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(Background: Mutations in the gene of the nuclear polyadenylate-binding protein 1 (PABPNI1) lead to oculopharyngeal

Results: Fibrillar structures occur independently of the OPMD causing mutation.
Conclusion: OPMD might be caused by processes other than fibrillation.
Significance: Fibrils of full-length PABPN1 have been obtained which might have structures identical to those found in OPMD

J

Oculopharyngeal muscular dystrophy is a late-onset disease
caused by an elongation of a natural 10-alanine segment within
the N-terminal domain of the nuclear poly(A)-binding protein 1
(PABPN1) to maximally 17 alanines. The disease is character-
ized by intranuclear deposits consisting primarily of PABPNI1.
In previous studies, we could show that the N-terminal domain
of PABPN1 forms amyloid-like fibrils. Here, we analyze fibril
formation of full-length PABPN1. Unexpectedly, fibril forma-
tion was independent of the presence of the alanine segment.
With regard to fibril formation kinetics and resistance against
denaturants, fibrils formed by full-length PABPN1 had com-
pletely different properties from those formed by the N-termi-
nal domain. Fourier transformed infrared spectroscopy and lim-
ited proteolysis showed that fibrillar PABPN1 has a structure
that differs from native PABPN1. Circumstantial evidence is
presented that the C-terminal domain is involved in fibril
formation.

The nuclear poly(A)-binding protein 1 (PABPN1)? plays an
essential role in the processing of pre-mRNA in the nucleus (1,
2). Together with the cleavage and polyadenylation specificity
factor and the poly(A) polymerase, PABPN1 stimulates the
synthesis of polyadenylate (poly(A)) tails at the 3'-ends of
pre-mRNAs (3). In addition, PABPN1 controls the length of the
synthesized poly(A) tails with ~250-adenylate bases (4-7).
PABPNI1 consists of 306 amino acids and has a predicted
molecular mass of 32.8 kDa. The protein is composed of an
N-terminal acidic region, a central domain with a conserved
RRM domain (RNA recognition motif), and the C-terminal seg-
ment (8). The N-terminal domain contains a sequence of 10
consecutive alanine residues. The domain has been shown to be
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largely unstructured both in its isolated form and in the context
of full-length PABPN1 (9). Residues 125-162 form an a-helical
segment that precedes the central RNA binding domain (10).
The a-helical region is required for the stimulation of the
poly(A) polymerase (2). Both the RRM and the C-terminal seg-
ment ensure high affinity RNA binding (11). The basic C-ter-
minal domain harbors a nuclear localization signal and 13
asymmetric dimethylated arginine residues (8, 10, 12, 13).

The gene encoding PABPNI is located on chromosome
14q11.2-q13. This region has been identified to be mutated in
patients who suffer from oculopharyngeal muscular dystrophy
(OPMD) (14). Thus, PABPN1 has been recognized as a key
player in the development of the disease (15). Whereas in the
wild-type gene, a (GCN),, trinucleotide repeat encodes the ala-
nine stretch directly after the start codon, the gene of OPMD
patients shows an expansion of the repeat. The expansion leads
to a maximum of 7 additional alanines extending the wild-type
10 alanine segment to 17 alanines (15). OPMD is an adult-onset
disease that usually presents itself near age 50 and takes a pro-
gressive course (16 —18). The disease is characterized by a prox-
imal limb weakness, eyelid drooping (ptosis), and severe swal-
lowing difficulties (dysphagia) (18). OPMD biopsy material
from muscle fibers shows elongated intranuclear inclusions
that consist predominantly of PABPN1 (19, 20).

Currently, the role of the additional alanines on the aggrega-
tion behavior of PABPN1 is controversially discussed. We have
shown earlier that the purified N-terminal domain (residues
1-125) of PABPNI1 forms fibrils with typical amyloid-like char-
acteristics (21, 22). The presence of the polyalanine sequence
was absolutely necessary for the conversion of the soluble
domain into fibrillar aggregates (21, 22). On the other hand, in
vivo studies pointed toward a polyalanine-independent aggre-
gation/assembly of PABPN1 (23). The fact that several
oligomerization sites have been identified by independent
approaches implicates a high propensity of PABPN1 to form
oligomers and/or aggregates: (i) based on the crystal structure
of the RNA binding domain, dimerization of the domain has
been postulated (24). This assumption has been confirmed by
the solution structure of the corresponding domain from Xeno-
pus laevis (25). (ii) Two potential oligomerization sites have
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been detected via a yeast-two hybrid analysis to search for self-
association of PABPNI1 fragments. The oligomerization sites
have been mapped to amino acids 155-294 and 264 —306 (26).
To what extent the oligomerization segments contribute to
OPMD pathogenesis is still an unresolved question. It is neither
clear whether the aggregates found via in vivo approaches rep-
resent typical amyloid-like structures or whether the deposits
consist of amorphous aggregates containing either native or
denatured protein. Despite these uncertainties, evidence for an
intrinsic toxicity of overexpressed PABPN1 has been obtained
by a Drosophila model for OPMD (27).

