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We show that a series of peptides corresponding to individual p-strands in
native PB-lactoglobulin readily form amyloid aggregates and that such
aggregates are capable of seeding fibril formation by a full-length form of -
lactoglobulin in which the disulfide bonds are reduced. By contrast, pre-
formed fibrils corresponding to only one of the p-strands that we con-
sidered, pA, were found to promote fibril formation by a full-length form of
B-lactoglobulin in which the disulfide bonds are intact. These results
indicate that regions of high intrinsic aggregation propensity do not give
rise to aggregation unless at least partial unfolding takes place. Further-
more, we found that the high aggregation propensity of one of the edge
strands, pI, promotes dimerisation of the native structure rather than
misfolding and aggregation since the structure of I is stabilised by the
presence of a disulfide bond. These findings demonstrate that the inter-
actions that promote folding and native-state oligomerisation can also result
in high intrinsic amyloidogenicity. However, we show that the presence of
the remainder of the sequence dramatically reduces the net overall
aggregation propensity by negative design principles that we suggest are
very common in biological systems as a result of evolutionary processes.
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Introduction

Despite the natural tendency of proteins to fold
into native structures unique to their amino acid
sequences,'” they are capable of aggregating both in
vitro and in vivo into large assemblies with a variety
of morphological features.”® Of such aggregates,
amyloid fibrils represent particularly well-ordered
structures that can be micrometers in length while
just a few nanometers in diameter and contain
cross p-strands aligned perpendicularly to the fibril
axis.”"! Such fibrils are the subject of intense interest
at the present time since their deposition in tissue is
associated with a range of increasingly common
human diseases, including both systemic and organ-
specific conditions, such as Alzheimer’s disease and
type 11 diabetes.*'*'> Remarkably, many peptides
and proteins, and indeed homopolymers, such as
polyalanine and polythreonine, without any known
involvement in amyloid disease can also form
amyloid fibrils in vitro,"* ' suggesting that the
ability to form amyloid fibrils is an intrinsic property
of polypeptide chains.”* Furthermore, such struc-
tures have the potential to generate new forms of
nanoscale biomaterials based on the amyloid fibril-
lar architecture since they are characterised by well-
ordered and stable structures that can be formed by
self-association in aqueous solution.”>*° Thus,
elucidation of the mechanism by which polypeptide
chains convert into amyloid fibrils is an important
goal in medical, biological and material sciences.

Formation of amyloid fibrils appears to occur in a
nucleation-dependent manner that is followed by a
rapid extension process that gives rise to fibrillar
architectures.”” Tt has been observed by analysis of
native-state structures that the existence of exposed
B-strands at the edge of 3-sheet structures tends to be
avoided since they help in the formation of p-aggre-
gates, such as amyloid fibrils.”® Extensive surveys of
structures in the Protein Data Bank suggest that a
variety of mechanisms prevent the exposure of
hydrophobic surfaces in such edge strands (e.g., by
formation of intermolecular 3-sheets or by placing
inward-pointing charged side chains).*®

One of the proteins exemplifying the former
situation is bovine 3-lactoglobulin, which has been
shown to be capable of forming amyloid fibrils by
prolonged incubation at pH 7.0 in the presence of
5.0 M urea.'® However, the reaction is relatively
slow and can take several weeks to reach comple-
tion. p-Lactoglobulin forms a homodimeric native

state at neutral pH in the absence of denaturant,
although it dissociates into monomeric but still
natively folded species at pH values below 3.0.” In
the native state, the protein has a predominantly p-
sheet structure, consisting of a PR-barrel of eight
antiparallel B-strands (A-H) and an additional edge
B-strand (I) that is part of the dimer interface located
at the edge of the PR-sheet of each individual
molecule, although there is one major a-helix at
the C-terminus (Fig. 1). The p-barrel structure has
the shape of a flattened cone resembling a calyx
involving the N- and C-terminal B-sheets; the N-
terminal B-sheet consists of the BB, pC and BD
strands, while the C-terminal one involves the pPA,
BE, BF, PG, pH and PI strands. The protein also
contains two disulfide bonds (C66-C160 and C106-
C119, linking strands RD-RI and PG-pH, respec-

11 20
PA: Ac-DIQKVAGTWY-NH

85 101
fF:  NHyDALNENKVLVLDTDYKK-NH;
101 110

fG:  Ac-KYLLFCMENS-NH,
116 126
PH:  Ac-SLVCQCLVRTPw-NH,
146 152
BI:  Ac-yHIRLSFN-NH,
127 142
al:  NHyyEVDDEALEKFDKALKA-NH,

