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ABSTRACT: Protein misfolding has been shown to be the direct cause of a number of highly devastating
diseases such as Alzheimer’s disease, Parkinson’s disease, and Creutzfeldt-Jacob syndrome, affecting the
aging population globally. The deposition in tissues of amyloid fibrils is a characteristic of all these diseases,
and the mechanisms by which these protein aggregates form continue to be intensively investigated. In
only a fraction of cases is an underlying mutation responsible, and accordingly, what initiates amyloid
formationin vivo is the major question that is addressed. In this study, we show that membranes containing
phosphatidylserine (PS), a negatively charged phospholipid, induce a rapid formation of fibers by a variety
of proteins, viz., lysozyme, insulin, glyceraldehyde-3-phosphate dehydrogenase, myoglobin, transthyretin,
cytochromec, histone H1, andi-lactalbumin. Congo red staining of these fibers yields the characteristic
light green birefringence of amyloid, and fluorescent lipid tracers further reveal them to include
phospholipids. Our results suggest that PS as well as other acidic phospholipids could provide the
physiological low-pH environment on cellular membranes, enhancing protein fibril formetioivo.
Interestingly, all the proteins mentioned above either are cytotoxic or induce apoptosiprd®sn
interaction could be involved in the mechanism of cytotoxicity of the aggregated protein fibrils, perturbing
membrane functions. Importantly, our results suggest that this process induced by acidic phospholipids
may provide an unprecedented and generic connection between three current major areas of research: (i)
mechanism(s) triggering amyloid formation, (ii) cytotoxicity of amyloidal protein aggregates, and (iii)
mechanism(s) of action of cytotoxic proteins.

A number of fatal human diseases, including Alzheimer’s Lindquist, and co-workers hypothesized that the conversion
systemic amyloidosis, Parkinson’s disease, and prion diseasepf a cytoplasmic polyadenylation element binding protein
are associated with the deposition of aggregated protein(CPEBY into a self-perpetuating prion-like state would main-
fibrils in organs (). The characteristics of the soluble forms tain structural changes in synapses, forming the molecular
of the proteins involved in amyloidoses are varied, ranging basis of memory®).
from intact globular proteins to largely unstructured peptides, The physicochemical basis of amyloid formation remains
yet the aggregated forms have many properties in commonpoorly understood1(—5). There seems to be a recent con-
(2), the hallmark being birefringence under a polarizing sensus about the fact that to aggregate the protein must be
microscope after Congo red staining. Several proteins havepartially unfolded 7). This can be consistently enhanced in
recently been shown to form aggregates that are analogous slightly hydrophobic environment at acidic p#d),(and
to the disease-related cytotoxic amyloid deposits, thus both hydrophobicity and the net charge of the protein seem
suggesting that fibril formation could be a generic property to be crucial, neutralization of the charges triggering ag-
of proper polypeptide chain8,(4). Likewise, aggregates of  gregation 9). Importantly, the physiological relevance of the
proteins that are not connected with any known diseaseslow-dielectricity, acidic milieu in accelerating the formation
could be cytotoxic §). However, amyloid formation is not  of amyloid fibrils in vitro has been questioned and may as
restricted to the proteins associated with diseases, and prionsuch only be effectivén vizo when the proteins reside in
like aggregates have been demonstrated to convey epigenetithe lysosomes. In this vitro study, we address this question
non-Mendelian heritance in yea6).(More recently, Kandel, by investigating the potential of acidic phospholipid-contain-
ing lipid membranes in providing an environment required
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EXPERIMENTAL PROCEDURES Carlsbad, CA) as a light source, with excitation at 488 nm
and a long pass>510 nm) emission filter set to the
appropriate wavelength for monitoring NBD fluorescence.
Images were acquired with a B/W CCD camera (C4742-
95-12 NRB, Hamamatsu Photonics K.K., Hamamatsu, Japan)
interfaced with a computer, and operated by the software
(AquaCosmos) provided by the camera manufacturer.

