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Abstract: Several lines of research have concluded lipid membranes to efficiently induce the formation of amyloid-type 
fibers by a number of proteins. In brief, membranes, particularly when containing acidic, negatively charged lipids, 
concentrate cationic peptides/proteins onto their surfaces, into a local low pH milieu. The latter together with the 
anisotropic low dielectricity environment of the lipid membrane further forces polypeptides to align and adjust their 
conformation so as to enable a proper arrangement of the side chains according to their physicochemical characteristics, 
creating a hydrophobic surface contacting the lipid hydrocarbon region. Concomitantly, the low dielectricity also forces 
the polypeptides to maximize intramolecular hydrogen bonding by folding into amphipathic -helices, which further 
aggregate, the latter adding cooperativity to the kinetics of membrane association. After the above, fast first events, 
several slower, cooperative conformational transitions of the oligomeric polypeptide chains take place in the membrane 
surface. Relaxation to the free energy minimum involves a complex free energy landscape of the above system comprised 
of a soft membrane interacting with, and accommodating peptide polymers. The overall free energy landscape thus 
involves a region of polypeptide aggregation associated with folding: polypeptide physicochemical properties and 
available conformation/oligomerization state spaces as determined by the amino acid sequence. In this respect, of major 
interest are those natively disordered proteins interacting with lipids, which in the absence of a ligand have no inherent 
structure and may adapt different functional states. Key sequence features for lipid and membrane interactions from the 
point of view of amyloid formation are i) conformational ambiguity, ii) adoption of amphipathic structures, iii) ion 
binding, and iv) propensity for aggregation and amyloid fibrillation.  

The pathways and states of the polypeptide conformational transitions further depend on the lipid composition, which thus 
couples the inherent properties of lipid membranes to the inherent properties of proteins. In other words, different lipids 
and their mixtures generate a very complex and rich scale of environments, involving also a number of cooperative 
transitions, sensitive to exogenous factors (temperature, ions, pH, small molecules), with small scale molecular properties 
and interactions translating into large scale 2- and 3-D organization. These lipid surface properties and topologies 
determine and couple to the transitions of the added polypeptide, the latter now undergoing oligomerization, with a 
sequence of specific and cooperative conformational changes.  

The above aggregation/folding pathways and transient intermediates of the polypeptide oligomers appear to have distinct 
biological functions. The latter involve i) the control of enzyme catalytic activity, ii) cell defence (e.g. antimicrobial and 
cancer killing peptides/proteins, as well as possibly also iii) control of cell shape and membrane traffic. On the other hand, 
these processes are also associated with the onset of major sporadic diseases, all involving protein misfolding, aggregation 
and amyloid formation, such as in Alzheimer’s and Parkinson’s diseases, prion disease, and type 2 diabetes. Exemplified 
by the latter, in an acidic phospholipid containing membrane human islet associated polypeptide (IAPP or amylin, 
secreted by pancreatic -cells) efficiently transforms into amyloid -sheet fibrils, the latter property being associated with 
established sequence features of IAPP, involved in aggregation and amyloid formation. IAPP sequence also harbors anion 
binding sites, such as those involving cationic side chains and N-terminal NH-groups of the -helix. The association with 
acidic lipids neutralizes ‘gatekeeping’ cationic residues, abrogating electrostatic peptide-peptide repulsion. The 
subsequent aggregation of the -helices involves further oligomerization and a sequence of slow transitions, driven by 
hydrogen bonding, and ending up as amyloid -sheet fibrils. Importantly, the above processing of IAPP in its 
folding/aggregation free energy landscape under the influence of a lipid membrane involves also transient cytotoxic 
intermediates, which permeabilize membranes, allowing influx of Ca2+ and triggering of cell death, this process resulting 
in the loss of -cells, seen in type 2 diabetes. Similar chains of events are believed to underlie the loss of tissue function in 
the other disorders mentioned above. 
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INTRODUCTION 

 Amyloid formation contributes as a molecular level 
mechanism to the development of a number of major  
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ailments, such as Alzheimer’s and Parkinson’s disease, type 
2 diabetes, and prion disease [1]. In each of the above condi-
tions specific peptide(s) (i.e. A /tau, -synuclein, IAPP, and 
PrP, respectively) aggregate(s) into fibrillar cross -sheet 
structures, with concomitant cell death leading to loss of 
tissue function. The cytotoxicity of fibrils has been recog-
nized to be associated with an intermediate oligomer, a meta-
stable ‘protofibril’, existing transiently in the peptide aggre-
gation/folding pathways, ending up as the so-called mature 
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and non-toxic, inert amyloid, the latter corresponding to the 
minimum in the free energy landscape. The primary mecha-
nism of cytotoxicity of the ‘protofibrils’ has been concluded 
to be the permeabilization of cell membranes, allowing un-
controlled flow of ions, most notably Ca2+ into the cell, 
further leading to cell death. While mitochondrial mem-
branes could also be directly affected by the protofibrils, the 
influx of Ca2+ suffices in triggering the permeability transi-
tion of the mitochondrial membrane, with extensive genera-
tion of reactive oxygen species (ROS) and release of cyto-
chrome c launching further events downstream in the apop-
totic program [2,3] 1. 

 The conditions triggering amyloid formation in the above 
sporadic diseases have been intensively studied. Importantly, 
in most cases of Alzheimer’s disease there is no aggravating 
mutation in the A  peptide [5]. Furthermore, also for the 
cases with a recognized mutation this disorder manifests just 
in middle age. Similar conclusions are valid also for type 2 
diabetes, with a number of disposing factors such as obesity 
and lack of exercise, while the sequence of the IAPP peptide 
bears no mutation. Accordingly, the role of environment in 
controlling amyloid formation appears to be decisive in 
determining the onset of these disorders. The key question 
concerns the molecular mechanisms involved. 