Fig. 1. Structure of bovine p-lactoglobulin. (a) Dimeric
native-state structure from X-ray crystallography (Protein
Data Bank ID 1BEB). The regions corresponding to the
peptides studied in this work are represented by different
colors (BA is shown in red; pF, magenta; PG, cyan; pH,
green; P, yellow; and a1, blue). (b) Amino acid sequences
of the peptide fragments studied in this work. The
aromatic residues shown in lower case were added to
the original sequence in order to allow determination of
the peptide concentration by means of UV absorption. The
additional aromatic residues should not significantly
influence the aggregation propensity of these peptides
according to the Z,, score from Zyggregator (Table 1).
Residue numbers are relative to the sequence of the intact
protein.
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tively) and one free cysteine residue (C121). Despite
the fact that the native structure of p-lactoglobulin
contains a predominantly B-sheet structure, the se-
quence of p-lactoglobulin encodes a relatively high
a-helical propensity; indeed, the major folding inter-
mediate observed to be populated during the fold-
ing of the protein contains non-native o-helical
motifs®*” located mainly in the vicinity of the
pA-strand region in the native structure.*

In this work, we describe studies on the relative
abilities of peptide fragments corresponding to the
amino acid sequences of the p-strands and the a-
helical regions of the hydrophobic core of native 3-
lactoglobulin to form amyloid fibrils and to seed the
aggregation of full-length p-lactoglobulin. These
results reveal new insights into the general princi-
ples underlying the competition between folding,
native-state oligomerisation and multimolecular
aggregation and provides specific information
about the way these factors influence the behaviour
of B-lactoglobulin itself.

Results and Discussion

Amyloid formation by peptide fragments of
B-lactoglobulin

The peptide fragments that we have analysed here
correspond to the BA, BF, BG, BH and Bl strands
and the C-terminal a-helical region (a1) of native -
lactoglobulin (Fig. 1); the amino acid sequences are

shown in Fig. 1b. Except for pA, the peptides are all
located at the C-terminal 3-sheet or at the dimer
interface of the native protein. These fragments were
chosen because the corresponding regions of the
sequence form the hydrophobic core of the native
structure of the full-length protein.’® Moreover, in
the process of folding from the denatured state, the
BF, BG and BH strands have been found to assume a
native-like structure rapidly after the initiation of the
reaction.’® a1 (described as fragment 3 in Ref. 31 and
as fragment 4 in Ref. 33) has previously been shown
to possess a high intrinsic helical propensity. In this
context, it is particularly interesting that, in the
native state, I is located at the edge of a C-terminal
p-sheet that is also involved in the interface of the
native homodimer of B-lactoglobulin.

The kinetics of fibril formation by the peptide
fragments in solutions containing 10 mM sodium
phosphate and 5.0 M urea at pH 7.0 were monitored
by thioflavin T fluorescence (Fig. 2a and b). Since
full-length p-lactoglobulin is known to form fibrillar
aggregates under these experimental conditions,'®
the identification of peptides that are amyloidogenic
enables “fragment seeding” studies to be per-
formed. In these experiments, the degree to which
the addition of fibrils preformed from the various
peptide fragments is able to promote fibril formation
by intact R-lactoglobulin can be examined under
conditions in which fibrils have been shown to be
formed by the full-length protein.

Of the peptide fragments examined here, BA, RG
and PRI show a clear increase in the intensity of

Fig. 2. Kinetics of amyloid fibril
formation by p-lactoglobulin and
its peptide fragments in the pre-
sence of 5.0 M urea at pH 7.0 and
37 °C followed by thioflavin T
fluorescence. (a) Kinetic traces for
spontaneous fibril formation by pA
(triangle), RF (plus sign in circle),
BG (diamond), PH (inverted trian-
gle), I (“X” sign) and al (multi-
plication sign in circle). (b) Same as
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thioflavin T fluorescence after prolonged incubation
at pH 7.0 in the presence of 5.0 M urea (Fig. 2a and
b). The kinetic traces of the increase in fluorescence
in solutions containing BA and Pl are sigmoidal
curves, consistent with the idea that the formation of
amyloid fibrils occurs in a nucleation-dependent
manner. The kinetic profile for the solution contain-
ing BG, on the other hand, does not show the pre-
sence of a well-defined lag phase; the fluorescence
intensity of thioflavin T was found to increase
immediately after the preparation of samples. It
should be noted, however, that BG is highly inso-
luble in water but soluble in the presence of dena-
turants. The lack of an observable lag phase is
therefore likely to reflect the fact that the solutions
contain preformed aggregates of PG prior to
incubation and that the growth of fibrils does not
require further nucleation events. The PG peptide, in
addition, has a single free cysteine residue in the
central region of its sequence that may permit
intermolecular disulfide bonds to form under the
conditions employed here, hence providing an
additional mechanism for nucleation. The long-
term incubation in solution containing urea may
induce carbamylation, thus potentially affecting the

aggregation propensity of the protein. However, a
previous analysis of the molecular masses of intact
B-lactoglobulin before and after amyloid formation
suggested that no such modification is introduced to
the protein during the formation of fibrils.*® Thus,
such modification, even if present, should not signi-
ficantly affect the ability of this protein or probably
the peptide fragments.