Materials.Brain phosphatidylserine (brainPS), 1-stearoyl-
2-oleoylsnglycero-3-phosphocholine (SOPC), 1-palmitoyl-
2-(N-4-nitrobenz-2-oxa-1,3-diazol)aminocapraylglycero-
3-phosphoglycerol (NBD-PG), and 1-palmitoyl-2-oleayl-
glycero-3-phosphoac-glycerol (POPG) were from Avanti
Polar Lipids (Alabaster, AL). The purity of the these lipids
was checked by thin-layer chromatography on silicic acid- RESULTS AND DISCUSSION
coated plates (Merck, Darmstadt, Germany) developed with
a chloroform/methanol/water mixture (65:25:4, v/viv). Ex-
amination of the plates after iodine staining and, when
appropriate, upon UV illumination revealed no impurities.
The concentration of NBD-PG was determined spectropho-
tometrically in ethanol using a molar absorptivityss of
21 000. Concentrations of the nonfluorescent lipids were

determined gravimetrically with a high-precision electro- tions). These fibers could be formed under a variety of

(b).iggglebésn?r?néI)(/i:eerrrziitl?:lse,h;fg-éiﬁtgggfzggec:)éi?/a{gngee,naseconditions' yet consistently required the presence of an acidic
(GAPDH), insulin, myoglobin, transthyretin, Congo red, and phospholipid, e.g., phosphatidylglycerol, cardiolipin, or phos-

thioflavin T were from Sigma. Histone H1 was purified from phatidylserine. In this study, we have extended this observa-
. e . tion to a number of proteins, which except for transthyretin
calf thymus essentlally as described previoud§)( Other have been previously shown to bind to membranes containing
chemicals were analytical grade and from standard SOUrces., iqic phospholipids. Our data thus suggest that membranes
Preparation of Large Unilamellar Vesiclesppropriate  containing phosphatidylserine, an acidic phospholipid, may
amounts of the lipid stock solutions were mixed in chloro- create a surface with the required high local concentration
form to obtain the desired composmons. The sp!vent Was of hrotons (12). More specifically, we show that liposomes
removed under a stre_am_of nitrogen, and the lipid residue composed of phosphatidylserine and phosphatidylcholine
was subsequently maintained under reduced pressure for afy,4inpS/SOPC, 8:2 molar ratio) induce the rapid formation
least 2 h. The dry lipids were then hydrated at room . finroys aggregates by lysozyme, insulin, glyceraldehyde-
temperature 01 h in 20 mMHepes and 0.1 mM EDTA 3 hhogphate dehydrogenase (GAPDH), myoglobin, tran-
(pH 7.4). The resulting dispersions were extruded through sthyretin, cytochromer, histone H1, ando-lactalbumin,
single polycarbonate filter (pore size of 100 nm, Millipore, \isiple by phase contrast microscopy (Figure 1). Similar
Bedford, MA) using a Liposofast low-pressure homogenizer finars were formed in the presence of POPG/SOPC (2:8

(Avestin, Ottawa, ON) to produce large unilamellar vesicles g ratio) liposomes (data not shown). Instead, no fibers
(LUVs), with an average diameter between 111 and 117 NnM yare seen in the presence of liposomes composed of

(1. _ _ o _ phosphatidylcholine only (data not shown). Once these
Liposome-Induced Fiber Formatiofihe indicated proteins  structures had been stained with Congo red, the light green

[dissolved in 20 mM Hepes and 0.1 mM EDTA (pH 7.4)] ' pirefringence suggested to be characteristic to amyloid was
were added to SOPC/brainPS (8:2 molar ratio) liposomes inevident (Figure 2). These fibers were also stained with