To examine the role of PABPN1 conformation and oligomer-
ization in the development of OPMD, a biophysical character-
ization of full-length and truncated versions of PABPN1 was
performed. We show here that in contrast to our findings with
the N-terminal domain, fibril formation of full-length PABPN1
takes place independently of the presence of the alanine seg-
ment. Rather, evidence has been obtained that the C-terminal
49 amino acids are required for fibril formation. The biophysi-
cal characterization presented here shows that fibrils of full-
length PABPN1 have completely different properties from
those of the N-terminal domain.

EXPERIMENTAL PROCEDURES

Recombinant Expression of PABPN1 Variants—Escherichia
coli strain BL21 (DE3) (Novagen) served as host cells. To avoid
codon usage problems, either cells contained plasmid pUBS520
(28) in the case of full-length PABPN1, or CodonPlus RP (Strat-
agene) cells were used for the truncated variants. Recombinant
c¢DNA of full-length PABPN1 variants was in vector pET11a
(Novagen). Coding fragments for truncated PABPN1 variants
were amplified from this vector and ligated into pET SUMO-
adapt (29). Recombinant protein production was performed by
fermentation in complex medium in a 10-liter bioreactor
(BIOSTAT C-DCU; Sartorius Stedim) as described previously
(30) with the following modifications: at A, = 40 —50, protein
expression was induced with 1 mm isopropyl 1-thio-f3-p-galac-
topyranoside. The cultivation temperature was reduced to
30 °C to prevent inclusion body formation. Purification of full-
length PABPN1 was performed essentially according to a pub-
lished protocol (31); elution of PABPN1 variants from Blue-
Sepharose was achieved by a step gradient with 1 M L-arginine.
Truncated PABPN1 variants were expressed as fusions with
N-terminal His-SUMO which allowed purification via HisTrap
FF crude (GE Healthcare) (5 ml). Fusion proteins were eluted by
linear gradients from 20 to 250 mM imidazole in 50 mm Tris-
HCl, pH 7.9, 150 mMm KCI, 0.5 mm DTT, 10% (v/v) glycerol at a
flow rate of 2 ml/min. The His-SUMO fusion was hydrolyzed
overnight at 4 °C using SUMO protease (0.05% (v/v) of 0.5
mg/ml protease) followed by dialysis against 50 mm Tris-HCl,
pH 7.9, 150 mm KCl, 0.5 mm DTT, 10% (v/v) glycerol to obtain
untagged protein (32). To remove the His-tagged SUMO part-
ner, immobilized metal affinity chromatography was repeated.
A homogeneous protein species was obtained by anion
exchange chromatography using a 5-ml HiTrap Q HP (GE
Healthcare). Elution was achieved by a linear gradient from 150
to 500 mm KCl in 50 mm Tris-HCI, pH 7.9, 0.5 mm DTT, 10%
(v/v) glycerol, 1 mm EDTA. Conformational homogeneity of
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purified protein was confirmed by a symmetric elution peak of
the last chromatography step (supplemental Fig. S1).

Fluorescence Measurements—Intrinsic tryptophan fluores-
cence was measured at a protein concentration of 4.5 um. Flu-
orescence was recorded in 50 mm Tris-HCI, pH 7.9, 1.5 M KCl,
1 mm EDTA, 1 mm DTT, 10% (v/v) glycerol, at 20 °C with a
Jobin Yvon Spex Fluoromax 2. Samples were excited at 295 nm
and at a bandwidth of 5 nm. Spectra were accumulated five
times by using a 1-nm data pitch and an integration time of
0.2 s. Fibril formation was followed by thioflavin T (ThT) fluo-
rescence. Protein variants were incubated at a concentration of
60 um in 50 mm Tris-HCI, pH 7.9, 1.5 M KC], 1 mM EDTA, 1 mm
DTT, 10% (v/v) glycerol, at 20 °C. Samples were briefly mixed
and then diluted to final concentrations of 2 um with 50 um
ThT in 50 mm Tris-HCL, pH 7.9, 1.5 M KCI, 1 mm EDTA, 10%
(v/v) glycerol. ThT fluorescence was recorded at 482 nm with a
bandwidth of 8 nm at 20 °C and upon excitation at 450 nm.
Samples were measured in 1-cm cuvettes, and signals were
accumulated two times. Prior to fibrillation experiments, sam-
ples were centrifuged for 1 h at 105,000 X g (TLX 100.4; Beck-
man Coulter) and samples were analyzed by UV spectroscopy
to exclude the presence of aggregated or fibrillar species.

