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2 Fondazione Bruno Kessler and CNR-Istituto di Biofisica, Povo, Trento, Italy

3 Department of Biology, Biotechnical Faculty, University of Ljubljana, Slovenia

Aberrant protein folding and amyloid fibril formation

is a common feature of many conformational diseases

(i.e. systemic amyloidoses, such as diabetes type II,

and neurodegenerative diseases, including Alzhei-

mers’s, Parkinson’s, motor neuron disease and prion

diseases) [1]. The accumulating evidence suggests that

protein folding to an alternative conformation, form-

ing oligomeric structures, might be an initial trigger of
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Human stefin B, from the family of cystatins, is used as a model amyloido-

genic protein in studies of the mechanism of amyloid fibril formation and

related cytotoxicity. Interaction of the protein’s prefibrillar oligo-

mers ⁄ aggregates with predominantly acidic phospholipid membranes is

known to correlate with cellular toxicity. In the present study, we measured

membrane interaction of the prefibrillar and native states for three variants:

the Y31 isoform studied previously, the wild-type protein and the G4R

mutant; the latter is observed in progressive myoclonus epilepsy of type 1.

In addition to using critical pressure and surface plasmon resonance, we

assessed membrane permeabilization by calcein release and electrophysio-

logical measurements. It was demonstrated for the first time that wild-type

stefin B and the Y31 isoform are able to form pores in planar lipid bilay-

ers, whereas G4R destroys the bilayer by a non pore-forming process.

Similarities to other amyloidogenic proteins and the possible physiological

implications of our findings are discussed.

Abbreviations

EPM1, myoclonus epilepsy of type 1; LUV, large unilamelar vesicles; PC, phosphatidylcholine (1,2-dioleoyl-sn-glycero-3-phosphocholine);

PG, phosphatidylglycerol (1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)]); PLM, planar lipid membrane; PS, phosphatidylserine

[1,2-dioleoyl-sn-glycero-3-(phospho-L-serine)]; SPR, surface plasmon resonance.
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the disease [1,2], followed by other consequences, such

as Ca2+ and metal ions imbalance, oxidative stress,

and chaperone and ubiquitin proteasome systems over-

load [3]. It has been proposed that amyloid fibril for-

mation is a generic property of proteins [2,4]. This

may be true also for cellular toxicity because even the

prefibrillar aggregates of proteins not linked to disease

were found to be toxic [5,6]. A generic mechanism for

toxicity of pathological or nonpathological amyloido-

genic proteins was further suggested when an antibody

directed to a common structural epitope of the prefibr-

illar oligomers was produced [7]. In most cases, amy-

loid fibril formation is a stepwise mechanism involving

various prefibrillar species: from globular and annular

oligomers to chain-like protofibrils [8]. Research is still

ongoing as to whether the oligomers are an on- or off-

pathway in the amyloid fibrillation reaction [9].

At culprit for toxicity are globular oligomers of a

certain size [8], which may exert toxicity by interaction

with cellular lipid membranes [10,11]. The challenging

‘channel hypothesis’ of Alzheimer’s disease [12] states

that cytotoxicity is a consequence of cellular mem-

brane permeation by prefibrillar aggregates [12–14].

Amyloidogenic proteins or peptides can form ion

channels within planar lipid bilayers and cause the

influx of Ca2+ ions, which finally leads to cell death

[13]. The deleterious effect of the prefibrillar oligomers

is assumed to be mediated either by means of mem-

brane poration [8,15] or, most likely, by specific ionic

transport through ion channels [16,17]. Amyloidogenic

proteins form morphologically compatible ion-channel-

like structures and elicit single ion-channel currents

[18]. Some studies [19] prefer the term pores to empha-

size the fact that ‘amyloid channels’ are often heteroge-

nous and rather nonspecific. It should be noted that

certain membrane micro-domains, the so-called lipid

rafts, have been identified as the sites where amyloid

oligomers concentrate and undergo conformational

change. The process is influenced by direct binding to

different gangliosides and by cholesterol content

[20,21].

Stefin B belongs to the family of cystatins, which are

cysteine proteases inhibitors [22]. Human cystatin C is

a well known amyloidogenic protein, causing heredi-

tary cystatin C amyloid angiopathy [23] due to the

mutation L68Q. It is implied in Alzheimer’s disease

where its polymorphism may present a risk factor [24].