the same buffer at room temperature, to yield final concen- thjoflavin T (data not shown).
trations of 100uM phospholipids and 0.1 mg/mL protein.  The proteins mentioned above vary in their size, structure,
These concentrations correspond to protein/phospholipid|ocalization, and function in cells, and some of them are
stoichiometries Val’ying between 6.9:100 (for the Iargest known to form amyloidin Ui 20 (Tab|e 1) Common to a"
protein, GAPDH) and 17:100 (for the smallest protein, these proteins is the presence of cationic residues or cationic
insulin). Fibers became visible in less than 1 min by phase amino acid clusters, and except for transthyretin, they have
contrast microscopy (Olympus IX 70, Olympus Optical Co., peen previously demonstrated to bind to membranes contain-
Tokyo, Japan). ing acidic phospholipids, with subsequent fusion. The latter
Where indicated, the fibers were incubated for 30 min with could reflect protein aggregation on the surface of liposomes,
10 uM Congo red [in 20 mM Hepes and 0.1 mM EDTA  causing the close opposition of vesicles required for fusion.
(pH 7.4)], and their resulting birefringence was observed with The binding to acidic phospholipids containing vesicles
the microscope described above, using crossed polarizers imeutralizes the cationic charges in these proteins. Accord-
the excitation and emission paths. In the thioflavin T assay, ingly, protein—protein interactions in these aggregates would
the concentrations of thioflavin T, lipid, and protein in the not be counteracted by repulsion due to cationic residues,
assay were 2aM, 100 «M, and 0.1 mg/mL, respectively.  and protein polymerization can be expected to be facilitated.
All experiments were carried out at room temperature The content of PS in the liposomes required for fiber
(approximately 24C). formation varied among the different proteins. For histone
Confocal Fluorescence MicroscopWhere stated, trace  H1 and lysozyme, aiXps of 0.03 was sufficient. ArKps of
amounts X = 0.02) of the fluorescent phospholipid analogue 0.05 was needed for insulin, GAPDH, myoglobin, cyto-
NBD-PG were incorporated into liposomes and fibrils were chromec, and a-lactalbumin. AnXps of 0.10 was needed
formed as described above. The inverted microscope de-for transthyretin. These differences are likely to reflect both
scribed above was used with a confocal scanner (Yokogawathe positive surface charge density and the number of cationic
Tokyo, Japan) and a krypton ion laser (Melles Griot, amino acid residues present in clusters in these proteins.

Conditions accelerating rapid amyloid formatimnuitro
require an acidic milieu as well as slightly reduced dielec-
tricity (3). However, the biological relevance of these
conditions has been questioned. Formation of red fibrous
aggregates was originally seen in the course of our studies
of the interactions between cytochromand liposomes (E.

K. J. Tuominen and P. K. J. Kinnunen, unpublished observa-
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Ficure 1: Phase contrast microscopy images of the fibers formed
after mixing SOPC/brainPS (8:2 molar ratio) liposomes with (A)
lysozyme, (B) insulin, (C) GAPDH, (D) myoglobin, (E) transthyre-
tin, (F) cytochromee, (G) histone H1, and (Hy-lactaloumin. The
final concentrations of phospholipid and proteins were ARCand
0.1 mg/mL, respectively, in 20 mM Hepes and 0.1 mM EDTA (pH
7.4). All experiments were carried out at room temperature
(approximately 24C). Magnifications were 18 (A, C, and F-H)
and 20« (B, D, and E). The scale bars arei (A—C, G, and H), o S )
10 um (D and E) in length. Ficure 2: Birefringence of protein fibrils induced by phosphati-
dylserine-containing liposomes, after staining with Congo red (final

o " concentration of 1Q«M). The fibrils were formed essentially as
The fibrils formed under these conditions became fluo- described in the legend of Figure 1. Images are for (A) lysozyme,

rescent when trace amounts of fluorescent phospholipid (g) insulin, (C) GAPDH, (D) myoglobin, (E) transthyretin, (F)
analogues were included in the liposomes (Figure 3), thus cytochromec, (G) histone H1, and (Hy-lactalbumin. Magnifica-
indicating that phospholipids were present, yet because oftions were 2& (A, B, D, E, and H) and 18 (C, F, and G). The
the technical challenges involved, the chemical composition ;secr?lfhbars are 5 (A, F, and G), 10 (B, C, and H), ang@0(D) in

and protein:lipid stoichiometries were not determined at this gen.