Solubilization of Fibrils—Fibrillar fractions were isolated
from the soluble species via ultracentrifugation (Optima™
TLX ultracentrifuge) at 50,000 rpm for 1 h. The pellet was incu-
bated with 50 mm Tris-HCI, pH 7.9, 1.5 M KCI, 1 mMm EDTA,
10% (v/v) glycerol containing different amounts of guanidinium
chloride (GdmClI). For concentrations above 2.5 M GdmCl, 150
mMm KCl was used to avoid solubility limits. After incubation for
1 hat 20 °C, solubilized protein was separated from the insolu-
ble fraction by ultracentrifugation (105,000 X g, 1 h). For deter-
mination of the protein concentration, the insoluble fraction
was solubilized in 6 M GdmCI, and the protein concentration
was measured by UV absorption (€, ,,, Of full-length variants
20,400 M~ 'ecm ™). A typical UV spectrum of PABPN1 variants
is shown in supplemental Fig. S2).

Limited Proteolysis—Soluble or fibrillar protein was incu-
bated at room temperature with either trypsin or proteinase K
at a mass ratio of 1:600 and 1:1000 (protease:protein) in 50 mm
Tris-HCL pH 7.9, 1.5 M KCL, 1 mM EDTA, 1 mMm DTT, 10% (v/v)
glycerol. Proteolysis was stopped with either a 5-fold molar
excess of aprotinin or PMSF. Analysis of proteolysis products
was performed by SDS-PAGE with 14% polyacrylamide gels.
For characterization of protease-resistant fragments, limited
proteolysis was stopped after 2 h. Subsequently, insoluble frac-
tions were isolated by ultracentrifugation (Optima™ TLX
ultracentrifuge) at 105,000 X g for 1 h. Two washing steps with
50 mm Tris-HCI, pH 7.9, 1.5 M KCI, 1 mm EDTA, 1 mm DTT,
10% (v/v) glycerol were included to remove soluble protein spe-
cies completely. Insoluble protein was recovered by ultracen-
trifugation. Finally, the insoluble fractions were dissolved in 6 M
GdmCland loaded on aJupiter 5 u C18 300 A (250 X 4.6) HPLC
column (Phenomenex). As mobile phase, bidestilled water,
0.1% TFA was used. Protein was eluted from the column by
applying a linear gradient up to 100% acetonitrile, 0.1% TFA.
Elution profiles were recorded monitoring the absorption of
peptide bonds at 215 nm and aromatic amino acids at 280 nm.
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RNA Binding Assay—Filter binding assays were carried out as
described (4, 11) using oligo(A) (14-mer) as an RNA binding
substrate. For the determination of apparent dissociation con-
stants, K5, 8.8 fmol of 3*P-labeled oligo(A)-RNA was incubated
with increasing concentrations of PABPNI1 variants (0-200
nM) in 40 ul of RNA-binding buffer (50 mm Tris-HCI, pH 7.9,
100 mm KCI, 1 mmM EDTA, 1 mm DTT, 10% (v/v) glycerol). After
10 min at room temperature, 35 ul of each reaction was applied
to nitrocellulose filters (NC 20, 0.2 um Whatman) which had
been preincubated in washing buffer (50 mm Tris-HCI, pH 8,
100 mm NaCl, 1 mm EDTA) containing 5 pg/ml rRNA (Roche
Applied Science). After rinsing the filters with 5 ml of ice-cold
washing buffer, filter-bound RNA was quantified via scintilla-
tion counting.

Size Exclusion Chromatography—For analysis of fibril forma-
tion via size exclusion chromatography, 100-ul aliquots of the
fibrillation samples were loaded on a Superdex™ 200 10/300
GL column (GE Healthcare) (25 ml). To ensure an appropriate
evaluation of the data, 5 ul of a L-tryptophan standard (0.3 mm)
was added to the samples prior the injection. Size exclusion
chromatography was performed with an AKT Apurifier system
(GE Healthcare) following elution via absorption at 280 nm.
After the runs, chromatograms were normalized to the absorp-
tion of the tryptophan standard at an elution volume of 27 ml.
As running buffer, 50 mm Tris-HCI, pH 7.9, 1.5 m KCI, 1 mm
EDTA, 1 mMm DTT, 10% (v/v) glycerol was used.

Miscellaneous—Samples for electron microscopy analysis
were prepared as published (22). Infrared spectra were
recorded at a Trensor 27 Fourier-transformed infrared (FTIR)
spectrometer equipped with a BIO-ATR II cell and a nitrogen-
cooled LN-MCT detector. For measurements, 20-ul samples
(protein concentration 2—4 mg/ml) were applied on the cells.
Spectra were accumulated 64 times at a resolution of 2 cm ™!
and 4-fold zero filling.

