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Abstract Amyloids are filamentous protein deposits ranging in size from nanometres to
microns and composed of aggregated peptide f-sheets formed from parallel or anti-parallel
alignments of peptide B-strands. Amyloid-forming proteins have attracted a great deal of re-
cent attention because of their association with over 30 diseases, notably neurodegenerative
conditions like Alzheimer’s, Huntington’s, Parkinson’s, Creutzfeldt-Jacob and prion disor-
ders, but also systemic diseases such as amyotrophic lateral sclerosis (Lou Gehrig’s disease)
and type II diabetes. These diseases are all thought to involve important conformational
changes in proteins, sometimes termed misfolding, that usually produce p-sheet structures
with a strong tendency to aggregate into water-insoluble fibrous polymers. Reasons for such
conformational changes in vivo are still unclear. Intermediate aggregated state(s), rather than
precipitated insoluble polymeric aggregates, have recently been implicated in cellular tox-
icity and may be the source of aberrant pathology in amyloid diseases. Numerous in vitro
studies of short and medium length peptides that form amyloids have provided some clues to
amyloid formation, with an a-helix to B-sheet folding transition sometimes implicated as an
intermediary step leading to amyloid formation. More recently, quite a few non-pathological
amyloidogenic proteins have also been identified and physiological properties have been as-
cribed, challenging previous implications that amyloids were always disease causing. This
article summarises a great deal of current knowledge on the occurrence, structure, folding
pathways, chemistry and biology associated with amyloidogenic peptides and proteins and
highlights some key factors that have been found to influence amyloidogenesis.

Peptide amyloids, strands and sheets

Over the last two decades a number of diseases have been linked to “defective” protein fold-
ing (Gregersen et al. 2005). Following ribosomal synthesis of linear polypeptide chains of
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amino acids, normal folding in the endoplasmic reticulum (ER) produces proteins in specific
conformations that confer very specific biological functions. A substantial amount of cellu-
lar energy is dedicated to the task of protein folding, entropically facilitated by agents such as
molecular chaperones, peptidyl-prolyl isomerases, and protein disulphide isomerases (Dob-
son 2003; Zhang and Kaufman 2006). The ER also has a very sophisticated quality control
system to guarantee the structural fidelity of proteins, involving glycosylation and deglyco-
sylation to ensure that only correctly folded proteins are secreted and that misfolded proteins
are degraded through the ubiquitin proteasome system (UPS) (Dobson 2003). Incorrectly
folded proteins trigger complex biological responses within the cell, such as the heat shock
response and the unfolded protein response (UPR) that initiate transcription and translation
of specific genes to assist in protein folding or apoptosis. These responses increase the degra-
dation of misfolded proteins and enhance the protein-folding capacity of the ER (Zhang and
Kaufman 2006). Overloading or failure of these systems results in accumulation and of-
ten aggregation of non-functional proteins within the cell (Zhang and Kaufman 2006), such
aggregated proteins being called “amyloids”.

Amyloid strictly refers to “extracellular deposits of protein fibrils with a characteris-
tic appearance in the electron microscope (Fig. li-iii), a typical X-ray diffraction pattern
(Fig. 1liv) and affinity for Congo red with concomitant green birefringence” (not shown;
Westermark et al. 2005). However, much of the scientific literature has used a substantially
expanded definition of amyloid to include any amorphous aggregates of native and recom-
binant proteins and peptides, as well as synthetic unnatural peptides, that possess some but
not necessarily all of the above characteristics (Westermark 2005). The formation of amyloid
(amyloidogenesis) has been historically associated with a heterogeneous group of diseases
in which normal soluble proteins aggregate to form insoluble amyloid fibres (Lachmann
and Hawkins 2006; Merlini and Westermark 2004). Amyloids are unusual in being kinet-
ically stable structures (Dobson 2003; Selkoe 2003) that can persist for long periods and
accumulate within tissues to form visible plaques (Dobson 2003). Amyloid proteins were
first recognised in 1959 to have similar microscopic structural characteristics (Cohen and
Calkins 1959) independent of their diverse origins. In 1968, the first amyloid cross-f struc-
ture was determined (Geddes et al. 1968) and implicated aggregated peptide B-strands as the
key structural feature of amyloids.

B-strands are extended saw-toothed sequences of amino acids with amide bonds being
almost coplanar with side chains that alternate above and below the plane of the peptide
backbone. The idealised peptide B-strand has torsional angles (¢, V¥, t) of —139°, 135° and
—177° respectively (Fig. 2i; Gillespie et al. 1997). Isolated B-strands are uncommon in pro-
teins, normally existing in hydrogen bonded pairs that constitute B-sheet structures (Fig. 2ii).
Historically the B-strand has been considered a random structure rather than a discrete ele-
ment of protein secondary structure; however, it is now recognised as a fundamental element
of peptide structure that is recognised by a very wide range of bimolecular receptors, includ-
ing proteolytic enzymes (Fairlie et al. 2000; Tyndall and Fairlie 1999; Tyndall et al. 2005),
major histocompatibility complex (MHC) proteins (Brown et al. 1993) and farnesyl trans-
ferases (Qian et al. 1994).

B-sheets are parallel or anti-parallel alignments of two or more B-stranded peptides that
are held together by inter-strand hydrogen bonds (Fig. 2ii). Of itself, the B-sheet is not an
unusual structure since it accounts for more than 30% of the secondary structure of all pro-
teins. B-Sheets consisting of strands aligned in parallel feature twelve-membered hydrogen-
bonded rings, while those with strands in anti-parallel arrays are characterised by alternat-
ing 10- and 14-membered H-bonded rings. Dihedral angles commonly found in parallel
(¢ =-119°, ¢ =113°) and anti-parallel (¢ =—-139°, | = 135°) B-sheets are closer to those
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Fig. 1i-iv Methods of identifying amyloid formation. i-iii Typical electron micrographs of amyloid fibrils
showing their linear, unbranched and flexible nature (i) and repeating twists of fibrils at regular intervals (ii
and iii). iv Classic X-ray diffraction pattern. The 4.8-A meridional arc is due to spacing between B-strands,
with the peptide chains running 90° to the direction of the fibril axis. The equatorial spacing (10-11 A) is due
to the spacing between f-sheets, and varies with side chain composition

of the fully extended single-strand conformation (¢ = = +180°) than p-turns or a-helices.
The B-sheet usually acts as a scaffold to stabilise protein architecture, but it is also an impor-
tant recognition motif in some protein—protein and protein—-DNA interactions that mediate
biological processes and some notable diseases. For example, the arc and met repressors
proteins (Raumann et al. 1994; Somers and Phillips 1992) and TATA box-binding proteins
(Kim et al. 1993a, b; Nikolov et al. 1995) bind DNA via a p-sheet. f-Sheets also mediate
clustering of membrane ion channel proteins (Doyle et al. 1996), and interactions between
lymphocyte function-associated antigen-1 (LFA-1) and intercellular adhesion molecule-1
(ICAM-1) (Michne and Schroeder 1996). -Sheet-containing proteins are able to fold rather
than aggregate despite the observation that the edges of regular p-sheets appear pre-disposed
to further H-bonding with other p-strands. Proteins normally avoid aggregation by position-
ing their charged side chains, $-bulges or proline residues, or by covering strands with pro-
tein loops (Richardson and Richardson 2002). The importance of these protection devices
is highlighted by the difficulty of de novo design of B-proteins, known for their general in-
solubility and aggregation. Thus what sets amyloid peptides and proteins apart from most
proteins is their greater tendency to aggregate. Historically, aggregates were defined by tinc-
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Fig. 2 i B-Strand schematic showing ¢, \ and t angles where ¢ is the angle about the N-Ca bond, s is the
angle about the Ca-C bond and t is the angle about the N-Ca-C (peptide) bond. ii and iii f-Sheet schematics
showing the H-bond network (dashed lines) between NH and C=0O backbone residues of adjacent parallel
and anti-parallel strands (direction shown by arrows)
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torial properties, staining with dyes such as Congo red (Klunk et al. 1999) and thioflavin T
(LeVine 1999) and they are notably more resistant to proteolysis than other proteins (Knauer
et al. 1992; Koscielska-Kasprzak and Otlewski 2003) no doubt because of the need for indi-
vidual pB-strands, rather than the paired B-strands of p-sheets, to be recognised by proteases
(Fairlie et al. 2000; Loughlin et al. 2004; Tyndall et al. 2005).

