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Abstract

The effect of the polypeptide environment on polyalanine-induced fibril formation was investigated
with amyloidogenic fragments from PAPBNI1, a nuclear protein controlling polyadenylation. Mutation-
caused extensions of the natural 10 alanine sequence up to maximally 17 alanines result in fibril for-
mation of PABPN1 and the development of the disease oculopharyngeal muscular dystrophy (OPMD).
We explored the influence of fibril formation on the structure and function of a one-domain protein
linked to the fibril-forming part of PABPN1. The well-characterized, stably folded, one-domain protein,
cold-shock protein CspB from Bacillus subtilis, was fused either to the C terminus of the entire N-
terminal domain of PABPNI1 or directly to peptides consisting of 10 or 17 alanine residues. The fusion
protein between the N-terminal domain of PABPN1 and CspB formed fibrils in which the structure and
activity of CspB were retained. In the fibrils formed by fusions in which the polyalanine sequence was
directly linked to CspB, CspB was unfolded. These results indicate that the folded conformation and the
function of a protein domain can be maintained in amyloid-like fibrils, and that the distance between

this domain and the fibril plays an important role.
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Protein misfolding diseases receive increasing attention
both from the field of drug design and basic science (for
review, see Selkoe 2003; Scheibel and Buchner 2006).
While a number of these diseases arise spontaneously or
result from infections, congenital disorders are also well
described (Soto et al. 2006). Well-known examples are
familial forms of Morbus Alzheimer and Chorea Hun-
tington (Lazo et al. 2005), diseases that are caused by
point mutations in the gene for the amyloid precursor
protein or trinucleotide expansions in the gene for
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huntingtin, respectively (for review, see Everett and
Wood 2004). In the case of the latter, additional trinu-
cleotide repeats result in the extension of a polyglutamine
sequence. Less than 40 glutamines are considered to
reflect the “healthy form” of the protein, and individuals
possessing more extended polyglutamine segments
develop the disease. A clear correlation between the
length of the polyglutamine extension and disease onset
and severity has been reported (Andrew et al. 1993;
Borrell-Pages et al. 2006).

Besides polyglutamine extensions, expansions of poly-
alanine segments have been described to be associated
with disease or developmental disorders (for review, see
Albrecht and Mundlos 2005). However, in contrast to poly-
glutamine extensions, which can comprise more than 100
additional glutamines, pathogenic polyalanine extensions
are much shorter and consist maximally of 15 additional
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alanine residues (for review, see Amiel et al. 2004).
Hitherto, extensions of polyalanine sequences have been
exclusively described in nucleic acid binding proteins,
and more precisely, with only one exception, in tran-
scription factors (Albrecht and Mundlos 2005). The only
protein for which polyalanine-induced fibrillation has
been confirmed in vivo and in vitro is the RNA-binding
protein PABPN1, which controls the length of poly-A
tails during mRNA processing (Wahle 1991; Wahle and
Ruegsegger 1999).

Polyalanine extensions affecting the N-terminal do-
main of PABPNI1 are associated with oculopharyngeal
muscular dystrophy (OPMD), a late-onset disease (Brais
et al. 1998; for recent review, see Abu-Baker and Rouleau
2007). Biopsy material from OPMD patients revealed
intranuclear inclusions of a palisade-like appearance in
muscle nuclei resembling amyloid-like deposits (Tomé
et al. 1997; Calado et al. 2000). We showed previously
that fibril formation of the N-terminal fragment of
PABPNI1 occurs in vitro, and that the propensity to form
fibrils increases with the length of the polyalanine se-
quence (Scheuermann et al. 2003). However, it is still
unclear whether fibrils are the cause for disease develop-
ment: A study involving a transgenic fly model suggests
that the RNA-binding domain of PABPNI1 plays a major
role in OPMD symptoms (Chartier et al. 2006). On the
other hand, since the protein oligomerizes upon associa-
tion with RNA, a defect in RNA binding likely reduces
local concentrations of PABPNI1 that may be required for
fibril nucleus formation. An intact oligomerization do-
main of PABPNI is crucial for disease development
(Fan et al. 2001), which supports the hypothesis that
intracellular threshold concentrations of PABPNI influ-
ence fibril formation. Furthermore, the findings that
OPMD symptoms can be mitigated by chemical and
molecular chaperones point to a direct involvement of
the fibrils in the disease development (Bao et al. 2002,
2004; Abu-Baker et al. 2003; Davies et al. 2005, 2006;
Wang et al. 2005).

The molecular steps that occur during fibril formation
of amyloidogenic proteins are currently intensively inves-
tigated. A protein’s propensity to convert into fibrils
cannot be predicted from its primary sequence, and the
molecular transitions from the soluble to the fibrillar
state(s) seem to differ from protein to protein. Recent
reports suggest that the structures of fibrils depend on the
fibrillation conditions (Tanaka et al. 2004; Petkova et al.
2005; Pedersen et al. 2006). In fact, the provocative hypo-
thesis has been put forward that many, if not all, proteins
can be converted into fibrils once the conditions suitable
for fibril formation have been identified (Chiti et al.
1999a). However, proteins display pronounced differ-
ences in their propensities to convert to the fibrillar
states, presumably depending on their native state stabi-

lization energies, if (partial) unfolding precedes amyloid
formation, or, in the case of unstructured proteins, on the
kinetics of fibril formation (Chiti et al. 1999Db).