It was found to co-aggregate with Ab in senile plaques

[25] and to interfere with Ab fibrillogenesis in vitro

[26]. Other cystatins, also including stefins A and B,

were found to co-deposite in plaques of various origin

[27]. Stefin B does not cause amyloid pathology. Its

main pathology remains the syndrome of progressive

myoclonus epilepsy of type 1 (EPM1) [28]. However,

based on in vitro properties, we proposed that at least

some of the EPM1 mutants could aggregate in the cell

and cause some of the EPM1 symptoms, such as

increased oxidative stress and neurodegenerative

changes [29].

We have used stefin B as a suitable amyloidogenic

protein model. We have previously determined the

conditions where it undergoes amyloid fibril formation

and studied the mechanism of fibrillation [30,31]. Ste-

fin B undergoes amyloid fibril formation already at

pH 4.8 in vitro [30,31]. The reaction starts with an

extensive lag phase where granular prefibrillar aggre-

gates, composed of a range of oligomers, accumulate.

In a previous study, we studied the interaction of the

prefibrillar state of stefin B with phospholipid mono-

and bilayers [11]. Prefibrillar states were induced by

lowering the pH to 4.8 or 3.3, where the protein is ini-

tially in a native-like or molten globule state, respec-

tively. Both states were able to bind to the membranes

and were more toxic than the native state [11]. In the

present study, we compare the behaviour of the Y31

isoform of stefin B studied previously, wild-type ste-

fin B and a mutant G4R of the wild-type. The G4R

mutant of the wild-type was observed in some patients

with the EPM1 syndrome. Using a range of biophysi-

cal approaches, we show that negatively charged mem-

branes are indeed better substrates for all the stefin

variants in the prefibrillar state and that the EPM1

mutant G4R undergoes much stronger association with

the membranes than the other two proteins. A new

contribution of the present study is the finding that the

wild-type stefin B and a nonpathological variant of ste-

fin B are able to induce pores in planar lipid mem-

branes (PLMs). Interestingly, even the wild-type

protein in the native state is able to form pores with

defined electrophysiolgical properties. The results

obtained show that prefibrillar forms of human

stefin B exhibit pore-forming characteristics similar to

some other amyloidogenic proteins and peptides.

Results

In the present study, we compared the membrane

interaction and pore formation properties of native

and prefibrillar forms of three stefin B variants. We

used a range of biophysical approaches to identify ste-

fin B–membrane interactions and to show how these

interactions are affected by the composition of the

lipid membranes. The following phospholipids were

used: 1,2-dioleoyl-sn-glycero-3-phosphocholine (phos-

phatidylcholine, PC), a basic building block of the

cellular membranes, and negatively charged lipids
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1-palmitoyl-2-oleoyl-sn-glycero-3- [phospho-rac-(1-glyc-

erol)] (phosphatidylglycerol, PG) or 1,2-dioleoyl-sn-

glycero-3-(phospho-l-serine) (phosphatidylserine, PS),

which are predominately found in lipid membranes

within the cell (i.e. phospatidylserine in the inner leaflet

of the plasma membrane and phosphatidylglycerol in

the inner mitochondrial membrane).

Insertion into lipid monolayers

We have followed the kinetics of the surface pressure

increase due to protein insertion into lipid monolayers

and determined the final increment in the surface pres-

sure, which was plotted against the applied initial pres-

sures to generate critical pressure plots (Fig. 1). The

critical pressure (pc) is the initial pressure under which

no protein can insert in the monolayer. Insertion of

native and prefibrillar StB-wt in PC or PG monolayers

was low, aberrant and distinctly different from inser-

tion curves of the other two variants (data not shown).

This may indicate that the native state undergoes a

slow conformational change on the membrane surface.

Lipid membranes themselves may modulate fibrillation

because some peptides and proteins aggregate more

strongly on a membrane surface [32]. The highest criti-

cal pressures (Fig. 1 and Table 1) of approximately

27 mNÆm)1 were observed for the G4R prefibrillar

aggregates in both PC and PG monolayers and for the

StB-Y31 prefibrillar aggregates in PG monolayers.