The structures of amyloid fibres have been investigated for the past 40 years using
a wide range of techniques. Aggregates are typically fibrillar in electron microscopy images
(Fig. liiii), generally with a linear, unbranched structure of variable length and 60120 A
in diameter (Makin and Serpell 2002). The generally accepted model of amyloid structure is
depicted by a unique X-ray diffraction pattern (Fig. 1iv) characteristic of a cross-f structure,
the peptide strand being almost perpendicular to the fibril axis (Fig. 3i; Serpell et al. 1999).
The first amyloid protein X-ray crystal structure was the egg stalk of the lacewing Chrysopa
solved in 1968 (Geddes et al. 1968). Geddes identified a cross- structure where the protein
consists of extended polypeptide chains, that folds back on itself to form a B-sheet perpen-
dicular to the length of the fibril and B-ribbons associated face-to-face to form the width of
ing between B-strands, a weaker equatorial reflection at 9.8 A is due to inter-sheet spacing
perpendicular to the fibril axis. This characteristic X-ray pattern is now routinely associ-
ated with the aligned amyloid fibrils (Serpell et al. 1999) and cross-p structure (Baxa et al.
2005; Blake and Serpell 1996; Makin and Serpell 2005; Malinchik et al. 1998; Nelson et al.
2005; Petkova et al. 2004; Siemer et al. 2005; Sikorski et al. 2003; Wang et al. 2005). The f-
sheet nature of aggregates has also been established through numerous studies using circular
dichroism, solid state nuclear magnetic resonance (NMR), and infrared spectroscopies.

The 3D structure of Alzheimer’s Ap18-32 (Fig. 3ii and iii), was shown to form a f-
hairpin with an intermolecular salt bridge that is the basic unit for fibril growth (Luhrs et al.
2005). The crystal structure of Saccharomyces cerevisiae Sup35 was determined to 1.3 A
and shown to form sheets with distinctly different “wet” and “dry” interfaces (Fig. 3iv;
Nelson et al. 2005). In this structure, the role of steric fit of the opposing sidechains
forming a “steric zipper”—was identified as a fundamental feature of these particular fibrils,
and the authors proposed that it could also play a role in other amyloid fibrils. Very re-
cently, the structures of CA150 and B2-microglobulin were determined by solid-state NMR
spectroscopy (Ferguson et al. 2006; Iwata et al. 2006), both forming extended B-hairpin
structures with tightly packed sidechains at the interface of the $-strands. a-Synuclein has
a predominantly B-sheet core with a static N-terminal region and comparatively “dynamic”
C-terminal tail (Heise et al. 2005). In addition to the 4.7 A reflection, synchrotron radiation
has revealed additional weaker, higher-angle reflections including a second reflection at ap-
proximately 4.7 A for the transthyretin molecule. The additional reflections (2.39-2.41 A
and 3.2 A, 2.8-2.9 A, 2.22-2.27 A and 2.00-2.02 A) occur frequently and their absence
from some images may be because they are too weak in intensity to be distinguished from
noise. The similar diffraction patterns can only occur if the fibrils have well-defined and or-
dered molecular structures, and thus an interpretation of these results was that these amyloid
fibrils have a B-sheet that is twisted to form a helix (Blake and Serpell 1996).

It has been suggested that the amphiphilicity of the peptide plays a significant role in
determining whether peptide strands within the fibril are parallel or anti-parallel (Gordon
et al. 2004). Parallel B-sheets in proteins usually adjoin a-helices, suggesting that they are
inherently less stable on their own than are anti-parallel B-sheets. The Alzheimer’s AB1-40
and AB10-35 peptides both have hydrophobic C-termini, and their reported assembly into
parallel B-sheets (Petkova et al. 2002) allows the juxtaposition of the hydrophobic portions
of the peptides, shielding them from aqueous solution. An anti-parallel disposition would
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Fig. 3i-iv Cross-f structure of amyloid. i Idealised cross-f structure relating distances observed in the X-ray
diffraction pattern to the structure. The 4.8-A meridional arc is due to the spacing between B-strands, with
the peptide chains roughly 90° to the direction of the fibril axis. The equatorial spacing 10~11 A is due to the
spacing between B-sheets, and varies with side chain composition. Figure taken from Serpell (2000) ii The
solid-state NMR structure of AB18-42 showing cross-p structure (pdb code 2BEG) (Luhrs et al. 2005). iii En-
largement of AB34—42 showing parallel B-sheet and hydrogen bond network (dashed lines) between adjacent
strands. iv Crystal structure of Sup35 (pdb 1YJP) (Nelson et al. 2005) showing alignment of GNNQQNY
monomers and highlights the role of steric interactions between the sidechains in these fibrils. Figures gener-
ated by MacPyMOL (for MacOS X, DeLano Scientific, South San Francisco)

be costly energetically because of the forced association of hydrophobic and hydrophilic re-
gions. AB16-22 and AB34-42 both have a centrally located hydrophobic segment and thus
no advantage of sequestration of hydrophobic regions provided by either a parallel or anti-
parallel arrangement. The anti-parallel f-sheet arrangements found for these two peptides
may then be the result of favourable charge interactions between side chains or termini, or
improved H-bonding. The role of amphiphilicity was investigated for the AB16-22 peptide
and an N-acylated octanoic derivative, which had increased amphiphilicity because of the
long alkyl tail (Gordon et al. 2004). Oct-Ap16-22 formed fibrils that appeared identical un-
der the microscope to those of Ac-AB16-22, but solid-state NMR spectra for isotopically
labelled samples showed a parallel $-sheet arrangement in contrast to that found for the
acetylated derivative (Gordon et al. 2004).

In 2002, Perutz et al. (2002a) proposed an alternative structure for amyloid protofibrils,
a water-filled nanotube formed by a polyglutamine protein. This model is a parallel B-helix
consisting of an extended polypeptide chain wrapping around a cylindrical template, where
adjacent strands of the helix are connected through H-bonds (Fig. 4) and is based on two
key features of the polyglutamine diffraction data; the absence of a 10-A reflection and the
presence of a weak, low-angle reflection of 31 A.
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Fig. 4i, ii Alternative B-helix structural model proposed for amyloid proposed by Perutz et al. (2002a) show-
ing parallel B-strand alignment (i) and the helical “nanotube” viewed from the top (ii). The fibril length is
shown in the y plane (bolded). Model generated in InsightIl (v.2000, Accelrys) using a poly-Asn peptide
with a repeating pair of ¢ and \ values (¢p; =160°; Jr; =—170° and $po =—161°; o = 168°), backbone and
sidechains shown as sticks, illustrated in MacPyMOL (for MacOS X, DeLano Scientific, South San Fran-
cisco). (Adapted from Perutz et al. 2002a)

In support of this model, Kishimoto et al. (2004) have studied the structure of fibres
formed by three fragments of the yeast prion protein Sup35. Dried, oriented samples used
gave a meridional arc at 4.7 A due to B-strands perpendicular to the fibre axis. In addition,
a broader equatorial arc observed around 9 A was absent from fibrils prepared in a hydrated
state, although a 4.7 A reflection was present. This suggested that the B-sheet stacking ob-
served in the dried fibrils was an artefact of sample preparation. The diffraction data for the
hydrated state are consistent with a p-helix or nanotube arrangement proposed by Perutz
et al. (2002a) with 20 amino acid residues in the turn of the helix. A B-helical nanotube
would have a water-filled interior, and collapse of the tube upon dehydration would result
in the formation of stacked B-sheets and hence the 9 A equatorial reflection in the X-ray
diffraction pattern with similar diffraction data for a-synuclein (Serpell et al. 2000) and
AP (Inouye et al. 1993). However, the Perutz model has been highly controversial and the
preponderance of evidence appears now to be in conflict with this model.

At a macromolecular level, aggregates are typically fibrillar in electron microscopy im-
ages (Fig. 1i-iii) generally with linear, unbranched fibrils of variable length. Each fibril is
thought to consist of several protofilaments, the number being specific to the particular amy-
loid protein. Improved imaging of protofilaments has revealed that certain fibrils are clearly
helical, with the protofilaments slowly twisting around each other (Fig. 5). For AB34-42
fibrils, the twisted fibril “unwinds” under denaturing conditions (Halverson et al. 1990) and
for AB1-40 at high pH (Fraser et al. 1992), suggesting that these protofilaments are associ-
ated through both electrostatic and hydrophobic interactions. However, it has also become
very clear that there are several amyloid fibril forms, even from the same protein sample
(Ferguson et al. 2006; Heise et al. 2005; Iwata et al. 2006).
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conformation or antiparallel fi- elongation pf protofilaments
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Fig. 5 Hierarchy of amyloid fibril formation. Native protein or peptide unfolds and acquires a B-strand sec-
ondary structure. These B-strands align (either in a parallel or anti-parallel arrangement) to form sheets and
protofibrils with the direction of the B-strand perpendicular to the fibril axis. (Adapted from Kad et al. 2003)

Amyloid occurrence

Many amyloid proteins are now known (Tables 1, 2 and 3) and although they vary in pri-
mary sequence, origin and significance in normal versus aberrant physiology, they all share
the property of forming water-insoluble stable aggregates with f-sheet structures. In recent
years, amyloid proteins have been found throughout the human body, in a variety of different
species (Kelly and Balch 2003), and to play a key functional role in some cases (e.g. human
melanosomes; Berson et al. 2003; Fowler et al. 2006). These discoveries have challenged
the previous implication that amyloids occur through defective protein folding and cause
disease, suggesting instead that amyloids may comprise evolutionally conserved folds that
perhaps have important, as yet unidentified, roles in normal cellular physiology.