Transmission electron microscopy (TEM) images
confirm the presence of fibrillar aggregates following
incubation of solutions containing PA, RG or BI
fragments (Fig. 3a). In addition, solutions of pH were
unexpectedly found to contain well-defined fibrillar
aggregates by TEM, although they do not show an
increase in thioflavin T fluorescence. Interestingly,
the fibrils from the RH peptide are highly inter-
twined but do not differ significantly in appearance
from typical amyloid fibrils as observed for intact {3-
lactoglobulin (Fig. 3a). The inability of the fibrils
formed by this peptide to increase thioflavin T
fluorescence could be associated with this difference
in morphology. More generally, it has been observed
in other systems that the amyloid fibrils formed by
short peptides tend to show lower thioflavin T fluo-
rescence intensities, perhaps as a result of the rigidity

e
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Fig. 3. TEM images of amyloid fibrils formed by B-lactoglobulin and its peptide fragments under different conditions.
(a) Fibrils formed by pA, G, pH, PI and intact p-lactoglobulin. The images were taken for the solution after 1 month of
incubation at pH 7.0 and 37 °C in the presence of 5.0 M urea where the reaction curves in Fig. 2 obtained by thioflavin T
fluorescence reach the plateau region. (b) Fibrils formed by RCM-p-lactoglobulin under unseeded or seeded conditions in
the presence of preformed fibrils by RCM-p-lactoglobulin or pA, PG, pH and RI peptides. The scale bars correspond to
100 nm. The images were taken for the solution after 3 months of incubation at pH 7.0 and 37 °C in the presence of 5.0 M
urea where the reaction curves in Fig. 2 obtained by thioflavin T fluorescence reach the plateau region.
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of the cross-p strands in the fibril structures (Yuji
Goto, personal communication).

Fragment seeding effects

Amyloid formation by large polypeptide chains
appears to be promoted by specific regions of
their amino acid sequences, sometimes known as
“aggregation-prone” regions, which, in addition, are
likely to be incorporated into the core of the fibrils.””
A major aim of the present study was to understand
the role played by such regions in the process of
fibril formation by p-lactoglobulin. As part of this
objective, we adopted the strategy of adding fibrils
formed by the peptide fragments to solutions of the
full-length protein to explore their efficacy in pro-
moting the formation of fibrils by the latter. Such
fragment seeding behaviour has been observed in
studies on peptides and proteins, including insu-
lin, hen lysozyme, islet amyloid polypeptide and
Bo-microglobulin.38-43

Figure 2c indicates the degree to which the fibrillar
aggregates formed by RA, PG, RH and pI fragments
are capable of seeding the aggregation of the intact
protein in 5.0 M urea at pH 7.0. Of the fibrils formed
by the four peptides, only those formed by the BA
fragment were observed to detectably accelerate the
fibril formation by full-length B-lactoglobulin; the
kinetics of fibril formation are essentially unchanged
by the presence of preformed fibrils of the other
fragments. This analysis suggests that the p A-strand
region, but not the regions corresponding to the PG,
BH and pI strands, is likely to be directly involved
in promoting the formation of fibrils by full-length
B-lactoglobulin.

However, these results do not rule out the
possibility that other regions of the sequence (e.g.,
the BB, PC, pD and RE strands or loop regions) also
contribute to the core region of the fibrillar structure.
Indeed, the fact that several of the peptides studied
here readily form amyloid fibrils supports the idea
that the ability to form fibrillar architectures is a
generic property of polypeptide chains.'® For large
polypeptide chains, in particular, different regions of
the molecules may well assemble in a range of dis-
tinct ways to generate cross-B core regions and give
rise to the well-established structural polymorphism
or heterogeneity of these fibrils.#4*® This observa-
tion is consistent with the fact that very different
morphologies of fibrillar structures are observed for
full-length p-lactoglobulin under different condi-
tions.!84% It is also possible that the amyloid core is
formed by various segments apart from one another.
In this sense, further analysis of fragment seeding
using several peptides at the same time to make
seeds may clarify the regions required for stabilisa-
tion of the amyloid core by p-lactoglobulin.

