Biochimica et Biophysica Acta 1594 (2002) 1^5
www.bba-direct.com

Rapid report

Human ste¢n B readily forms amyloid ¢brils in vitro
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Abstract
Human stefin B (cystatin B) is an intracellular cysteine proteinase inhibitor broadly distributed in different tissues. Here,
we show that recombinant human stefin B readily forms amyloid fibrils in vitro. It dimerises and further oligomerises,
starting from the native-like acid intermediate, IN , populated at pH 5. On standing at room temperature it produces regular
(over 4 Wm long) fibrils over a period of several months. These have been visualised by transmission electron microscopy and
atomic force microscopy. Their cross-sectional diameter is about 14 nm and blocks of 27 nm repeat longitudinally. The fibrils
are smooth, of unbranched surface, consistent with findings of other amyloid fibrils. Thioflavin T fluorescence spectra as a
function of time were recorded and Congo red dye binding to the fibrils was demonstrated. Adding 10% (v/v)
trifluoroethanol resulted in an increased rate of fibrillation with a typical lag phase. The finding that human stefin B, in
contrast to the homologue stefin A, forms amyloid fibrils rather easily should promote further studies of the protein's
behaviour in vivo, and/or as a model system for fibrillogenesis. ß 2002 Published by Elsevier Science B.V.
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Amyloid ¢bril formation of proteins which cause
human disease is currently the focus of biochemical
and biophysical research [1^3]. It is closely related to
cellular, neurologic and medical studies [4^7]. Amyloidoses are diseases of slow onset and usually degenerative [8]. There is a strong causal link between ¢bril
formation and the onset of pathological signs. This
link is supported by genetic evidence, namely that
mutations found in early onset Alzheimer's disease
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or familial Parkinson's disease [1,6,9] lead to polypeptides which are more amyloidogenic.
Not only proteins connected to human disease can
form amyloid ¢brils. Increasing evidence has been
obtained to support the view [10^12,5] that ¢brillation is a generic property of proteins, and that only
modi¢cation in solvent conditions is su¤cient to produce ¢brils from structurally di¡erent proteins or
polypeptides. The ordered ¢brillar aggregates have
been studied by a range of techniques: TEM (transmission electron microscopy), AFM (atomic force
microscopy) [13], X-ray ¢bril di¡raction, CD, IR
spectroscopies, and characteristic dye binding. The
î in diameamyloid ¢brils appear straight, 50^130 A
ter. Polypeptide chains are oriented in such a way
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that L-strands run perpendicular to the long axis of
the ¢bril, allowing L-sheets to propagate in the direction of the ¢bril [8,14].
Human ste¢ns are globular K/L-proteins of 98 amino acid residues without disulphide bonds [15]. Their
three-dimensional fold consists of a ¢ve-stranded Lsheet overlaid by an K-helix. The crystal structure of
human ste¢n B in complex with papain and the solution structure of a homologous protein, human
ste¢n A, have been determined [16,17]. Dimers of
ste¢n B are highly populated at room temperature
[18], whereas ste¢n A dimer can only be accessed
at pre-denaturation temperatures over 80³C [19],
due to a high kinetic barrier. The crystal structure
of human cystatin C dimer [20] has been determined
and shows a domain-swapping mechanism.
Both ste¢ns, in their monomeric form, act as intracellular cysteine proteinase inhibitors. Their distribution di¡ers, with ste¢n A localised primarily in skin
and leucocytes and ste¢n B equally distributed in all
tissues. It has recently been shown that human ste¢ns
A and B are important in regulating speci¢c cellular
events, such as apoptosis [21,22]. Lack of human
ste¢n B is closely related to signs of epilepsy [23]
and myoclonic epilepsy and cerebellar apoptosis appear in ste¢n B-de¢cient mice [22]. Animal studies
have shown that this protein gets overexpressed following an epileptic seizure [24]. It is of interest that
ste¢n B localisation is not limited to cytosol where it
co-localises with cathepsins; it also was detected

Fig. 1. Absorbance spectra of Congo red (C.R.). Protein concentration was 8.2 WM (diluted from ¢brils making a solution
of 45.5 WM) and Congo red concentration was 12.9 WM. 1, protein bound C.R.; 2, C.R. dye alone; 4, protein alone; 5, di¡erence between corrected C.R./protein spectrum (3) and spectrum
of C.R. dye alone (2). In the corrected spectrum (3) the scattering due to the protein alone was subtracted, i.e. spectrum
(1)3spectrum (4).