RESULTS

Fibril Formation of Full-length PABPN1 Does Not Require the
Alanine Segment—Previous work from our laboratory had
shown that fibril formation of the N-terminal domain of
PABPNI strictly requires the presence of the alanine segment
(21). At that time, studies of fibril formation with the full-length
protein had not been possible due to the high tendency of
PABPNI1 to form amorphous aggregates. Here, we resumed the
original objective to explore the influence of alanine expansions
on the conversion of full-length PABPN1 into fibrillar struc-
tures. As in the previous experiments, three variants of
PABPNI1 which differed in their alanine segments were studied:
wild-type protein, WT-PABPN1, with the natural 10 alanine
residues; an OPMD-related PABPN1 variant with the most
extreme expansion of seven additional alanines, (+7)Ala-
PABPNI; and a deletion variant in which the alanine sequence
had been deleted, AAla-PABPN1 (Fig. 1). Due to the tendency
of the protein to aggregate, conditions had to be found which
prevented amorphous aggregation and allowed fibril formation
studies in vitro. In the presence of 1.5 M KCl, formation of amor-
phous aggregates could be suppressed. High salt concentra-
tions possibly compensate electrostatic interactions of the
oppositely charged N- and C-terminal domains (pI of N-termi-
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FIGURE 1. Schematic representation of PABPN1 and deletion variants.
Light gray part shows the alanine segment, the following open bar depicts the
N-terminal domain. The black bar indicates the a-helical segment that pre-
cedes the RRM domain, the C-terminal segment is shown by the dotted bar. N,
N-terminal domain; «, a-helical segment; C, C-terminal domain.

nal residues 1-114: 4.0; pI of C-terminal residues 257-306:
11.8). The native structure and biological activity of the purified
protein were confirmed by fluorescence spectroscopy, circular
dichroism, and oligo(A)-RNA binding (see Figs. 3 and 7 and
supplemental Figs. S3—S5).

Before fibril formation assays, potentially present nucleation
seeds or oligomers were removed by ultracentrifugation. In
addition, the absence of aggregated species was controlled by
UV spectroscopy (supplemental Fig. S2). Subsequently, fibril
formation was tested by ThT fluorescence measurements. In
contrast to the N-terminal domains of PABPN1 which in the
presence of the N-terminal alanines formed fibrils after a lag
phase of approximately 15 days (21), full-length wild-type and
(+7)Ala-PABPNI1 fibrillized immediately without apparent lag
phases (Fig. 24). Unexpectedly, also the AAla-PABPN1 variant
gaverise to increased ThT signals which indicated the existence
of fibrils. Kinetics of fibril formation of full-length PABPN1
revealed hyperbolic curve shapes which are untypical for the
formation of amyloid-like fibrils. However, electron micros-
copy confirmed the presence of fibrillar structures (Fig. 2B). No
difference in the morphologies among the variants could be
detected. The kinetics of fibril formation at early time points
was analyzed by size exclusion chromatography (supplemental
Fig. S6). A time-dependent increase of a peak that corre-
sponded to oligomeric assemblies (>600 kDa) was observed. As
with time-dependent ThT fluorescence recordings, also this
approach did not show any differences in fibril formation kinet-
ics among the three variants.

Fibrils of Full-length PABPNI1 Exhibit Structures Different
from Soluble PABPNI1—The atypical fibril formation kinetics
prompted the question as to the nature of the fibrillar species.
To clarify whether structural changes had occurred before or
during fibril formation, tryptophan fluorescence was moni-
tored. PABPN1 has a single tryptophan in the C-terminal
region at position 302 (Trp-302). Changes in the tryptophan
emission spectra are an indicator for an altered polypeptide
environment and can be used to assess the solvent exposure of
tryptophan residues. The soluble forms of the PABPN1 variants
exhibited emission spectra with a maximum at 351 nm. In the
denatured state, the maxima were shifted toward 360 nm,
pointing to a complete solvent exposure of Trp-302. Emission
maxima of the fibrillar species were at 344 nm. The blue shift by
7 nm indicates that in the fibrils, Trp-302 is in a more hydro-
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FIGURE 2.Fibril formation of full-length PABPN1. A, time-dependent ThT fluorescence increases monitored at 482 nm. Black circles, WT-PABPN1; open circles,
AAla-PABPN1; and gray circles, (+7)Ala-PABPN1. Samples were incubated at 20 °C at a protein concentration of 60 um. B, electron micrographs of fibrillar
WT-PABPN1 (upper left), AAla-PABPN1 (upper right), and (+7)Ala-PABPN1 (lower). Scale bars, 200 nm.
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FIGURE 3. Tryptophan fluorescence analysis. Samples with protein concen-
trations of 4.5 um were excited at 295 nm. Emission spectra of native (mono-
meric), unfolded and fibrillar WT-PABPN1 (solid line), AAla-PABPN1 (dotted
line), and (+7)Ala-PABPN1 (dashed line) were recorded.
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phobic environment than in the soluble state (Fig. 3). Thus, it
can be concluded that the region close to Trp-302 has under-
gone a conformational change upon fibril formation.
Chemical Stability of Fibrillar PABPNI Differs from Fibrils of
N-terminal Domain—A typical feature of amyloid-like fibrils is
a considerably higher resistance against chemical or physical
influences compared with the monomeric proteins (33-36).
Fibrils of the N-terminal domain of PABPN1 had shown an
unusual high stability against solubilization with GdmCl and
the more chaotropic SCN salt of Gdm (22). To explore the
chemical stability of fibrillar PABPNI1, solubilization with
GdmCl was investigated. After removal of nonfibrillized pro-
tein by ultracentrifugation, the insoluble fraction was incu-
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FIGURE 4. Stability of fibrils against solubilization with GdmCI. The pro-
tein fraction that resisted solubilization after 1-h incubation at room temper-
ature has been plotted. Data were normalized to the fraction of insoluble
protein after washing with 50 mm Tris-HCl,, pH 7.9, 1.5 MKCl, T mM EDTA, 1 mm
DTT in the absence of GdAmCl. WT-PABPNT1 (black circles), AAla-PABPN1 (open
circles), (+7)Ala-PABPN1 (gray circles) and the truncated variant (SUMO-
AN114) that lacks the N-terminal domain (black squares) are shown.