 Accelerated amyloid formation in vitro in the presence of 
lipid membranes has been reported for the above disease 
associated amyloid forming peptides [6-8] as well as a 
plethora of other cytotoxic and apoptotic proteins and pep-
tides [9-11]. Accordingly, from the point of view of unders-
tanding amyloid formation the lipid environment appears to 
be of particular relevance for two reasons: lipid membranes 
of proper composition and physical properties trigger the for-
mation of toxic oligomers, which simultaneously compro-
mise the permeability barrier function of these lipid bilayers. 
The mechanisms triggering amyloid oligomerization on lipid 
membrane surfaces are thus closely linked to the mecha-
nisms of cytotoxicity. Analysis of the relevant properties of 
lipid bilayers and biomembranes, characteristics of mem-
brane association of amyloidogenic polypeptide chains, and 
the sequence characteristics of these polypeptides, together 
with the molecular level processes involved in cytotoxicity 
reveal these processes to involve a number of generic 
features.  

 More recently it has also become evident that amyloid 
formation is utilized by organisms for beneficial purposes. 
Along these lines we will go through examples of the roles 
of lipid surfaces in triggering functional amyloid-type oligo-
merization in cells, such as suggested for a) host defence 
peptides, killing cancer cells and microbes, as well as b) 
acting as an on-off switch controlling the activity of a lipid 
associated enzyme. It is further possible that a similar 
membrane-associated protein oligomerization process could 
be used to c) drive intracellular membrane traffic and 
outgrowth of cellular extensions such as neurites.  

 

 

                                                
1 In this context it is important to distinguish these cases from systemic 
amyloidoses, where tissue and organ functions deteriorate due to obstruction 
caused by extensive accumulation of amyloid mass [4]. 

BIOPHYSICAL CHARACTERISTICS OF LIPID 
SURFACES 

 For a number of decades and in particular in the frenzy of 
the ‘postgenomic era’ lipids were considered by most life 
scientists to be insignificant to the development of our 
understanding of the essential features and pathophysiology 
of living organisms, such as their subcellular organization 
and control of cell behaviour, differentiation and meta-
bolism, with overtly dominant roles assigned to proteins, 
genetics, and control of gene expression. As a consequence, 
the per se interesting properties of lipids were explored 
mainly by physicists, physicochemists, and surface chemists. 
Starting from these disciplines and over the years this area 
developed and matured to one of the main stream topics in 
modern biophysics. Being heavily influenced by physics this 
research became also very much concept driven, in 
distinction from the distinctively method driven life sciences 
such as molecular and cell biology. Further, the terminology 
adapted to describe membrane biophysical properties 
developed complexity and sophistication, which made this 
research difficult to access by an average life scientist. A 
profound example of the consequences of this barrier is the 
rediscovery of membrane ‘rafts’ by cell biologists, assigning 
a new name to lipid microdomains [12], demonstrated long 
ago by biophysicists [13-16].  

 Lipids are by far the chemically most diverse class of 
biomaterials. Based on lipidomics analyses an average euka-
ryote cell can now be estimated to contain not thousands but 
tens of thousand of different lipids, with specific composi-
tions found in different cell types as well as in different 
cellular organelles. These compositions are highly dynamic, 
adapting on different time scales to both physiological and 
pathological changes in the organism (e.g. [17]). Assembled 
together with membrane proteins into biomembranes, the 
latter structures possess an enormous number of degrees of 
freedom for their organization. In this regard it must be kept 
in mind that it is still only a very limited view, which we 
have on the structural features of a generic biomembrane, 
connected to its multitude of functions. In the following we 
will summarize some of the biophysical characteristics of 
lipid bilayers, more specifically those with unequivocal 
evidence demonstrated for relevance to protein interactions 
with membranes, as connected to amyloid formation and 
toxicity. For more detailed account the interested reader is 
referred to recent monographs (e.g. [18]).  

Divided Nature: Amphiphilicity 

 Several of the key properties of lipid bilayers derive from 
the amphiphilic character of biomembrane lipids, combining 
a polar, hydrophilic moiety with a hydrophobic part. As a 
drastic consequence of this molecular scale polarity, the 
strong hydrogen bonding between water molecules expels 
the non-polar lipid acyl chains and drives phospholipids, the 
main lipid constituents of biomembranes, to spontaneously 
organize into bilayers. This process is generic to amphiphiles 
and represents the paradigm for hydrophobicity driven self-
assembly, extending from molecular dimensions to micro-
scopic scale. In the resulting assemblies the interactions 
between the amphiphiles are non-covalent and generally 
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weak2, allowing rapid rotational and lateral diffusion, 
together with a high degree of conformational flexibility of 
lipids due to intense trans-gauche bond rotations of their 
acyl chains. Another important mechanical property to keep 
in mind is the high elasticity, softness of the bilayer [18] 
which allows for intense Brownian undulations of the 
surface [20]. As we shall see below, continuing the examina-
tion of the physical characteristics of bilayers reveals how 
the amphiphilic character of lipids in fact underlies all the 
key features of membranes, imposed by the strict parallel 
alignment of lipids (orientational anisotropy). Notably, the 
amphiphilicity also involves hydrophilicity of the headgroup. 
The latter is much more than just simple ‘water solubility’ of 
the headgroup, and for instance for phosphatidylcholine 
dynamic arrangement of water molecules into several 
distinct hydration shells has been demonstrated, these water 
molecules exchanging with the bulk water on different 
timescales [21]. While the hydration properties of lipids is, at 
the end, likely to be important to also the subject area of this 
brief review, amyloid formation induced by lipids, it 
represents a topic which still awaits to be addressed.  

Membrane Lateral Pressure Profile 

 On a conceptual level a very useful picture highlighting 
some of the important characteristics of a lipid bilayer is its 
lateral pressure profile (Fig. 1), depicting the forces parallel 
to the plane of the membrane as a function of distance from 
the bilayer centre. Three forces need to be considered, while 
the net force remaining must be zero so as to keep the system 
stable. More specifically, approaching the membrane surface 
from the bulk aqueous phase there is (i) a steric repulsion 
between the lipid headgroups, which together with (ii) the 
entropic repulsion due to the intense thermal motion of the 
acyl chains inside the bilayer balance (iii) the cohesive force, 
interfacial tension arising from the hydrophobic effect: the 
unfavourable contacts between the hydrocarbon chains and 
water in terms of free energy.  