Critical pressure of the StB-wt native state was dis-

tinctly lower (13.4 mNÆm)1 in PC and 16.8 mNÆm)1 in

PG monolayers), whereas it raised to approximately

25 mNÆm)1 for the prefibrillar state and both types of

membranes (Table 1), in a similar way to the other

two variants. However, the slope of the curves in

Figs 1B,D are distinctively different for the StB-wt and

other two variants, indicating that the mode of interac-

tion with the monolayer is different in each case.

Permeabilization of large unilamelar vesicles

(LUV)

We measured calcein release after incubation of stefin

variants with calcein-loaded LUV. The permeabiliza-

tion of PC LUV was negligible in all cases, whereas

negatively charged vesicles were more susceptible

(Fig. 2). The permeabilization was protein concentra-

tion dependent (Fig. 2A). After the overnight incuba-

tion of prefibrillar aggregates or native states with

LUV, the highest permeability was obtained with the

G4R mutant, more than 70% in both states, followed

by StB-Y31. In all cases, permeabilization of StB-wt

was below 10%.

Surface plasmon resonance (SPR) measurements

We studied the binding of stefin B variants by using

supported liposomes in a SPR assay. We immobilized

PC or PG LUV on the surface of a Biacore L1 chip

(GE Healthcare, Biacore, Uppsala, Sweden) and mea-

sured the binding of stefin B variants, which were

flown across the surface of the chip. Proteins were

injected for 2 min at a concentration in the range

10–70 lm and allowed to dissociate for 5 min. The

Fig. 1. Critical pressure plots. Data are for

lipid monolayers of PC (A, B) and PG (C, D).

Data are for the native proteins in (A, C) and

for the prefibrillar form of proteins in (B, D).

, StB-wt; s, StB-Y31; n, G4R.
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StB-wt and G4R did not bind considerably to PC

liposomes at any pH, whereas StB-Y31 bound

strongly, with almost no dissociation (Fig. 3A). No

variant bound to PG LUV at any extent when

applied in its native state at pH 7.3 (Fig. 3B–D, thick

lines), whereas the prefibrillar states at pH 4.8 bound

extensively (Fig. 3B–D). The binding of the prefibril-

lar forms was concentration dependent in all cases

(Fig. 3B–D). At the same concentration of the pre-

fibrillar aggregates, G4R bound stronger than the

tyrosine 31 isoform and, again, this was stronger that

the wild-type protein. The dissociation of the G4R

and StB-wt was fast and almost complete within

5 min, whereas the dissociation of StB-Y31 was

slower and a considerable amount of the protein

remained attached to the membranes.

Planar lipid membrane (PLM) experiments

The ability of stefin B variants to spontaneously incor-

porate into model membranes and to form pores was

tested on PLM. PLM were prepared from the mixture

of lipids that contains negatively charged PS (PC : PS,

2 : 1) because the interaction of proteins was best in neg-

atively charged membranes (see above). The native StB-

wt inserts into PLM comprised of negatively charged

lipids (Fig. 4). The interaction of the protein with the

lipid bilayer perturbs membrane permeability when

applying either negative or positive voltages. StB-wt

causes step-like increases in the current (Fig. 4A,B).

Pore forming activity of the wild-type was observed a

few seconds after protein addition and exhibited multi-

ple conductance states (Fig. 4C). In both KCl and NaCl

salt buffers, pore conductances are very similar

(Table 2). The higher conductance state at +40 mV

(level 3 in Fig. 4A,C) has a value of 512 ± 95 pS or

453 ± 22 pS in KCl or NaCl, respectively. High con-

ductance pores were found to be stable (i.e. once they

have been inserted, they remain open) (Fig. 4A). Two

lower conductance states could also be observed in addi-

tion to the stable pores. They are less stable (levels 1 and

2 in Fig. 4A) and are characterized by fast opening and

closing. Moreover, the pore formation process and the

presence of different conductance levels did not directly

depend on the applied voltage, similar to that observed

for some other amyloid peptides [33,34]. StB-wt in the

prefibrillar state only increased the capacitance of the

membrane, without any pore formation. This effect has

been recently observed for other amyloid oligomers,

suggesting that these proteins could also act by thinning

the membrane [30].

