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Amyloidogenic proteins like human Cystatin C (hCC) have been shown to form dimers and oligomers by
exchange of subdomains of the monomeric proteins. Normally, the hCC monomer, a low molecular type 2
Cystatin, consists of 120 amino acid residues and functions as an inhibitor of cysteine proteases. The
oligomerization of hCC is involved in the pathophysiology of a rare form of amyloidosis namely
Icelandic hereditary cerebral amyloid angiopathy, in which an L68Q mutant is deposited as amyloid in
brain arteries of young adults. In order to find the shortest stretch responsible to drive the fibril formation
of hCC, we have previously demonstrated that the LQVVR peptide forms amyloid fibrils, in vitro (Tsiolaki
et al., 2015). Predictions by AMYLPRED, an amyloidogenic determinant prediction algorithm developed in
our lab, led us to synthesize and experimentally study two additional predicted peptides derived from
hCC. Along with our previous findings, in this work, we reveal that these peptides self-assemble, in a
similar way, into amyloid-like fibrils in vitro, as electron microscopy, X-ray fiber diffraction, ATR FT-IR
spectroscopy and Congo red staining studies have shown. Further to our experimental results, all three
peptides seem to have a fundamental contribution in forming the ‘‘aggregation-prone’’ core of human
Cystatin C.

� 2015 Published by Elsevier Inc.
1. Introduction Cystatin, expressed in all nucleated human cells (Abrahamson
Under appropriate conditions, proteins or peptides undergo
conformational changes leading from their soluble forms into
ordered fibrillar aggregates, called amyloid fibrils. To date, 30 dif-
ferent proteins can form amyloids and although there is no appar-
ent homology in their primary sequence or their 3D structure, they
do share the propensity to self-assemble and form insoluble fibrils.
The pathological consequences of the formation of amyloid fibrils
are implicated in a wide range of divergent neurodegenerative dis-
eases such as Alzheimer’s, Parkinson’s, Creutzfeldt-Jacob’s and
Huntington’s disease and many more, known as amyloidoses
(Sipe et al., 2012).

Human Cystatin C (hCC), a 120-aminoacid protein (Fig. 1A)
(Abrahamson et al., 1987), belongs to the Cystatin super-family
(Barrett, 1986; Turk and Bode, 1991) and is a secretory type 2
et al., 1986; Grubb, 2000). It is found in all tissues and body fluids
(Abrahamson et al., 1986) and it is present at particularly high con-
centrations in cerebrospinal fluid (Abrahamson et al., 1987; Grubb
and Lofberg, 1982).

hCC, belonging to the papain (C1) and legumain (C13) families
(Grubb, 2000; Henskens et al., 1996; Turk and Bode, 1991), can
normally inhibit cysteine proteases by an ideal binding epitope
resulting from the characteristic Cystatin fold (Fig. 1B). This confor-
mation is composed of a polypeptide that folds into a five-stranded
b-sheet (b1 to b5 b-strands), which partially wraps around a cen-
tral a-helix (a1 helix). The N-terminal segment and the two hair-
pin loops L1 and L2 build the edge of the protein, which binds
into the active site of cysteine proteases and blocks their prote-
olytic activity (Bode et al., 1988) (Fig. 1B, Supplementary Fig. S1).
In 2010, Koladziejczyk et al., created a monomer-stabilized human
Cystatin C with an engineered disulfide bond [(L47C)-(G69C)]
(Kolodziejczyk et al., 2010) and revealed for the first time the
canonical structure features of hCC (Supplementary Fig. S1).