 

Fig. (1). Lateral pressure profile for a phospholipid bilayer. 
Adapted from [22]. 

 At equilibrium the membrane is tension free, with the 
packing density corresponding to an equilibrium lateral pre-
ssure of approx. 32-34 mN/m, a value verified for biological 
membranes [22]. However, membrane tension can be 

                                                
2 As a dramatic example of the consequences of intermolecular hydrogen 
bonding is the phase segregation of ceramide, occurring for example 
subsequent to the formation of this lipid from sphingomyelin by 

sphingomyelinase [19]. 

imposed by e.g. swelling by osmotic pressure gradients of 
cells and organelles such as mitochondria. Under the latter 
conditions the lateral packing density decreases, causing an 
increase in the interfacial tension, the membrane exposing 
more hydrophobic surface. This provides also an example of 
converting a physical force directly to a biochemical signal, 
as the resulting decrease in lipid lateral packing and increase 
in membrane hydrophobicity strongly enhance membrane 
partitioning of e.g. amphiphilic proteins present in the 
surrounding aqueous phase [22,23]. 

 An important feature of the lateral pressure profile is that 
it can be influenced by the shape of the amphiphiles 
introduced into the bilayer. Accordingly, in addition to 
shrinking and swelling of a cell due to osmotic pressure 
gradients, the membrane lateral pressure profile can be 
modulated by a number of factors, such as charges and 
intermolecular hydrogen bonding, together with the 
molecular shapes of the lipids (as well as proteins and 
bilayer partitioning small molecules). To this end, it is the 
effective molecular shape we need to consider [24], which 
involves e.g. the size of the headgroup hydration shell 
controlled by osmotic pressure [25,26], together with the 
steric constraints arising from conformational entropy and 
unsaturation of the acyl chains (Fig. 2). Conical lipids such 
as lysoPC, with a single acyl chain decrease pressure in the 
membrane interior increasing membrane positive curvature. 
Positive spontaneous curvature has been demonstrated to 
promote amyloid oligomerization [27]. Instead, lipids such 
as POPE bearing a weakly hydrated, small headgroup and 
having thus an effective shape of a wedge reduce pressure on 
the headgroup level, with augmented packing in the bilayer 
hydrocarbon region (negative spontaneous curvature). A 
membrane containing e.g. PE with unsaturated chains 
harbours a high internal pressure and is thus described as 
‘frustrated’ [28]. This internal pressure is inherent to all 
lipids favouring the formation the so-called inverted 
hexagonal phase HII and has important consequences in 
terms of bilayer-protein interactions as well as membrane 
fusion [29,30]. Last but not least, of particular interest is 
cholesterol, which generally augments lipid lateral packing 
by highly cohesive interactions, in particular with lipids 
having saturated acyl chains, forming what is called the 
liquid ordered (lo) phase [31]. As a consequence, cholesterol 
- in particular in combination with sphingomyelin - very 
efficiently attenuates membrane partitioning and intercala-
tion of amphipathic peptides [32, 33]. 

 

 

Fig. (2). Dynamic effective shape of a phospholipid, exemplified by 
changing its hydration shell by osmotic pressure. Adapted from 
[24]. 
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Membrane Charges and Surface pH 

 The lateral pressure profile includes two important 
parameters influencing the membrane partitioning of an 
amphiphilic peptide: hydrophobicity (interfacial tension) of 
the surface, which provides the sole driving force in the 
absence of e.g. electrostatic interactions, and lipid lateral 
packing density, which together control the intercalation of a 
peptide into the bilayer. A third parameter of profound 
importance is membrane charge. While cationic lipids such 
as sphingosine [34,35] are present in membranes, much more 
common are phospholipids having a net negative charge, 
such as phosphatidylserine and -glycerol, phosphatidy-
linositols, phosphatidic acid, cardiolipin, bis-monoacylgly-
cerophosphate, ceramide-1-phosphate and free fatty acids. 
Apart from their inherent effective molecular shapes the 
introduction of charges has several consequences, further 
depending on the charge density per unit area [36]. Notably, 
a negatively charged membrane not only attracts positively 
charged counterions (Na+, K+, Ca2+, Mg2+) but also H+, thus 
effectively lowering the pH on the membrane surface [37], 
with the bulk pH remaining unaffected in a buffered 
medium. This effect is not insignificant and it has been 

calculated that for a membrane containing 20 mol% of 
cardiolipin, the pH prevailing on the surface can reach values 
in the range of 5.2 to 5.5, confined to the immediate vicinity 
of the interface, readily reflected in the mode of electrostatic 
peripheral membrane association of proteins [38]. Increasing 
charge density will lower the local pH further. The effect 
however, is complex and non-linear and depends on the 
counterion species [39]. In order to reduce lateral Coulombic 
repulsion between the negatively charged phosphates, the 
latter protonate, which then allows for intermolecular hydro-
gen bonding between the phosphates of nearest neighbour 
lipids. This effect manifests in the at first glance coun-
terintuitive slowing down of the rate of membrane binding of 
a cationic protein upon increasing the content of an acidic 
phospholipid in a membrane [40]. As mentioned above, 
anionic phospholipids enhance amyloid fibril formation. 
This is a central theme in this review and we will dwell on 
this in a number of contexts below.  