StB-Y31 variant in native and prefibrillar form

inserts into the PLM comprised of negatively charged

Fig. 2. Calcein release experiments. (A) The concentration depen-

dence of calcein release of PG LUV. Liposomes were incubated for

30 min with proteins at pH 7.3. , StB-wt; s, StB-Y31; n, G4R. (B)

Permeabilization of calcein-loaded LUV induced by stefin variants

after overnight incubation at room temperature. The concentration

of proteins was 30 lM. Black columns, LUV composed of PC;

white columns, LUV composed of PG. The results presented in

both panels are the average of two independent experiments. The

concentration of lipids was 30 lM in both panels. Each measure-

ment was repeated at least twice.

Table 1. Critical pressures for the insertion of stefin B variants into

lipid monolayers. Critical pressures were determined from intersec-

tions of linear fit of the data with x-axis of plots presented in Fig. 1.

Protein

pc (mNÆm)1)

PC PG

Native

StB-wt 13.4 16.8

StB-Y31 23.7 25.7

G4R 20.9 25.9

Prefibrillar

StB-wt 25.3 24.5

StB-Y31 24.7 27.0

G4R 26.7 26.9

Pore formation of stefin B into lipid membranes S. Rabzelj et al.
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lipids, causing increases in the current when applying

+40 mV (Fig. 4 and Table 2). Pore-like activity was

observed a few seconds after the addition of StB-Y31

in the prefibrillar state; however, a typical step-like

current increase similar to StB-wt in the native state

was not observed (Fig. 4B). We rather observed one
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small conductance state (G = 129 ± 47 pS), similar to

the wild-type lower level conductance. Besides these

small conductance state pores, which represents the

main population with StB-Y31, a minor amount of

high conductance state similar to wild-type stefin B

could also be observed (Fig. 4D). Native StB-Y31 was

less active, but of similar behaviour (Table 2).

The wild-type stefin B current-voltage characteristic

was studied in NaCl and KCl solutions, showing

asymmetrical behaviour in both cases, with a higher

current when a positive voltage was applied (Fig. 5A

and Table 2). This nonlinearity is normally related to

an asymmetrical distribution of charged amino acids

along the lumen of the pore. The wild-type stefin B

pores are cation selective (Fig. 5B), with similar rever-

sal potentials (Vrev) for Na+ and K+ (Table 2). By

contrast, StB-Y31 pores were slightly anion selective

(Fig. 5B and Table 2). Moreover, pores of StB-Y31

showed voltage-dependent gating (Fig. 6). They

opened when high positive voltages were applied (e.g.

+120 mV; Fig. 6) and rapidly closed when negative

voltages ()120 mV, )100 mV and )80 mV; Fig. 6)

were applied. Pores of StB-wt were not affected by the

potential (not shown).

G4R mutant in the native and prefibrillar state

caused an increase of current when either positive or

negative high voltages were applied (> 100 mV) but

no stepwise insertions of stable pores were recorded

(Fig. 7). Very fast and stochastic membrane perturbing

events were observed. Usually, these events lasted mil-

liseconds (sometimes seconds) and their frequency is

increased by increasing the voltage applied. Clearly,

the activity or interaction of G4R with PLM was not

a dose-dependent process. This behaviour is not supris-

ing for amyloid proteins because it has been proposed

that only annular structures of prefibrillar amyloid

proteins are able to form pores [19]. After G4R addi-

tion and increased membrane permeability, the mem-

brane usually broke after some minutes (Fig. 7). This

Table 2. Electrophysiological properties of StB-wt and StB-Y31 in PLM. NA, not active; ND, not determined.

Protein Salt

Conductancea (pS)

(I+ ⁄ I))b (P+ ⁄ P))cLevel 1 Level 2 Level 3

Native StB-wt NaCl 146 ± 40 292 ± 53 453 ± 22 1.59 ± 0.28 3.9 ± 0.8

Native StB-wt KCl 155 ± 39 332 ± 29 512 ± 95 1.79 ± 0.13 3.7 ± 0.5

Prefibrillar StB-wt NA NA NA NA NA

Native StB-Y31 KCl 124 ± 42 ND ND

Prefibrillar StB-Y31 KCl 129 ± 47 0.91 ± 0.06 0.30 ± 0.05

a Single channel conductance at +40 mV. Values are obtained from the histograms reported in Fig. 4C,D. b Ratio between the ion current

flowing through the pores when applying +100 mV and )100 mV, as shown in Fig. 5A. Values are the mean ± SEM of three or four experi-

ments. c Selectivity expressed as cation ⁄ anion permeability ratio was determined as described in the Experimental procedures with 5.5

trans : cis gradient. Values are obtained as described in Fig. 5 and are the mean ± SEM of two or three independent experiments.