Aggregation and oligomerization of hCC accelerates a rare form
of amyloidosis, called Hereditary Cystatin C Cerebral Amyloid
Angiopathy (Icelandic Cerebral Angiopathy, HCCAA)
(Gudmundsson et al., 1972). This angiopathy is an autosomal
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Fig. 1. Amino acid sequence and native structure of human Cystatin C (hCC). (A) A representation of the polypeptide sequence of human Cystatin C, which normally consists
of 120 amino acid residues (Grubb, 2000). Predicted ‘aggregation-prone’ segments by AMYLPRED (Frousios et al., 2009), are shown in red (47LQVVR51), blue (56IVAGVNYFLD65)
and green (95AFCSQIYAVP105), respectively. Dark yellow lines point out existing disulfide bonds. (B) A monomer-stabilized human Cystatin C with an engineered disulfide
bond (PDB ID: 3GAX) (Kolodziejczyk et al., 2010) reveals the canonical Cystatin fold, based on the crystal structure of chicken Cystatin (Bode et al., 1988). Colored regions in
red, blue and green, illustrate the CysC1 (47LQVVR51), CysC2 (56IVAGVNYFLD65) and CysC3 (95AFCSFQIYAVP105) ‘aggregation-prone’ segments, respectively. The magenta
region, presented as sticks, highlights a naturally occurring mutant of hCC at position 68 (L68Q). (N: N-terminal, C: C-terminal, L1: loop 1, L2: loop 2).
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dominant disorder which forms amyloid deposits in brain arteries
of young adults mainly originating from Iceland, leading to fatal
cerebral hemorrhage (Asgeirsson et al., 1998; Olafsson and
Grubb, 2000). Simultaneously, under denaturing conditions amy-
loid deposits of hCC are found in the leptomeninges, cerebral cor-
tex and brainstem of older adults (Revesz et al., 2009). In addition
to amyloidosis, it was demonstrated that human Cystatin C is
co-deposited in the amyloid plaques of Alzheimer’s disease (Levy
et al., 2001) and Down’s syndrome (Zerovnik, 2009) and it is also
involved in tissue-degenerative diseases such as osteoporosis and
periodontitis (Johansson et al., 2000).

Several crystal structures of human Cystatin C have been
reported, but in all of them the protein exists in the form of sym-
metric three-dimensional, domain-swapped dimers (Janowski
et al., 2004; Janowski et al., 2005; Janowski et al., 2001).
Three-dimensional domain swapping (3D domain swapping), as a
mechanism, requires partial unfolding of the monomer and subse-
quently separation of the exchanged domains in order to recom-
bine and lead to the formation of an oligomer (Bennett et al.,
1995; Liu and Eisenberg, 2002). A naturally occurring mutant of
hCC substitutes a leucine to glutamine at position 68 (L68Q) and
increases the propensity for amyloid formation through 3D domain
swapping, since the substitution greatly affects the stability of the
molecule (Rostagno et al., 2010) (Fig. 1B, Supplementary Fig. S1).

Based on this data, in order to find the shortest stretch respon-
sible to drive the fibril formation of hCC, we extensively studied
the structural properties of the predicted pentapeptide LQVVR
and we demonstrated that this peptide has, on its own, the ten-
dency to self-assemble forming amyloid-like fibrils, in vitro
(Tsiolaki et al., 2015). Along with our previous findings, in this
work, we report on the self-assembly properties of two (2) other
hCC peptides and discuss the implications of our results.

2. Materials and methods

2.1. Prediction of potential aggregation prone peptides in human
Cystatin C

AMYLPRED (Frousios et al., 2009), as well as AMYLPRED2 (Tsolis
et al., 2013), both consensus algorithms developed in our lab, were
used to identify ‘aggregation-prone’ segments in the amino acid
sequence of human Cystatin C (Uniprot AC: P01034). Our tools,
are publicly available for academic users in our website: http://bio-
physics.biol.uoa.gr/. In addition to the peptide segment 47LQVVR51

(CysC1), which has shown to be pivotal for human Cystatin C
oligomerization (Tsiolaki et al., 2015), two oligopeptides with high
aggregation propensity were predicted (Supplementary Fig. S2).
The decapeptide 56IVAGVNYFLD65 (CysC2) and the 11-residue pep-
tide 95AFCSFQIYAVP105 (CysC3) (Fig. 1, colors) are located in the
hinge loop L1 and in the b4 b-strand, respectively (see Section 1).
It is well known that cysteine 97 in the sequence of human
Cystatin C forms with cysteine 117 the one out of two disulfide
bridges, in all type 2 Cystatins (Rawlings and Barrett, 1990).

2.2. Peptide synthesis

In case of 95AFCSFQIYAVP105 prediction, we designed the ana-

logue 95AFASFQIYAV104 (CysC3) by replacing the cysteine 97 resi-
due with an alanine, in order to prevent the formation of
undesirable, intermolecular disulfide bonds between cysteines.
Additionally we omitted the C-terminal proline residue (P105) in
order not to disrupt the structure that is going to be formed. We
should mention that the peptide analogue 95AFASFQIYAV104

(CysC3) is also an ‘‘aggregation-prone’’ peptide, according to
AMYLPRED prediction (data not shown). Both peptides,
56IVAGVNYFLD65 (CysC2) and 95AFASFQIYAV104 (CysC3), were syn-
thesized by GeneCust Europe, Luxembourg� (purity >98%, free N
and C terminals).