Membrane Polarity Gradient 

 The non-covalent nature of lipid bilayer assemblies 
allows for intense fluctuations of the membrane and its 

 

Fig. (3). Polarity gradient for a lipid bilayer. Uppermost panel A depicts a snapshot from a computer simulation of a lipid bilayer, while the 
middle panel B illustrates the time averaged distribution of the various chemical groups. The lowermost panel C shows the position of an 
amphipathic -helix residing in the interface, together with the gradient of the membrane polarity. See text for details (from [41] with 
permission). 
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constituent lipids, yielding another dynamic feature, the 
dielectricity (polarity) gradient (Fig. 3), superimposed with 
the lateral pressure profile. The dielectric constant  of bulk 
water is 80. Upon reaching the membrane surface and 
entering the bilayer interior, the polarity decreases rapidly, to 
approx.  = 2 in the hydrocarbon region. This polarity 
gradient parallels the steeply declining number of water 
molecules transiently escaping from the bulk into the bilayer. 
The polarity gradient is highly dynamic and is also sensitive 
to chemical modification of the lipids, such as those 
introduced by oxidation of polyunsaturated acyl chains and 
cholesterol, when exposed to ROS. Together, (i) the effects 
of membrane charges, (ii) the lateral pressure profile, and 
(iii) the polarity gradient yield an already quite comprehen-
sive overall picture of the inherent characteristics of a lipid 
bilayer. Yet, it needs to be emphasized that a more detailed 
picture of the bilayer would need to include also membrane 
potential and dipole potential, which both exert significant 
impact on the state of the bilayer and its interactions with 
proteins and small molecules (e.g. [42-44]). Accordingly, 
although this area remains, as far as this author is aware of, 
to be explored, these properties can be readily expected to 
influence also amyloid formation in membranes. 

Lipid Asymmetry and Membrane Microdomains 

 The most prevalent negatively charged lipid in the 
plasma membrane of eukaryote cells is phosphatidylserine, 
PS, comprising approx. 20 mo% of the total lipid in this 
membrane. Normally, this lipid is actively confined to reside 
solely in the inner, cytoplasmic leaflet of the plasma mem-
brane lipid bilayer, and is only present in the outer surface in 
conditions such as apoptosis and cancer [45]. This loss of PS 
asymmetry has important functional consequences and for 
example in apoptotic cells PS exposed on the plasma 
membrane outer surface targets these cells to macrophages.  

 In addition to the above lipid asymmetry it was conc-
luded from biophysical studies conducted in the 1970ies that 

membranes are heterogeneous also in terms of their lateral 
organization [13,14]. This heterogeneity results from both 
lipid-lipid and lipid-protein interactions acting in unison, 
unavoidably manifesting in the generation of a complex 
array of highly dynamic, fluctuating lateral heterogeneities 
on different time- and lengthscales, further influenced by the 
compositions of different cellular organelles and the gene-
rically non-equilibrium nature of biomembranes in live cells 
(Fig. 4). Several mechanisms have been described in vitro, 
such as elastic strain due to hydrophobic matching in lipid-
lipid and lipid-integral membrane protein interactions [46, 
47] osmotic pressure [48], electrostatic attraction between 
clusters of cationic residues in peripheral proteins and 
membrane negatively charged lipids [49], as well as anionic 
lipids and polyamines [50], and Ca2+ [51]. Concomitantly 
with the above, the major driving force for lateral structuring 
relates to the phase behaviour of lipid mixtures. These are 
best understood in terms of their phase diagrams, depicting 
the thermal behaviour of multicomponent membranes and it 
is now evident that for some lipid mixtures long term lateral 
segregation into relatively large domains is possible within 
the environment encountered in cellular membranes. Of 
particular current interest are mixtures involving ceramide as 
well as sterols with sphingomyelins and phosphatidylcho-
lines [52-54] where lipid-lipid interactions, hydrogen 
bonding [55] and hydrophobic matching condition [56] 
cause the appearance of coexisting lipid phases, important to 
the formation of microdomains (‘rafts’) in biomembranes 
[16].  

 To conclude at this stage, biophysical properties of 
membranes and their highly dynamic organization and lateral 
heterogeneity provide an extremely rich range of environ-
ments in biomembranes, influencing the folding as well as 
misfolding of proteins and peptides. Yet, we are still in the 
very early phase of exploration of the coupling between 
these membrane properties and the conformational/func-
tional space of membrane associated proteins.  

 

Fig. (4). Schematic illustration of the lateral heterogeneity of a biomembrane, arising from preferred lipid-protein and lipid-lipid interactions.  
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AMYLOID FORMATION IN A LIPID MEMBRANE 

 The above properties of lipid bilayers mean that a nega-
tively charged membrane very efficiently attracts cationic 
proteins to its surface, where they enter a local low pH 
environment, immediately adjacent to a low dielectric 
hydrocarbon region. The dynamic nature of the lipid bilayer 
with intense compositional and conformational fluctuations 
allows both the lipids and the approaching polypeptide chain 
to mutually adjust their conformations and positions in the 
surface, so as to accommodate the protein into this complex 
environment. Notably, the conditions prevailing on the 
membrane surface correspond closely to those found in vitro 
to yield reproducible formation of amyloid in bulk solutions, 
viz. acidic pH of 5.5 and low dielectricity (20 to 30 % TFE, 
[57]), in agreement with the accelerated formation of 
amyloid fibrils in vitro in the presence of membranes con-
taining negatively charged lipids reported for A , -synuc-
lein, IAPP, and PrP. The enhanced formation of amyloid 
fibrils in the presence of negatively charged liposomes is not 
limited to the above peptides but is observed also for insulin, 
cytochrome c, endostatin, lysozyme, glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH), and -lactalbumin, as well 
as several host defence peptides, including LL-37. In several 
cases the fibers have been shown to also incorporate 
phospholipid [9,10,33,58-60]. 