Implications for amyloid formation by
B-lactoglobulin

We used our previously published method™ to
calculate the intrinsic aggregation propensity of {3-

lactoglobulin as a function of its sequence (see
Materials and Methods). The results show that the
propensities of the regions corresponding to the BA,
BG, pH and pI strands to aggregate are substantially
higher than those of the other regions of the sequence
(Fig. 4; Table 1). Consistent with these predictions,
amyloid fibrils are formed very rapidly by the RA,
BG, pH and RI peptides in solution, as shown in Fig.
2a and b. Addition of preformed fibrils of the BG, pH
and PRI peptides however does not detectably
promote fibril formation by full-length p-lactoglo-
bulin under the conditions used here, suggesting
that the intrinsic propensity for aggregation of
segments of a protein sequence is not the only factor
that determines the aggregation process of the intact
molecule. Indeed, only preformed fibrils of BA,
which in fact has a slightly lower intrinsic propensity
for aggregation than do PG, pH and pI (Fig. 4; Table
1), were found to accelerate the formation of fibrils
by full-length p-lactoglobulin. It is well established
that, for intact proteins, only part of the polypeptide
chain needs to be involved in the formation of the
cross-p core of amyloid fibrils.”’>* The present re-
sults imply that the region corresponding to the pA
strand could be specifically involved in stabilising
the cross-p structure of full-length B-lactoglobulin
amyloid fibrils.

In order to understand the differences between the
fragment seeding effects of fibrils corresponding to
the A, BG, pH and BI peptides, despite the fact that
they all have high intrinsic propensities for aggrega-
tion, we calculated two additional aggregation pro-
pensity profiles by taking into account the protec-
tion of the aggregation-prone regions that will be
provided by the formation of the native structure of
the protein. In this approach, the local stability of a
region in a folded protein is predicted from knowl-
edge of its structure.”® When the stability of native-
like structures in a localised region is very high, the
effective propensity for aggregation around such
region is strongly reduced as the region itself will
tend to remain in a native-like conformation even
under at least moderately destabilising conditions or
in the presence of local conformational fluctuations.
The presence of such localised native-like structure
will reduce the accessibility for aggregation of the
protein through the association of this region. We
therefore calculated the aggregation profile taking
into account the structure present in the monomeric
form of p-lactoglobulin (Fig. 4). In this new profile,
except for the terminal regions of the sequence, the
only region with an aggregation propensity sig-
nificantly above the average corresponds to pI in
the native fold. The fact that dimerisation occurs
through this p-strand shows the value of the method
for predicting regions likely to form intermolecular
B-sheets in functional and pathogenic assemblies.
This idea is supported by the fact that equine -
lactoglobulin, for which the propensity to aggregate
in the pI strand is much lower (Fig. 4b), forms a
monomeric native state. A comparison of the amino
acid sequences of bovine and equine p-lactoglobulin
reveals a clear difference in the sequence in the
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Fig. 4. Structural and physicochemical properties of p-lactoglobulin predicted from the amino acid sequence. (a)
Predicted aggregation propensity profiles of bovine p-lactoglobulin at pH 7.0. The intrinsic aggregation profile (black) is
compared with the profiles obtained by incorporating conformational factors in the monomeric (red) and dimeric (violet)
forms. Gray shaded areas indicate the locations of the peptides analysed in this work. (b) Predicted intrinsic aggregation
profile of equine R-lactoglobulin (black) at pH 7.0 in comparison with that of bovine p-lactoglobulin (red). (c) Sequence
alignment of bovine and equine p-lactoglobulin showing a less conserved pI region.

region of the PI strand in contrast to the highly
conserved sequences in the other regions (Fig. 4c).
We calculated the second profile by considering
the structure of the dimeric native state of p-
lactoglobulin (Fig. 4a). This profile is essentially
identical with the previous one, except in the region
of BI, where the aggregation propensity is much
reduced as a result of the burial of this strand in the
dimer interface. In this profile, there is no region of
significant aggregation propensity, in agreement
with the observation that the native dimer of p-

Table 1. Aggregation propensities of peptides derived
from p-lactoglobulin

Peptide fragment® Zaggb Amyloidogenicity®
Full-length p-lactoglobulin 0.87

BA 1.36 High

pBF 0.64 Low

BG 1.48 High

pH 1.79 (1.73)¢ High

pI 2.28 (1.66) High

al 0.00 (0.41) Low

? Sequence position of fragments in intact B-lactoglobulin
(Fig. 1).

P Intrinsic aggregation propensity corresponding to the amino
acid sequence of the peptide at pH 7.0 calculated using the
Zyggregator method (see Materials and Methods for details).

¢ Qualitative experimental rates of growth of fibrils at pH 7.0 in
the presence of 5.0 M urea (Fig. 2a).

Values calculated without considering the effect of artificially
added aromatic residues (Fig. 1).

lactoglobulin is highly soluble and must be desta-
bilised in order to form amyloid aggregates effi-
ciently and indicating that the native fold of the
protein has a strongly protective function against
aggregation. These results indicate that fibrils
formed by the BA, BG, BH and BI strands are likely
to be able to promote amyloid formation by full-
length p-lactoglobulin if the structure of the latter
becomes substantially unfolded.