2.3. Formation of amyloid-like fibrils

The synthesized peptide 56IVAGVNYFLD65 (CysC2) was dis-
solved (a) in distilled water, pH 5.5, at a concentration of
10 mg ml�1 and (b) in distilled water, pH 5.5, at a concentration
of 5 mg ml�1. In both cases this peptide analogue was found to pro-
duce gels spontaneously after its dilution. Samples for electron
microscopy were collected continuously on an everyday basis for
11 days (Supplementary Fig. S3). Similarly, the synthesized peptide
95AFASFQIYAV104 (CysC3) was dissolved in distilled water, pH 5.5,
at a concentration of 10 mg ml�1 and respectively gels were

http://biophysics.biol.uoa.gr/
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formed after 1–2 weeks of incubation. In all cases, gels contained
amyloid-like fibrils which are judged to be amyloids from their
tinctorial, morphological and structural characteristics (see
Section 3) were formed.
2.4. X-ray diffraction

In order to produce oriented fibers from both CysC2 and CysC3
peptides, a droplet (5 ll) of each mature fibril suspension at a con-
centration of 10 mg ml�1 was placed between two properly aligned
siliconized glass rods (�2 mm apart). Each droplet was allowed to
dry slowly at ambient temperature and humidity for about 30 min
to form an oriented fiber suitable for X-ray diffraction. The X-ray
diffraction patterns were collected, using a SuperNova-Agilent
Technologies X-ray generator equipped with a 135-mm ATLAS
CCD detector and a 4-circle kappa goniometer, at the Institute of
Biology, Medicinal Chemistry and Biotechnology, National
Hellenic Research Foundation (CuKa high intensity X-ray
micro-focus source, k = 1.5418 Å), operated at 50 kV, 0.8 mA. For
the CysC2 oligopeptide the specimen-to-film distance was set at
105 mm and the exposure time was set to 1800 s. For the CysC3
peptide-analogue the specimen-to-film distance was set at
55 mm and the exposure time was set to 600 s. The X-ray patterns,
were initially viewed using the program CrysAlisPro (CrysAlisPRO,
2014) and consequently measured with the aid of the program
iMosFLM (Leslie and Powell, 2007). Indexing (h, k, l, dobs, dcalc) of
the X-ray diffraction pattern from the CysC2 peptide fiber was done
utilizing DICVOL06 (Boultif and Louër, 2004). Model hexapeptides
corresponding to fragments of CysC2 were obtained from ZipperDB
(Goldschmidt et al., 2010). The model coordinates of the CysC2
hexapeptides are the result of threading them onto the NNQQNY
structure backbone, and energetically evaluating them utilizing
the Rosetta-Design program (Kuhlman and Baker, 2000).
2.5. Negative staining

For negative staining, CysC2 and CysC3 peptide solutions were
independently applied to glow-discharged 400-mesh
carbon-coated copper grids for approximately 60 s. The grids were
stained with a drop (5 ll) of 2% (w/v) aqueous uranyl acetate for
60 s. Excess stain was removed by blotting with a filter paper
and then the grids were air-dried. The fibril containing grids were
examined with a Morgagni™ 268 transmission electron micro-
scope, operated at 80 kV. Digital acquisitions were performed with
an 11 Mpixel side-mounted Morada CCD camera (Soft Imaging
System, Muenster, Germany).
2.6. Congo red staining and polarized light stereomicroscopy

Fibril suspensions of the two peptide solutions were applied to
glass slides and were allowed to air-dry. The film produced by
CysC2 was stained with a 1% Congo red solution in distilled water
(pH 5.75) at room temperature for approximately 20 min, as indi-
cated by the Romhanyi protocol published in 1971 and excess stain
was removed through tap water washes (Bely and Makovitzky,
2006; Romhanyi, 1971). The film formed by the CysC3 was stained
with a 10 mM Congo red solution in phosphate-buffered saline (pH
7.4) for approximately 1 h (Divry and Florkin, 1927). Excess stain-
ing was removed by several washes with 90% ethanol and left to
dry at room temperature. Subsequently, the samples were
observed under bright field illumination and between crossed
polars, using a Leica MZ75 polarizing stereomicroscope equipped
with a JVC GC-X3E camera.
2.7. Attenuated total reflectance Fourier-transform infrared
spectroscopy (ATR FT-IR) and post-run computations of the spectra