stage. Staining of the fibers by fluorescent phospholipids in supramolecular lipietprotein structures. Although detailed

a rigorous sense only shows the incorporation of these probeslata are only available for cytochroneeand histone H1,
into the fibers. However, in light of the well-documented we have never obtained any evidence of acidic phospho-
lipid binding properties of these proteins (except transthyre- lipids being pulled out from membranes by these proteins
tin), it is likely that the fibers seen by microscopy represent (13—17).
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Table 1: Characteristics of the Investigated Proteins

binding to acidic phospholipids cytotoxicity and/or
protein location in cells and induction of liposome fusion involvement in apoptosis

lysozyme extracellular compartment, macrophages + (39 + (40)

insulin extracellular compartment + (41 + (42

GAPDH cytosol + (43 + (26)

myoglobin extracellular compartment + (44) +7? @5)
transthyretin extracellular compartment ? + (24)
cytochromec mitochondria + (14 + (46)

histone H1 nucleus + (34 + (35, 47)
a-lactalbumin extracellular compartment + (48) + (49

Under the conditions that were used, the liposome-inducedbacterial toxins, involving their binding to lipid membranes
fiber formation by these proteins was very rapid, with and subsequent aggregation into a pore, permeabilizing the
macroscopic structures becoming visible almost instanta- bilayer, as shown for cytolysirB(). A somewhat analogous
neously after the addition of the indicated proteins to a mechanism of membrane permeabilization has been proposed
solution of PS-containing liposomes. Kinetics of fiber for a-synuclein protofibrils 32).
formation were not assessed at this stage. We also observed In light of the above, it seems plausible that PS-triggered
smaller fibrils such as those shown for GAPDH, eventually protein aggregation and fiber formation could be involved
evolving into more macroscopic, longer fibers (right panel in protein misfolding diseases and physiological formation
of Figure 2C and Figure 3C). Although there could be trends of fibrous proteins, as well as cytotoxicity of these proteins,
in the length of the fibers formed by the different proteins, involving the induction of apoptosis. More specifically, in
our data at this stage are too limited to claim anything in the presence of such potentially toxic proteins, an altered
this regard. membrane composition or membrane lipid distribution, such

The aggregates formed in the presence of PS-containingas the exposure of PS on the extracellular plasma membrane
liposomes by the proteins that have been investigated appealeaflet, could result in the formation of toxic aggregates
to be analogous to disease-related amyloid fibrils, suggestingwithin the membrane and eventually lead to the development
that electrostatic interaction between cationic regions in theseof amyloid deposits. To this end, while PS is believed to be
proteins with negatively charged lipid membranes could be exposed in the outer surface of the plasma membrane of
involved in amyloid formation alsan vivo, as has been  apoptotic cells only, increased contents of this phospholipid
suggested for A peptidea-synuclein, and prionslg—22). are found also in the extracellular plasma membrane leaflet
Enhanced fiber formation has been verified to take place alsoof cancer cells and vascular endothelial cells in tumass (
on negatively charged mica, and it has been suggested thaB4). Studies on the Nlachannel in axons show PS to be
this role of surfaces could be universal for all amyloid- present in the outer surface of neurons and to be required
forming proteins 23). To this end, tacrine which was for nerve conduction3b). Unfortunately, we could not find
involved in the treatment of Alzheimer’s disease binds to quantitative studies addressing the amount and lateral dis-
membranes containing acidic phospholipidd)( and it was tribution of PS in the outer surface of the plasma membrane.
proposed that this drug could attenuat¢g-Anembrane From our studies on Jurkat cells, a human leukemic cell line,
interaction and, consequently, inhibit aggregation and fibril we could conclude that the binding of cationic liposomes to
formation by this peptide. Amyloid isolated from patients the outer surface of these cells involves PS which in some
affected by deposition diseases has a high lipid contEft ( cells appeared to be enriched into microdomaBg).(We
25). In light of these results, it is possible that PS represents anticipate that fiber formation by the proteins that have been
the physiological ligand for the anion binding site of investigated is not specific for PS and PG but is induced by
transthyretin 26—28). other acidic phospholipids as well. When the wide variety