bated with GdmCl of various concentrations. Solubilized spe-
cies were removed from fibrillar species by ultracentrifugation,
and the amount of protein present in the pellet fraction was
determined (Fig. 4). Quantification of the fibrillar fraction was
performed upon addition of 6 M GdmCI that led to complete
solubilization of the fibrils. The sigmoidal decrease of fibrillar
species at GAmCI concentrations higher than 1.5 m indicated
that solubilization might be a cooperative reaction, a finding
that currently cannot be explained. The midpoint of solubiliza-
tion was at approximately 2 M GdmCI. It is noteworthy that
fibrils of the N-terminal domain of PABPN1 alone could not be
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FIGURE 5. FTIR spectra. IR spectra of the amide | and Il regions are shown for
monomeric (gray lines) and fibrillar (black lines) protein. Solid line,
WT-PABPNT1; dotted line, AAla-PABPN1; and dashed line, (+7)Ala-PABPN1.
Spectra are normalized to the amide Il band.

solubilized by these GAmCI concentrations and that even 6 M
GdmCl was not sufficient to lead to complete solubilization of
these fibrils (22). Thus, fibrils formed by the N-terminal
domains and those formed by the full-length PABPN1 must
differ in fundamental biophysical and/or structural features.
Fibrils of the three PABPN1 variants did not show any differ-
ences in their chemical stabilities, indicating that the fibril
structures are similar if not identical. Thus, the presence or
absence of the alanine segment does not influence the chemical
or structural properties of full-length PABPNI fibrils.

FTIR Spectroscopy and Limited Proteolysis Confirm Confor-
mational Differences between Monomeric and Fibrillar Protein—
To gain more information about the structural features of
fibrils from full-length PABPN1, FTIR spectra were recorded.
The usage of attenuated total reflection allowed us to record
spectra in aqueous buffer without the replacement of H,O by
D,O. Independent of the presence of the alanine sequence,
monomeric and fibrillar PABPN1 exhibited similar spectra in
the region between wave number 1500 to 1590 cm ™" (Fig. 5).
Differences were obvious in the region of wave numbers 1600
cm ! to 1700 cm %, an area that provides information about
secondary structure contributions through the amide I oscilla-
tion. Monomeric protein variants exhibited a high absorption
at approximately 1650 cm ™' whereas spectra of fibrillar sam-
ples showed a shifted maximum in the range of 1640 cm ' to
1620 cm ', indicating an increase of B-sheet structures (37).
Thus, the B-sheet content must have increased upon fibrilla-
tion. A detailed analysis of FTIR spectra was not performed
because quantification of secondary structures via this method
is often not reliable. Nevertheless, the FTIR spectra revealed
conformational differences between soluble and fibrillar
PABPNI.

To confirm by an independent method that fibrillar protein
had undergone a conformational change, monomeric and
fibrillar PABPN1 were subjected to limited proteolysis. Prote-
olysis was performed with trypsin as a more specific protease,
and proteinase K, an unspecific protease (Fig. 6). With both
proteases, differences in the proteolysis patterns of soluble and
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fibrillar protein became evident. After a 3-h incubation of sol-
uble protein with trypsin, a protease-resistant fragment of 18
kDa was the predominating band (Fig. 64, lane 5). From earlier
results® we know that this band corresponds to the a-helical
segment followed by the RRM of PABPN1. The same incuba-
tion time of trypsin with fibrils yielded several products migrat-
ing at positions corresponding to 25, 30, and 35 kDa (Fig. 6B,
lane 5). After a 30-min incubation with proteinase K, mono-
meric protein had been degraded to products of 14 and 20 kDa
(Fig. 6C, lane 2) whereas in the proteolysis pattern of the fibril-
lar protein, bands of higher molecular mass were visible (Fig.
6D, lane 2). The presence of a weak band of apparent 50 kDa in
lane 3 (Fig. 6D) indicates that intact protein is still present after
a 1-h proteinase K digestion. The proteolysis of AAla-PABPN1
and (+7)Ala-PABPN1 gave rise to comparable digestion pat-
terns (Figs. S7 and S8), indicating that there were no gross dif-
ferences among the fibrils of the three variants. Taken together,
the limited proteolysis experiment clearly shows that structural
transitions must have occurred during or upon fibril formation.