Fig. 5. Dependence of current on applied voltage and selectivity

of StB-wt and StB-Y31. (A) The single channel instantaneous I–V

characteristic of stefin B variants in 100 mM KCl. The I–V curve

was derived from the amplitude of the current steps elicited by

square voltage pulses experiments with more than five pores

inserted into the membrane. The total current values of three or

four independent experiments were normalized for the number of

inserted pores. (B) Selectivity of stefin B variants pores. The pro-

teins were added to the cis side of a membrane initially bathed

with symmetrical 100 mM KCl buffer. The trans side solution was

increased stepwise with KCl 3 M, after insertion of pores. For

each salt concentration, the potential necessary to zero the trans-

membrane potential (Vrev) was reported versus activitytrans ⁄ activ-

itycis (the activities of KCl in trans and cis side, respectively).

Positive Vrev means cationic selectivity. Values are the mean ± -

SEM of three or four independent experiments. h, StB-wt; d,

StB-Y31. Protein concentrations and membrane composition are

as described in Fig. 4.
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suggests a strong interaction with the membrane in

accordance with the SPR, liposomes and monolayers

results.

It has been shown previously that stefin A does not

form amyloid fibrils at conditions used in the present

study [35,36] and is unable to permeabilize liposomes

[11]; thus, it has been used as a good control. The

addition of a lm concentration of stefin A to pre-

formed PLM did not cause any increase in membrane

permeability. Stefin A was able to transiently destabi-

lize the membrane only when high voltages were

applied (> 100 mV), but no stable pores were formed,

nor was the membrane broken (data not shown). Such

membrane interaction of stefin A is consistent with the

poor insertion ability in monolayers as observed by

Anderluh et al. [11].

Discussion

In its modified form, the ‘amyloid cascade hypothesis’

of Alzheimer’s disease [37] states that a detrimental

cascade of events leading to cell dysfunction, and even-

tually cell death, is due to protofibrillar intermediates

of Ab peptide [38,39]. Soluble Ab oligomers, which

proved toxic to neurons [38], are known under various

names: micelles, protofibrils, prefibrillar aggregates and

amyloid-derived diffusible ligands [8]. The size and

conformation of the most toxic species is under investi-

gation.

Membrane interactions of Ab oligomers have

been extensively studied [20,21]. Some studies even for-

mulated the so called ‘channel hypothesis’ of Alzhei-

mer’s disease [12], which states that amyloidogenic

peptides form cation selective channels [13,16,40].

Apart from Ab, at least six other amyloidogenic pep-

tides were shown to make pores into membranes [17].

Apart from direct perforation, other more specific

membrane interactions may take place. For example,

gangliosides bind Ab and change its conformation
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The traces are representative of three inde-
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Fig. 7. Membrane destabilization of G4R. The ionic current flowing

through the membrane upon addition of 3–4 lM of native G4R. Simi-

lar results were obtained with the prefibrillar form of G4R. The traces

were acquired at +100 mV. The lower pannel shows a tipical mem-

brane break observed by G4R, which prevented any further electro-
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traces are representative of eight independent experiments.
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to a b-sheet [20]. The present study aimed to character-

ize the membrane interaction and pore-forming ability

of three human stefin B variants in native and prefibr-

illar states.

The results of all of the biophysical approaches used

in the present study may be summarized by two key

observations: (a) zwitterionic PC membranes were a

poor substrate in any of the tests for native or prefibr-

illar forms of proteins and (b) the association of pre-

fibrillar G4R with the model lipid systems used was

better than for the other two variants. The association

of prefibrillar forms of amyloidogenic proteins prefer-

entially with negatively charged lipids might have

physiological consequences because negatively charged

lipids are mainly found in the membranes within the

cell. In our case, the effects of proteins were clearly

much more pronounced when negatively charged lipids

were used. For example, critical pressures were higher

for PG monolayers and were close to 30 mNÆm)1 for

G4R, as reported as the surface pressure encountered

in biological membranes [41]. Furthermore, the release

of calcein only took place from PG liposomes (Fig. 2)

and considerable binding occurred only for prefibrillar

forms to PG LUV (Fig. 3). An exception was the

binding of StB-Y31 to PC liposomes, as revealed by

SPR (Fig. 3A), where considerable membrane binding

was demonstrated. The tyrosine side-chain may con-

tribute to the better membrane association, in agree-

ment with the observation that aromatic amino acids

contribute significantly to the free energy of transfer

of model peptides from water to the interphase [42]

and are important for the attachment of peripheral

proteins to lipid membrane. The SPR result, taken

together with the changed ion selectivity of this vari-

ant compared to the wild-type (Fig. 5), clearly indi-

cates that this residue is interacting with the

membrane and is located within the lumen of the

pores once they are formed.