 In distinction from the kinetics of amyloid formation in 
bulk low pH solution containing TFE, taking several hours, 
the formation of amyloid in the presence of lipid surfaces is 
significantly faster. Several factors contribute to this 
acceleration, as follows (Fig. 5).  

i) Membranes concentrate the reacting amyloidogenic 
protein to the interface and this concentrating effect 
can be augmented by an electrostatic attraction 
between the anionic lipids and cationic amino acids 
residues and their clusters in the polypeptide chain.  

ii) The lipid surface is a highly anisotropic environment, 
orienting the binding proteins so as to accommodate 
their hydrophobic parts to contact the lipid hydro-
carbon chains while keeping their charged, hydro-
philic domains on the membrane surface and in 
contact with the aqueous phase.  

iii) Simultaneously with a protein entering the membrane 
interfacial environment, conformational changes 
become necessary, as the polypeptide chain is now 

forced to seek for new minima in the terrain opened 
by the lipid surface in the folding/aggregation free 
energy landscape. Good examples are peptides such 
as IAPP and temporins, which have random 
conformation in solution but adopt an amphipathic -
helical conformation upon binding to phosphatidyl-
choline membranes [6,8,11]. The major driving force 
for the random coil -> -helix conformational change 
derives from the high cost dehydrating the peptide 
chain hydrogen bonds upon entering the low dielectric 
milieu in the bilayer, avoided by the formation of 
intramolecular hydrogen bonds in the helix [41]. 
Importantly, the change from coil to -helix is very 
rapid, commencing in approx. 10-5 sec [61]. Helix 
formation is likely being promoted also by the 
formation of an anion binding site by the end of the 
helix N-terminus, constituted by two to three NH-
moeities [62]. 

iv) The strict alignment of polypeptide chains in the 
anisotropic membrane surface facilitates oligomeri-
zation and the latter is further enhanced by neutrali-
zation of the cationic charges of the protein by asso-
ciation with the anionic membrane lipids, thus 
promoting aggregation. Oligomerization has been 
shown for IAPP already for the -helical peptide 
chains [63]. The latter is of particular interest as 
recent studies suggest -helical conformation to 
represent an obligatory intermediate in the formation 
of amyloid by some peptides [64,65]. The inclusion of 
acidic phospholipids into a membrane consisting of 
zwitterionic PC could alter the alignment of the pep-
tide from antiparallel to parallel [66]. Again, free 
energy gain results from the formation of intermo-
lecular hydrogen bonds in a membrane environment 
[67]. Although amyloid fibril formation can be signi-
ficantly enhanced by lipid surfaces, the sigmoidal 
kinetics are mostly retained, revealing nucleation to 
be required for triggering the involved phase transi-
tion [61].  

v) Connected to membrane induced conformational 
changes and/or oligomerization the polypeptide chains 
can also change their orientation from parallel to 
perpendicular with the respect to the bilayer plane, 
intercalating into the bilayer. This process depends on 
the physicochemical characteristics of the bilayer 
(such as the lateral pressure profile and lipid packing 

 

Fig. (5). Peptide binding to a lipid bilayer, with subsequent insertion and oligomerization. See text for details (from [11]).  
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density), and the molecular topology of the monomers 
and oligomers, in particular the exposure of hydro-
phobic surfaces, which need to be in contact with the 
lipid acyl chains. Importantly, these processes also 
explain why anionic lipids promote membrane inter-
calation of amphipathic peptides. Accordingly, neutra-
lization of the ‘gatekeeping’ role Lys and Arg adja-
cent to amyloidogenic sequences [68] by membrane 
anionic lipids allows oligomerization, together with 
efficient intermolecular hydrogen bonding into - and 

-sheet structures. When these structures are amphi-
pathic, they can intercalate into the bilayer, with H-
bonding alleviating the free energy penalty for 
accommodating H-bond donors and acceptors into a 
low dielectric milieu. 

vi) The oligomers subsequently adopt a -sheet confor-
mation, representing conformational minimum in the 
folding/aggregation free energy landscape [69]. These 

-state oligomers further aggregate and form more 
macroscopic fibers and also incorporate lipids derived 
from the bilayer. These processes however, still 
remain poorly understood.  

 Considering the above overall scenario, it is important to 
bear in mind that several of the above steps (such as iv and v) 
are highly connected. Likewise, it is essential to analyze 
these molecular scale events within the context of the protein 
folding/aggregation free energy landscape [69], fused with 
the free energy landscape of the membrane lipid assembly, 
with particular reference to the driving forces involved. This 
merging of membranes with proteins adds significantly to 
the degenerate, multidimensional nature of the amyloid 
folding/aggregation, the kinetics of fibrillation (eg. nuclea-
tion dependent vs independent) being critically influenced by 
the environment (concentration, temperature, pH, electro-
lytes) and described by multidimensional phase diagrams 
[69]. It is likely, for instance, that fibrillation pathways in 
bulk solution are different from those in membranes.  

 The above outlined role of lipid surfaces in enhancing 
amyloid formation represents an important addition to our 
understanding of the natively unfolded proteins, capable of 
adopting several conformations and executing different and 
sometimes unrelated functions, depending on the environ-
ment these proteins are brought into. In these respect the 
lipid surfaces open a plethora of interesting possibilities, 
particularly when considering the vast chemical diversity 
available in the lipid species, with cell type and organelle 
specific lipid compositions. This point of view on lipidomics 
also emphasizes the importance of understanding the inhe-
rent biophysical characteristics of lipid membranes, apart 
from mere chemical cataloguing of the individual lipid 
species. To this end, a recent study introduces further comp-
lexity to lipid-protein interactions, revealing the role of che-
mically modified lipid species generated upon ROS attack, 
such lipids reacting covalently with membrane binding 
cytotoxic, amyloid forming peptides [70,71].  

Protofibrils Puncturing the Lipid Bilayer 

 There is current consensus for the mechanism of cyto-
toxicity of amyloid being due to membrane permeabilization 
by a transient intermediate state oligomer, ‘protofibril’ [6-