Despite the fact that the protease resistance was not as pro-
nounced as expected for fibrillar protein, attempts were made
to identify those segments of the protein that made up the fibril-
lar core. To this end, fibrils were first incubated with trypsin for
2 h, isolated by centrifugation, and subsequently solubilized in
6 M GdmCI. Peptidic fragments were separated by HPLC and
identified via mass spectrometry (data not shown). The masses
obtained by this approach, stemmed predominantly from the
C-terminal region of PABPN1, i.e. the last 47 amino acids. We
conclude from these data that the C-terminal domain of
PABPNI1 seems to contribute to the fibril formation of full-
length PABPNI1 as it was assumed before on the basis of the
blue-shifted tryptophan fluorescence in the fibrillar population
(Fig. 3). Because, to a certain extent, peptides from all over the
PABPNI1 were also identified, it is possible that fibrils of
PABPNI1 do not possess a defined fibrillar core.

Substrate Binding Ability of Fibrillar Protein Is Reduced—
Next, the question was addressed as to whether fibrillar PABPN1 is
still able to bind RNA. Fibrillar protein was isolated via ultracen-
trifugation, fibrils were washed intensively to remove soluble
PABPNI, and the pellet was resuspended in fibrillation buffer. For
determination of the exact protein concentration, an aliquot of the
protein solution was solubilized in 6 M GdmCl, and the absorption
at 280 nm was measured. To determine the apparent dissociation
constant, K, a titration experiment with oligo(A)-RNA was per-
formed (Fig. 7). The titration experiment revealed K, values that
are 1 magnitude higher than those of soluble proteins (Table 1).
Thus, it appears that either not all of the protein present in the
fibrils is able to bind RNA or that the conformation of PABPN1 in
the fibrils impairs high affinity binding of the substrate.

In Absence of C-terminal Domain, Fibril Formation Becomes
Alanine-dependent—The tryptophan fluorescence spectra of
fibrillar protein and the results from the limited proteolysis had
already pointed to an involvement of the C-terminal domain of
PABPNI in fibril formation. To investigate in more detail the
influence of this domain in the process, a variant in which the

3T. Scheuermann, P. Riicknagel, A. Schierhorn, and E. Schwarz, unpublished
observations.
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FIGURE 6. Limited proteolysis. Time-dependent degradation of monomeric (A and) and fibrillar WT-PABPN1 (B and D) is shown after 10 min (lanes 1), 30 min
(lanes 2), 1 h (lanes 3), 2 h (lanes 4),and 3 h (lanes 5). Lanes O indicate the sample without protease. A and B, limited proteolysis with trypsin at a mass ratio of 1:600.

Cand D, limited proteolysis with proteinase K at a mass ratio of 1:1000.
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FIGURE 7. RNA binding assay of fibrillar full-length PABPN1. Filter binding
assays were performed with radioactive oligo(A)-RNA to determine the
apparent dissociation constants (Kj,) of fibrillar PABPN1 variants: WT-PABPN1
(black circles), AAla-PABPN1 (open circles), and (+7)Ala-PABPN1 (gray circles).
For comparison, monomeric WT-PABPN1 (black squares) is shown. Data
points were fitted according to Ref. 4. Dashed-dotted line, monomeric WT-
PABPN1; solid line, fibrillar WT-PABPN1; dotted line, fibrillar AAla-PABPN1; and
dashed line, (+7)Ala-PABPN1.

TABLE 1
Apparent dissociation constants
K, values were obtained from filter binding assays (Fig. 7) as described (4).