Amyloids in disease

Over 30 human diseases (Dobson 2004; Hirschfield 2004; Merlini and Westermark 2004,
Stefani and Dobson 2003) are now associated with amyloidogenesis (Table 1), the formation
of aggregated B-sheet structures that appear as water-insoluble deposits of “amyloid” fibrils.
Amyloidosis can be classified very broadly into either localised or systemic amyloidosis,
depending on the location of the amyloid fibres and the genetic (hereditary) or acquired na-
ture of the precursor protein. Among examples listed (Table 1) of localised amyloidosis in
the brain are Alzheimer’s disease caused by aggregated B-amyloid protein and tau protein;
spongiform encephalopathies such as Creutzfeldt-Jakob disease (humans), scrapie (sheep),
bovine spongiform encephalopathy (mad cow disease) due to cellular prion PrP¢ proteins;
familial polyneuropathy due to aggregated transthyretin; Huntington’s disease (HD) due
to aggregated huntingtin protein and Parkinson’s disease due to aggregated a-synuclein.
Among systemic amyloidoses are amyotrophic lateral sclerosis (ALS) due to aggregated su-
peroxide dismutase; type II diabetes due to aggregated amylin or islet amyloid peptide and
medullary thyroid carcinoma due to aggregated calcitonin (see Table 1).

The first evidence for involvement of protein misfolding and aggregation in these dis-
eases came at post-mortem from sufferers of neurodegenerative disorders (Alzheimer et al.
1995). The most researched, localised form of amyloidosis is Alzheimer’s disease, char-
acterised by the deposition of neuritic amyloid plaques and neurofibrillary tangles. Extra-
cellular plaques, consisting mainly of 42-residue amyloid-f proteins (Af), form around
cerebral vessel walls and in the brain parenchyma. As a result, Alzheimer’s patients lose
their memory, cognitive abilities and their personality can change dramatically (Mattson
2004). Other molecules found in Alzheimer’s amyloid plaques include proteoglycans, o-
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antichymotrypsin and apolipoprotein E (Atwood et al. 2002). In normal physiology, amyloid
precursor protein (APP) is proteolytically cleaved by p- and y-secretases to form a range
of B-peptides known as AB39-43. It has been proposed that A is secreted in response to
neuronal activity and that it acts to downregulate excitatory synaptic transmission, provid-
ing a homeostatic mechanism for regulation of levels of neuronal activity (Esteban 2004;
Kamenetz et al. 2003). Tangles in Alzheimer’s disease consist of aggregates of hyperphos-
phorylated tau protein and are present in the cytoplasm of degenerating neurons. The struc-
ture of Tau protein is still uncertain, although recently suggested to be a-helical (Sadqi
et al. 2002). Patients with Parkinson’s disease exhibit aggregates of Lewy bodies within the
cytoplasm of neurons from the substantia nigra, the major constituent being a fragment of
a-synuclein protein (el-Agnaf and Irvine 2002). Prion diseases (Aguzzi and Haass 2003) are
characterised by formation of protease-resistant aggregates rich in f-sheeted prion peptides
(Baskakov et al. 2002; Forloni et al. 1993; Petchanikow et al. 2001; Prusiner and DeArmond
1994). Patients with Huntingtin’s disease exhibit intranuclear deposition of huntingtin pro-
tein, containing a long polyglutamine repeat (Walling et al. 1998), and such repeats have
also been found in other disease-causing proteins (La Spada and Taylor 2003).

We now know that amyloid deposits can form in virtually every organ, tissue and re-
gion of the human body. They can lead to life-threatening diseases due to catastrophic toxic
effects on one or more vital organs, but the identities of all of these amyloids have not yet
been properly characterised. Amyloid proteins, either wild-type or mutant forms, are synthe-
sised at multiple sites, secreted into the plasma, transported by the circulatory system, and
deposited in tissues. In ALS, aggregates of superoxide dismutase (SOD1) build up within
cell bodies and axons of motor neurons (Rowland and Shneider 2001). Human calcitonin,
a 32-residue peptide that normally inhibits osteoclasts and protects against excessive bone
resorption (Breslau 2000), also assembles into amyloid fibrils that are linked to medullar
carcinoma of the thyroid (Kamihira et al. 2000). Amyloid deposits found in patients with
type II diabetes originate from accumulation in the pancreas of the proteins known as amylin
or islet amyloid peptide (Nilsson and Raleigh 1999).

Human gelsolin is an 80-kDa intracellular or 83-kDa extracellular protein that is gen-
erated from alternate transcription initiation sites and messenger RNA (mRNA) splicing
(Kwiatkowski et al. 1986). A single point mutation, either D187N or D187Y, results in
systemic familial amyloidosis of Finnish type (FAF) causing an onset of ophthalmologic,
dermatologic and neurologic symptoms in the third to fourth decade of life (Table 1; Kiuru
1998; Maury 1991). Wild-type gelsolin is transcribed, then stabilised by binding calcium
ions, after which it is secreted from the cell as a full-length soluble protein (Yin 1987).
However, this single mutation prevents calcium binding (Chen et al. 2001a), destabilising
the mutant which is then cleaved by furin in the trans-Golgi network, and then by one or
more P-gelsolinases after secretion, producing full-length gelsolin or fragments which can
self-assemble into amyloid fibrils (Chen et al. 2001a). Ultimately, the point mutation results
in altered proteolytic processing of mutant gelsolin to produce amyloid fibrils, which are
later released into the cytoplasm and deposited in tissues around the body.

There is still considerable debate about the role and importance of amyloid formation in
each of the various diseases described in Table 1 (Chromy et al. 2003; Kayed et al. 2003;
Volles and Lansbury 2003; Walsh et al. 2002). Except for polyglutamine-containing pro-
teins, the listed disease-causing amyloidogenic proteins appear to have little in common.
They vary in length, hydrophobicity and native secondary structure. Moreover, proteins that
are stable in vivo are still able to undergo transitions under destabilising conditions, such
as pH extremes or addition of organic solvents, that lead to amyloid formation (Findrich
et al. 2001, 2003; Pertinhez et al. 2001). These observations, together with the finding of
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amyloids in many different species, have led to the suggestion that all proteins may have
an inherent capacity to form amyloid under suitable denaturing conditions (Table 2; Chiti
et al. 1999; Dobson 1999). Indeed it appears that there are specific regions within proteins
that are responsible for the formation of these protein aggregates, and that perhaps folding
mechanisms, chaperones and other environmental conditions within the cell regulate protein
aggregation. Key differences have been observed in the formation of pathological (Table 1)
and non-pathological (Table 3) amyloids. For example, in gelsolin amyloid disease, proteol-
ysis of gelsolin by furin is a slow unregulated process, whereas Ma (component of Pmell7
in humans, Table 3) is also initiated by furin but forms very quickly in membrane-defined
compartments (Fowler et al. 2006). Fowler et al. have suggested that key differences in
packaging and assembly between physiologically important and pathological amyloids may
determine the usefulness of the protein by managing reactive toxic species and reducing
damage to the cell.

Non-pathological amyloids

The list of amyloid proteins with no known pathological role in disease has grown dramat-
ically in recent years (Table 2 and 3), and it now seems more likely than not that amyloids
have important roles in normal physiology. A number of proteins, including a variety of
human proteins, which are not known to form amyloids in vivo, have been shown to form
amyloids in vitro under certain destabilising conditions. However, human coagulation fac-
tor XIII forms amyloid fibrils under physiological conditions suggesting that amyloid fibrils
may actually form in vivo as well. Similarly, fibronectin type III-9 module from Mus muscu-
lus and triacylglycerol lipase from Candida antarctica are not known to form amyloid fibrils
in vivo but form amyloid in vitro under physiological conditions (Table 2).

In humans, perhaps the best-known example of an aggregated B-sheet containing fibrous
protein is pB-keratin, an aggregated p-sheet-containing protein. p-Keratin is the major con-
stituent of human nail, bird feather calamus and rachis, and reptile scales and claws. This
differs from amyloids by having a -structure in which the peptide chains are parallel, rather
than perpendicular, to the direction of the fibril axis.

Insects and arachnoids produce well-known amyloids. Silk and spider webs, like -
keratin, also differ from amyloids in being fibrous p-sheet proteins composed of peptide
strands that are parallel, rather than perpendicular, to the direction of the fibril axis. For the
process of silk formation by spiders, it has been proposed that fibrils in the silk gland have
an initial cross-p structure (Kenney et al. 2002; Table 3) that, when stretched, assume par-
allel B-structures. However, X-ray diffraction for a peptide derived from the central domain
of the A class of chorion proteins, derived from Antheraea polyphemus eggshells, displayed
B-sheets perpendicular to the fibril axis, the same cross-p structure that occurs in amyloid
proteins (Iconomidou et al. 2000; Table 3). The stability and strength of the amyloid fibres
provides mechanical and biological protection for the oocyte and developing embryo from
a variety of environmental and predatory hazards.