8,72, 73]. Accordingly, the binding of an amyloidogenic 
peptide to the lipid bilayer, the subsequent protofibril forma-
tion in the membrane, and the mechanism of cytotoxicity of 
the protofibril, i.e. breaking the permeability barrier function 
of the involved bilayer are likely to be intimately connected. 
A key question concerns the structure and biophysical cha-
racteristics of the toxic ‘protofibril’. In this context it is 
helpful to recognize that there is recent evidence for the 
mechanism of cytotoxicity of host defence peptides 
involving amyloid-like fibers [10,11,74]. Likewise, toxicity 
does not depend on the chirality of the amino acids, as 
demonstrated for A  fragments [75] and the antimicrobial 
peptide temporin [76]. Further, the toxicity is associated with 
a large number of diverse sequences, again strongly sugges-
ting that it is a generic feature of proper structural charac-
teristics of the oligomer. Notably, the size of the membrane 
permeabilizing defects increases with an increasing content 
of the peptides in the target cell membrane [77], revealing 
that while channel-like structures could be present, the toxic 
fibril structures are polydisperse. Based on this we have 
proposed a model for the minimal possible structure capable 
of compromising the permeability barrier function of a lipid 
bilayer (Fig. 6). In this model the length of the oligomer can 
vary, increasing with the local monomer concentration. 
While depicted here as linear, also circular structures are 
possible. The width of the fibril needs to be sufficient (35 to 
45 Å) to span the thickness of the bilayer, in particular the 
hydrophobic region (approx. 20 Å). Importantly, the fibril 
also needs to be amphiphilic, with the hydrophobic surface 
associating efficiently with the hydrocarbon region of the 
membrane lipids, and the hydrophilic surface forcing a 
structural, membrane permeabilizing defect into the bilayer. 
This structure should be highly dynamic, with intense 
fluctuations in the organization of the opposing high curva-
ture edge of the bilayer (for a linear protein oligomer), also 
meaning that this protofibril state is transient and seeks 
progression towards a lower free energy in the folding/aggre-
gation free energy landscape, in combination with the free 
energy landscape for the organization of lipid bilayer. As 
long as the fibril is amphiphilic so as to open a ‘leaky slit’ 
defect, the conformation of the peptide in the fibril is 
irrelevant. However, the structure should be metastable 
(representing an intermediate in the free energy landscape). 
In this regard it is of interest that an obligatory -helical 
intermediate has been identified to be involved in the 
formation of amyloid by some peptides [64,65]. It has also 
been suggested, that the transient cytotoxic fibrillar interme-
diate is an -sheet [78], a pleated sheet structure [79,80], 
which has recently been identified as a relatively common 
structural element, capable of switching to -sheet by 
peptide plane flipping [81]. To this end, in the light of the 
above model, it is likely, that several secondary structures of 
the oligomers could be cytotoxic, as long as the above 
physicochemical requirements for membrane permeabili-
zation are met.  

 The transient cytotoxicity of the oligomers complies with 
the time- and concentration dependence of the effect of e.g. 
temporin L on cultured cancer cells, with abrupt levelling off 
of cell death, with increasing peptide concentrations this 
discontinuity seen at larger fraction of dead cells (Fig. 7 in 
[82]). Likewise, the morphological transformation of giant 
liposome membranes by host defense peptides commences 
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rapidly and is followed by the emergence of seemingly inert, 
highly refractive aggregates in the affected membrane 
[83,84]. Accordingly, we have emphasized the intermediate 
nature of the membrane perturbing structures occurring in 
the course of the initially asymmetrically introduced peptides 
reacting with the targeted membrane, this system then 
relaxing towards thermodynamic equilibrium [83]. Interes-
tingly, permeabilization of lipid bilayers by the growing 
oligomer but not the ‘mature’ amyloid was recently demons-
trated in coarse grained MD simulations [85]. Further, we 
have shown the incorporation of phospholipids into amyloid 
fibrils formed in vitro in the presence of liposomes [9]. 
Subsequently, this was demonstrated also for IAPP and it 
was further suggested that this lipid uptake could contribute 
to the membrane permeabilization in the course of the 
aggregation/fibrillation [58,86].  

Molecular Pathology of Amyloid Cytotoxicity: Role of 
Lipids 

 Relating to the mechanisms by which lipid surfaces can 
enhance amyloid formation - as demonstrated in vitro - 
raises several questions when pursuing the possible roles of 
lipids in triggering amyloid formation in vivo. A key 
question concerns the presence of amyloid formation 
enhancing lipids in the plasma membrane of e.g. neurons. 
More detailed and specific answers to this issue await results 
from topological analyses of the lipidome of these cells. Yet, 
there is evidence for PS being present in the outer surface of 
neurons. Treatment of isolated neurons by serine decar-
boxylase, converting PS to PE, reduces the amplitude of the 
action potential, thus demonstrating a functional role of PS 
in the operation of the nerve membrane Na+ channel [87]. 
This reaction is reversible and the amplitude could be 
restored by performing the opposite reaction in the presence 
of excess serine, driving the conversion of PE to PS. 
Accordingly, while this author is not aware of quantitative 
determination of the content of PS in the outer leaflet of the 
neuron plasma membrane, the above experiments do 
demonstrate the presence of this lipid at a location, which 
would be compatible with the emergence of extracellular 
amyloid deposits in Alzheimer’s disease. To this end, the 
exposure of PS on the outer surface of an axon could 
represent one of the reasons requiring the isolation of the 
brain from circulation by the blood-brain barrier.  

 Apart from PS, Axelsen and coworkers demonstrated 
augmented formation of amyloid by A  peptide in the 
presence of oxidized phospholipids [88]. Similar findings 
were reported by Kelly and his coworkers for IAPP and 
oxidized sterols [70]. These findings could be highly signi-
ficant, in particular as augmented oxidative stress is associa-
ted with Alzheimer’s, Parkinson’s, and prion diseases, as 
well as type 2 diabetes [89,90]. These findings could also 
underlie middle body obesity as a risk factor for DM2 [91], 
with slow fractional lipid turnover of the abdominal fat 
necessarily increasing lipid peroxidation [92] and subsequent 
transfer and equilibrium of oxidized lipids through the 
plasma compartment to all cells. Accordingly, long term 
presence of oxidized lipids in the Langerhans -cell outer 
surface would readily make these cells vulnerable to amyloi-
dogenic attack by IAPP, present in high concentrations on 
the surface of the -cells following secretion of this peptide 
by these cells. 

