere with fibril formation but rather may retard fibril
formation by inducing stress responses.

MATERIALS AND METHODS

Protein Production and PurificatiorModulation of fibril
formation was tested with the N-terminal domain of PABPN1
(residues 125 in the wild type protein). In this work, a
mutant variant of the N-terminal domain with seven ad-
ditional alanine residues (N+{7)Ala) corresponding to the
most extreme extension observed in human was investigated
Due to expression in pET15b, the domain is preceded by an
N-terminal histidine tag which does not influence fibril
formation @2). An exact description of this fragment, its

recombinant expression and purification has been published

(22). Bacterial expression and purification of the His-tagged
deletion variantAN113-AC27 was done as previously
described 23) with the following variations: Bacterial
growth and induction was in minimal medium at 26.
Removal of nucleic acids and other protein contaminants was
achieved by fast protein liquid chromatography using a
Resource S column (GE Healthcare). Calf thymus PABPN1
was purified with minor changes as described earfd).(

Peptide Synthesighe C*-peptide amide H-Alg-Lys-Tyr-

Analysis of Fibril Formation and Preparation of Seeds.
Fibrils were formed by incubating protein samples of a
concentration of 1 mM in 5 mM KEPO, pH 7.5, 150 mM
NaCl, 1% (w/v) NaN at 37°C. For analysis of fibril growth,
ANS fluorescence was monitored as described previously
(25). Seeds were prepared as publish2®).(Quantification
of fibril formation kinetics was difficult due to the fact that
fibril formation kinetics showed protein batch variations and
also varied with seed preparations. For obtaining comparable
data, each individual experimental setting for the comparison
of fibril formation kinetics and/or lag phases was performed
with identical protein and seed preparations.

Circular Dichroism (CD) SpectroscopD spectra were
recorded at 20°C on a J-810 spectrapolarimeter (Jasco,
Easton). The protein concentration was in the range from
0.06 mg/mL to 1.0 mg/mL as indicated in the figure legends.
N-(+7)Ala was measured in 5 mM KIRO, pH 7.5, 0.15
mM NacCl in the absence or in the presence of 0.6 and 1.2
M salts with 0.1 mm quartz cuvettes over the range of-200
250 nm. The spectra shown represent the average of 10 scans
run in 0.5 nm intervals, with a speed of 10 nm/min and a
response of 1 s. The spectra of full-length PABPN1 from
calf thymus and of the varialN113-AC27 were measured
in 20 mM Tris-Cl, pH 8.0 containing 50 mM KCI, 10%

Lys-NH, was prepared by batch solid-phase peptide synthesisg|ycero| and 1 mM EDTA at 20C. Spectra represent an

using a fully automated peptide synthesizer (Applied Bio-
systems 431 A), standard Fmoc chemistry, HBTU/HOBt
activation and NMP as the coupling solvent. Synthesis was
initiated with 0.1 mmol of preloaded Tentagel S RAM-Lys-
(Boc) Fmoc resin (Rapp Polymere GmbH, Germany; load-
ing: 0.22 mmol g*) while all remaining amino acids were
coupled stepwise using 10 equiv (1 mmol) of the respective
Fmoc-Xaa amino acid building block. After simultaneous
release from the resin by TFA treatment and side chain
deprotection, the crude peptide product was precipitated with
dry diethyl ether and purified by preparative RP-HPLC. The
identity and purity of the synthesized peptide was checked
by analytical HPLC (220 nm) and MALDI-TOF mass
spectrometry (MALDI 5 V5.1.2, Kratos Kompakt) yielding
satisfactory analytical data (MALDI-TOF M$®yz calcd for
C72H121N23021 (16449) 1645.1 ['VH’ H]+) The reagents

average of 20 scans recorded in 1.0 nm steps, at a scan speed
of 100 nm/min and a response time of 1 s.

Miscellaneous.Quantification of soluble (monomeric)
protein during and after fibril formation by reversed phase
high performance liquid chromatography (RP-HPLC) has
been described2p).

RESULTS

The N-Terminal Domain of PABPNL1 Is Largely Unstruc-
tured. The analysis of poly-alanine induced fibril formation
with recombinantly produced full-length PABPN1 was
hampered by the contamination of fibrils with nonfibrillar
aggregates. Thus, for the investigations presented here,
fibrillation was studied with the N-terminal domain of
PABPN1 containing seven additional alanine residues,
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FiGUrRE 1: (A) 'H NMR spectrum of N-¢-7)Ala in D,O at 37°C.