Bacteria also form amyloids that appear to be used in normal physiology (Gebbink et al.
2005). Escherichia and Salmonella species use highly aggregated fibres, called curli, to as-
sist in the colonisation of inert surfaces and to form biofilms (Chapman et al. 2002; Loferer
et al. 1997). Chapman and co-workers (2002) described a protein called CsgA, isolated from
the cell surface of Escherichia coli, that has the characteristic features of amyloid fibrils.
Isolated fibres were 6—12 nm in width and of varying lengths (Table 3). Circular dichro-
ism (CD) spectra indicated a secondary structure rich in p-sheet, and the fibres bound the
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Table 3 Non-pathological amyloid proteins with function

Protein Species Function Tissue Reference(s)
CPEB Aplysia spp.  Memory storage Neuronal Darnell 2003;
Si et al. 2003
CgsA subunit  E. coli Surface adhesion Curli Chapman et al. 2002;
and biofilm formation Gebbink et al. 2005
AgfA Salmonella Surface adhesion and Tafi Collinson et al. 1991
spp. cell-cell interactions
Pmell7 (Ma) H. sapiens UV protection Melanosome Berson et al. 2003
Sup 35p S. cerevisiae  Hereditable transmission Prion Diaz-Avalos et al. 2003;
Kishimoto et al. 2004
Ure2 S. cerevisiae  Hereditable transmission Prion Bousset et al. 2003
Rnql S. cerevisiae  Hereditable transmission Prion Derkatch et al. 2004
chemical protection
Chorion Silkmoth Physical and Oocyte Hamodrakas et al. 2004;
species Iconomidou et al. 2000
Het-S S. cerevisiae  Hereditable transmission Prion Coustou-Linares et al.
2001; Dos Reis et al. 2002
Hydrophobins Most fungi Adhesion to Hyphae Gebbink et al. 2005;
hydrophobic surfaces Mackay et al. 2001
Chaplin S. coelicolor ~ Adhesion to Hyphae Elliot et al. 2003

hydrophobic surfaces

dye Congo red, with the characteristic shift in the absorbance maximum and extinction co-
efficient. Recombinant CsgA formed fibres after standing for 4-12 h. Amyloid formation
by CsgA is apparently tightly controlled, as there are a number of proteins which inter-
act in the assembly process and which are controlled by two operons. CsgB is thought to
aid in the nucleation of the fibrils, and both proteins are stabilised by the lipoprotein CsgG
(Loferer et al. 1997). Interactions between bacterial curli and human proteins (fibronectin,
B-2-microglobulin, MHC-1, immunoglobulin G) are known, raising the possibility that bac-
terial infection may mediate amyloid diseases (Olsen et al. 1989, 1998). NMR spectroscopy
(Schwarz-Linek et al. 2003) was used to study interactions between a triple-stranded pB-sheet
of fibronectin and an unfolded region of a binding protein from Staphylococcus aureus,
binding being accompanied by a conformational change in the bacterial peptide to a fourth
anti-parallel strand. It seems likely that this type of interaction occurs between curli amyloid
and fibronectin. The fibronectin type III module has been found to assemble into amyloid
fibres independently (Litvinovich et al. 1998).

Three yeast prions in S. cerevisiae (Sup35, Ure2 and Rnql proteins) and one in the
filamentous fungus Podospora anserina (Het-s) (Uptain and Lindquist 2002) are used for
transmission of hereditable characteristics. These cellular proteins participate in diverse cel-
Iular functions. Yeast prions enable the intergenerational transmission of phenotype inde-
pendently of DNA/RNA transmission. Prion proteins can undergo a conformational change,
which alters the function of the protein and consequently the phenotype of the cell. Hy-
drophobins found in most fungi (Gebbink et al. 2005) have also been shown to have amyloid-
like characteristics by binding to Congo red with characteristic green birefringence (Mackay
et al. 2001). These proteins are used for adhesion purposes to hydrophobic surfaces and
have a p-sheet core, although they could not be shown to have a distinct cross-f structure
like amyloids. Similarly, the filamentous bacteria Streptomyces coelicolor produces chaplins
that are used to attach to hydrophobic surfaces in a similar manner to hydrophobins in fungi



Rev Physiol Biochem Pharmacol (2007) 159:1 =77 19

(Elliot et al. 2003). Previously shown to produce fibrils, chaplin from S. coelicolor can bind
thioflavin T (Claessen et al. 2003), suggesting they too possess amyloid structure.

Viral peptides also form amyloids (Table 2). For example, a peptide derived from herpes
simplex virus (HSV) glycoprotein B (gB) forms fibrils in vitro and nucleates assembly of
AR fibrils (Cribbs et al. 2000). The peptide corresponding to residues 2242 of HSV1 gB
formed long, uniform fibrils at pH 7.4. The region investigated had significant similarity to
the C-terminal region of AP and, like AP peptide, exhibited neuronal toxicity. This raises
the possibility of a connection between viral infection and sporadic cases of Alzheimer’s
disease.

Perhaps the most significant recent development in amyloid research is the discovery of
physiologically relevant amyloid proteins in human tissue (Fowler et al. 2006), especially in
mature melanosomes. Melanosomes are highly abundant organelles generated in specialised
cells within the skin and eyes (Hearing 2000; Marks and Seabra 2001) and contain glyco-
protein Pmell7, known to play a role in pigmentation (Raposo and Marks 2002). Recent
research has shown that Pmel17 is processed intralumenally by furin to produce an amyloid
peptide fragment (Ma) (Table 3; Fowler et al. 2006). Ma has the ability to nucleate fibril for-
mation to generate pre-melanosome fibrils (Berson et al. 2003; Fowler et al. 2006). Fowler
et al. (2006) have also shown that Ma amyloid appears to play a role in sequestering highly
reactive species and thus reducing the toxicity associated with melanin formation.

It now seems likely that more proteins will be discovered that naturally form amyloid
with physiological roles, and this is suggested by the finding of amyloid receptors such as
RAGE (receptors for advanced glycation end products) (Bamberger et al. 2003; Deane et al.
2003; Matsunaga et al. 2002; Schmidt et al. 2000) and also by the capacity of proteases such
as cathepsins to cleave proteins in amyloid deposits (Bohne et al. 2004). These protective
mechanisms within the cell suggest that amyloid proteins are physiologically relevant and
that the cell has developed mechanisms to protect itself from its deleterious effects. Sim-
ilarly, if amyloids were only present as the end point of slow, degenerative diseases, and
not present in normal healthy physiology, it is logical to assume that there would be mini-
mal evolutionary selection for these clearance mechanisms due to the often late-onset and
mortality of these diseases.

Conformational changes leading to amyloid

Amyloidogenesis is thought to involve both (1) aggregation of short peptides and unstruc-
tured native proteins into more highly structured oligomers that ultimately form protofibrils
and fibrils, and (2) conformational changes in natively structured proteins that produce, or
expose otherwise buried, regions of appropriately structured/unstructured peptide sequences
capable of initiating aggregation. It is now widely accepted that conformational changes
from the native state of a protein precede aggregation of amyloidogenic proteins in a self-
propagating and ordered manner to produce fibrils with a cross-p structure, their B-pleated
sheets being arranged at approximately 90° to the direction of the long axis of the fibrils. The
nature and causes of conformational changes between various polypeptide structural com-
ponents and their aggregated B-sheets associated with amyloid remain poorly understood.
Experimental detection and study of the properties of intermediates in amyloid formation,
difficult though it might be due to their transient nature and subsequent water-insolubility of
products, can provide valuable insights to structural transitions involved, aggregation states
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and mechanisms, and processes of amyloid fibril assembly. Some of the most important
studies on conformational transitions are now described.

Helix-sheet folding

There is tantalising evidence for a mechanistic role in amyloidogenesis of helical-containing
intermediates, and several of the observations that support this are discussed below (Kirki-
tadze et al. 2001; Walsh et al. 1999). A helix-sheet conformational transition has often been
associated with the onset of amyloidogenic diseases, and the precise mechanism by which
an a-helix unwinds to form a B-sheet has been the subject of a great deal of theoretical and
experimental work. It is well known that peptides with a-helical propensity can be induced
to adopt even greater a-helical content by alignment in parallel on an appropriately sized
template (Fairlie et al. 1998; Mutter and Vuilleumier 1989; Wong et al. 1998). Thus while
bringing a-helices together encourages intermolecular (inter-peptide) interactions, this ap-
pears to lead to thermodynamically more stable a-helices.