A drop (5 ll) of each of the hCC peptide analogues, CysC2 and
CysC3, mature fibril suspensions were cast on a front-coated Au
mirror and left to dry slowly at ambient conditions to form thin
films. Infrared spectra were obtained from these films at a resolu-
tion of 4 cm�1, utilizing an IR microscope (IRScope II by Bruker
Optics) equipped with a Ge attenuated total reflectance (ATR)
objective lens (20�) and attached to a Fourier-transform infrared
(FTIR) spectrometer (Equinox 55, by Bruker Optics). Internal reflec-
tion spectroscopy has several advantages compared with the more
common KBr dispersion technique (de Jongh et al., 1996). The
choice of ATR was dictated by the need to exclude any possible
spectroscopic and chemical interactions between the sample and
the dispersing medium. Having a penetration depth ca. 1–2 lm
(1000 cm�1, Ge), ATR is free of saturation effects, which may be
present in the transmission spectra of thicker samples. Moreover,
the use of a microscope facilitates the acquisition of data from
small samples. Ten 32-scan spectra were collected from each sam-
ple and averaged to improve the S/N ratio. The spectra are shown
in the absorption mode after correction for the wavelength depen-
dence of the penetration depth (pd � k). Absorption band maxima
were determined from the minima in the second derivative of the
corresponding spectra. Derivatives were computed analytically
using routines of the Bruker OPUS/OS2 software and included
smoothing by the Savitzky–Golay algorithm (Savitsky and Golay,
1964) over a ±8 cm�1 range, around each data point. Smoothing
over narrower ranges resulted in a deterioration of the S/N ratio
and did not increase the number of minima that could be deter-
mined with confidence.

2.8. Structural analysis and figure preparation

Sequence alignments were performed using CLUSTALW (Larkin
et al., 2007) and were illustrated using BioEdit (Hall, 1999).
Cystatin C models were built by analyzing the PDB files 3GAX
(Kolodziejczyk et al., 2010), 1R4C (Janowski et al., 2004) and 1TIJ
(Janowski et al., 2005). 3GAX represents the fold of
monomer-stabilized Cystatin C, whereas 1R4C and 1TIJ represent
3D domain swapped human Cystatin C of an orthorhombic and a
tetragonal crystal, respectively. Figures were visualized and pre-
pared using the PyMol software (Delano, 2005).
3. Results

Both peptides, predicted by AMYLPRED (Frousios et al., 2009) as
segments of human Cystatin C with high aggregation propensity
(Fig. 1, Supplementary Fig. S1), were studied in detail after synthe-
sis and were found to self-assemble into amyloid like fibrils, form-
ing gels after incubation for 1–2 weeks, in distilled water (see
Section 2.1).

3.1. CysC2 experimental results

Solutions of peptide CysC2 (5 mg ml�1 and 10 mg ml�1) were
prepared at pH 5.5 and incubated at ambient temperature for
2 weeks.

Aliquots of the dissolved CysC2 peptide, at a concentration of
5 mg ml�1, were extracted every day and examined utilizing
T.E.M. (Transmission Electron Microscopy) after negative staining.
Fibrils were formed and the thinnest single fibril had a diameter of
approximately 10 nm and it was observed immediately after the
peptide dilution (Supplementary Fig. S3, Day0). These fibrils have
the tendency to associate laterally even macroscopically on the
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grid (data not shown). The discovery of these early forming species
co-exists not only with fibril bundles during the first day (Day 1) of
incubation but also with microcrystals approximately 20 nm in
diameter (Supplementary Fig. S3). However, on the fourth day of
incubation the number of microcrystals/fibrils has considerably
increased. Actually, detailed observations reveal that microcrystals
consist of typical amyloid-like fibrils (�10 nm, Fig. 2 thin arrow)
which wound around each other and form larger helical assemblies
(Supplementary Fig. S3, Day 4). As shown in Fig. 2A (thick arrows),
a twisted ribbon-like microcrystal consists of coiled fibrils
(�10 nm) with an axial crossover repeat of 250 nm. These helical
Fig. 2. Experimental results of CysC2 and CysC3 ‘‘aggregation-prone’’ peptides. (A) and (B)
respectively. The samples were negatively stained with 2% uranyl acetate. Arrows show
CysC3 peptide fibrils stained with Congo Red: bright field illumination (left), crossed pola
seen under crossed polars (right) in both cases. Bar 500 lm. (E) and (F) X-ray diffractio
display, the meridian, M (direction parallel to the fiber axis) is vertical and the equator, E,
reflection corresponds to the spacing of adjacent beta-strands and the 9–12 Å spacing, w
The X-ray diffraction pattern of CysC2 (E) is not a typical ‘‘cross-b’’ pattern since it shows
random packing of the constituent amyloid fibrils in the fiber.
assemblies give rise to lamellar crystals, as seen in
Supplementary Fig. S3 (Day 11) (Sawaya et al., 2007).