Missing resonance dispersion reveals a naturally unfolded polypep-
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Ficure 2: Effect of TFE on fibril formation of N-¢7)Ala. (A)
Fibril formation was monitored by ANS fluorescence: control
(squares); in the presence of 20% TFE (triangles); in the presence
of 80% TFE (circles). ANS signals were fitted to obtain sigmoidal
increases. (B) CD spectra of N={)Ala in the absence (solid line)

and in the presence of 80% TFE (dashed line).

200 210

tide chain. Truncated signals correspond to buffer protons. (B) CD Predicted the presence of marenelical secondary elements

analysis of a deletion construct of PABPNIN113-AC27 (dotted
line), N-(+7)Ala (dashed line) and the entire protein (solid line).
The calculated addition spectrum AN113-AC27 + N-(+7)Ala

is indicated as a thick gray line.

than in the wild type fragmen2@). We thus asked whether
the a-helix inducing and stabilizing compound trifluoroet-
hanol (TFE) would impair fibril formation 26). In the
presence of 20% TFE, a dramatic retardation of fibril

N-(+7)Ala, the most extreme extension observed in humans formation was observed (Figure 2A). The delay of fibril

(3, 22, 25). A previous thermodynamic analysis of N-[)-
Ala by chemical induced unfolding had revealed a non-

formation by ca. 40 days could be explained by evaporation
of TFE caused by prolonged incubation time at°® with

cooperative unfolding reaction that was interpreted as a lackintermittent sample removal. To analyze whether the long

of tertiary structures (data not shown). In order to confirm
this assumption, structural features of W7)Ala were
studied by NMR spectroscopy. TRel NMR spectrum of
N-(+7)Ala (Figure 1A) resembles a fully unfolded confor-

lag phase in the presence of TFE may be caused by an altered
structure that has been induced by TFE, far-UV CD

spectroscopy of the soluble fragment in the presence and
absence of TFE was performed. Clearly, the presence of TFE

mation because of missing resonance dispersions typicallyleads to an increased amounteshelical structures (Figure

observed for chemically or thermally denatured proteins, e.g.,

2B). This result indicates that stabilization or induction of

the methyl groups around 0.7 ppm and the aromatic protonsa-helical structure(s) suppresses fibril formation.

between 6 and 9 ppm show random coil chemical shifts.

Stabilizing Hofmeister Anions Suppress Fibril Formation.

CD spectroscopy was performed to investigate whether Depending on their position in the Hofmeister series, ions

the N-terminal domain would have the same structural
features in the context of full-length protein. For the analysis
the deletion construakN113-AC27, which almost comple-
ments the N-terminal domain to full-length PABPN1, was
studied. The CD spectrum &N113-AC27 was added to
the spectrum of N-{7)Ala. The calculated addition spectrum
is superimposable with that of full-length PABPN1 (Figure
1B) proving that, in the detached form, the N-terminal

either stabilize or destabilize protein structur2g 8). We
reasoned that stabilization of thehelical structure(s) as
observed with TFE would impair fibril formation, conse-
quently, high molar concentrations of the helix stabilizing
salt (NH,),SO, were added to N-(7)Ala. In the following
experiments, fibril formation kinetics were monitored upon
seeding, since the lag phases of fibril formation usually
ranged between 10 and 15 days and were often batch-

domain possesses an identical secondary structure as in thdependent (for more details see Materials and Methods).

natural context.

The Helix Stabilizer TFE Impairs Fibril Formation.
Though no indication for a defined structure could be
obtained by NMR, the far-UV CD spectra of N-{)Ala

Furthermore, the seeded reactions with initial linear increases
of ANS fluorescence allowed a more accurate determination
of elongation rates than the unseeded reactions. At both
concentrations applied, 0.6 and 1.2 M, (IM$O, accelerated
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Ficure 3: Effect of anions with Ni™ as the counterion on fibril
formation. Fibril formation upon addition of seeds was monitored
by ANS fluorescence. (A) Fibril formation in the absence (squares)
and presence of 0.6 M (triangles) and 1.2 M (circles) {NEO..