Role of the disulfide bonds in reducing
amyloidogenicity

Further insight into the different roles played by
the PA, PG, pH and PRI strands in the process of
formation of amyloid fibrils by p-lactoglobulin is
provided by studies on the folding mechanism of
this protein using amide hydrogen exchange and
nuclear magnetic resonance spectroscopy.3>36:56:57
These studies indicate that the BG and pPH strands
strongly favour the formation of a native-like R-
sheet structure, both in_intermediates formed early
in the folding process35 2% and in those formed in

cold-denatured states.”® This finding can be ratio-
nalised by noting the presence of a disulfide bond
between the BG and BH strands (C106—C119) that
restricts conformational freedom by preferentially
stabilising native-like structures around the pG and
BH strands. We have previously shown that the
protein populates significantly not only the mono-
meric and the dimeric native states but also a
partially unfolded state at pH 7.0 and 37 °C in the
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Fig. 5. Conformational properties of partially folded
intermediate state of p-lactoglobulin accumulated at
pH 7.0 and 37 °C in the presence of urea. (a) CD spectra
of the native (continuous line), intermediate (circles) and
fully unfolded (dotted line) states. Error bars are also
shown for the spectrum of the intermediate state. (b)
Sequence position of fragments resistant against protei-
nase K cleavage at pH 7.0 and 37 °C in the presence of
5.0 M urea.

presence of 50 M urea.'® A similar result was
recently obtained using an analysis of luminescence
lifetime distributions®® that showed a significant
population (~100%) of P-lactoglobulin in the
partially folded states in the presence of 5.0 M urea
at pH 7.0 and 37 °C. Therefore, under such
conditions, the partially folded conformation that
is most readily accessible to the protein is expected
to have stable native-like regions of p-sheet struc-
ture in the vicinity of the BG and BH strands. To
investigate these possibilities, we characterised the
structural properties of an intermediate state accu-
mulated at pH 7.0 and 37 °C during an equilibrium
unfolding induced by urea using circular dichroism
(CD) according to our previously established me-
thod and limited proteolysis by proteinase K, a non-
specific protease.

We previously demonstrated that a partially
folded intermediate state with non-native a-helical
structures accumulated during the guanidinium
hydrochloride unfolding at pH 2.0 and 4 °C by
global-fitting analysis of far-UV CD spectra.’® A
similar strategy has been applied here for urea
unfolding of R-lactoglobulin at pH 7.0 and 37°C
(Fig. 5a; see also Supplementary Data). Unlike the
spectrum obtained at low pH and low tempera-

ture,”’ the CD spectrum of the intermediate state at
pH 7.0 and 37 °C shown in Fig. 5a does not show a
significant increase of absolute ellipticity at 222 nm,
which is diagnostic of the accumulation of a-helical
structure. The spectrum was further analysed by
CDpro,” a software package that includes three
independent programs (SELCON3, CDSSTR and
CONTIN) to calculate the secondary structure con-
tent. The results are summarised in Table 2. Accord-
ing to this analysis, the secondary structure content
of the intermediate state is highly consistent with
that of the native state.

Limited proteolysis of B-lactoglobulin by protei-
nase K was performed at pH 7.0 and 37 °C in the
presence of 5.0 M urea, and the resulting proteolysis-
resistant fragments were examined by matrix-
assisted laser desorption/ionisation time-of-flight
mass spectrometry (Fig. 5b). The observed masses of
these fragments were compared with the calculated
masses of peptide fragments of -lactoglobulin, thus
enabling the identification of the regions of frag-
ments resistant against proteinase K cleavage. This
analysis indicated that most fragments identified
here are located downstream of the PA-strand
region. According to Giurleo et al.>® almost 100%
of R-lactoglobulin molecules assume a partially
folded structure at pH 7.0 and 37 °C in the presence
of 5.0 M urea.

These results therefore suggest that the conforma-
tional state accumulated at pH 7.0 and 37 °C in the
presence of 5.0 M urea is a partially folded inter-
mediate in which the N-terminal pA-strand region
in the native state is relatively flexible and accessible
to the proteolytic cleavage by proteinase K, while
the downstream of the protein assumes relatively
rigid native-like structures resistant against protei-
nase K cleavage.

The native-like secondary structures in the par-
tially folded state of p-lactoglobulin identified here
should act to inhibit at least to some extent the
formation of aggregates, despite the fact that iso-
lated peptides corresponding to these regions are
readily able to form amyloid fibrils. In addition, the
C-terminal region close to the pI strand, which is
involved in the dimer interface, contains another
disulfide bond between residue C66 and residue
C160. This bond is likely to generate a conforma-
tional restraint that will also inhibit the formation of

Table 2. Secondary structure contents of various
conformational states of p-lactoglobulin accumulated at
37 °Cand pH 7.0

State a-Helix (%)  p-Sheet (%)  Others (%)
Native 13+5 (6.8) 3742 (51.2) 50+3 (42.0)
Intermediate 11+4 31+6 58+3
Intermediate at 4 °C*  28+10 23+14 49+4
Fully unfolded 9+7 32+2 59+6

The reported data are the average of the values estimated from the
SELCONS3, CONTIN and CDSSTR software in CDpro package.
Values in parentheses were calculated from the crystal structure of
B-lactoglobulin (Protein Data Bank ID 1BEB).