Host Defence Proteins/Peptides: Targeting Lipids 

 Innate immunity provides the first line of defence in 
eukaryotic organisms against microbial infection. Important 
constituents of this host defence are cytotoxic peptides and 
proteins, secreted by several cell lines, e.g. neutrophils, 
lymphocytes and natural killer cells. It has also become 
evident that host defence peptides not only kill bacteria but 
also eradicate cancer cells [93]. A prominent example of the 
multifunctional character of these peptides is LL-37, which 
in addition to being cytotoxic has also chemotactic activity, 
amongst a number of other functions in organisms, in keep-
ing with LL-37 being a natively disordered protein [94]. 
Recent studies have demonstrated that augmented formation 
of amyloid fibrils by acidic lipids is not limited to the 
paradigm amyloid disease associating peptides but occurs 
also for several host defence peptides and cytotoxic and 
apoptotic proteins [9,10,33,59]. There is consensus of HDP 
exerting part of their toxicity by permeabilizing the micro-
bial target cell membrane. The latter are enriched in acidic 
phospholipids, phosphatidylglycerol and cardiolipin, which 
promote membrane binding and intercalation of HDP. In a 
similar manner, some cytolytic HDP specifically permea-
bilize the cancer cell plasma membrane and can be readily 
expected to damage also the mitochondrial membrane, indu-
cing apoptosis [93]. An aldehyde functionalized derivative 

 

Fig. (6). ‘Leaky slit’ type linear membrane defect imposed by an amphipathic fibrillar ribbon, consisting of a peptide oligomer (from [59]). 
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from lipid peroxidation, viz. 1-palmitoyl-2-oxononaoyl-sn-
glycero-3-phosphocholine (PoxnoPC) was recently shown to 
react with several host defence peptides in vitro, most likely 
involving Schiff base formation [71]. This suggests that for 
instance macrophages secreting both ROS and HDP at the 
site of infection would induce the formation of oxidized 
lipids in microbial membranes, thus making them vulnerable 
to permeabilization by HDP.  

 In addition to targeting microbes to HDP, specific lipid 
compositions appear to also protect the HDP secreting 
eukaryotic host cells from the membrane damaging action of 
these peptides. In this regard, while several sterols have been 
shown to attenuate membrane binding and intercalation of 
HDP, cholesterol seems to be the most efficient [32]. The 
most efficient inhibition of HDP-lipid bilayer interaction is 
obtained by the combination of cholesterol and sphingo-
myelin [33], the two lipids constituting the bulk of lipid in 
the eukaryote plasma membrane outer leaflet. Taking into 
account the threat presented by microbes on eukaryote cell 
survival from early on in evolution, it is likely that the ability 
to distinguish microbial targets from the HDP secreting host 
contributed in a crucial manner to the molecular evolution of 
cholesterol and the development of HDP resistant lipid 
compositions of eukaryotes [32]. To this end, the transient 
cytotoxic amyloid intermediate is indeed ideal for antimic-
robial purposes, exerting cytotoxicity only towards cells 
exposing negatively charged and oxidized lipid, which 
would trigger amyloid formation in the membrane surroun-
ding the target cell. The cytotoxic intermediate would subse-
quently be processed to inert, mature amyloid, in essence 
detoxifying the HDP. 

 Another example of lipid induced functional formation of 
cytotoxic amyloid, serving a beneficial function to the 
organism is provided by endostatin, a 38 kDa domain 
cleaved from the N-terminus of type XVIII collagen by 
matrix metalloproteinases. Endostatin efficiently kills cancer 
cells, however, no specific receptor for this protein was 
found. Interestingly, endostatin forms amyloid fibrils in vitro 
and these fibrils were shown to be cytotoxic [95]. We 
demonstrated endostatin to form in the presence of PS 
containing liposomes Congo red staining macroscopic fibers 
[10]. Based on these findings we suggested that endostatin 
would kill cancer cells by forming cytotoxic amyloid 
protofibrils in the cancer cell plasma membrane [10]. PS 
contacting the plasma compartment activates the conversion 
of prothrombin to thrombin, triggering the coagulation 
cascade [45]. This process underlies also the Trosseau 
syndrome: the augmented thrombosis in cancer patients, with 
accelerated coagulation catalyzed by PS exposed on the 
outer surface of cancer cells as well as vascular endothelial 
cells in tumours. The latter change in PS distribution is 
caused by poorly understood mechanisms in these cells, yet 
appears to include the prevailing acidic pH of the affected 
tissue [96]. The exposure of PS in cancer cells could also 
explain the decay of tumours in cancer patients with bacterial 
infection [10]. More specifically, several HDP have been 
shown to kill also cancer cells in vitro (e.g. [93]). 
Accordingly, upon bacterial infection the innate immunity 
generated HDP would then target both microbes as well as 
PS-exposing cancer cells, together with tumour vascular 
endothelial cells. In this regard the role of inflammation in 
cancer tissue and generation of oxidized lipids would 

definitely warrant further studies, as these lipids could 
(similarly to representing targets to HDP in bacterial 
infection) be involved in sensitizing cancer cells to 
cytotoxic, cancer cell clearing proteins. Notably, this would 
readily explain the increased incidence of some cancer types 
upon treatment with an antioxidant, suppressing apoptosis 
[97].  

Amyloid Formation as an on-off Switch for Enzyme 
Activity 

 In addition to lipid-induced formation of cytoxic amyloid 
fibrils used in the eradication of bacteria and cancer cells, 
very recent studies from our laboratory suggest that amyloid 
formation could also be used as an on-off switch controlling 
enzyme activity. In brief, phospholipase A2 (PLA2) acting 
on a saturated phospholipid substrate such as 1,2-dipal-
mitoyl-sn-glycero-3-phosphocholine (DPPC) exerts at 
temperatures close to the main chain melting phase transition 
temperature Tm of this lipid a pronounced lag phase (for a 
recent account see [98]). Accordingly, after the rapid binding 
of PLA2 to the lipid substrate surface, the catalytic rate is 
initially very low, causing slow accumulation of the lipo-
philic reaction products, 1-palmitoyl-lysoPC and palmitic 
acid into the lipid bilayer. However, when a critical content 
of the products, approx. 8 mol% has been formed, there is a 
sudden burst in hydrolysis, the enzyme becoming highly 
active. The critical component appears to be lysoPC [98, 99], 
which binds to PLA2 and could thus cause a conformational 
change promoting oligomerization. Yet, the fact that a high 
local content is required suggest that the activation results 
from a membrane property imposed by this lipid. At this 
stage the decisive property remains uncertain. Several of the 
possible features are mutually non-exclusive, such as 
exemplified by the lateral pressure profile (membrane 
positive spontaneous curvature [27]) and membrane dipole 
potential.  