(B, C) Fibril formation in the presence of NBI (B) and NH,NO3;

(C); symbols as in (A). The increase of ANS fluorescence was fitted
to a first-order reaction to determine the initial fibril formation rates.
Error bars result from three independent experiments.

0 2 4 6

fibril formation kinetics (Figure 3A, Table 1). Quantifica-
tion of remaining soluble species via RP-HPLC upon
completion of fibril formation revealed that the majority of
the protein had been converted into fibrils (Supporting
Information, Figure 1). EM analysis of the fibrils revealed
that the presence of (NSO, influenced neither fibril
lengths, widths, nor packing (data not shown). Further-
more, far-UV CD analysis showed no effect of (W50,

Lodderstedt et al.

Table 1: Fibril Formation Acceleration Factors Caused by the
Addition of Salts and Arginine to the Fibrillation Reactiéns

SO2” Cl- NO;~

NH,*

0.6 M 38 0.6 0.9

12M (>30) 13 1.2
Nat

0.6 M (>200) 11 1.3

12M (>300) 2.7 2.3
arginine

0.6 M 0.3 0.4

12M 1.8 0.5

a|ncreases of ANS fluorescence were fitted to first-order reactions
to determine the initial fibril formation rates. The increases of ANS
fluorescence in the absence of salts were defined as 1.

(NH,),SO, affects the fibril formation reaction itself, e.g.,
stabilization of fibrillation intermediates or the fibrils them-
selves.

Numerous investigations demonstrate that in particular
anions facilitate fibril formation: An acceleration of fibril
formation by millimolar concentrations of sulfate anions was
observed witha-synuclein,s>-microglobulin and glucagon
(18, 19, 21). These results were interpreted by electrostatic
effects of the anions on prefibrillar species. In order to
explore whether the sulfate anion or the ammonium cation
of (NH,),SO, causes the observed acceleration of fibrillation
rates, Ct and NQ~ with NH4" as the counterion were tested
for their effects. With NHCI, an acceleration of fibril
formation by a factor of 1.3 was observed at a concentration
of 1.2 M, while in the presence of 0.6 M NHI, a retardation
of fibril formation was found (Figure 3B). A possible
influence of NHCI on the secondary structure content of
the soluble species was excluded by far-UV CD spectroscopy
(data not shown). With NHNOs, even at the high molar
concentration of 1.2 M, no significant influence on the
kinetics of fibril formation was detected (Figure 3C). Thus,
the acceleration of fibril formation observed in the presence
of (NH,4).SO, should be mediated by the anion of the salt.
Furthermore, since the ionic strengths of (l$Qs, NH,-

Cl, and NHNO; differ only by a factor of 2, the effects
observed here are due to the specific anion and not different
ionic strengths.

The anions tested so far were added together withaéa
the counterion in order to detect effects of cations on
fibrillation kinetics. NaSQO, led to a comparable enhancement
of fibril formation rates as (Ng),SO;, (Figure 4A). NaCl, at
1.2 M, accelerated fibril formation by a factor of 2.6, while
at 0.6 M the effect of NaCl was marginal (Figure 4B, Table
1). The fact that 1.2 M NECI gave rise to a 1.3-fold
acceleration of fibril formation (Figure 3B) indicates that to
a certain extent also cations influence the fibril formation
process. Surprisingly, Nahad a slightly more accelerating
effect than the more kosmotropic iWHcation £8). Again
no influence of the ions on the structure of the soluble species
could be detected by CD analysis (data not shown). As with
the other salts, only the rate of fibril formation was influenced
and not the final amount of fibrillar species (Supporting
Information, Figure 1). In a similar way as NaCl, NapO
accelerated fibril formation (Figure 4C).

In summary, the most prominent effects were obtained
with SO2~ anions (Table 1). This result confirms those of

on the content of secondary structure of the soluble speciesothers who showed that sulfate anions can play a major role
(Supporting Information, Figure 2). We therefore assume that during in vitro fibril formation processed g, 19, 21). Since
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FicUre 5: Effect ofL-arginine on fibril formation rates. (A) Fibril
C22 ] formation in the absence (squares) and presence of 0.6 M (triangles)
L = and 1.2 M (circles) arginine/Cl. (B) Effect of arginine/$@n fibril
20 7 e formation. Symbols as in (A). The increase of ANS fluorescence
518 1 }/ /i’i’ ’I// was fitted to a first-order reaction to determine the initial fibril
< 16 1 & - = formation rates. Error bars result from three independent experi-
814 ] ments.
c
812 1 - o o _
9 10 | that are typical in industrial in vitro renaturation processes.
é 8 ] To assess counterion effectsarginine titrated with either
0 6] HCI or H,SO; was used.L-Arginine/Cl retarded fibril
Z 4] formation (Figure 5A). Quantification of residual monomeric
2 species after completion of fibril formation revealed a
0 significant amount of non-fibrillized soluble protein (Sup-