PABPNI can be roughly divided into three domains:
The N-terminal domain with ca. 125 amino acids is rich
in glutamic acid residues; the function of this domain is
currently unknown. This domain is separated from the
central RNP (ribonucleic protein) domain by a 34-amino
acid comprising o-helical segment. Both the RNP
domain and the C-terminal domain (259-306) contribute
to RNA binding during polyadenylation (Kiihn et al.
2003; for review, see Kiihn and Wahle 2004). The N-
terminal domain of PABPNI is largely unstructured, and
no tertiary contacts could be detected for this domain
(Lodderstedt et al. 2008). Here, we asked whether the
propensity of the N-terminal domain to form fibrils would
be influenced by a fusion to a stably folded domain and,
vice versa, whether fibrillation affects the structure and
function of the linked folded domain. The activity of
the RNP- and C-terminal domains of PABPNI1 can, in
principle, be assessed by complex in vitro polyadenyla-
tion assays, but a thermodynamic characterization of their
stability is not established. Thus, for our investigations,
we fused the cold-shock protein from Bacillus subtilis,
CspB, C-terminally to the amyloidogenic sequences of
PABPNI. CspB is a well-folded small protein with 67
residues, and its structure and stability are well charac-
terized (Schindelin et al. 1993; Schnuchel et al. 1993;
Schindler et al. 1995). Its native function can be assayed
by its ability to bind with high affinity to oligonucleotides
(Zeeb and Balbach 2003; Max et al. 2006; Zeeb et al.
2006), and its thermodynamic stability can be measured
when it is fused to the N-terminal domain of PABPN1. In
this work, we show that this fusion protein forms fibrils in
which the stability and function of CspB are retained.
When, however, only short oligo-alanine stretches of 10
or 17 residues are linked directly to CspB, fibrils still form,
but CspB is destabilized and inactive in these fibrils.

Results and Discussion

In fusions with the N-terminal domain of PABPNI,
CspB is correctly folded

Previous in vitro analyses of the polyalanine-induced
fibrillation of PABPN1 were performed with the N-termi-
nal fragment only, because the full-length protein forms
amorphous aggregates, which obscures fibril formation
(Scheuermann et al. 2003; Lodderstedt et al. 2007). The
N-terminal fragment starts with 10 alanine residues imme-
diately after the start methionine, and comprises the first
125 residues of wild-type PABPN1 (Fig. 1; Scheuermann
et al. 2003). In previous work, we investigated the
biophysical properties of three variants of the N-terminal
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Figure 1. Schematic representation of the fusions analyzed in this work.
The constructs were generated in a way that CspB contained the start
methionine in the fusions with the entire N-terminal of PABPNI, but
lacked the start methionine in the direct fusions.

Fusions of the N-terminal
domains with CspB

“Direct fusions” of alanine
sequences with CspB

fragment, one with 10 alanines corresponding to the wild-
type sequence (N-WT), one with 17 alanines (N—(+7)
Ala) (as the most extreme extension found in OPMD
patients), and one in which the alanine segment had been
deleted (N-AAla). This variant never formed fibrils. Dur-
ing these studies, circumstantial evidence was obtained
that the N-terminal domain of PABPNI1 lacks a stably
folded tertiary structure (Lodderstedt et al. 2008).

In order to explore how the folding state of the neigh-
boring polypeptide environment influences alanine-
induced fibril formation, we fused CspB, a well-characterized,
stably folded single domain protein (Schindelin et al.
1993; Schnuchel et al. 1993; Schindler et al. 1995) to five
different versions of the amyloidogenic part of PABPNI.
In these constructs CspB was linked to the wild-type
version of the N-terminal domain (N-WT), to versions
that contained 17 instead of the natural 10 alanine stretch
(N—(+7)Ala), or in which the 10 alanines had been deleted
(N-AAla). In addition, 10 or 17 alanines were fused directly
to CspB (Fig. 1). These fusion proteins were recombinantly
produced in Escherichia coli and purified as described in
Materials and Methods.

The structures of the fusion proteins were analyzed by
CD spectroscopy. The chimeras consisting of N-WT or
N-AAla fused to CspB showed identical spectra indicat-
ing similar if not identical secondary-structural elements
(Fig. 2A). The fusion protein consisting of N—(+7)Ala
and CspB showed an increased amount of «-helical
structure compared to the proteins in which CspB was
fused to N-WT or N-AAla. This increase in a-helical
structure originates probably from the seven additional
alanine residues, since oligo-alanine stretches have a high
helix propensity (Scholtz and Baldwin 1992; Miller et al.
2002). In fact, for the N-terminal domain of PABPNI1
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alone, an increase in helicity was found when the natural
sequence was extended by seven alanines (Scheuermann
et al. 2003). The measured CD spectrum of N—(+7)Ala-
CspB is very well represented by the sum of the CD spec-
tra of the separate components (N—(+7)Ala and CspB
[Fig. 2B]). This provides good evidence that, in the fusion
protein, both partners retain the same conformation as in
isolation.