Apparent
PABPN1 variant K,
nm
WT-PABPN1 (monomeric) 4
WT-PABPN1 (fibrillar) 69
AAla-PABPNI1 (fibrillar) 50
(+7)Ala-PABPNI1 (fibrillar) 35
SUMO-AN114 (monomeric) 9

last 49 amino acids of PABPN1 were deleted (AC49) was stud-
ied (11). Again, three different variants were generated that
differed in the length of the alanine segments (Fig. 1). When the
proteins were incubated in fibrillation buffer at a protein con-
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centration of 60 M, no increases of the ThT fluorescence could
be observed over a time period of 50 days (data not shown).
Electron microscopy confirmed the absence of fibrillar struc-
tures. At concentrations of 0.5 mm, ThT signals slightly
increased and those of (+7)Ala-AC variant showing the fastest
rise (Fig. 8). This observation prompted the question of
whether seeding with the N-terminal domain would accelerate
fibril formation of the variants lacking the C-terminal domains.
To this end, fibrils of the N-terminal domain with the seven
alanine extension (N-(+7)Ala) were converted to seeds and
added to the AC variants. ThT fluorescence rises were now
clearly alanine-dependent (Fig. 8). Yet, no sigmoidal increases
were observed, and solubilization with GdmCl (data not
shown) revealed a low resistance of the fibrils as in the case with
the full-length variants. These observations indicate that the
fibrils obtained with the proteins lacking the C-terminal
domain had properties and structures similar to those of the
full-length protein.

To further analyze which domains within PABPN1 contrib-
ute to fibril formation, two more deletion variants were studied:
(i) the N-terminal domains possessing the a-helical segment
(N147) and only differing in the alanine segment and (ii) a trun-
cated variant in which a large part of the N-terminal domain
was deleted (AN114) (Fig. 1). Due to the poor solubility of the
latter variant and its high tendency to form amorphous aggre-
gates, AN114 was analyzed in the context of the N-terminal
SUMO fusion partner. First, the correct structure was probed
by the ability of the truncated version to bind oligo(A)-RNA
(supplemental Fig. S5). The K, of 9 nm showed that the variant
had retained its biochemical features with regard to RNA bind-
ing. Formation of fibrils was investigated by ThT fluorescence
(Fig. 9A). As for full-length PABPN1 variants, hyperbolic kinet-
ics without initial lag phases were recorded for AN114. Initial
fluorescence signals rose faster than those of fibrillation sam-
ples of full-length PABPN1 variants. ThT signals of variant
AN114 reached a plateau after 10 days, ~5 days earlier than
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FIGURE 8. Fibril formation of PABPN1 variants lacking the C-terminal domain. A, samples were incubated at 37 °C at a protein concentration of 0.5 mm.
Squares indicate the presence of 5% (w/w) seeds derived from fibrils of the N-terminal domain of PABPN1 (N-(+7)Ala); circles indicate the absence of seeds.
Black, WT-AC49; white, AAla-AC49; and gray, (+7)Ala-AC49. B, zoom into kinetics until day 17 with unseeded samples.
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FIGURE 9. Fibril formation kinetics of truncated PABPN1 variants. A, fibril formation of SUMO-AN114 (triangles), AAla-N147 (open symbols), and (+7)Ala-
N147 (filled symbols). Samples seeded with 5% (w/w) seeds from N-(+7)Ala (21) are indicated by squares, unseeded samples by circles. B, electron micrographs

of fibrillar SUMO-AN114 (left) and of (+7)Ala-N147 (right).

observed with the full-length PABPN1 variants. In contrast,
ThT signals showed sigmoidal rises for (+7)Ala-N147 in the

TABLE 2

Fibril forming properties of the investigated proteins/protein
domains and stabilities of the fibrils against solubilization

absence of seeds, indicating that fibril formation of this con- Protein/ Resilience
struct followed a similar if not identical mechanism as that of C‘le;:tt;ﬁ'clt foflizrtiilon d e‘;gﬁgs e (oplainst,
the N-terminal domains (21). In the presence of seeds from the PABPNI Yes No Low
N-(+7)Ala variant, an immediate fluorescence increase was AC49 Slowly and only at At elevated protein Low
observed. No ThT fluorescence changes were observed for the C*‘;igz;gg‘zfzi concentrations

AAla-N147 variant proving for this deletion construct an ala- AN114 Yes Low
nine-dependent fibril formation. The presence of fibrils for N147 Yes Yes High

(+7)Ala-N147 and AN114 was confirmed by electron micros-
copy (Fig. 9B). Fibrils of AN114 exhibited the same low resis-
tance against solubilization with GdmCl as fibrils of full-length
PABPN1 whereas those of (+7)Ala-N147 were resistant as
fibrils from the N-terminal domain (Table 2). Taken together,
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these results show that fibril formation of full-length PABPN1
involves the C-terminal domain and that fibrils obtained from
the N-terminal domain exhibit properties different from those
of protein variants possessing folded structures.