Fig. 2. Fluorescence emission spectra of Thio£avin T (ThT) dye
in the presence of ste¢n B. Excitation was at 440 nm and spectra were recorded from 455 to 600 nm. The protein solution,
usually of 34 WM, was dissolved in a Thio£avin T bu¡er (pH
8.5, 50 mM glycine/NaOH bu¡er, 15 WM ThT) just before the
measurement. The ¢nal protein concentration was 6.8 WM.
Times after dilution in the solvent pH 4.7, 10% TFE are indicated in the ¢gure. (Insert) Intensity at 480 nm as a function of
time.

in nuclear fractions with as yet unknown function
[25].
In this short report we demonstrate for the ¢rst
time that human ste¢n B can be made to form amyloid ¢brils in relatively mild solvent conditions, such
as pH 5 bu¡er. The ¢brils exhibit characteristics
common to those observed for other protein ¢brils:
binding of Congo red [26] and Thio£avin T dyes [27],
overall shape, and kinetics of growth. They are
smooth, of unbranched surface. Many structural details could be observed by TEM and AFM which
shed further light on protein ¢brillation.
The starting conformation of human ste¢n B at
pH around 5 is only slightly di¡erent from the native
one, as revealed by CD spectra [28]. It has been
shown previously that the protein forms several equilibrium intermediates, including a molten globule
state [18,28,29], in contrast to the homologue ste¢n
A. The ¢nding that ¢brillation of ste¢n B proceeds
from a native-like acid intermediate shows strong
similarity to transthyretin [2]. This protein also
undergoes acid denaturation through a native-like
intermediate at pH 4.5 and a molten globule state
at pH 2.0 [30,2]. The solution NMR and hydrogen
exchange measurements of the amyloidogenic intermediate [31] have shown selective destabilisation of
one half of the L-sandwich structure of transthyretin
at pH 4.5.
Congo red dye binding to amyloid ¢brils is a ¢bril
speci¢c probe. A change in colour from orange^red
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Fig. 3. TEM. Protein samples (20 Wl of 34 or 45 WM protein solution) were applied to a Formvar and carbon coated grid. After 5 min
the sample was soaked away and stained with 1% uranyl acetate. Samples were observed with a Philips CM 100 transmission electron
microscope at 80 kV. TEM images show the growth of human recombinant ste¢n B ¢brils at pH 4.7 (A^D) and pH 4.7, 10% TFE
(E). (A) Fibrils and granular aggregates. (B) A single ¢bril with bunches of granular aggregates. (C) Magni¢cation of a part from A,
showing that ¢brils originate from granular aggregates. (D) Magni¢cation of another part from A, showing two ¢brils originating
from pre-¢brillar aggregates (oligomers), forming circular arrangements. (E) Tangles of the ¢brils grown at pH 4.7, 10% TFE.

to rose is induced that corresponds to the characteristic shift in the Congo red absorbance spectrum [26].
Congo red alone has an absorbance spectrum with a
maximum at 487 nm. When ¢brils are present the
intensity increases and the absorption maximum
shifts to 505 nm. In Fig. 1, the spectral change on
adding ste¢n B ¢brils to Congo red solution is
shown. The di¡erence spectrum (bold line in Fig.
1) exhibited a characteristic shift in the maximum
of absorbance to 540 nm.
Thio£avin T dye also undergoes a characteristic
spectral change when bound to regular ¢brils [27].
The maximum of £uorescence emission shifts from
435 to 482 nm. In Fig. 2, the £uorescence emission
spectra of Thio£avin T dye in the presence of ste¢n B
are shown, gathered at times after diluting ste¢n B in
pH 4.7, 10% TFE (2,2,2-tri£uoroethanol) solvent in