CspB binds to stretches of single-stranded DNA and
RNA (Graumann and Marahiel 1994). Binding can be
monitored very well by using an oligonucleotide with
seven deoxythymidines (dT7) as a substrate. Upon binding
of dT7, the fluorescence of Trp8 of CspB becomes
quenched (Lopez et al. 1999, 2001; Lopez and Makhatadze
2000; Zeeb et al. 2006). Thus, dT7 provides a sensitive
tool to probe the native structure of CspB. Fluorescence
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Figure 2. Far-UV CD analysis of the fusion proteins and the separate
fusion partners. (A) CD spectra of the fusion proteins of the N-terminal
domains of PABPNI and CspB: N-WT-CspB, solid line; N—(+7)Ala—
CspB, dashed line, and N-AAla—CspB dotted line. Protein concentrations
were 0.8 mg/mL. (B) CD spectra of the N—(+7)Ala—CspB fusion and
the single fusion components: N—(+7)Ala—CspB, solid line; CspB, dotted
line; N—(+7)Ala, dashed line; addition spectrum of N—(+7)Ala and
CspB, dotted-dashed line. Protein concentrations were 0.8 mg/mL for
N—(+7)Ala—CspB, 1.2 mg/mL for CspB, and 1.3 mg/mL for N—(+7)Ala.
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Figure 3. Binding of dT7 to the fusion proteins between the N-terminal
domains of PABPN1 and CspB: N-WT-CspB, black circles; N—(+7)Ala—
CspB, filled circles; N-AAla-CspB, open circles; CspB, open diamonds.
The corresponding Kp values are listed in Table 1. Measurements were
carried out as described in Materials and Methods. For all measurements a
protein concentration of 3 uM was used.

titrations with the dT7 oligonucleotide showed that CspB
binds to dT7 with equal efficiency as an isolated protein or
when fused to the N-terminal domain of PABN1 (Fig. 3).
The almost identical Kp, values and binding stoichiometries
of free and fused CspB (Table 1) confirm that in the soluble
forms of all five fusion proteins, CspB is fully folded and
functional (see below).

The N-terminal domain of PABPNI is devoid of Trp
residues. Therefore, the fluorescence of Trp8 of the CspB
moiety of the fusion proteins could be used as a sensitive
and selective probe to determine the thermodynamic
stability of the CspB moiety by unfolding studies. The
urea-induced unfolding and refolding of CspB in the
fusion proteins resulted in virtually identical unfolding
transition curves (Fig. 4), which gave AG(H,0) and m
values very similar to those determined previously for
isolated CspB (Table 2). Taken together, these data show
that the function, structure, and stability of CspB are fully
retained in the fusion proteins.

Fusions of the N-terminal fragments of PABPNI
with CspB form fibrils in which CspB is active

Previous studies showed for the N-terminal fragments
of PABPNI polyalanine-dependent fibril formation
(Scheuermann et al. 2003; Lodderstedt et al. 2007). Thus,
we asked whether fibril formation would occur also when
folded CspB is fused to the C terminus of the N-terminal
domains of PABPNI. Fibril formation was monitored by
ANS fluorescence (data not shown), and the existence of
fibrils was confirmed by electron microscopy (Fig. 5).
Fibril formation required the presence of the polyalanine
stretch, since only N—(+7)Ala—CspB and N-WT-CspB,

Table 1. Kp values upon dT7 binding of CspB in fusions with
the N-terminal domains of PABPNI and of CspB in direct
fusions with polyalanine sequences

Protein Kp (nM)
CspB 234 *+52
N—(+7)Ala—CspB 35.0 = 2.0
N-WT-CspB 340 = 1.8
N-AAla—CspB 20.7 =52
10Ala—-CspB 245+ 23
17Ala—CspB 16.5 = 3.6

but not N-AAla—CspB or CspB alone, formed fibrils
under these conditions. The presence of CspB seemed
to retard fibril formation (data not shown), but this effect
could not be analyzed in a quantitative fashion, because
the kinetics of fibril formation varied to some extent for
different protein preparations.