Congo red binds to mature fibrils derived from the CysC2 pep-
tide, shown in the bright field panel in Fig. 2C (left) and subse-
quently exhibits a yellow to apple-green birefringence when
placed between crossed polars (Fig. 2C, right).

The X-ray diffraction patterns of oriented fibers from CysC2
indicate a powder-like pattern of a polycrystalline material
(Fig. 2E). This can easily be explained by looking at the EM pho-
tographs of CysC2 (Fig. 2A). Reflections appear as rings due to poor
alignment of the constituent fibrils. The strong reflections
Electron micrographs of mature amyloid-like fibrils from CysC2 and CysC3 peptides,
the fibrils (See Section 3). Bar 500 nm. (C) and (D) Photomicrographs of CysC2 and
rs (right). The yellow-green birefringence characteristic for amyloid fibrils is clearly
n patterns from oriented fibers (F) of CysC2 and CysC3 amyloid-like fibrils. In this
is horizontal. Both patterns illustrate the typical ‘‘cross-b’’ reflections. The 4.5–4.7 Å
hich corresponds to the face-to-face separation (packing distance) of the b-sheets.

rings instead of oriented reflections at the meridian and the equator. This indicates a
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corresponding to periodicities of 4.51 Å and 9.14 Å may be attribu-
ted to the interstrand and inter-sheet distances of b-sheet arrange-
ments, respectively. These reflections are characteristic of the
‘‘cross-b’’ conformation (Geddes et al., 1968), and are observed
for several amyloid-like fibrils (Sunde and Blake, 1997), in which
the b-strands are perpendicular to the fiber axis and the sheets
are packed parallel to the fiber axis. A list of the reflections
observed in the X-ray pattern (Fig. 2E) is given in Table 1. A full
explanation of the diffraction pattern is given in the legend of
Table 1, with a table of the d-spacings of the diffraction rings and
a proposed unit cell for the polycrystalline fiber. A possible packing
arrangement of CysC2, resulting from our indexing utilizing
DICVOL06 (Boultif and Louër, 2004), illustrates the packing of the
CysC2 peptide-analogue and all possible interactions between
CysC2 peptides in an orthorhombic unit cell (Fraser et al., 1965).
Following the steric zipper terminology proposed by Sawaya
et al., 2007, we were led to suggest a Class 7 steric zipper with
an up-up arrangement (Sawaya et al., 2007) (Supplementary
Fig. S4, Table 1).

An ATR FTIR spectrum of a thin film cast from suspensions of
the amyloid-like fibrils of CysC2 is shown in Fig. 3A (Table 2). The
spectrum (Fig. 3A, Table 2) shows prominent bands at
1623 cm�1, 1556 cm�1, and 1232 cm�1 in the amide I, II, and III
regions, respectively, indicative of a b-sheet conformation. The
high wavenumber band at 1696 cm�1 is an indication that
b-sheets are antiparallel, whilst the sharp maximum peak at
1515 cm�1 is typically assigned to Tyr (Y) (CAC stretching vibra-
tion of the aromatic ring) (Haris and Chapman, 1995; Jackson
and Mantsch, 1995; Krimm and Bandekar, 1986; Surewicz et al.,
1993; Tremmel et al., 2005; Valenti et al., 2011). The resulting
ATR FT-IR spectrum strongly supports the presence of an antipar-
allel b-sheet conformation.
3.2. CysC3 experimental results

The synthesized CysC3 peptide at a concentration of 10 mg ml�1

self-assembles into mature amyloid fibrils after 2 weeks of incuba-
tion in distilled water.

Electron micrographs show that they are linear unbranched fib-
rils of indeterminate length and uniform in diameter (ca. �10 nm,
arrows). They tend to aggregate laterally (‘‘side by side’’) and in
register (Fig. 2B, thin arrows), forming bundles of fibrils.