? Spectral data were taken from Ref. 30.
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misfolded aggregation of p-lactoglobulin by stabi-
lising the dimeric native state through intermolecu-
lar association involving the pl-strand region. By
contrast, the BA-strand region in the unfolded,
partially folded and even native states should be
relatively accessible, as shown by its limited protec-
tion against amide hydrogen/deuterium exchange
with the solvent®>-657 for various conformational
states and our limited proteolysis (Fig. 5b). Impor-
tantly, the aggregation propensity at the pA-strand
region has a relatively high aggregation propensity
(Table 1), possibly due to the hydrophobic nature of
its amino acid sequence (Fig. 1). Thus, the hydro-
phobic character, together with the flexible nature
of the PA-strand region, may strongly promote
the formation of amyloid fibrils by p-lactoglobulin
through intermolecular interactions that are likely to
be readily formed around this region. These results
suggest that the BG, PH and pI strands are hindered
from becoming fully unfolded by the presence of
disulfide bridges, while the B A strand does not have
such structural constraints and so may more readily
become accessible and promote amyloid formation.

The conclusions discussed above suggest that
addition of fibrils formed from the various peptides
into solutions of full-length B-lactoglobulin in which
the disulfide bonds are reduced and the protein is
destabilised could well accelerate the rate of fibril
formation by the protein. To test this idea, we pre-
pared fully disulfide-reduced and carboxymethy-
lated p-lactoglobulin (RCM-B-lactoglobulin) and
monitored the kinetics of amyloid fibril formation
using thioflavin T fluorescence (Fig. 2d). As with
the disulfide-containing intact protein, RCM-R-
lactoglobulin shows a sigmoidal kinetic behaviour
under unseeded conditions, although the lag time
could be abolished by adding the preformed fibrils
corresponding to the full-length protein. Impor-
tantly, the addition of preformed fibrils formed by
any of the peptides studied here could also com-
pletely abolish the lag phase observed in the absence
of added fibrils.

We then used TEM imaging to examine the
morphology of the fibril structures formed by
RCM-p-lactoglobulin when seeded with fibrils
from the different peptides. While intact p-lactoglo-
bulin shows uniformity in fibril morphology and
unbranched straight fibrils with a diameter of 16.9+
2.9 nm were observed by TEM (Fig. 3a), two types of
fibrils can be seen for RCM-B-lactoglobulin under
unseeded conditions (Fig. 3b): One type is very
straight with a diameter of 14.7+1.8 A, which is
similar to the fibril diameter formed by intact pro-
tein, and the other has a curly appearance with a
diameter of 10.2+1.9 A. Interestingly, only straight
fibrils with a diameter of 14.6+3 A could be ob-
served under self-seeding conditions. However,
seeding with preformed fibrils of the 3-lactoglobulin
peptides tended to generate fibrils thinner than
those formed under self-seeded or unseeded condi-
tions. In the presence of PA, PG and PH seeds,
straight fibrils with diameters of 11.6+2.1, 8.3+1.8
and 11.9+1.8 A were formed, respectively, while

seeding with PRI fibrils resulted in both straight
and curly fibrils, with diameters of 10.2+1.9 and
12.6+2.6 A, respectively.

These changes in the fibril structures formed
under different seeding conditions suggest that dif-
ferent aggregation-prone regions can act as nuclea-
tion sites (Fig. 2d). They also offer an explanation for
the observed polymorphism in fibril structures
under unseeded conditions as different regions of
RCM-B-lactoglobulin could initiate the nucleation
process and hence affect the fibril morphology.
These results therefore strongly support the idea
that fibril formation by intact p-lactoglobulin poten-
tially occurs through regions of the sequence that
have high aggregation propensities, such as BI,
and can be efficiently inhibited by formation of the
monomeric and dimeric native states and by con-
formational restrictions stabilised by the presence of
disulfide bonds.

A unified view of the behaviour of the folding
and association of B-lactoglobulin

The study presented in this article illustrates the
power of combining experimental data and theore-
tical predictions to probe specific aspects of the
principles of protein misfolding and aggregation. We
summarise the findings reported in this work con-
cerning P-lactoglobulin in the schematic diagram
presented in Fig. 6. Initially, the protein at equili-
brium in 5.0 M urea at pH 7.0 and 37 °C has
significant populations of native, partially folded and
unfolded states. In the partially folded state, how-
ever, much of the polypeptide chain, with the
exception of the PA strand, assumes a native-like
topology that decreases very considerably the aggre-
gation propensity of even the most highly aggrega-
tion-prone regions. The pA-strand region within the
partially folded state appears to be exposed to the
solvent and to assume a native-like extended struc-
ture as suggested by the limited proteolysis and CD
analysis demonstrated here (Fig. 5) or, with a lower
probability, a non-native a-helical structure.?* %277
The association of the extended pA-strand region
with other molecules can thus initiate aggregation
into ordered fibrils that is followed by maturation
processes, including the association of fﬂaments and
the elongation of fibrillar structures.”