To investigate whether fibril formation affects the
folded conformation of CspB, fibrils were sedimented,
washed to remove nonfibrillar protein, and the functional
state of the cold-shock protein was tested by its binding to
dT7. The results in Figure 6 demonstrate that even in the
fibrils, CspB is still functional. The quantitative analysis
of the binding isotherms (Fig. 6A), measured by fluo-
rescence quenching of Trp8, revealed a 20% decrease
upon dT7 binding and a 30% decrease of the binding stoi-
chiometry compared to the corresponding unfibrillized
species. Comparable results were obtained when fibrils
were analyzed in a sedimentation experiment in the pres-
ence of dT7. In this assay, fibrils were incubated with
increasing concentrations of dT7 and then sedimented via
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Figure 4. Urea-induced unfolding transitions of the fusions of the N-
terminal domains of PABPN1 with CspB: N-WT-CspB, black circles,
solid line; N—(+7)Ala-CspB, gray circles, dashed line; N-AAla-CspB,
open circles, dotted line. The corresponding AG (H,O) and m values are
indicated in Table 2. Measurements were carried out in 0.1 M Na-
cacodylate/HCI, pH 7 at 25°C.
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Table 2. Thermodynamic analysis of CspB derived from
urea-induced unfolding and refolding experiments

Protein AG (H,0) (kJ/mol) m (kJ/[mol M])

0.1 M Na-cacodylate/HCI, pH 7.0

N-(+7)Ala—CspB 104 = 0.6 34 +02
N-WT-CspB 10.1 £ 0.6 35+02
N-AAla—-CspB 11.0 £ 1.0 39+03

5 mM KH,PO,4, 100 mM NaCl, pH 7.5
CspB 124 =09 37 +03
10Ala-CspB 6.0 = 0.5 30 *+02
17Ala—CspB 59 *+03 33 *+0.1

Fusions of the N-terminal domain of PABPN1 and CspB were measured in
0.1 M Na-cacodylate/HCI, pH 7 at 25°C; the direct fusions in 5 mM
KH,PO,, pH 7.5, 100 mM NaCl at 25°C. Reference values for CspB
in 0.1 M Na-cacodylate/HCI, pH 7, at 25°C are AG (H,0) = 12.4 = 0.4
kJ/mol, m = 3.2 £ 0.1 kJ/(mol M) (Schindler et al. 1995).

ultracentrifugation. The quantification of the remaining
amount of dT7 in the supernatant resulted in a compara-
ble dT7 binding stoichiometry as in the fluorescence stud-
ies (Fig. 6B). Thus, these results show that the majority of
the CspB molecules retain their functional state in the
fibrillar state. In a reciprocal fashion, this also shows that
the folded structure of CspB does not interfere with the
conformational changes that occur during the conversion
from the soluble to the fibrillar form of the PABPNI
moiety. It remains unclear whether the slight decrease in
binding-active CspB molecules is a consequence of fibril
formation or simply due to the long incubation times at
37°C that are required for fibril formation.

In fibrils originating from direct fusions of polyalanine
sequences and CspB, the Csp moiety is unfolded

Next, we examined how fibril formation and the con-
formation of CspB are affected when it is fused directly
to a stretch of alanine residues, without the N-terminal
domain of PABPNI1 in between. Two fusion proteins were
created, in which the N terminus of CspB was linked
directly with stretches of 10 or 17 alanines: 10Ala—CspB
and 17Ala—-CspB, respectively. We refer to them as
“direct fusions’ in the following (Fig. 1). Both variants
were recombinantly expressed in E. coli and purified
according to the purification protocol for the fusions
of the N-terminal fragments with CspB. Polyalanine-
induced structural changes in the soluble forms were
analyzed by far UV-CD measurements, which indicated
that the two fusion proteins show increased a-helical
structures compared to CspB (Fig. 7). This result was
expected as a-helical contributions due to alanine resi-
dues have been reported for peptides and the N-terminal
domain of PABPNI previously (Miller et al. 2001; 2002;
Scheuermann et al. 2003). The native structure of CspB in
the fusions was verified by near UV-CD analysis and
fluorescence measurements (data not shown). More
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importantly, the native structure of CspB in these fusion
proteins was confirmed by its ability to bind to dT7 (Fig.
8). As in the case of the fusions between the entire N-
terminal fragments of PABPNI and CspB, the direct
fusion proteins bound dT7 with affinities and stoichi-
ometries similar to those of free CspB (Table 1).

The analysis of the thermodynamic stabilities of
10Ala—CspB and 17Ala-CspB by urea-induced unfold-
ing-refolding transitions revealed that the direct fusion
with polyalanine stretches decreased the thermodynamic
stability of the CspB moiety (Fig. 9; Table 2). The AG
(H,0) value for its unfolding is reduced from 12 kJ/mol
(free CspB) to ca. 6 kJ/mol in the fusion proteins. Fur-
thermore, the slight decreases of the m values in the
fusion proteins indicate a loss in cooperativity (Table 2).
Taken together, the direct fusions of polyalanine sequences
with CspB display correctly folded CspB, though with a
reduced thermodynamic stability.