An analysis of the chain-length dependence of the a-helix to B-sheet transition in polyly-
sine by Dzwolak et al. (2004) revealed a role for non-ideal helices in the aggregation pro-
cess. The polylysine model is a simpler system in many ways than an aggregating protein,
with a single type of inter-residue interaction and no defined tertiary structure. There was
a minimum chain length below which the transition to B-sheet aggregates was not observed.
Above this minimum chain length, the transition temperature decreased as the chain length
increased. It was found that chain length had an effect on the secondary structure of the
polypeptide chain. For the shortest, 3-kDa polymer, a single amide-I peak was observed in
the infrared (IR) spectrum, consistent with a-helical structure. This corresponded to an a-
helix approximately six turns long, which is of a typical length for helices found in proteins.
The 3-kDa polymer did not form B-sheet-containing aggregates. As the molecular weight of
the polymer increased, peak shifts were observed and a new band appeared at 1620 cm™!. Tt
was suggested that this was due to the presence of two sub-populations of helices. Dipole-
moment-induced coupling of helices would lead to the partial displacement of water from
the inter-helical space and the hydrophobic environment thus created could be responsible
for the observed shift from 1638 cm™!, assigned to an a-helical conformation, to 1641 cem !
The conclusion reached by Dzwolak et al. (2004) was that distorted helices with turns were
a prerequisite for folding to B-sheets. There are other reports of a transient increase in he-
lical content of proteins immediately prior to formation of amyloid fibrils (Kirkitadze et al.
2001; Walsh et al. 1999). Kirkitadze et al found that helix formation is a key step in Ap fibril
assembly (Kirkitadze et al. 2001), the oligomeric intermediates displaying significant he-
licity. Deconvolution of CD spectra revealed a steady increase in helical content with time,
which then fell away as the B-strand concentration increased. The several alloforms of AR
studied all shared a correlation between the kinetics of formation of the helical containing
intermediates and that of fibril formation.

Apolipoprotein A-1 is made up of repeating amphiphilic helices, and a heptad repeat
pattern similar to that seen for coiled-coil proteins. However, in aqueous buffer at neutral
pH the protein has a random coil structure. At pH 3, there is a gain in structure, as the inter-
nal fluorescence shows the three Trp residues are in a hydrophobic pocket (Andreola et al.
2003). CD studies show an acquisition of helical structure at lower pH. The protein is not,
however, stable at pH 4, forming insoluble material after around 5 min, the process being
one of intermolecular association and then precipitation. Andreola et al. (2003) have hy-
pothesised that the formation of these amyloid aggregates requires the peptide to pass from



Rev Physiol Biochem Pharmacol (2007) 159:1 =77 21

a random to a helical conformation to the final stable B-sheet conformation. A lag-phase is
observed between the adoption of B-sheet structure and the formation of fibrils (ca. 72 h).
The conformational switch to fibrils with B-structure thus occurs after aggregation.

Helical intermediates have also been observed for fibril growth on surfaces. The ef-
fect of hydrophobic surfaces on amyloid growth has been investigated for the interaction of
AP1-40 on a hydrophobic teflon surface (Giacomelli and Norde 2003). Adsorption at pH 10
results in the promotion of a-helical conformation, with increases in pB-sheet structure as
the surface of the particles becomes more crowded. At pH 7, there is a mixture of a- and
B-structure present, even at the lowest protein concentrations investigated. As the surface
coverage increased, the lateral interactions between adsorbed peptides began to compete
with the peptide-adsorbent surface interactions and the initial helical content gave way to
B-sheeted structure.

Hua and Weiss (2004) examined the mechanism of insulin fibril formation after thermal
denaturation in acidic solution using ultra-rapid 'H-"N NMR spectroscopy. It had previ-
ously been found that the intermediates at 70°C were substantially helical. Acquisition of
B-sheet structure occurred simultaneously with the appearance of well-defined fibrils. The
structure of the intermediates was also investigated prior to aggregation, utilising low insulin
concentration and ionic strength to delay the onset of aggregation. CD spectra demonstrated
substantial retention of a-helicity. Secondary structure alterations in monomers could be as-
signed to particular regions of the protein by the use of NMR spectroscopy. The process
involved represented segmental rather than global unfolding, with some helical elements
and long-range interactions maintained.

The hypothesis that distorted helices play an essential role in amyloid formation can
explain the seemingly paradoxical effects observed when the structure-stabilising solvent
2,2,2-trifluoroethanol (TFE) was added to aqueous solutions of proteins (Chiti et al. 1999,
2000, 2001; Dong et al. 1998; Plakoutsi et al. 2004; Srisailam et al. 2003; Zerovnik et al.
2002). At intermediate concentrations, TFE is able to induce or accelerate amyloid forma-
tion for several proteins, but at higher concentrations it suppresses fibril formation by sta-
bilising the formation of non-native a-helical structure. Solvent conditions which lower the
energy barrier to helix formation will facilitate fibril formation if, at the same time, the en-
ergy barrier for conversion of helical-containing intermediates to fibrils is not substantially
increased. At intermediate TFE concentrations, shorter stretches of helical structure should
be preferred. In a study of the dependence of aggregation and folding on residue sequence
identity (Chiti et al. 2000), human muscle acylphosphatase (AcP) mutants with conserva-
tive single amino acid mutations introduced throughout the entire sequence, were studied
in 25% aqueous TFE which was sufficient to unfold all the mutant proteins, allowing ef-
fects of substitution on aggregation to be separated from effects on protein folding stability.
It was found that the regions of AcP responsible for initiating aggregation also had a high
degree of hydrophobicity and a propensity to form B-sheets, but were outside the regions
responsible for forming folding nuclei. This study may suggest that an a-helical structure is
not necessarily required for amyloidogenesis since that peptide had no detectable structure
in solution. However, many amyloidogenic proteins either have some observable a-helical
structure or could conceivably adopt a transient helical structure. An a-helix to B-strand tran-
sition, therefore, may still be a key event in amyloid formation and in our opinion cannot be
ruled out, even considering the AcP mutant study, as an essential intermediate.
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Propensity of a-helical sequences to form B-sheets

Kallberg et al. proposed that there are comparatively small regions of proteins that are re-
sponsible for fibril formation, particularly a-helices with amino acid sequences that are
strongly predicted to form a f-structure and able to initiate amyloid formation (Kallberg
et al. 2001). In a sample of 1,324 non-redundant proteins from the Protein Data Bank (PDB),
differences were examined between experimentally determined secondary structures and
those predicted by a secondary structure prediction algorithm. They found that 37 of the
proteins (2.8%) contained a 7-residue or greater stretch that was predicted to be B-strand
but was found to be helical (a, 319 or m); 17 of these proteins contained stretches of 9 or
more residues. These came from a wide range of proteins, including single helical peptides
and large globular proteins, that varied in their cellular location being nuclear, cytosolic,
integral and peripheral membrane proteins and extracellular. No consensus pattern could be
detected, although our own analysis using the pattern rule suggested by Lopez de la Paz and
Serrano (2004) suggests that three of these stretches (from AP, human prion protein (PrP¢),
bacteriorhodopsin) may be amyloid-forming.

The same group (Pdivio et al. 2004) has examined the environment of the discordant
helices for the 30 or so examples identified. The interactions in these regions were assessed
by examining the solvent-accessible surface area of each residue in the discordant helix as
determined by the neighbouring residues and comparing the values calculated for a Gly-X-
Gly tripeptide. The helices fell into three categories. One group had helices that were almost
completely buried. A second group had a periodic variation every three to four residues;
50% of the residues were buried, corresponding to helices located at the protein surface.
There were six helices in the third group that were exposed along their entire length. Three
of those are known to be lipid-associated in their native environment. In two of the cases
the discordant helices are used in the formation of oligomers, which would help to stabilise
those regions. The remaining example, for which no stabilising interactions are apparent,
was AP. This lack of stabilising interactions likely contributes to the aggregation tendency
of this peptide, whereas all the other examples identified would be stabilised by interaction
with either protein or lipid environments. Piivio et al. stress that inherent secondary struc-
ture propensities are not sufficient to be used for prediction of conformation of an amino
acid sequence, but that factors such as the local environment are also important and need to
be considered. The drawback of the a/f mismatch approach for the identification of novel
amyloid-forming proteins is its reliance upon protein structure information. Also, not all
amyloidogenic proteins or peptides contain a-helices, for example f2-microglobulin con-
tains seven B-strands, which show no correlation between secondary structure propensity
and fibrillisation (Jones et al. 2003).

Johansson’s method identified sequences from well-known amyloidogenic proteins,
such as AB16-23, PrP179-191 (helix 2), and SP-C (lung surfactant associated protein C).
Several proteins, not previously identified as fibril-forming, were also detected such as
coagulation factor XIII, a triacylglycerol lipase, and a transpeptidase. Subsequent investi-
gations of coagulation factor XIII, the specific triacylglycerol lipase and transpeptidase in
physiological-like solutions, did in fact show the formation of fibrils (Kallberg et al. 2001;
Table 2), thus supporting a correlation between B-strand-favouring o-helical sequences
in proteins and amyloid fibril formation. The explanation proposed for this link (an o/f
mismatch) is that as the helix unfolds, an intermediate is formed. The high B-strand
propensity of these segments means that they are less likely to return to their original
a-helical conformation compared to sequences where the a-helix is strongly stabilised.
Once a surface-exposed P-strand is formed, without the protective features that prevent
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aggregation in normal B-sheet rich proteins, then oligomerisation can occur. Independent
support for this hypothesis can be drawn from results involving helix stabilisation in
other peptides and the effect on amyloid formation. For example, a set of four peptides
of the form Ac-EACARXZAACEAAARQ-NH;, where X=A or V and Z=A or Aib, was
synthesised (Kumita et al. 2003). Aib is known to act as a strong helix-stabiliser (Kaul and
Balaram 1999; O’Neil and DeGrado 1990; Toniolo et al. 1993). The peptide (X=V, Z=Ala)
was found to be extremely insoluble in water, water/acetonitrile mixtures and methanol.
The peptide (X=V, Z=Aib) was, however, soluble even in high concentrations in water. The
addition of a single methyl group was sufficient to cause this change.