The mutant G4R showed the best association with

the model monolayers and bilayers under study. It

showed the highest critical pressures in lipid mono-

layers (Table 1) and bound to the highest level to

PG LUV (Fig. 3). It was also much more efficient in

perturbing the membrane stability than other two

variants, as demonstrated by calcein release experi-

ments (Fig. 2) and the ability to break PLMs

(Fig. 7). It is possible that the lipid domain structure

could affect interaction of G4R with the model lipid

systems used. It was shown that negatively charged

lipids may mix non-ideally with phosphatidylcholine

[43]. However, because these effects were observed

only with G4R, they may be partly explained by an

additional positive charge on the mutant and indi-

cate that electrostatic interactions have an important

role in the association with a negatively charged

membrane. It must not be overlooked from the

physiological point of view that this mutant has been

found in some EPM1 patients and its aggregation

behaviour was predicted to possibly contribute to

signs of the disease [29].

The most surprising result is that the native wild-

type stefin B is able to incorporate into lipid bilayers

containing negatively charged lipids by forming well

defined and cation selective pores (Fig. 4A). Compared

to the specialized pore-forming toxins, which are active

at nano- or picomolar concentrations, a high protein

concentration was used in the present study. Neverthe-

less, the pore-forming process appears to be significant

because the same amount of the closely-related ste-

fin A did not show any pore formation or membrane

interaction. The low activity of stefin B compared to

pore-forming toxins can be understood if only a frac-

tion of the protein (possibly the higher oligomers) was

active towards membranes.

High-conductance channels form a few seconds after

protein addition to the cis side of the bilayer. More-

over, it was possible to identify the presence of

fast- and short-lived states characterized by lower con-

ductances. The multiple conductance state has been

already shown in other cation selective amyloid pep-

tides [12,16]. StB-wt channel activity is characterized by

the presence of pS conductances, whereas no nanosie-

mens event as for Ab [12,16], has been identified in the

present study. The nonpathological stB-Y31 isoform

shows different electrophysiological characteristics.

This more amyloidogenic variant is able to form pores

with small conductances when in the prefibrilar state.

Once inserted into the lipid bilayer, the pores stay open

most of the time and display anion selectivity and volt-

age dependence (Figs 4–6). Interestingly, the pathologi-

cal mutant G4R is unable to form pores. According to

the results obtained by SPR and for monolayers, it is

evident that G4R, in the prefibrillar state, strongly

interacts with the lipid bilayer causing the membrane

break. This effect has been demonstrated at various

protein concentrations, suggesting that it is a peculiar-

ity of G4R rather than a concentration effect. It has

been suggested that only annular prefibrillar structures

are involved in the pore formation processes [19]. Thus,

Y31 variant and the wild-type protein could form pores

by the same oligomer and ⁄or structural organizations

(i.e globular, chain like or annular). In this case, our

results suggest that different electrophysiological prop-

erties of StB-Y31 are due to the lack of the negative

charge (Tyr instead of Glu at position 31), which

should lie in the lumen of the pore.
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To emphasize once more, the wild-type protein can

form cation selective pores already at neutral pH,

which may not be deleterious for the cell and could

offer the means of a regulatory mechanism. Stefin B

was often found to be overexpressed in neurodegenera-

tive conditions, such as amyotrophic lateral sclerosis,

Alzheimer’s disease and epilepsy. However, no amyloid

pathology is known for this protein to date, and its

main pathology remains as EPM1 [28]. Alternative

functions other than protease inhibition are possible

for stefin B. It has been found as part of a multiprotein

complex specific to the cerebellum in which none of the

partners was a protease [44]. It is possible that the pro-

tein could, under certain stressful circumstances for the

cell, adopt new functions (i.e. perforate negatively

charged membranes). Such a connection was suggested

for endostatin [45]. Furthermore, stefin B is involved in

the invertebrate innate immunity response [46], which

is thought to be a precedent of verterbrate ⁄mammalian

innate immunity [47]. A possible physiological role of

pores formed by Ab peptide was also suggested, which

could actually improve rather than decrease neuronal

viability [48].