A

-— o

2000 [

200 mim)

Figure 5. Electron micrographs of fibrillized fusions of the N-terminal
domains and CspB. (A) N—(+7)Ala—CspB after incubation for 103 d. (B)
N-WT-CspB after incubation for 137 d. The fibrillation conditions were
5 mM KH,PO,4, 100 mM NaCl, pH 7.5 at 37°C. The protein concentration
was 0.3 mM.
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Figure 6. dT7 binding of N—(+7)Ala—CspB fibrils. (A) The dT7 binding
assay with N—(+7)Ala—CspB fibrils in comparison to the soluble form:
N—(+7)Ala—CspB, black circles; N—(+7)Ala—CspB fibrils, open circles.
The protein concentration was 3 wM. (B) Titration of dT7. N—(+7)Ala—
CspB fibrils (7 uM) were centrifuged after incubation with increasing
concentrations of dT7. Quantifications were performed as described in
Materials and Methods.

In fusions with the entire N-terminal domain of
PABPNI1, CspB did not inhibit the conversion to the
fibrillar state. Thus, we asked whether fibril formation
would also occur with the direct fusions. By electron
microscopy initially mostly amorphous aggregates in-
stead of the typical fibrillar structures were detected
(Fig. 10A,C). Upon prolonged incubation for several
months, however, fibrils were observed with 10Ala—CspB
(Fig. 10B). In the case of 17Ala—CspB, only in some
spots of the EM grids fibrillar structures could be detected
(Fig. 10D, arrow). Though fibril formation of this fusion
protein was assayed under various temperatures, protein
concentrations, and the addition of salts, “‘pure” fibrils,
as with the other fusion proteins, were never observed
here. In order to investigate whether fibril formation can
be induced by seeds, fibrils of 10Ala—CspB were frag-

mented and added to both soluble 10Ala—CspB and
17Ala—CspB. In both samples, increases of ANS fluores-
cence over time were recorded (Fig. 10G). EM analysis
revealed that seeding was possible only with 10Ala—CspB
(Fig. 10E) while with 17Ala—CspB, fibrillar structures
could never be discerned unambiguously (Fig. 10F). The
occurrence of increases in ANS fluorescence with sam-
ples of 17Ala—CspB is probably due to nonfibrillar
aggregates. In contrast, the addition of N—(+7)Ala—CspB
seeds to 10Ala—CspB and 17Ala—CspB resulted, in both
cases, in fibrillar structures (data not shown). The fact
that 10Ala—CspB formed fibrils more readily than 17Ala—
CspB was surprising, and can currently only be explained
by the higher hydrophobic interactions in the nonfibrillar
aggregates of 17Ala—CspB.

Next, the structure and function of CspB in the fibrils
of 10Ala—CspB were analyzed by tryptophan fluorescence
spectroscopy. Upon excitation at 295 nm, the emission
maximum was at 340 nm while the maximum of the
soluble form was at 352 nm, a result that implies that
Trp8 of CspB might be less solvent accessible in the fibrils
than in the soluble form (Fig. 11). Addition of dT7 to the
fibril sample did not decrease the fluorescence of Trp8,
indicating that, in these fibrils, CspB is no longer able to
bind dT7. To confirm that CspB activity is not lost due to
the long incubation periods but due to unfolding in the
fibril, the supernatant of the fibrillation sample, which
usually contains a small amount of unfibrillized protein,
was tested for dT7 binding. At least 50% of the CspB
molecules of the supernatant were active (data not shown).

Taken together, our results demonstrate that a (3-cross-
structure and a folded and functional protein domain can
coexist in fibrils provided that the fibrillar structure is not
perturbed by the folded domain and vice versa. When
CspB is separated from the polyalanine stretch by the
N-terminal domain of PABPNI, it remains correctly
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Figure 7. Far-UV CD spectra of the direct fusions and free CspB. CspB,
solid line; 10Ala—CspB, dashed line; 17Ala—CspB, dotted line. Protein
concentrations were 1.2 mg/mL for CspB, 1.0 mg/mL for 17Ala—CspB,
and 1.3 mg/mL for 10 Ala—CspB.
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fluorescence quench

[dT7] (uM)

Figure 8. The dT7 binding of the direct fusions and free CspB. CspB,
black diamonds, solid line; 10Ala—CspB, gray circles, dashed line; 17Ala—
CspB, open circles, dotted line. Derived K, values are given in Table 1.
Measurements were carried out as described for Figure 6.

folded and functional in the fibrils. In contrast, when it is
fused directly to the polyalanine sequence, it loses its
native structure and function. The presence of native
domains in fibrils is not unprecedented, and has been
shown for Sup35p, for example. In fibrils of full-length
Sup35p, the GTPase activity of the C-terminal domain
was retained (Krzewska et al. 2007). Similarly, the Ure2
protein is natively folded in the prion state (Bai et al.
2004). Furthermore, when the activities of four C-termi-
nally linked partner proteins in fusions with amyloido-
genic Ure2p domains were tested in the fibrillar state, two
of them retained their full, and the other two, reduced ac-
tivity indicating that the fibrillar state can tolerate natively
folded domains in the neighborhood (Baxa et al. 2002,
2003). Toleration of an enzymatically active, native-like
state has been demonstrated for fibrils arising from domain
swapped RNase A (Sambashivan et al. 2005).