In vitro studies on AP peptide mutations found that removing the discordant nature of
the 16-23 region by selective substitutions (K16A/L17A/F20A and V18A) that increased
helical propensity was sufficient to avoid fibril formation (Soto et al. 1995; Tjernberg
et al. 1996). Similarly, Tjernberg et al. (2002) used synthetic tetrapeptides to confirm that
a propensity for f-sheet is required to produce amyloid fibrils. Mutation studies which
change the propensity of the primary sequence from fB-sheet to a-helical prevent amyloid
formation (Kallberg et al. 2001; Nilsson et al. 1998; Soto et al. 1995; Tjernberg et al.
1996), further supporting the significance of secondary structure propensity. Finally, an
interesting NMR solution structure (Coles et al. 1998) of AB1-40 in sodium dodecyl
sulphate (SDS)-water (simulating to some extent a water-membrane environment) showed
that this peptide has two distinct structural domains, an unstructured region (1-14) and
a helical region (helix 15-24, kink 25-27, helix 28-36). When AP is a component of
the membrane-spanning amyloid precursor protein APP, the C-terminal region of AP is
likely to be a-helical within the lipophilic cell membrane. However, when APP is spliced
by B- and y-secretase it cannot be a-helical, since the B-strand conformation is required
for recognition and cleavage by these proteases (Fairlie et al. 2000; Tyndall and Fairlie
1999; Tyndall et al. 2005). Once AP is released into the extracellular circulation, it has no
well-defined structure in water. A key observation (Coles et al. 1998) was the presence of
multiple Gly residues, along one face of the a-helical region of AP that we predicted to
be helix-destabilising. This in-built sequence propensity for helix destabilisation may be
a factor in facilitating both exit of AB from the membrane and its conformational transition
to an aggregating B-strand.

Unstable 319-helical intermediates

Short peptide helices are conformationally flexible, rapidly interconverting between
a-helical and 31p-helical structures. Dehner has found that a fast equilibrium exists between
the two helical forms, with the helices being flexible on a nanosecond to picosecond time
scale and undergoing transitions from 31o- to a-helical conformations (Dehner et al. 2001).
It seems possible to us that 31p-helical regions might be important, unstable, intermediates
in the unwinding of an a-helix to a f-strand and may play a fundamental role in the
transformation of a-helical regions of proteins and peptides into amyloid fibrils. We discuss
some evidence for this proposition below.

The equilibrium between the two helical forms is clearly affected by the polarity of the
solvent, with low polarity solvents favouring 3o-helicity (Pengo et al. 2003). In the presence
of high concentrations of TFE, short stretches of 3j0-helicity can merge to form longer and
more stable a-helical stretches, and indeed folding of peptides and proteins from random coil
to a-helix has been associated with an unstable intermediate 319-helix. In favouring a stable
a-helix, TFE deepens the energy well of the helical state, thereby disfavouring subsequent
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conversion to fibrils. A 3j9-helix is more elongated, narrower and less stable than the more
compressed a-helix (Fig. 6) because of several close van der Waals contacts and suboptimal
hydrogen bond geometry. However, an a-helix can be gradually transformed into a 3;¢-helix
whilst maintaining a near-helical conformation, since the conformational space for the two
conformations overlap (Toniolo and Benedetti 1991).

For B-lactoglobulin and a-chymotrypsin, a transient a-helical intermediate was iden-
tified by CD spectra (minima at 208 and 222 nm) and IR spectra (an amide-I band at
1,654 cm™ in Ho0) en route to intermolecular B-sheets (Dong et al. 1998). Tcherkasskaya
et al. (2003) proposed a possible role for 3jg-helical intermediates along the pathway to
B-sheet aggregation. The adoption of a 3j¢-helical structure in aqueous solution implies
a loss of short-range interaction in the peptide chains and a destabilisation of the more
stable a-helical structure. Theoretical studies have indicated that an aqueous environment
stabilises a-helical structure, whereas hydrophobic environments are more favourable to f3-
folded structures. A 3jo-helix to B-strand/sheet transition would require even less energy
and thus be more favoured and could be driven in an auto-catalytic manner by the increase
in hydrophobicity of the protein oligomer.

A mutant Arc repressor protein illustrates the possibility of a finely balanced intercon-
version of 31p-helix and B-sheet. Cordes et al. (2003) made a double mutant of the Arc
repressor protein by swapping the 11th and 12th residues (N11L and L12N). These changes
in the N-terminal region caused a significant change in the secondary structure of the pro-
tein. The two strands of the anti-parallel B-ribbon of the native protein were each replaced
by irregular 319-helices, spanning residues 9 to 13. Importantly, the new structure retains the
same number of hydrogen bonds as the native structure. The side-chain packing is less effi-
cient though in the helices compared to the two-stranded p-sheet, as shown by the increase
in the solvent-accessible surface area by around 968 A2, The single N11L mutant was able
to adopt either structure.

There are also several reports of intermolecular interactions between otherwise a-helical
peptides favouring 3 structure (Dehner et al. 2001; Yoder et al. 1997). Identifying transient
310 structure in intermediates is technically difficult because of several similarities in spec-
tral characteristics with those of a-helices, but this is a hypothesis that would benefit from
more careful and more detailed investigation. For example, the CD deconvolution algorithms
used by Kirkitadze et al in his study of AP aggregation were unable to estimate the separate
contributions from a-helical and 31¢-helical conformations (Kirkitadze et al. 2001). Many
CD spectra reported for amyloidogenic peptides appear to show molar ellipticity minima at
approximately 205 nm with a shoulder at approximately 220 nm, and the ratio of 6 222/6 205
is usually 0.4-0.6 (as expected for 3;o-helicity) rather than 0.7-1.1 (expected for a-helicity).

Recently, we investigated (Y. Singh, P.C. Sharpe, A.W. McDowall, D.P. Fairlie, sub-
mitted) whether amyloid formation could be induced for a water-soluble, amphipathic, 15-
residue a-helical peptide H-[AEQLLQEAEQLLQEL]J-NH; (Lieberman and Sasaki 1991;
Sasaki and Kaiser 1989; Tahmassebi and Sasaki 1998) not known to aggregate or form fib-
rils. At pH 4 this peptide is indefinitely stable (at least 8 months without change at pH 4) as
an unaggregated a-helix, but when multiple copies were constrained in parallel alignment on
a template as a 4a-helix bundle, helix— sheet conformational changes occurred in minutes
to days (Figs. 7 and 8), depending upon concentration and pH, and resulted in deposition of
amyloid fibrils.

The process was mediated by an a-helix to 31g-helix transition, as clearly evidenced by
CD spectra (Fig. 7i), IR spectra (not shown), and especially 2D-NMR spectra (Fig. 8iii),
en route to pB-strand, then B-sheet and amyloid fibrils (analysed by TEM). The compelling
Nuclear Overhauser Enhancement Spectroscopy (NOESY) data (Fig. 8iii) contrast dramat-
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Fig. 6i—vi Dimensions of peptide backbone secondary structure intermediates proposed to be in the pathways
to amyloid formation. Side views showing the comparative lengths of each structure; a-helix (i), 310-helix (iii)
and B-strand (v) due to differences in H-bonding (not shown). Top views showing the comparative diameters
of a-helix (ii), 310-helix (iv) and B-strand (vi). Backbone residues (sticks), sidechains (lines), carbon (light
blue), nitrogen (dark blue), hydrogens (white) and oxygen (red). Figures generated using InsightII (v. 2000,
Accelrys) and MacPyMOL (for MacOS X, DeLano Scientific, South San Francisco)

ically with corresponding spectra (not shown) for the initial free peptide and 4a-helix bun-
dle, where prominent aN i— (i+3) and especially i— (i+4) NOE correlations typical of o-
helicity were observed. As far as we are aware, this is the first three-dimensional structural
validation of a 31o-helical intermediate during o-helix to -sheet folding for a fibril-forming
peptide (Y. Singh, P.C. Sharpe, A.W. McDowall, D.P. Fairlie, submitted). The unusual stabil-
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Fig. 7i-iii Helix-sheet-nanofibre transitions of a 4-helix bundle (pH 4) from an a-helix (i /) to 3;p-helix
(i 2) to B-strand (i 3) to P-sheet (ii 4-6) and finally to mature fibrils (iii), for four equivalents of H-
[AEQLLQEAEQLLQEL]-NH; covalently tethered to a cyclic peptide template. Arrows show the direction
of change over time. Images taken from Singh et al. (Y. Singh, P.C. Sharpe, A.-W. McDowall, D.P. Fairlie,
submitted), some spectra were removed for easy interpretation. Figures illustrated and modified with Prism4
(version 4.0b, GraphPad)
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Fig. 8i—iii The 4-helix bundle as shown for the a-helix (i) and the 31o-helix (ii). iii Nuclear Overhauser En-
hancement Spectroscopy (NOESY) spectrum of 4-helix bundle («N Region) at pH 4 in 25% MeCN/phosphate

buffer corresponding to Fig. 7i (line 2) showing aN(i— i+2; green) and aN(i— i+3; red) NOE correlations
typical of 31o-helicity

ity of these 31¢-helix and B-strand intermediates was attributed to their parallel arraying that
enabled intra-bundle H-bonds between Glu/Gln side chains. Glu residues near a helix—helix
interface destabilise a-helices through H-bonding (Fezoui et al. 2000). A 31¢-helix is longer
and narrower than an o-helix, representing a stretched intermediate along the pathway to
the even longer and narrower B-strand, which pairs to form B-sheets. Forcing a- to 3jo-
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helicity would unfavourably solvent-expose hydrophobic residues that need to redistribute
from the inner surface of a 4a-helix bundle (Fig. 8i) to the outer surface of a 31¢-helix bundle
(Fig. 8ii). Thus, in this case, the intra-bundle inter-chain hydrogen bonding of polar Glu/GIn
side chains promotes inter-bundle hydrophobic interactions, aggregation and nanofibre/fibril
formation.