M A A porting Information, Figure 1). When arginine/$@as

incubation time (d) present, a retardation of fibril formation was only observed
FIGURE 4: Effect of anions on fibril formation with Naas the ~ at 0.6 M arginine/SQ while at 1.2 M, kinetics were
counterion. Fibril formation was monitored as indicated in the accelerated by a factor of ca. 2 (Figure 5B). Here, quantifica-
legend to Figure 3. (A) Fibril formation in the absence (squares) tion of soluble species after completion of fibril formation
and presence of 0.6 M (triangles) and 1.2 M (circles)3@. (B, showed comparable levels of soluble species of the control
ngbfcf)?sCtagfinN&F)l (B) and of NaN®(C) on fibril formation; sample without arginine/SOand that containing 1.2 M

' arginine/SQ (Supporting Information, Figure 1). Quantifica-

an influence of the salts on the secondary structural contenttion of nonfibrillized protein could not be performed with
of the monomeric species was excluded via CD spectroscopythe sample containing 0.6 M aginine/§@ince even after
we conclude that the salts influence potential conformational 30 days, ANS fluorescence signals had not reached a plateau
intermediates on the way to the fibrillar state or ease the (Figure 5B). Since, with arginine/Cl, fibril formation rates

association of soluble species with already existing fibrillar Were reduced whereas, with 1.2 M arginineSirillation
species. was accelerated, we conclude that also here th& Sfion

The Effect ofi-Arginine on Fibril Formation Depends is responsible for the enhanced fibril elongation rates.
Primarily on the CounterionProtein aggregation can also  Poly-ethylene Glycol Accelerates Fibril FormatioAn-
be suppressed by the amino acidrginine which is used ~ Other stabilizing agent s poly-ethylene glycol which is used
in industry for in vitro refolding of denatured proteins. The in crystallography due to its stabilizing properti&i). The
solubilizing effect ofL-arginine on aggregation-prone folding  poly-alcohol has also been tested as an artificial crowding
intermediates often increases renaturation yiei#s 80). agent during fibrillation ofo-synuclein 82). Here, PEG-
Thus, we tested the influencesfrginine on fibril formation 8000 with a similar molecular mass as M+{)Ala was tested.
kinetics at the high molar concentrations (0.6 and 1.2 M) At both a 5- and 10-fold molar excess, PEG accelerated fibril
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A" the disaccharide trehalose has been reported to reduce both
1 hd in vitro and in vivo stress induced protein misfoldir@B(-
35). For in vitro stabilization of a model protein, trehalose
—— concentrations up to 0.8 M have been demonstrated to
increase thermodynamic stabilit33). In vivo, trehalose has
been shown to display beneficial effects in animal models
for Huntington’s disease and OPMD§, 36). Therefore, a
potential effect of trehalose on the fibrillation of N-7)Ala
was tested. Unexpectedly, the presence of 250 mM trehalose
resulted in a reduction of the lag phase and an acceleration
of fibrillation kinetics (Figure 6B; Supporting Information,
‘ ‘ ‘ . . ‘ ‘ Table 1).
0 5 10 15 20 25 30 35 As a second compound that has been described to attenuate
incubation time (d) and delay OPMD symptoms in a mouse modéb)(
doxycycline was added in an equimolar concentration to
unseeded fibrillation samples. As trehalose, doxycycline
accelerated fibril formation (Figure 6C; Supporting Informa-
tion, Table 1). This finding indicates that even though
tetracycline derivatives have been shown to interfere with
fibril formation of A 1—42 peptide and transthyretin in vitro
(37, 38), reduction of fibril formation or even resolution of
fibrils by tetracycline derivatives may not be a general feature
of these compounds.