It is still not clear whether amyloid membrane pore

formation is a process occurring in vivo, both in physio-

logical and ⁄or pathological conditions. It may be just

an epiphenomenon shared by different amyloid pro-

teins. The results of the present study were obtained

with native and prefibrillar states, which are composed

of different oligomeric species. Thus, it could be possi-

ble that the differences observed between the variants

are due to a different distribution of superstructures.

In this case, different super-organization may act dif-

ferently on the model membrane. Nevertheless, some

clear conclusions can be drawn. Similar to other amy-

loid-forming proteins, StB-wt and StB-Y31 exert pore-

forming activity and G4R exerts strong membrane

interacting effects. At present, we do not know the

physiological or pathological relevance of these events,

but the results provided here represent further evidence

to suggest that prefibrillar aggregates of amyloidogenic

proteins share similar pore-like properties.

Experimental procedures

Materials

PC, PG and PS were from Avanti Polar Lipids (Alabaster,

AL, USA). All other chemicals were obtained from Sigma

(St Louis, MO, USA) unless stated otherwise. The

concentration of PC was determined with Free Phospholip-

ids B kit according to the manufacturer’s instructions

(Wako Chemicals, Dusseldorf, Germany).

Protein isolation

All three stefin B variants were prepared as recombinant

proteins as previously described [49,50]. Cysteine at posi-

tion 3 was changed to Ser to avoid covalent oligomer

formation in all proteins [50]. In brief, isolation proce-

dure was as follows: after expression in Escherichia coli,

cell lysate was purified by affinity chromatography on a

CM-papain-Sepharose followed by SEC on Sephacryl

S-200. Fractions with inhibitory activity against papain

were collected. Affinity chromatography was replaced by

another SEC step on Sephacryl S-200 for StB-Y31 and

G4R.

Preparing the prefibrillar aggregates

Preparation procedure and the buffer was exactly the same

as described previously [30,50]. Briefly, proteins were incu-

bated in 0.015 m acetate buffer (pH 4.8) (0.15 m NaCl) for

5–7 days to yield prefibrillar aggregates. Morphologies of

the aggregates, recorded by transmission electron micros-

copy and atomic force microscopy, have been reported

previously [30,31].

Oligomeric state

All three proteins have preserved secondary and tertiary

structure, as shown by CD spectroscopy [50]. SEC puri-

fied stefin B wild-type and G4R samples at pH 7, where

the proteins are native, are composed of monomers,

dimers, tetramers and some higher order oligomers,

whereas the Y31 stefin B isoform is predominantly

dimeric (E. Žerovnik, unpublished observation). The ratio

between the oligomers varies with the number of freeze

and thaw cycles and is not affected by the pH in the

physiological range (i.e. pH 6.5–8) We ensured that the

proteins were always prepared the same way; therefore,

StB-wt and the G4R samples were composed of approxi-

mately 25% monomers, 45% dimers, 20% tetramers and

10% higher order oligomers. The prefibrillar forms,

obtained by incubation of the proteins at pH 4.8 for

approximately 1 week, are morphologically micelle-like

aggregates, whereas the oligomer seen by SDS upon

cross-linking is a dimer [31].

Liposome permeabilization assay

Lipid mixtures, dissolved in chloroform, were spread on

a round-bottom glass flask of a rotary evaporator and

dried under vacuum for at least 3 h. The lipid film was

resuspended in 1 mL of vesicle buffer (140 mm NaCl,

20 mm Tris–HCl, pH 8.5, 1 mm EDTA) with or without

60 mm calcein and freeze-thawed six times. The result-

ing multi-lamellar vesicles were converted to LUV by
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extrusion through 100 nm polycarbonate membranes [51].