The propensity to form a non-native a-helical
structure in the vicinity of the RA-strand region in
the intermediate state of B—lactoglobuhn particularly
at low pH and low temperature® could be an
important factor in reducing its propensity to form
amyloid fibrils because of the involvement of the
main-chain amide and carboxyl groups in inter-
molecular hydrogen bonds. The intermediate state
in the folding and unfolding of the protein can then
directly or indirectly become a precursor for
amyloid fibril formation, as has been found to be
the case in lysozyme, for example.”’ When the
folding intermediate state of the protein is a direct
precursor of amyloid fibrils, the aggregation process
will involve a large conformational change in the
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Fig. 6. Schematic view of a unified mechanism for amyloid formation by p-lactoglobulin.

region of the sequence corresponding to the BA
strand from its non-native a-helical state to a native-
like B-strand structure prior to the formation of the
cross- core of the fibril (Fig. 6). In the absence of
disulfide bonds in intact p-lactoglobulin, amyloid
aggregation can be initiated from various regions of
the sequence due to the absence of structural cons-
traints that stabilise the native structure. These
results indicate that great care needs to be taken in
using peptide fragments to probe the mechanism of
aggregation of an intact protein or indeed of longer
fragments of the protein.

The results obtained here suggest that the deter-
minants for folding, native-state dimerisation and
aggregation differ only in rather subtle ways, at least
in the case of R-lactoglobulin. Regions with high
intrinsic amyloidogenicity are also important for
folding (the G and pH strands) or for homodimer-
isation (the RI strand) but generate a risk of con-
version into amyloid aggregates. Our results indi-
cate that the presence of disulfide bonds represents a
design principle that is additional to those already
identified as promoting folding rather than aggrega-
tion of these regions that form p-sheets in the native
state.”® Our findings also indicate that the A strand
located at the N-terminal region of the structure is
likely to be a key component of the amyloid core,
because of its high intrinsic amyloidogenicity
and because it has sufficient local flexibility to be-
come exposed to the solvent and hence to be in-

corporated efficiently into the amyloid fibril struc-
ture. It is clear, however, that the amino acid
sequence of B-lactoglobulin has evolved to inhibit
efficiently the intrinsic tendency of a protein that
forms extensive p-sheet structures in its native state
to form similar structures in non-native and poten-
tially pathogenic aggregates.

Materials and Methods

Materials

The A variant of bovine p-lactoglobulin, which differs
from the B variant at positions 64 and 118, where an
aspartate and a valine in the A variant are substituted by a
glycine and an alanine in the B variant, was purchased
from Sigma (St. Louis, MO). RCM-p-lactoglobulin was
prepared as described in Ref. 32. Other chemicals were
purchased either from Nacalai Tesque (Kyoto, Japan) or
from Wako Pure Chemical Industries (Osaka, Japan). The
polyvinyl formal-carbon-coated 200-mesh copper grids
(200 A) were obtained from Oken Shoji (Tokyo, Japan).

Peptide synthesis

Peptides were synthesised on an Applied Biosystems
Model 433A automated synthesiser, using Rink amide
resin, based on the standard Fastmoc 0.1 mmol protocol.
The resulting crude peptides were purified by reversed-
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phase HPLC, and the degree of purity was checked by
analytical reversed-phase HPLC and mass spectrometry.
Since all the peptides contain tryptophan or tyrosine
residues, the peptide concentrations were determined by
UV absorption spectroscopy using the extinction coeffi-
cients calculated according to Gill and von Hippel.**

Kinetics of fibril formation by peptides using
thioflavin T fluorescence

Thioflavin T fluorescence spectra were obtained using a
JASCO ﬂuor1meter (Model FP-6500). Peptide solutions
(1 mg mL ') in 10 mM sodium phosphate, pH 7.0, and
5.0 M urea were incubated at 37 °C. After given times of
incubation, 5-pL aliquots of the peptide solutions were
mixed with 400 pL of 5 uM thioflavin T dissolved in
10 mM sodium phosphate at pH 7.0, and the fluorescence
at 460-660 nm was measured with an excitation wave-
length of 450 nm. For seeding experiments using frag-
ments, preformed fibrils of the various peptides (initial
concentration of 1 mg mL™') were broken into smaller
segments by sonication, and 10 pL of the resulting solu-
tions containing fragmented fibrils was added to solutlons
of B—lactoglobuhn at a concentration of 1 mg mL™! and
dissolved in 10 mM sodium phosphate at pH 7.0 and
5.0 M urea. The samples were incubated at 37 °C, and the
presence of fibrils was monitored by thioflavin T fluo-
rescence as described above.