 Formation of enzyme aggregates has been concluded to 
be involved in the activation of PLA2 [100,101] and we 
showed the burst in activity to be accompanied by an 
enhanced Thioflavin T fluorescence, followed by the 
formation of Congo red staining more macroscopic fibrils 
[98]. Using fluorescently labelled PLA2 we demonstrated 
FRET between the enzyme to peak at burst and the 
incorporation of the fluorescent PLA2 into the fibrils. 
Formation of fibrils was recently demonstrated by AFM as 
well as fluorescence microscopy, upon observing the action 
of PLA2 on supported DPPC bilayers [102, 103]. Notably, 
lipid induced formation of cytotoxic amyloid protofibrils 
would readily explain the neurotoxicity of catalytically 
inactive PLA2 proteins, found in some snake venoms [104]. 
Further, it is likely that amyloid oligomerization induced by 
a proper lipid environment on the membrane surface 
represents a common mechanism of activation of membrane 
bound proteins, lipolytic enzymes, such as sphingomye-
linases and e.g. protein kinase C. To this end, our sequence 
analyses revealed secretory PLA2s to contain short amyloi-
dogenic ‘cassettes’ (Code C, Mahalka A, Bry K, Kinnunen 
PKJ, to be published). 

 PLA2 is activated by A  peptide [105], as well as several 
host defense peptides, such as indolicidin, temporins B and 
L, and magainin [106] and for HDP this activation has been 
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suggested to contribute to the synergistic cytotoxicity of the 
combination. The mechanism of this activation is unclear 
and could involve perturbation of the substrate lipid by these 
strongly membrane binding peptides. We have recently 
demonstrated that these peptides could also activate PLA2 
by forming heterooligomeric amyloid-type peptide-PLA2 
cofibrils [99]. Also this mechanism may well be more 
generic. For example, it has been shown that the sequence in 
apolipoprotein C-II interacting and activating lipoprotein 
lipase [107] does form in the presence of phospholipids 
amyloid fibrils [108]. 

Control of Intracellular Membrane Traffic and Cell 
Shape?  

 Recent experiments using supported lipid bilayers as a 
membrane model demonstrated a dramatic transformation of 
the membrane topology to be induced by host defense 
peptides [109]. More specifically, the antimicrobial peptide 
temporin B caused a rapid outgrowth from the SLB of 
membrane tubules, consisting of both lipid and the peptide. 
Accordingly, this readily suggests that similar processes 
induced by specific peptides could be utilized by cells to 
induce outgrowth of similar tubular structures, both from the 
plasma membrane as well as from the intracellular mem-
branes such as Golgi, developing e.g. neurites [110] or 
serving in the intracellular membrane [111], respectively.  

CONCLUDING REMARKS: YING AND YANG OF 
AMYLOID FORMATION 

 The permeability barrier function of lipid bilayers was 
established very early and remained for a long time the sole 
functional property assigned to lipids. The picture is now 
very different and lipids are understood to represent not only 
a structural constituent but to be actively involved in a 
variety of membrane functions. While the immense chemical 
diversity of lipid structures found in biomembranes some-
what overshadows the generic physicochemical principles 
describing lipid bilayers, it has become obvious that the 
latter govern in an explicit manner processes such as peptide 
binding, insertion and oligomerization in membranes. With 
more structural and kinetic data accumulating it will become 
possible to decipher the terrain in the protein folding/aggre-
gation free energy landscape, when merged with the free 
energy landscape for lipid assemblies. These data, together 
with knowledge about specific short range protein-protein 
and lipid-protein interactions, with the involved chemistry, 
will enable to establish effective means to control patholo-
gical amyloid formation in biomembranes, the underlying 
molecular level mechanism of devastating diseases. How-
ever, the consequences are likely to be even more far 
reaching, as recent developments have provided evidence for 
functional lipid-induced formation of cytotoxic amyloid to 
be employed for host defence, eradicating both invading 
microbes as well as malignant cells. Accordingly, detailed 
understanding of these processes will also allow developing 
new antibiotics and cancer drugs. Amyloid formation also 
appears to represent an unprecedented mechanism contro-
lling lipid-associated enzymes, as demonstrated for the 
activation of PLA2 by changes in lipid composition and by 
the formation of activator peptide-enzyme cofibrils. Lastly, 
recent experiments on supported lipid bilayers, demons-

trating fast outgrowth of lipid/peptide tubules suggest, that 
these processes could also be used in intracellular membrane 
traffic as well as in the control of outgrowth of e.g. neuron 
fibers [110].  

 Undoubtedly, when exploring the protein-lipid interface 
there will be more surprises ahead of us, both in terms of 
novel biophysics as well as generic biological mechanisms 
and principles.  
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ABBREVIATIONS 

A  = Alzheimer -peptide 

AMP = Antimicrobial peptides 

CL = Cardiolipin 

DPPC = 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

 = Dielectric constant 

FFA = Free fatty acid 

FRET = Förster-type resonance energy transfer 

HDP = Host defence proteins/peptides 

IAPP = Islet associated polypeptide (amylin) 

lysoPC = Lysophosphatidylcholin 

MD = Molecular dynamics 

PA = Phosphatidic acid 

PC = Phosphatidylcholine 

PrP = Prion protein 

PE = Phosphatidylethanolamine 

PI = Phosphatidylinositol 

PLA2 = Phospholipase A2 

POPE = 1-Palmitoyl-2-oleoyl-sn-glycero-3- 
  phosphoethanolamine 

PoxnoPC = 1-Palmitoyl-2-oxononaoyl-sn-glycero-3- 
  phosphocholine 

PS = Phosphatidylserine 

SLB = Supported lipid bilayer 

ROS = Reactive oxygen species 

Tm = Phospholipid main phase transition  
  temperature 

TFE = Trifluoroethanol 
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