Interestingly, amyloidosis of AB, f2-microglobulin, a-synuclein, lysozyme, apolipopro-
teins, prothymosin and other proteins is similarly enhanced in acidic media (Andreola et al.
2003; Hoyer et al. 2002; Jones et al. 2003) where Glu/Asp side chains protonate to uncharged
H-bond donors. Also mutation to a hydrogen-bonding glutamine in AB (E22Q) (Gerhartz
et al. 1998), cystatin C (L68Q) (Yazaki et al. 2002) and transthyretin (L55Q) (Huang et al.
1998) promotes amyloidosis in vitro/vivo, glutamine-containing yeast prions aggregate to
fibrils, huntingtin protein has a polyglutamine sequence, and polyglutamine proteins are re-
cruited into fibrils. Thus polar amide/acid side chains may assist the aggregation of these
peptides as well. Whether these aggregations also involve a— 39— strand— sheet folding
transitions remains uncertain.

Helices, turns, strands, sheets and aggregation

Conformational transition from an a-helix to a f-sheet in the example above involves a 31¢-
helical intermediate. It is important to realise that while a-helices involve back-to-back a-
turns (13-membered hydrogen-bonded rings), 310-helices involve back-to-back B-turns (10-
membered hydrogen bonded rings; Fig. 91). This ring contraction has the effect of elongat-
ing and narrowing the helix, the 310-helix being also notoriously less stable than an o-helix
in part because back-to-back B-turns are conformationally unstable and partly because this
structural reorganisation redistributes side chains leaving hydrophobic residues exposed to
water (Fig. 8). This may be a factor in promoting aggregation. It seems likely that unwind-
ing of a 31¢-helix involves stepwise cleavage of B-turns en route to the even more elongated
pB-strand that has no intramolecular hydrogen bonds (Fig. 9ii), and examples may be dis-
covered in the future where an isolated B-turn or two can be detected during helix-sheet
refolding.

The thermodynamic driving force for amyloid formation is unquestionably the forma-
tion of aggregated B-strands that define complex p-sheet assemblies, involving two inter-
molecular H-bonds per peptide residue plus additional side chain—side chain interactions
that help stabilise and propagate strand aggregation. However, it seems likely that the fold-
ing pathway to amyloid could potentially be accessed by any protein structural motif as
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Fig. 9 i a-Turn versus p-turn showing the differences in H-bond connectivity. An a-turn is an i—i+4 H-bond
whereas a B-turn (as seen in 31o-helices) is an i—i+3 H-bond. ii Schematic showing hypothetical energy dia-
gram for conformational change from a-helix (a-turns), to 319-helix (B-turns), to f-strand, to -sheet, which
finally aligns to form aggregates and fibrils, representing the lowest energy states
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long as formation of a B-sheet is feasible and ultimately favoured. It may be that amyloid
formation is kinetically very unfavourable for many sequences because of an inherently low
sequence-related propensity to form strands/sheets, or alternative formation of stable struc-
tures (e.g. helix bundles, native folds that bury potentially amyloidogenic sequences, etc.),
or propensity for competing proteolytic degradation of unaggregated p-strands now known
to be selectively cleaved by proteases (whereas p-sheets and a-helices are not; Fairlie et al.
2000; Tyndall et al. 2005).

Although formation of aggregated B-sheets is thermodynamically more stable, the en-
tropic advantage provided by aggregation of a-helices or 31p-helices might also be help-
ful in speeding up the folding transition(s). Clearly parallel alignment of the Gln/Glu-rich
amphipathic helical peptide discussed in the previous section was a key factor in being
able to observe a—f refolding and amyloid formation. In that case both bringing the pep-
tides together and the capacity of a-helical Glu/Gln residues to form inter-peptide hydrogen
bonds was sufficient to form a stable peptide aggregate that was predisposed to conforma-
tional switching. It remains to be seen if artificially encouraged alignments of other peptides
also convert to aggregated strands/sheets; we think that this is very likely if they also have
strand/sheet propensity.

Importance of protein unfolding

Since the formation of amyloid fibrils involves changes in secondary structure, an obvious
question is whether this occurs through partially folded intermediates or randomly struc-
tured segments. Clues to the structure of partially folded intermediates have been provided
by spectroscopic studies, by the effects of single residue mutations, and by varying condi-
tions under which intermediates form.

To resolve this issue, Fandrich et al. investigated the thermal denaturation of apomyo-
globin (Féndrich et al. 2003), a globular protein at room temperature that undergoes a two-
state thermal denaturation, with the midpoint of the transition (Ty,) at 61°C. Many proteins
form non-fibrillar aggregates upon heating, but apomyoglobin readily forms fibrils in the
temperature range 55-75°C. Above 75°C there was a pronounced reduction in fibril forma-
tion. Pre-formed fibrils were unstable at the higher temperatures. They showed that although
a partially folded intermediate state was indicated, this had the same secondary structure
composition as the native apomyoglobin, and the authors concluded that, at least in this in-
stance, the precursors of amyloid structure were unfolded chain segments. They reserved the
possibility that partial folding may be a step in amyloid formation for some proteins, such
as some B-sheet proteins. In support of their argument, they noted that very short peptides
and several polyamino acids have the capacity to form amyloid fibrils. Such short peptides
lacked the capacity to fold into stable folded species; a minimum of 20 residues has been
suggested as being required to form a stable a-helix in aqueous solution (Scholtz and Bald-
win 1992). Solid-state NMR investigations of fibrils formed by A 1-40 (Petkova et al. 2002)
and a transthyretin peptide fragment (Jaroniec et al. 2002) have shown the existence of only
intermolecular hydrogen bonding along the peptide main chain. Although not conclusive,
this supports unfolded precursors being involved in amyloid formation, at least for these
two examples. There are also indications that the so-called unfolded conformation may be
a misnomer, in that there may actually be discernible structure present, biased towards ex-
tended main chain conformations, which would be able to undergo alignment into amyloid
fibrils.
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In hereditary amyloidoses, the mutant protein cannot form the native folded state and
is destabilised relative to the wild-type protein, thus making the mutant more susceptible to
misfolding and/or unfolding. Mutations also affect the formation of intramolecular bonds in
the protein as shown by the p53 R337H mutant associated with adrenocortical carcinoma in
children. This mutation disrupts the intermonomer salt bridge and, at least for a portion of
the mutant proteins, results in partial destabilisation (Galea et al. 2005). This principle was
also shown by non-amyloidogenic endostatin, which was able to form amyloid fibrils by
removing disulphide bond-forming cysteines (He et al. 2006). The cause of protein destabil-
isation and unfolding resulting in acquired amyloidosis is less clear. It is generally accepted
that an increase in sporadic mutations can cause proteins to misfold and form amyloid fib-
rils, but is also proposed that an increase in local protein concentration may result in amyloid
formation as a result of molecular crowding.

External factors such as pH or the presence of denaturing conditions can initiate desta-
bilisation, and such stimuli within the cell might similarly cause destabilisation. Eakin et al.
showed that increased Cu®* concentrations caused a cis—trans isomerisation of Pro32 of p-2-
microglobulin, initiating amyloid fibril formation (Eakin et al. 2006). Interestingly, structural
analysis of this mutant showed a native-like folding intermediate, where the destabilised in-
termediate was very similar to the wild-type protein except for the perturbation of the edge
of the strands (Jahn et al. 2006), resulting in self-assembly of the mutant proteins without
the requirement of complete unfolding. By unfolding, hydrophobic regions may become
solvent-exposed, aromatic residues brought to the surface, and secondary structures, previ-
ously stabilised by tight packing and intramolecular interactions, could then be destabilised.

Amyloid formation

The formation of amyloid can be considered to involve (1) conformational changes (away
from the native state) in key regions of a protein or peptide, (2) intermolecular interactions
that result in aggregated intermediates and (3) further aggregation in three dimensions to
produce growing fibrils.