Fibril imaging by TEM

TEM images of fibrils were acquired with a JEM-1200EX
II transmission electron microscope (JEOL, Tokyo, Japan)
with an acceleration voltage of 85 keV. The samples
were negatively stained with 1.5%-2.0% phosphotung-
state adjusted at pH 7.5 by adding sodium hydroxide.
The reported diameters of fibrils are the average of
more than 100 randomly selected sections of different
fibrils.

Predictions of amyloid aggregation propensities

Predlctlons were made by using the Zyggregatort
algorithm,”””° which we previously introduced to predict
the intrinsic aggregation propensities of amino acid
sequences by considering the physicochemical properties
of amino acids. In these predictions, a region of a poly-
peptide sequence should meet two conditions in order to
promote aggregation: (1) it should have a high intrinsic
aggregation propensity Z" and (2) it should be sufficiently
unstable to have a significant propensity to form inter-
molecular interactions. In order to describe the latter, we
used the CamP method for the prediction of structural
flexibility (InP) from the amino acid sequence.®® For those
values that have Z >0, we modified the aggregation
propensity profile Z* by modulating it with InP,

h’lpl‘
15 )’

thus resulting in the aggregation propensity profile Z™
with structural corrections.

ZPS ZP (

thttp:/ /www-vendruscolo.ch.cam.ac.uk/zyggregator.
php

Limited proteolysis by proteinase K

p-Lactoglobulin (1 mg mL™!) was dissolved in 1 mL of
10 mM sodium phosphate, pH 7.0, and 5.0 M urea. One
microliter of 10 ng mL™" of proteinase K dissolved in
distilled water was added into the solution containing
p-lactoglobulin, and the solution was incubated for 1 min
at 37 °C. The cleavage reaction was quenched by addi-
tion of phenylmethylsulfonyl fluoride at room tempera-
ture. Disulfide bonds were then reduced by addition of
dithiothreitol (final concentration of 10 mM) for 1 h at
room temperature. The solution was treated by ZipTip
with 0.6 pL of C, resin (Millipore, Billerica, MA). Masses
of the peptides in the solution after ZipTip treatment
were analysed by matrix-assisted laser desorption/ioni-
sation time-of-flight mass spectrometry using AXIMA-
CFR (SHIMADZU, Kyoto, Japan). a-Cyano-4-hydroxy-
cinnamic acid was used as matrix. The fragments were
identified by using FindPept tool in ExPaSyj server.
Further details are provided as supplementary data.

CD spectra

Far-UV CD spectra were monitored at 37 °C using a
J-720 spectropolarimeter from JASCO (Tokyo, Japan).
Protein samples were prepared in 10 mM sodium
phosphate and various concentrat1ons of urea at pH 7.0.
A protein concentration of 1 mg mL™" and the cell of 0.1-
mm path length were used. It was essential to use the cell
with such short path length and relatively high concentra-
tion of protein in order to efficiently eliminate the high
absorption of urea, particularly at shorter wavelength,
below ~220 nm. Data were expressed as molar residue
ellipticity [6].

The global-fitting analysis was performed as described
in Ref. 30. In order to obtain the CD spectrum of an
intermediate state and various thermodynamic para-
meters to explain the urea-unfolding reactions, we
introduced the following assumptions:

(1) Three states, including native dimer (N), inter-
mediate (I) and fully unfolded (U), were respon-
sible for the urea-unfolding transition. Thus, the
observed ellipticity at wavelength x, [6](x), in the
presence of a given concentration of urea is ex-
pressed by a linear combination of the contribution
from the three states:

[6](x) = f[B] (x) + 1[0, (x) + fur 0], (x)

where f; and [6](x) are the fraction and ellipticity
at wavelength x of the species i (U, N or I),
respectively.

(2) The free-energy difference between states i and j
(AGy) is a linear function of urea concentration,
AGIJZAGIJ(Hzo)*mIJ [urea], where AGIJ(Hzo)
and m; are the free-energy difference in the
absence of urea and a measure of the coopera-
tivity for urea-unfolding transition, respectively.
In the case of urea unfolding of B-lactoglobulin
at pH 7.0, “N” corresponds to the dimeric native
state; therefore, AGyy is also a function of total
concentration of protein in solution and urea
concentration.

I kr.expasy.org/tools/findpept.html
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For the global-fitting analysis, the CD spectra of p-
lactoglobulin in the absence and presence of 7.0 M urea
were used as [0]n(x) and [8]u(x), respectively. [8];(x) of the
intermediate state and other thermodynamic parameters
were included as fitting parameters. The data were
analysed by IgorPro version 6.04 (Wavemetrics, OR).

We also analysed the data according to a two-state
model including native and fully unfolded states. How-
ever, this approach could not provide reasonable conver-
gence of the fitting result; we thus adopted the three-state
assumption made above. Details of the results of global-
fitting analysis are available as supplementary data.
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