These fibrils bind Congo red (Fig. 2D, left) showing the charac-
teristic yellow-green birefringence when seen under crossed polars
(Fig. 2D, right). In addition, X-ray diffraction patterns from fibers
Table 1
Spacings (dobs) of the reflections that were observed in the X-ray diffraction pattern,
taken from a fiber of the CysC2 peptide amyloid-like fibrils (Fig. 2, Supplementary
Fig. S4). Indexing (h, k, l, dobs, dcalc) was done, utilizing DICVOL06 (Boultif and Louër,
2004), a software for the automatic indexing of powder diffraction patterns by the
successive dichotomy method, based on an orthorhombic unit cell, with unit cell
parameters: a = 8.98 ± 0.02 Å, b = 36.23 ± 0.01 Å, c = 18.16 ± 0.01 Å, a = 90�, b = 90�,
c = 90�.

h k l dobs (Å) dcalc (Å)

0 0 2 9.14 9.13
1 3 0 7.24 7.24
0 0 3 6.07 6.08
1 0 3 5.04 5.04
2 0 0 4.51 4.50
2 2 2 3.94 3.94
2 0 3 3.61 3.62
1 10 1 3.31 3.31
1 5 5 3.06 3.06

Fig. 3. ATR FT-IR (1100–1800 cm�1) spectra, obtained from suspensions of fibrils,
produced from the CysC2 (A) and CysC3 (B) peptides, cast on a flat stainless-steel
plate and left to air-dry slowly, at ambient conditions, to form hydrated, thin films.
Second derivative spectra are also included.



Table 2
Bands observed in the ATR FT-IR spectra obtained from thin-films, containing
suspensions of fibrils, produced by the CysC2 Peptide and CysC3 peptides, respectively,
and their tentative assignments.

CysC2 CysC3

Band (cm�1) Assignments Band (cm�1) Assignments

1141 TFA 1133, 1182, 1203 TFA
1232 Amide III (b-sheet) 1234 Amide III (b-sheet)
1515 Tyrosine side chain
1556 Amide II (b-sheet) 1550 Amide II (b-sheet)
1623 Amide I (b-sheet) 1635 Amide I (b-sheet)
1674 TFA 1664 TFA
1696 Antiparallel b-sheet 1697 Antiparallel b-sheet

For details see text.
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formed from CysC3 peptide fibrils show two strong reflections at
4.7 Å and 10 Å (Fig. 2F). These reflections appear as rings due to
the poor alignment of the constituent fibrils. This is probably due
to random packing of the fibrils, which adopt all possible orienta-
tions in the fiber. The strong reflection at 4.7 Å suggests that
b-sheets are present and may be attributed to inter-strand dis-
tances. The weaker reflection at �10 Å, most probably, corresponds
to inter-sheet packing distances. These two reflections clearly indi-
cate the existence of b-sheets and are characteristic of a
cross-b-like conformation observed for several amyloid-like fibrils
(Fig. 2B), not oriented, however, in this case.

The ATR FT-IR spectrum from thin films produced by the CysC3
peptide fibril-containing solutions (Fig. 3B, Table 2) shows a promi-
nent band at 1635 cm�1 in the amide I region, which is a band
clearly due to b-sheet conformation and a weak shoulder at
1697 cm�1, which is an indication that the b-sheets are antiparallel
(Haris and Chapman, 1995; Jackson and Mantsch, 1995; Krimm
and Bandekar, 1986; Surewicz et al., 1993; Valenti et al., 2011).
Thus, the results from ATR FT-IR spectroscopy strongly support
the evidence from X-ray diffraction.
4. Discussion

By its very definition the ‘‘amyloid stretch hypothesis’’ pro-
posed that amyloid aggregation is actually driven by short frag-
ments of misfolded proteins (Esteras-Chopo et al., 2005), and
thus until today, scientists in structural biology have extensively
been studying a great variety of amyloidogenic (or ‘aggrega
tion-prone’) peptides (Iconomidou et al., 2013; Iconomidou et al.,
2012; Louros et al., 2014; Teng and Eisenberg, 2009; Tenidis
et al., 2000). These short amyloidogenic stretches of five or six
amino acid residues do exhibit the potential to ‘guide’ amyloid fib-
ril formation from a soluble globular domain (Lopez de la Paz and
Serrano, 2004; Teng and Eisenberg, 2009). Therefore, several pub-
lished algorithms during the last decade or so, based on various
properties of polypeptide chains, attempt to predict such ‘aggrega
tion-prone’ stretches. A relatively recent review of available soft-
ware was published by Hamodrakas (2011).