A Synthetic Poly-alanine Peptide Stimulates Fibril Forma-
tion and Is Integrated into N+ 7)Ala Fibrils. Poly-alanine
peptides have been described to exhibit a high propensity to

0 R A SR S S undergo in vitro fibril formation 89, 40). Thus, we asked
0 10 20 30 40 S50 60 70 80 90 100 whether a poly-alanine peptide containing 17 alanines as
incubation time (d) present in N-¢-7)Ala would accelerate fibril formation. A
C “pure” poly-alanine peptide could not be synthesized due to
its extremely poor solubility. Thus, the influence on fibril
formation of N-(+7)Ala was tested with the peptide;A
KYK-NH ,, that possessed additional solubilizing C-terminal
residues. Addition of 0.1 mM AKYK-NH, to samples
containing soluble 1 mM N-(7)Ala reduced the lag phase
of fibril formation and enhanced fibril growth rates (Figure
7A; Supporting Information, Table 1). The decrease of both
soluble N-+7)Ala and peptide species after an incubation
time of 15 days, as quantified by RP-HPLC, indicated the
conversion of soluble into fibrillar species (Figure 7B). The
e ability of the peptide to undergo a conformational change
0 10 20 30 40 50 60 70 80 90 100 from a-helical to 3-secondary structure was confirmed by
incubation time (d) CD analysis (Supporting Information, Figure 3). Removal
FiGURE 6: Influence of the crowding agent PEG and the low 0f the loosely with the fibrils associated peptide by washing
molecular weight substances trehalose and doxycycline on fibril and subsequent solubilization of the fibrils with guanidinium

Iﬁ;maat}isoe”ngé I(\ls-q%?rgls;;'efﬁg |ln 't‘qu'\é' F')\:;a(:e?ééao‘f’vgsrnipﬂcaﬁgfgég) andhiocyanate allowed quantification of the peptide fraction
10 mM (circles) PEG 8000. Fibril formation upon addition of seeds which had been integrated into the fibrils (Supporting

was monitored by ANS fluorescence. The increase of ANS Information, Figure 4). Furthermore, the sample containing
fluorescence in the presence of seeds was fitted to a first-order peptide alone did not give rise to increased ANS fluorescence
reaction to determine the initial fibril formation rates. (B) Unseeded ithin 15 days, in contrast to the reaction in which both
fibril formation in the absence (squares) and presence of 250 mM eptide and N-£7)Ala had been present (Figure 7A). This
trehalose (triangles). (C) Unseeded fibril formation of 1 mM gbgervation su.(_ zasts that rises ri)n ANS (si %als res)LlIt from
N-(+7)Ala in the absence (circles) and presence of 1 mM g g9 . - > - 9, :
doxycycline (triangles). ANS signals were fitted to obtain sigmoidal Peptide and N-{-7)Ala in mixed fibrils. Visualization of the
increases. In (B) and (C), the slopes of ANS increases in the linearfibrils by EM revealed no differences to those fibrils that
range are indicated by interrupted lines. Error bars result from three e obtain in the absence of peptide (Figure 7C).
independent experiments. The influence of A\KYK-NH , on the secondary structure
i o ) o . elements of fibrils was investigated by FTIR spectroscopy

formation kinetics (Figure 6A), confirming our assumption (Figure 7D). The shape of the amide I band of the-N?)-
that salting out effects play a crucial role during fibrillation a3 fibrils revealed bands at 1624 cfrand 1695 cm! which
of N-(+7)Ala. clearly indicate the formation of antiparall@isheets 41—

The Potential Therapeutic Agents Trehalose and Doxy- 43). The broad shoulder at ca. 1644 ¢hmay be assigned
cycline Accelerate Fibril FormatiorSimilarly toL-arginine, to unordered structures. All spectra have been normalized
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Ficure 7: Influence of the poly-alanine peptide AKYK-NH ; on fibril formation of N-(+7)Ala. (A) Unseeded fibril formation of 1 mM

N-(+7)Ala in the absence (squares) and presence of 0.1 mM¥XK-NH ; (triangles). For control, ANS fluorescence with 0.1 mM7A

KYK-NH ; in the absence of NHf7)Ala was tested (circles). The slopes of ANS increases in the linear range are indicated by interrupted

lines. (B) RP-HPLC chromatograms of samples from the fibrillation reaction containing7¥A{a and A-KYK —NH,, before incubation