There is evidence showing the enhancement by membrane®f lipid environments encountered in biomembranes is taken
of protein conversion into toxic aggregatés 25), as well into account, it is obvious that extensive series of further
as demonstrating increased levels of PS in the neuralstudies are warranted to elucidate the impact of different
membranes of patients with Alzheimer’'s disea®®).(This lipids (e.g., glycosphingolipids, phosphatidylinositol, and
finding that PS-containing membranes induce the formation cholesterol) on fiber formation by these as well as other
of amyloid fibers by a wide range of soluble proteins, relevant proteins. Phospholipids bearing a net negative charge
independent of their location in extracellular or intracellular are abundant in various intracellular membranes and would
compartments, suggests that we are describing a generichus be readily available for electrostatic interaction with
property of proteins associating electrostatically to mem- surface aggregation prone proteins inside the cell. Along
branes containing acidic phospholipids. Intriguingly, all these these lines, translocation of acidic phospholipid binding
proteins have been shown to be cytotoxic or to be involved proteins from their normal organelle sites could trigger
in the induction of apoptosis (Table 1). Fibrous aggregates apoptosis, as recently shown for histone BT)(
within cells have been observed for GAPDRO] and Lipid binding properties have been characterized in
transthyretin 27). The relation between fibril formation and  considerable detail for cytochrome (13—16) and to a
cytotoxicity is intriguing yet remains poorly understods). ( somewhat lesser extent for histone Hi3,(15, 17, 38),
There seems to be a consensus based on experimental datacluding kinetics of membrane association and the impact
that “mature” amyloid fibrils are not toxic and that cytotox- of surface charge density. For the other proteins of this study,
icity is due to aggregated fibrillar protein3, 7). This view less systematic information is available. Both cytochrame
is further supported by the mechanism of action of lytic and H1 have been shown to bind rapidly (within mil-
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Ficure 3: Incorporation of the fluorescent phospholipid analogue
NBD-PG into the protein fibers. The latter were formed as described
in the legend of Figure 1, except that a trace amoXnt(0.02) of
NBD-PG was additionally included in the liposomes: (A) lysozyme,
(B) insulin, (C) GAPDH, (D) myoglobin, (E) transthyretin, (F)
cytochromec, (G) histone H1, and (H-lactalbumin. Magnifica-
tions were 2& (A, B, D, and H) and 1& (C and E-G). The
scale bars are 20 (A, D, and F), 10 (B, C, and E), 5 (G), anth9

(H) in length.

liseconds) to membranes containing acidic phospholipids

(15). Notably, the affinity of H1 for acidic phospholipids
far exceeds that of cytochrone the latter protein being
quantitatively displaced by H1 from liposomek3). It was
further estimated that each H1 binds approximately 20
molecules of acidic phospholipid43). Fluorescence mi-

croscopy studies revealed H1 binds to giant PC/PS (9:1 molar
ratio) liposomes, with subsequent aggregation of H1 on their
surface. Similar behavior of H1 was seen upon its association

with human leukemic T cells3g). It seems feasible that
acidic phospholipid-induced protein fibril formation could

Accelerated Publications

involve as an initial step in binding of the protein to the
membrane with concomitant conformational changes and
subsequent perpetuating self-aggregation in the membrane
surface, with further conformational alterations. Surface-
associated protein microaggregates could then act as seeds
recruiting more protein from solution, resulting in fibril
growth. As recently shown for the binding of H1 to cultured
human leukemic T cells38), the membrane-associated and
-aggregated proteins are likely to cause major rearrangements
of membrane components, thus initiating a cascade of
disorganization of cellular structures and collapse of the
barrier functions of the attacked lipid bilayers, leading to
cell death.
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