Utilizing our consensus prediction algorithm of ‘aggrega
tion-prone’ segments AMYLPRED (Frousios et al., 2009), three (3)
peptides of hCC were predicted as ‘aggregation-prone’ segments;
the pentapeptide 47LQVVR51 (CysC1) and the peptides
56IVAGVNYFLD65 (CysC2) and 95AFCSFQIYAVP105 (CysC3) (Fig. 1).
Initially the LQVVR peptide was shown to have amyloidogenic
properties and plays a crucial structural role in hCC fibrillation
(Tsiolaki et al., 2015). In this work, we attempted to shed light
on the two additional, predicted ‘aggregation-prone’ regions, the
peptides CysC2 and CysC3, and find out whether they intrinsically
exhibit amyloidogenicity. Our experimental work clearly shows
that twisted microcrystals formed from CysC2 peptide solutions
and fibrils formed from CysC3 peptide solutions fulfill-in
general-all three basic criteria of amyloid fibrils (see Section 3).

Several studies have reported undeniable similarities between a
crystal and a fiber (Diaz-Avalos et al., 2003; Sawaya et al., 2007)
and according to Marshall et al. a concrete concentration can drive
the structural rearrangement of a fiber to finally form a crystal
(Marshall et al., 2010). In fact, the crystals are nano-crystals with
a thickness of approximately 200 nm which adopt a
needle-shaped morphology (Nelson et al., 2005; Sawaya et al.,
2007). In our case electron micrographs showed that the peptide
CysC2, which consists of 10 amino acids, follows in vitro an assem-
bly pathway where thin, single fibrils transform into lamellar
nano-crystals within 10 days after dilution (Supplementary
Fig. S3).

Besides electron micrographs, microcrystal structures are
related to the diffraction patterns derived from samples derived
from peptide CysC2. Our findings indicate a powder-like pattern
of a polycrystalline material. Thus, except for the two diffraction
spacings, which mainly correspond to the cross-b conformation,
the diffraction spacings listed in Table 1 are thought to arise from
the polycrystalline state of the samples from the peptide CysC2
(Supplementary Fig. S4). According to Sawaya et al., both peptides
and microcrystals share common principal structure features and
result in producing similar diffraction patterns (Sawaya et al.,
2007).

A theoretical approach to a dataset of 12 amyloidogenic pro-
teins has shown that segments with high aggregation propensity
are usually exposed on the surface of the amyloidogenic proteins
(Frousios et al., 2009). In a similar way, an intriguing finding of a
computational analysis by Castillo and Ventura revealed that in
the homo-oligomeric form of amyloidogenic proteins, protein–pro-
tein interactions and aggregation-prone segments of the surface
overlap (Castillo and Ventura, 2009).

As we have previously demonstrated, CysC1 is both a Cystatin
C-peptide with high aggregation propensity and, also, a crystal
contact (Janin, 1997; Janowski et al., 2004; Tsiolaki et al., 2015).
What is especially interesting is that adjacent tetramers interact
through the CysC1 peptide not only in the orthorhombic crystal
(PDB ID: 1R4C) (Janowski et al., 2004) but also in the tetragonal
crystal (PDB ID: 1TIJ) (Janowski et al., 2005) (Supplementary
Fig. S5). However, the overall shape of 1TIJ structure stresses the
high plasticity capability of the hinge loop (L1 loop, see Section 1).

Similarly, CysC2, which contains the L1 loop, takes part in inter-
molecular interactions by stabilizing the long b-sheet between
Cystatin C dimers and by forming a rich network of interactions
of symmetry-related molecules (Janowski et al., 2004; Janowski
et al., 2005). Remarkably, except from the ‘native-fold’ interactions
between dimers, we are able to point out the significance of the
intramolecular interactions between neighboring higher
oligomers-such as octamers-, utilizing the information given by
the Cystatin C crystal packing (Supplementary Fig. S6). Unlike its
tetragonal form (PDB ID: 1TIJ), where only CysC1 interactions occur
(Janowski et al., 2005), in the orthorhombic crystal structure 1R4C
repeating interactions of both CysC1 and CysC2 formulate a large
ordered (agglomerate) aggregate (Supplementary Fig. S6).

CysC2 is of great importance: firstly, the peptide contains the L1
loop (hinge loop, see Section 1), the linker region between
b-strands b2 and b3, which is essential in hCC dimerization
(Szymanska et al., 2009). The corresponding dimerization leads
to a conformational change. Secondly, Orlikowska et al. has shown
that specific mutations in the hinge loop can control the 3D
domain swapping mechanism (Orlikowska et al., 2011). The
mutated amino acid Val57 is part of our amyloidogenic determi-
nant (56IVAGVNYFLD65). Thirdly, additional studies have revealed
that this region of the Cystatin fold is conformationally unstable,
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mostly due to the Valine residue located near the top of the loop L1
(Val57 for hCC) (Abrahamson and Grubb, 1994; Nilsson et al.,
2004).