(gray line) and after 15 days (black). Peak | corresponds to solubleYX-NH , and peak Il to soluble N4 7)Ala. (C) Electron micrograph

of putative “mixed” fibrils consisting of N-t7)Ala and A-KYK-NH,. (D) Normalized FTIR spectra of NH7)Ala fibrils in the absence

(solid line) and presence of poly-alanine peptideK¥'K-NH ;. 1 mM N-(+7)Ala was incubated for 15 days with 0.1 mM (dashed line)

and10.4 mM (dotted line) AKYK-NH ,. Spectra were measured in@ at 20°C and normalized to the intensity of the band at ca. 1644

cmt,

to the band at 1644 cm to directly visualize the changes structural changes ifi,-microglobulin and thus an accelera-
in the 5-sheet content of the protein peptide fibrils. With tion of fibril formation (18). More generally, a prominent
increasing amounts of the peptida/AYK-NH , from 0.1 role of physiological anions and poly-anions in the fibrillation
to 0.4 mM in the protein peptide mixture, the intensity of process is being assumet¥( 45).
the band at 1624 cm increased, indicating an increased  gajt-elicited structural changes in N-{)Ala were not
amount of3-sheets in the fibrils. observed by CD spectroscopy though small amounts of
structurally divergent species that could serve as fibrillation
DISCUSSION intermediates may not be detected via this technique. On
The result that fibril formation rates are enhanced by the other hand, not even fibril morphology was influenced
anions was not unexpected since several publications haveby the salts. Fibrils formed in the presence of the tested
demonstrated a stimulating effect of anions on fibril forma- anions never differed in their length, width or packing from
tion (18, 19, 21). It has been speculated that, during those formed in the absence of salts. Thus, sulfate ion
fibrillation of a-synuclein,f3,-microglobulin and glucagon, induced changes on the level of fibril morphology and
the anions act via their ionic interactions, and their influence packing as have been reported for Abeta peptid€s do
on fibril formation corresponds to the electroselectivity series, not occur under the conditions investigated here. Taken
i.e., the potency of anions to bind to anion exchange materialtogether, our data allow the conclusion that anions influence
(18, 19, 21). However, in these reports salt effects were fibrillation of N-(+7)Ala probably only via their salting out
already observed in the millimolar range. In contrast, here, properties. This assumption is confirmed by the effect of
the anions only exerted effects at high molar concentrationsPEG, an uncharged substance that acts as a molecular
where Hofmeister ions display their activities. In the case crowding agent and protein stabilizer based of-#dhout
of a-synuclein, the effect of anions on fibril formation was being a saft-“salting out” properties. The significantly
interpreted by an anion-induced structure formation of the smaller effects of cations compared to anions is noteworthy
otherwise natively unfolded proteil9). Likewise, under and supports our assumption that electrostatic effects may
acidic conditions, Ng50O, has been shown to lead to be of subordinate importance. As the isoelectric point of
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N-(+7)Ala is at 4.6, cations should enhance fibrillation at ACKNOWLEDGMENT

heutral pH via reduction of charge repulsion. We thank Gerd Hause for confirming the existence of

Both trehalose and doxycycline, at the concentrations fibrils by EM. We are grateful to Rainer Rudolph and Marcus
tested here, reduced the lag phase of fibril formation, a result Fandrich for critical comments on the manuscript.

which is not compatible with the beneficial effects of these
substances in the OPMD animal models§,(16). Of course
it is not clear which intracellular concentrations of trehalose Quantification by RP-HPLC of soluble species after

and doxycycline were present and effective in vivo. Fur- gprijjation, the CD analysis of N-£7)Ala in the absence
thermore, both compounds could elicit a series of intracellular 5,4 presence of (NBSOs, CD spectra of the peptide A
responses like increased chaperone expression and/or enkyK-NH , before and after incubation at room temperature,
hanced proteolytic breakdown. While the in vivo effects of gnd a table summarizing the effect of a peptide and low
trehalose and doxycycline in OPMD models require com- molecular weight compounds on fibril elongation rates. This

prehensive cell-biological testing, the data presented herematerial is available free of charge via the Internet at http://
provide strong evidence that both substances might interactpubs.acs.org.

with either soluble or prefibrillar intermediates in such a way
that fibril formation is accelerated. REFERENCES
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