We assume that in the fusions with the entire N-
terminal domain of PABPNI1, CspB retains its folded
and functional state in fibrils probably because the major
part of the N-terminal segment is flexible and not inte-
grated into the fibrillar core. Thus, it represents a spacer
between the B-cross-structure of the fibril and CspB.
Studies to determine which part of the N-terminal domain
is buried in the B-cross-structure are underway.

In fibrils of the direct fusions, CspB loses conforma-
tional stability, presumably because the spacer sequence
is removed. Interference of the polyalanine sequence with
the native structure of CspB in the soluble form was
excluded by spectroscopic analysis and dT7 binding.
Still, the presence of the N-terminal polyalanine sequence
reduced the thermodynamic stability of CspB. The altered
thermodynamic stability probably explains the aggregate
formation of these fusions upon incubation. Possibly,

1050 Protein Science, vol. 17

with time, the aggregates may convert into fibrillar spe-
cies. Further experiments have to be performed to clarify
whether fibrillation and aggregation are independent or
associated processes. In addition, it remains to be tested
whether the conversion of the aggregates into fibrils pro-
ceeds via folded or unfolded CspB intermediates.

This biochemical analysis of fibril formation employed
artificial fusion proteins, but still some tentative conclu-
sion can be drawn with regard to the development of the
OPMD disease. The folded state of CspB in fibrils of the
fusions with the N-terminal domains could indicate that
also in fibrils of PABPNI, the RNP domain, lying C-
terminal to the N-terminal domain may retain its bio-
logical activity in OPMD tissue. In this case, loss of
PABPNI1 function might not be the cause for the symp-
toms observed in OPMD patients.

Materials and Methods

Recombinant constructs

For the fusions encoding the N-terminal part of PABPN1 and
CspB, the two DNA fragments were amplified by the following
primers: forward or external primer I (complementary to the
sequence encoding the N-terminal domain of PABPNI): 5'-
CCGCGCGGCAGCCATATGGCAGCA-3" for N—(+7)Ala and
N-WT; 5'-CCGCGCGGCAGCCATATGGCAGGA-3" for N-
AAla. Ndel restriction sites are underlined. For reverse primer
(reverse complementary to the sequence encoding the C-termi-
nal part of the PABPNI1 fragment and providing an overlap with
the CspB coding sequence = fusion primer): 5'-CCATTTTACT
TTACCTTCTAACATTCGAGCTTTTATTGCTTCTAA-3'. For
amplification of the CspB coding part the reverse complemen-
tary sequence of the fusion primer and the reverse or external
primer II: 5'-CGGGATCCTTACGCTTCTTTAGTAACGTT-3’
containing a BamHI restriction site (underlined) were used.
After amplification, the overlapping fragments were combined
in a fusion PCR and amplified with both external primers. The

relative fluorescence

[urea] (M)

Figure 9. Urea-induced unfolding transitions of the direct fusions and free
CspB. CspB, black circles, solid line; 10Ala—CspB, gray circles, dashed
line; 17Ala—CspB, open circles, dotted line. The corresponding AG (H,0)
and m values are given in Table 2. Measurements were carried out in 5 mM
KH,PO,, 100 mM NaCl, pH 7.5 at 25°C.
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Figure 10. Electron micrographs of the direct fusions. (4,B) 10Ala—CspB after incubation times of 50 and 77 d. (C,D) 17Ala—CspB
after incubation times of 50 and 77 d, respectively. 17Ala—CspB was incubated at a protein concentration of 0.5 mM at 30°C, 10Ala—
CspB at a protein concentration of 0.7 mM at 37°C. (E) Samples after seeding of 10Ala—CspB and (F) of 17Ala—CspB with 10Ala—
CspB seeds (0.1%) after an incubation time of 68 d. 10Ala—CspB was incubated at a protein concentration of 0.5 mM at 37°C and
17Ala—CspB of 0.4 mM at 30°C. (G) Time-dependent ANS fluorescence increases for (E) and (F). 10Ala—CspB (triangles), 17Ala—
CspB (circles), open symbols represent seeded reactions, closed symbols the nonseeded reactions.
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Figure 11. Test for dT7 binding of 10Ala—CspB fibrils. Fluorescence
spectra of 10Ala—CspB, fibrils (solid line); 10Ala—CspB fibrils in the
presence of 5 uM dT7 (dashed line); 10Ala—CspB in the soluble state
(dotted line). Protein concentration was 2 M, details are described in
Materials and Methods; AU, arbitrary units.

fusion constructs were restricted with Ndel and BamHI and
cloned into pET15b (Novagen).