Another equally important aspect is that human Cystatin C inter-
acts with several amyloidogenic proteins such as Amyloid b (Ab) and
Serum Amyloid A (SAA). Specific interactions between Cystatin C
and Ab (Sastre et al., 2004) and Cystatin C and SAA (Bokarewa
et al., 2007) had been found experimentally and, thus, had intro-
duced two novel Cystatin C partners. Consecutive structural exper-
iments were performed using selective proteolytic excision and
high resolution mass spectrometry (Juszczyk et al., 2009; Maftei
et al., 2012; Tian et al., 2007) in order to identify the crucial binding
‘hotspots’ both in Ab and SAA. Surprisingly, the identified interaction
site of Fb is located in the 101IYAVPWQGTMTLSKSTC117 hCC
fragment (Juszczyk et al., 2009), whereas the identified epitope on
SAA is located in 96FCSFQIY102 fragment (Spodzieja et al., 2013;
Spodzieja et al., 2012). These studies highlight the importance of
CysC3 peptide, which according to our experimental results exhibits
the tendency to self assemble into amyloid-like fibrils.

Amyloidogenic proteins, which have the tendency to aggregate
via 3D domain swapping, have been a major focus of interest in
recent years. Interestingly, in 2008 an attempt to determine the
core structure of Stefin B was performed by using hydrogen
exchange and NMR (Morgan et al., 2008). Stefin B, as a member
of the Cystatin superfamily, shares high sequence similarity with
Cystatin C (Supplementary Fig. S7) and adopts the same general
Cystatin fold (Jenko Kokalj et al., 2007). As a a/b protein, Stefin B
needs a determining conformational transition, that leads to fibril-
lation through 3D domain swapping (Zerovnik et al., 2011).

In analogy to the model proposed by Morgan et al. (2008) we
propose a hypothetical polymerization pathway, shown in
Supplementary Fig. S8. We attempted to ‘locate’ our aggregation
prone segments and propose a plausible mechanism for the forma-
tion of the amyloid fibrils formed by hCC. To our surprise, all three
peptides, which have their own ability to self-assemble, according
to our results, participate in the core beta structure of the model
(Supplementary Fig. S8), suggesting, perhaps, an active role of
CysC1, CysC2 and CysC3 in human Cystatin C aggregation and fibril-
lation. Importantly, Stefin B sequence analysis utilizing
AMYLPRED2, indicated that the CysC2 homolog presents high
aggregation potency, in addition to the CysC1 and CysC3 homologs
presenting lower, yet significant, aggregation propensity (data not
shown). However, an important note is that human Stefins, as type
1 Cystatins, lack native disulfide bonds, in contrast to human
Cystatin C (Zerovnik et al., 2010) and thus, are more prone to par-
tial misfolding or conformational change (Grana-Montes et al.,
2012). Conclusively, future experiments are essential, such as ser-
ies of point mutations in full-length Cystatin C, followed by aggre-
gation assays, in order to experimentally verify the amyloid
assembly mechanism of Cystatin C and the implication of the iden-
tified CysC1, CysC2 and CysC3 ‘aggregation-prone’ segments.
5. Conclusions

Studies of hCC are of great importance. HCC was the first pro-
tein to exhibit the 3D domain swapping mechanism, which leads
to oligomers. Until recently, hCC was a protein with no experimen-
tally determined amyloidogenic regions. Our group revealed for
the first time that the 47LQVVR51 segment of Cystatin C (CysC1)
exhibits the tendency to self-assemble and, most probably, drives
the fibrillization of the protein by participating in a crucial struc-
tural region (Tsiolaki et al., 2015). In this work, utilizing electron
microscopy, X-ray fiber diffraction, ATR FT-IR spectroscopy and
Congo red staining, we have shown that two additional ‘aggrega
tion-prone’ segments of hCC, theoretically predicted by our
algorithm AMYLPRED, indeed self-assemble and might be active
ingredients of hCC aggregation. Based on these results and on the
published models of the Cystatin superfamily (Zerovnik et al.,
2011) we propose a plausible sketchy model of hCC
polymerization.
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