which ¢bril growth was observed. The kinetics of the
change in intensity at 480 nm was read from the
spectra in Fig. 2 (shown as insert to Fig. 2). The
half-time of growth of the ¢brils at room temperature is about 60 h. A lag phase is clearly observed,
lasting up to 90 h, and con¢rmed by several independent experiments. The lag phase is characteristic
for such processes [32]. The kinetics of ¢brillation
which are very slow at pH 4.7 (months at room
temperature) could be accelerated to days by adding
10% TFE. This concentration of TFE is non-denaturing [33], preceding the transition to an all K-helical state. Similarly to some other organic solvents,
TFE is known to stabilise hydrogen bonding in local
secondary structures, either K-helical or L-sheet
[34,35]. It has been shown that TFE also a¡ects the
kinetics of folding [36,37]. Other authors have used
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TFE for producing ¢brillar aggregates [11]. In contrast to our case, they have either used stronger
acidic conditions [38,10] or added TFE [11], but
not a combination of the two.
Imaging of the amyloid ¢brils was done using
TEM and AFM. TEM was applied at various stages
of ¢bril growth. In Fig. 3A^D, intermediate stages of
¢bril growth (1.5 months) in solutions of ste¢n B at
pH 4.7 are shown. Regular, smooth ¢brils originate
from granular aggregates (Fig. 3A). In Fig. 3B, one
¢bril with attached nuclei of granular aggregates is
shown. In Fig. 3C,D, in which two parts from Fig.
3A have been magni¢ed, circular formations are observed. The average diameter of the ¢brils as read
from many di¡erent preparations (di¡erent grids)
and di¡erent positions on a single grid is 14.5 þ 2.5
nm. In Fig. 3E, the ¢brils, which grew at pH 4.7,
10% TFE in 3 weeks are shown. These are single
chains with a diameter of 7 þ 1.5 nm and entangle
in arrays, 2^4, twisted together (Fig. 3E).
AFM was used to complement the TEM data and
gave good resolution images of the ¢brils' structure.
In Fig. 4A, a collection of many intertwined ¢brils,
grown over 3 months at pH 4.7 (without TFE) is
shown. The length of the ¢brils varied from 50 nm
up to 5 Wm, as shown in Fig. 4A. Fig. 4B is taken
under higher magni¢cation where the structure and
dimensions of ¢brils can be traced. Measurements on
many ¢brils give an average height of the ¢bril of

3.4 þ 0.3 nm and an average cross-section diameter of
13 þ 3 nm. Here it should be noted that ¢brils were
dried on the grid (mica); therefore, the height and
the diameter may be di¡erent from those in solution
since ¢brils are subject to £attening and adhesion
e¡ects. We have also observed that ¢brils show a
periodicity of approx. 27 þ 2 nm along the ¢bril
axis. Periodicity was determined from the cross-sectional analysis (Fig. 4C).
Some features of ste¢n B ¢brils resemble those of
amyloid AL peptide ¢brils [14]. The 27 nm longitudinal repeat (L-helical twist) in the structure of ste¢n
B ¢bril is in complete agreement with data on AL 40,
speci¢cally ¢brils of type 2, which are 12 nm thick
and show a periodicity of 25 nm [13]. The ste¢n B
¢bril diameter is around 14 nm, according to TEM.
There also exist type 1 ¢brils which do not show the
L-helical twist periodicity and are thinner. We believe
these may correspond to ¢brils in 10% TFE, pH 4.7,
in our case each 7.0 nm in diameter (according to
TEM, Fig. 3E).
It is not possible to claim at present that ¢brillation of this physiologically important protein has
relevance to any pathological condition. Nevertheless, it can be expected that such mildly destabilising
conditions would occur in the cellular environment
(at membranes, endosomes), especially under stressful conditions for the cell. It is of note that ste¢n B
gets overexpressed following myoclonus seizures [24],

Fig. 4. AFM. 20 Wl of ste¢n B sample (45 WM protein concentration) were spread across a freshly cleaved mica surface (1 cm2 ), incubated for 5 min and gently washed with pH 4.7 solvent and deionized water. Excess water was removed with a stream of nitrogen.
Images were obtained with a Nanoscope III Multimode scanning probe microscope (Digital Instruments) operating in contact mode.
AFM images represent height variation. (A) A collection of intertwined ¢brils, deposited from pH 4.7 solution of human ste¢n B (as
for Fig. 3A^D) on a freshly cleaved mica surface. (B) Selected part of the sample showing isolated ¢brils. (C) Height pro¢le along the
length of the ¢bril. In between the two markers one can trace six regular repeats. The periodicity is 27 nm.
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and that a closely related protein human cystatin C is
a well-known amyloidogenic protein [39,40].
Even though protein ¢brillation is thought to be a
generic property of proteins, it is of note that the
homologous protein human ste¢n A does not form
¢brils under similar conditions. The model system is
very suitable to study details of structural and kinetic
determinants for ¢brillation which still await conclusive answers.
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