Fusions encoding CspB preceded by alanine sequences (direct
fusions) were generated by deletion of the sequence encoding
the N-terminal part of PABPN1 between the alanine and CspB
encoding sequence of the N-terminal PABPN1-CspB constructs.
The deletion was performed via the QuikChange II Site-
Directed Mutagenesis Kit (Stratagene) with DNA constructs
encoding for the N-terminal PABPN1-CspB fusions as tem-
plates. The forward primer had the sequence: 5'-GCAGCAGCA
GCAGGAGCAGCATTAGAAGGTAAAGTAAAATGG-3'. The
reverse primer had the reverse complementary sequence. PCR
products were treated with Dpnl and transformed in E. coli
(BL21 [DE3]).

Recombinant protein expression and purification

Recombinant DNA constructs were expressed in E. coli (strain
BL 21 [DE3]) that had been transformed in addition with the
plasmid pUBS520 providing additional copies for a rare tRNA
in E. coli (Brinkmann et al. 1989). Cultivation was performed in
shake flasks. Cells were induced with 1 mM IPTG at OD¢oy =
0.5-0.8 and harvested after 4 h. Cell pellets were resuspended at
a ratio of 0.25 g/mL in 50 mM Tris/HCI, pH 8, containing
protease inhibitor complete, EDTA-free (Roche). Cells were
disrupted by high-pressure treatment with Micron Lab 40 (APV
Homogeniser) reaching a maximal pressure of 1200 bar. Cell
debris were sedimented by centrifugation. The supernatant was
incubated for 30 min at 50°C and recentrifuged. The protein
solution was dialyzed against 6 M GdmCl, 50 mM Tris/HCI, pH
8, centrifuged and loaded on a Ni-NTA column (His Bind Resin,
Novagen) (V = 50 mL). Washing and refolding of CspB was
performed by using 50 mM Tris/HCI, 20 mM imidazole, pH 8.
The washing step was stopped when a stable UV-absorbance
signal (280 nm) was observed. Elution was achieved by a
continuous gradient from 20 to 250 mM imidazole within three
column volumes. During elution, 5 mM EDTA was added to the
samples. The pooled fractions containing the fusions were
concentrated with PEG 35,000 (Fluka) and further purified via
gel filtration (HiLoad Superdex 75 prep grade, Amersham
Biosciences). Purified proteins were dialyzed against 5 mM
KH,PO,4, 100 mM NaCl, pH 7.5 and stored at —80°C.
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Determination of the protein concentration

Protein concentrations of the soluble species were calculated by
the absorbance at 280 nm. The respective molar extinction
coefficients were determined as 6990 M~' cm™" for the fusions
consisting of the N-terminal domains and CspB and as 5500
M~ cm™' for the fusion consisting of polyalanine sequences
directly coupled to CspB (Gill and von Hippel 1989). The
accuracy of the determinations was confirmed by an amino acid
analysis (carried out by the Center for Protein Analytics, FH
Bingen).

Protein concentrations of fibrils were calculated by determi-
nation of the amount of the unique tryptophan residue (in CspB)
under denaturing conditions (fibrils of the fusion of the N-
terminal domain of PABPN1 and CspB could not be solubilized
by 6 M guanidinium hydrochloride [GdmCl], which leads only
to the denaturation of CspB moiety) (Pajot 1976). Fibrils were
diluted in 2 mL of 6 M GdmCl, 5 mM KH,PO,, 100 mM NaCl,
pH 7.5. Tryptophan was added in 1-pL steps from a 982-pM
stock solution, and the sample was gently stirred for 1 min.
Fluorescence was recorded with a Jobin Yvon Fluoromax2
equipped with a thermostatic cell holder connected to a cir-
culating water bath. Measurements were performed at 20°C. The
excitation of tryptophan fluorescence was carried out at 295 nm.
Spectra were accumulated three times and averaged. Tryptophan
emission was monitored at 361 nm. Fluorescence signals were
buffer- and volume-change corrected. With increases of the
tryptophan concentrations, a linear increase of the fluorescence
intensity was observed. The intersection point of the curve with
the Y-axis was used for the determination of the initial concen-
tration of tryptophan in the sample that could be correlated with
the amount of protein in the fibril. Calibration was performed
with soluble proteins and resulted in correction factors of 0.64
and 0.77, for the fusions consisting of the N-terminal domains
and CspB and the direct fusions, respectively.

Circular dichroism (CD) and fluorescence spectroscopy

CD spectra were recorded with a Jasco J810 spectropolarimeter
in 0.1 mm cuvettes in 5 mM KH,PO,4, 100 mM NaCl, pH 7.5 at
25°C. The spectra were measured 10 times and averaged. Data
were collected in 0.1-nm steps. Spectra were buffer corrected.
Tryptophan fluorescence was recorded with a Jobin Yvon
Fluoromax2 equipped with a thermostatted cell holder. Mea-
surements were performed in 5 mM KH,PO,, 100 mM NaCl, pH
7.5 at 20°C. The excitation wavelength was 295 nm at a
bandwidth of 5 nm. Spectra were recorded in 1-cm cuvettes at
a bandwidth of 5 nm and accumulated three times. Data were
averaged and buffer corrected.