ACEEVEN
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DISCUSSION

Currently, no data are available which describe the thermo-
dynamics of full-length PABPN1 folding, a fact that hampers
studies of conformational transitions of this protein into fibril-
lar species. Yet with this work, for the first time a conforma-
tional transition of full-length PABPN1 into ordered fibrils and
an initial characterization of the fibrils could be achieved. The
major obstacle to these investigations was the high propensity
of PABPNI1 to form amorphous aggregates before adopting
fibrillar structures. Formation of amorphous aggregates could
be suppressed by incubating PABPN1 in buffers with high con-
centrations of salt, e.g. 1.5 m KCL. We assume that by the salt,
interactions of the N- and C-terminal domains, which are
oppositely charged, are impaired. When fibril formation of full-
length PABPN1 was studied, fibrils were also formed by AAla-
PABPNI. This observation was in contradiction to our ear-
lier results which had shown that the N-terminal domain
converts into fibrils only in the presence of the alanine seg-
ment (9, 21, 22). On the other hand, this finding agrees with
in vivo studies in which overexpressed PABPN1-GFP fusions
accumulated in intranuclear inclusions independently of the
presence of the alanine sequence (23). Yet, protein features
derived from in vitro and in vivo data can only be compared
to a limited extent.

A recent in vitro study with the yeast prion protein Ure2p has
shown a similar situation. Whereas the N-terminal domain has
been demonstrated to form fibrils with amyloid-like properties,
full-length Ure2p assembled into fibrillar structures that did
not share the biochemical features with those of the N-terminal
domain (38). This result and the data presented in this work
illustrate the basic fact that full-length proteins and domains
thereof are individual polypeptides with inherently different
biochemical properties and tendencies to adopt alternative
conformations.

The presence of ordered fibrillar structures of full-length
PABPNT1 has been confirmed by EM. No differences regarding
fibril morphology could be observed between the variants of
full-length PABPN1 with varying alanine tracts. Neither could
any differences be detected between the fibrils of the truncated
versions of PABPN1. Despite the fact that in the EM, fibrils of
full-length PABPN1 were indistinguishable from fibrils of the
N-terminal domain, several observations suggest that fibrils of
full-length PAPBN1 and AN114 do not possess the typical amy-
loid-like structures: (i) fibrils exhibited only a moderate resis-
tance against proteolysis; (ii) solubilization could be achieved
with intermediate concentrations of GdmCI; and (iii) ThT
fluorescence changes followed nonsigmoidal kinetics, suggest-
ing that nucleation which is generally considered as the rate-
limiting step during fibril formation is either not required or
plays a minor role before conversion of full-length PABPN1 or
AN114 into fibrils.

We show here that fibril formation of PABPNI leads to a
10-fold higher K, toward oligo(A)-RNA that may be caused by
a partial or local structural distortion of the RNA binding
domain or a reduced accessibility of the domain toward the
substrate due to its integration into the fibrils. Another expla-
nation for the reduced RNA binding could consist in a certain
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proportion of the molecules being in the unfolded state because
of steric hindrance in the densely packed fibril. A slightly
reduced affinity toward nucleic acid substrates has been
observed for typical amyloid-like fibrils from fusions of the
N-terminal domain of PABPN1 and the nucleic acid binding
model protein CspB (39). Furthermore, a previous NMR anal-
ysis of amyloid-like fibrils formed by the N-terminal domain
revealed that only a rather short segment comprising ~35 res-
idues can be sufficient to make up the fibrillar core (40). In such
astructure, folded domains could be preserved. Yet, the untypi-
cal properties of PAPBNI1 fibrils may result from minor confor-
mational changes that could have occurred before fibril forma-
tion, such as domain rearrangements. Whether PABPN1 fibrils
consist of domain-swapped assemblies as for example shown
for ribonuclease A is so far not clear (41). Similarly, it remains to
be resolved whether the structures obtained with the in vitro
formed fibrils are similar or even identical to those of arising in
OPMD muscle nuclei and could be labeled by immunogold-
conjugated antibodies (18, 23, 42).

The most unexpected finding of this work was that even in
the absence of the alanine segment, fibril formation of the full-
length protein can occur and that the complete N-terminal part
could be deleted without affecting the propensity of PABPN1 to
fibrillize. With these results we confirm in vivo results which
had demonstrated that the N-terminal domain of PABPN1 is
not the only key player in aggregation formation (23, 43). Con-
versely, variants in which the C-terminal domain had been
deleted formed fibrils very slowly and only when protein con-
centrations were raised ~10-fold, i.e. to the three-digit micro-
molar range. Incubation with seeds from the N-terminal
domain possessing the alanine extension accelerated fibril for-
mation. This acceleration by seeds points to a nucleation-based
process. However, the seeds from the N-terminal domain did
not endow the resulting fibrillar species with the high resistance
against solubilization as it has been observed typical for fibrils
of the N-terminal domain. Thus, a mechanistic explanation for
the seedability is at this stage missing.

Finally, the question remains of why alanine codon expan-
sions in the PABPN1 gene lead to OPMD, although the alanine
sequence and even the N-terminal domain seem not to be nec-
essary for fibril formation of PABPN1. An altered protein turn-
over due to the alanine extension could lead to the observed
intranuclear inclusions. As mentioned above, a careful compar-
ison of the in vivo formed fibrils with the fibrils obtained in vitro
will add to our understanding in which way deposits of mis-
folded protein are involved in pathogenesis.
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