The excess of calcein was removed from the calcein-

loaded liposomes by gel filtration on a small G-50

column. Vesicles were stored at 4 �C immediately after

preparation and used within 2 days. For calcein release

experiments, liposomes at 30 lm final concentration were

mixed with protein in 0.5 mL and incubated overnight

at room temperature. Vesicle buffer (0.5 mL) was then

added to the samples, which were centrifuged for

10 min at 16 000 g in a benchtop centrifuge. The super-

natant was transferred to another tube and the released

calcein measured using a Jasco FP-750 spectrofluorimeter

(Jasco Inc., Easton, MD, USA), with excitation and

emission at 485 and 520 nm. Excitation and emission slits

were set to 5 nm. For the time course measurements,

protein was incubated at desired concentrations in a

1 mL cuvette and stirred at 25 �C. Vesicles were added

at the required concentration and the time course was

followed for 30 min. The permeabilization induced by the

proteins was expressed as a percentage of the maximal

permeabilization obtained at the end of the assay by the

addition of Triton X-100 to a final concentration of

2 mm.

Surface pressure measurements

Surface pressure measurements were carried out with a

MicroTrough-S system from Kibron (Helsinki, Finland)

at room temperature. The aqueous sub-phase consisted of

500 lL of 10 mm Hepes, 200 mm NaCl (pH 7.5). Lipids

dissolved in chloroform ⁄methanol (2 : 1) were gently

spread over the sub-phase. Changing the amount of

lipid applied to the air–water interface attained the

desired initial surface pressure. After approximately

10 min, to allow for solvent evaporation, the desired

stefin variant was injected through a hole connected to

the sub-phase. The final protein concentration in the

Langmuir trough was 10 lm. The increment in surface

pressure versus time was recorded until a stable signal

was obtained.

SPR

The binding to the supported liposomes was measured by a

Biacore X (Biacore). Liposome-covered surface was pre-

pared as described [52]. The L1 chip was equilibrated in

vesicle buffer. LUV were injected at 0.5 mm lipid concen-

tration across the chip for 15 min at a flow-rate of 1 lLÆ
min)1. Loosely bound vesicles were eluted from the chip by

three 1 min injections of 100 mm NaOH. Unspecific bind-

ing sites were blocked by one 1 min injection

of 0.1 mgÆmL)1 bovine serum albumin. For the binding

experiment, proteins were injected at a concentration of

10–70 lm for 120 s at 20 lLÆmin)1. Blanks were injections

of buffer without protein.

PLM

PLM was made of PC ⁄PS (2 : 1; w ⁄w) with a folded bilayer

method [53] and formed across a 180 lm diameter hole on a

25 lm thick Teflon sheet. The protein was added at a micro-

molar concentration to stable preformed bilayers on the cis

compartment only, which was filled with 100 mm KCl,

20 mm Tris, 1 mm EDTA (pH 8.5). The potential was

applied to the cis compartment, with the trans one being the

reference. All the experiments were started in symmetrical

conditions, using the same buffer on both compartments

(2 mL each). Channel openings were observed usually at

+40 mV applied potential. The current across the bilayer

was measured and the conductance (G) was determined

as [54]:

G ½pS� ¼ I ½pA�=U ½V� ð1Þ

where I is the current through the membrane when apply-

ing a transmembrane potential, U.

Macroscopic currents were recorded by a patch clamp

amplifier (Axopatch 200; Axon Instruments, Foster City,

CA, USA). The current traces were low-pass filtered at

0.3 kHz and acquired at 2 kHz on a computer using

axoscope 8 software and DigiData 1200 A ⁄D converter

(Axon Instruments). All measurements were performed at

room temperature.

For the selectivity measurements, KCl concentration was

stepwise increased on the trans side using 3 m KCl, 20 mm

Tris, 1 mm EDTA (pH 8.5), until an eight-fold concentration

gradient was obtained. At each concentration, the potential

necessary to zero the transmembrane current [i.e. the reversal

voltage (Urev)] was determined. From the reversal voltage,

the ratio of the cation over anion permeability (P+ ⁄P)) was

calculated using the Goldman–Hodgkin–Katz equation [55]:

Pþ=P� ¼ ½ðatrans=acisÞ � expðeUrev=kTÞ � 1�=½ðatrans=acisÞ
� expðeUrev=kTÞ� ð2Þ

where atrans and acis are the activities of KCl in trans and

cis side, respectively, and kT ⁄ e is approximately 25 mV at

room temperature.
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M, Muševič I & Turk V (2002) Human stefin B readily

forms amyloid fibrils in vitro. Biochim Biophys Acta

1594, 1–5.
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