dT7 Binding assay

The single-stranded DNA fragment dT7 5'-TTTTTTT-3" was
purchased from Thermo Electron GmbH (Germany). Concen-
trations of dT7 were calculated by the absorbance at 260 nm.
The extinction coefficient of dT7 at 260 nm was determined as
58,800 M~! cm ™! according to Wallace and Miyada (1987).
Binding was measured by fluorescence (see above). All mea-
surements were performed at 20°C. Proteins were diluted to final
concentrations of 1-3 uM in a volume of 2 mL. The assay buffer
was 5 mM KH,PO,, 100 mM NaCl, pH 7.5. dT7 was added in
steps of 1 L from a 400-uM stock solution. Thus, the dilution
effect was below 2.25%. After adding dT7 to protein solutions,
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samples were gently stirred for 1 min. The excitation wavelength
was 295 nm. A slit width of 5 nm was applied. Spectra were
accumulated three times, averaged, and buffer corrected. Fluo-
rescence quench calculations were based on changes at 352 nm.
Intensity changes with increasing dT7 concentrations revealed
hyperbolic binding isotherms, which were analyzed according to
Equation 1 (Lohman and Bujalowski 1991; Eftink 1997):

A=A —4-n-[PlylY]y
2-1Ply

Q=Qmax (D

with A = Kp + [P]o + n [Y]p, where Q is the quenching of the
intrinsic fluorescence intensity of the Trp8; Q.. represents the
maximum quenching upon complete saturation of the protein
with dT7; [P]p and [Y]p are the overall protein and dT7
concentrations; n is the stoichiometry of the protein—ssDNA
complex (number of protein molecules bound to one molecule
dT7), and Kp is the equilibrium dissociation constant of the
complex.

dT7 Sedimentation assay

Fibrils at a concentration of 7 wM were incubated under gentle
shaking with increasing concentrations of dT7 at 20°C for 30
min. Subsequently, the samples were centrifuged for 30 min at
35,000 rpm (OptimaTM TLX ultracentrifuge). The concentra-
tion of unbound dT7 in the supernatant was quantified by the
absorbance at 260 nm. The binding stoichiometry was determined
by the intersection of the slope corresponding to the increase of
unbound dT7 with the baseline caused by CspB binding.

Fibril formation and fibril analysis by ANS
(8-anilino-1-naphtalene sulfonic acid) fluorescence

Proteins were dissolved to final concentrations of 0.3-0.7 mM
and incubated at 30°C for 17Ala—CspB and at 37°C for 10Ala—
CspB, and the fusions of the N-terminal domains and CspB. The
buffer was 5 mM KH,PO,, pH 7.5 containing 100 mM NaCl.
Traces of NaN3 were added to the reaction. Seeded reactions
contained 0.1% (w/v) 10Ala—CspB seeds. For determining ANS
fluorescence, samples were briefly mixed and aliquots were
diluted into 50 uM ANS in 5 mM KH,PO,, 100 mM NaCl, pH
7.5 at final concentrations of 5 wM. Fluorescence was recorded
at an emission wavelength of 480 nm upon excitation at 370 nm
with a Jobin Yvon Fluoromax2 at 20°C. Experiments were
performed in 1-cm cuvettes with an excitation and emission slit
width of 5 nm.

Urea-induced unfolding and refolding transitions

Urea (Biochemika Ultra from Fluka) concentrations were
determined by refraction (Pace 1986). Fusions of the N-terminal
domains and CspB were diluted to concentrations of 2.5 uM in
0.1 M Na-cacodylate/HCI pH 7, the direct fusions and free CspB
were diluted to concentrations of 3.0 uM in 5 mM KH,POy,, 100
mM NaCl, pH 7.5, containing various urea concentrations.
Denaturation was allowed to proceed for 1 h at 25°C. Fluores-
cence was recorded at an emission wavelength of 345 nm upon
excitation at 295 nm with a Jobin Yvon Fluoromax2 at 25°C.
Experiments were performed in 1-cm cuvettes with excitation

and emission band widths of 5 nm each. The unfolding transi-
tions were analyzed by assuming a two-state transition between
the folded (N) and unfolded (U) conformation. For obtaining the
thermodynamic parameters AG(H,O) and m values, nonlinear
least-square fits (Santoro and Bolen 1988) were performed.

Miscellaneous

For separation of fibrils from remaining soluble species, fibril
solutions were centrifuged at 260,000g (OptimaTM TLX ultra-
centrifuge) for 1 h, washed in 5 mM KH,PO,4, 100 mM NacCl,
pH 7.5 containing 6 M GdmCl for the fusions of the N-terminal
domain and 2 M GdmCl for the direct fusions. After recentrifu-
gation, fibrils were washed in 5 mM KH,PO,, 100 mM NaCl, pH
7.5, again centrifuged, and resuspended in the same buffer.

The seed and sample preparations for electron microscopy
were carried out as described (Lodderstedt et al. 2007).
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