Initial aggregation

The detection of monomeric or early aggregation states has been difficult experimentally
due to their transitory nature, their presence at only low concentrations and usually in an
ensemble of conformations, and the speed with which insoluble aggregates are formed es-
pecially when seeded. In recent years, however, some progress has been made in identifying
these early aggregates, providing some information on the oligomerisation process.

Using scanning tunnelling microscopy, AB1-40 has been identified as a predominately
monomeric and dimeric species that associate via end-to-end interactions to form larger
oligomers with the characteristic cross-p structure (Losic et al. 2006). Similar observa-
tions have been made using photo-induced cross-linking of unmodified proteins where
monomers, dimers, trimers and tetramers of AB1-40 have been identified (Bitan et al.
2003a, 2001, 2003b; Huang et al. 1997) and shown to exist in a rapid equilibrium with each
other. Interestingly, AB1-42 has been shown to oligermerise through a different pathway to
AP1-40, showing the presence of pentameric/hexameric paranuclei (Bitan et al. 2003a, b)
which self-associate to form larger oligomers. Most recently, atomic force microscopy
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and Western blot analysis have been used to identify both small oligomers (monomers
to penta/hexamers) as well as larger oligomers (up to 24-mers) of AB1-42 (Arimon et al.
2005). Wang and Colon (2005) have investigated a non-amyloidogenic form of M. musculus
serum amyloid A, which comprises monomers and hexamers below 25°C but upon heating
(>37°C) disaggregates to form unfolded monomers and then protofibrils.

Similar studies have also been done on other known amyloidogenic proteins. Insulin
has been shown to exist as stable dimers, tetramers and hexamers in the gas phase using
nanoflow electrospray mass spectroscopy and at higher concentrations up to 12-mers (Net-
tleton et al. 2000). High-resolution atomic force microscopy at low pH has provided images
of monomer and dimeric insulin (Jansen et al. 2005), and the images suggest that monomers
and dimers may adhere directly to the protofilaments via lateral association (Jansen et al.
2005). a-Synuclein has been shown to comprise monomers, dimers and trimers through
photo-induced cross-linking of unmodified proteins, and it is thought that the dimers and
trimers may initiate further aggregation (Nettleton et al. 2000).

Strategies to prevent or diminish the damage caused by amyloid disease could concen-
trate on increasing the energy barrier to formation of the structurally perturbed intermediate,
whether by increasing the stability of the native state or by decreasing the stability of the in-
termediates on the pathway to aggregation. The formation of the structurally perturbed inter-
mediate will have an obvious relationship to the thermodynamics of unfolding of the protein.
Carpenter’s study of the unfolding and fibril formation of a recombinant light chain variable
domain SMA used pressure, temperature and the presence of a co-solute to characterise
the energetics of the aggregation system (Kim et al. 2002). Apparent activation energies of
pre-nucleation assembly, nucleation and growth were determined from Arrhenius plots. It
was found that increases in protein concentration, pressure and temperature all increased
the rates of pre-nucleation assembly and led to exponential growth rates and decreased the
nucleation lag time. There were indications that the critical nucleus size was independent of
pressure, protein concentration and temperature over the ranges investigated. The first order
dependence of pre-nucleation assembly, nucleation and growth on the protein concentration
suggested that the rate-limiting step for the reaction is the conformational change in the pro-
tein. An Arrhenius dependence on temperature was shown for pre-nucleation assembly, nu-
cleation and growth. AG”, similar in value for all three processes, was dominated by solvent
effects. The activation energy E, and AH" were similar in value for nucleation and growth
(around 159+18 kJ/mol and 96+22 kJ/mol, respectively). The values observed for assem-
bly of the pre-nucleation intermediate were smaller (119+31 kJ/mol E, and 11625 kJ/mol
AH"). The AV" values associated with pre-nucleation, nucleation and growth corresponded
to 13%, 11% and 26% of AV gissocation- This suggests that the transition states have only
partially unfolded structures, only slightly different from the native state.

Kelly and co-workers studied the energetics of transthyretin amyloid formation (Ham-
marstrom et al. 2002). Kinetic versus thermodynamic stability of aggregates was distin-
guished using single mutant transthyretin (TTR) variants assessed by urea titration, with
concentration of the tetramer determined by binding of fluorescent resveratrol. The tetramers
associated with disease mutants had lower denaturation midpoints for dissociation, indicat-
ing that they were less stable than the wild-type protein. The L55P and V30M variants were
destabilised to a similar degree, but the associated disease states are quite different, includ-
ing age of onset. The V30M disease phenotype was milder and Kelly et al. connected this
to the observed in vitro differences in rates of dissociation, with the V30M mutant dissoci-
ating slower than the native protein. Their conclusion was that although the thermodynamic
stability of a protein will dictate whether it will form amyloid under suitable conditions, the
rate of fibril formation is also likely to be important in determining the severity of disease.
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Their work showed that mutations which influence the amyloid-forming ability of a protein
are possible without concomitant changes in the rate of partial denaturation. The most severe
forms of transthyretin-induced disease appear to be those where there is a reduction in both
thermodynamic and kinetic stability.

Fibril growth: nucleation and elongation

The generally accepted model for growth of amyloid fibrils is the nucleation-elongation
model, where the rate-limiting step is the formation of a nucleus through the self-association
of monomers, followed by the rapid growth through addition of monomers to the nucleus
leading to fibrils, and finally a steady state when the aggregate and monomers appear to be
in equilibrium (Harper and Lansbury 1997; Inouye and Kirschner 2000; Jarrett et al. 1993;
Murphy 2002; Pallitto and Murphy 2001).

Three mechanistic stages may be discerned for fibril formation. The first is assembly of
oligomeric intermediates from a protein or peptide that may be in the native state or in a par-
tially unfolded aggregate to form a nucleus. This is a thermodynamically unfavourable pro-
cess and represents the rate-limiting step for fibril formation. In the second stage, which is
reached after a critical nucleus size is formed, fibril formation commences. This is favoured
by the greater thermodynamic stability of the fibril form compared to the destabilised native
protein. The third stage involves the addition of monomeric protein to the growing ends of
a fibril, which is a template-induced change from a deposited monomer via reorganisation
to regenerate the growing fibril tip.

One of the critical questions for amyloid formation is the size of the oligomers formed.
Their size can be derived by a kinetic investigation of the elongation of fibrils. Fay and
co-workers (2003) used Oosawa’s plot of dependence of rate of fibril growth J(c) on the
monomer concentration for polymers, J(c¢) = dc/dt = k. [P] — k_[P] for a reversible polymeri-
sation where ¢ and P are the concentrations of monomer and polymer elongation sites
respectively and k; and k_ are the rate constants for monomer association and dissoci-
ation from ends of the polymer. If polymerisation is irreversible, the equation becomes
J(c)=k+[P]c . The rate constant k. is given by the slope of the line. The critical concentra-
tion is given by interpolation to J = 0. For Ure2p fibrils, the critical concentration was found
to be 40 nM. Although physiological assembly of Ure2p fibrils results in assemblies of a-
helical structure (Bousset et al. 2003), the kinetic analysis used is still applicable to amyloid
formation. The size of the nuclei can be determined in a separate experiment by graphing
log of the reciprocal lag time versus log protein concentration. The slope of the line gives
a value m, where the size of the nucleus is given by (2m —1).

During AP aggregation in vitro, several stages have been observed. Protofibrils are seen
as a transient stage prior to the formation of full-length fibrils. The rate of monomer de-
position onto fibrils is dependent on both fibril and monomer concentration. A first-order
rate dependence of monomer concentration was also observed for protofibrils. The obser-
vation of protofibrils as a transient stage suggests that lateral association to produce fibrils
can also occur. Nichols et al. showed through atomic force microscopy (AFM) that the ad-
dition of monomer to protofibrils occurs at the ends of protofibrils (Nichols et al. 2002).
Protofibril association in the presence of NaCl led to wider strands observed by electron
microscopy (EM) (Nichols et al. 2002). Interestingly, it has also been shown that prefib-
rillar aggregates can be solubilised at near physiological conditions (Calamai et al. 2005),
while hydrogen/deuterium exchange in SH3 domains has shown that amyloid plaques are
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dynamic, with monomers dissociating and re-associating through a process of molecular
recycling (Carulla et al. 2005).

Templated assembly has also been observed in the formation of amyloid fibrils whereby
monomers, exposed to the aggregated form or “seed”, convert to an aggregate-prone state
and enhance aggregation (Krebs et al. 2000), suggesting that aggregation is induced rather
than spontaneous (Murphy 2002). Kinetically, templated assembly has a greatly reduced lag
time when compared to the nucleated-assembly process because aggregation nuclei are pro-
vided by the template material. This method of inducing amyloid formation has been shown
to dramatically increase the rate of amyloid formation of normally non-aggregating peptides
(Y. Singh, P.C. Sharpe, A.W. McDowall, D.P. Fairlie, submitted) and has also been linked to
the conversion of wt prion protein (PrP°) to its pathological isoform (PrPS¢) in Creutzfeldt-
Jakob disease and other infectious prion-related diseases (Cohen and Prusiner 1998). Most
likely, both mechanisms are active in the formation of amyloid fibrils, with the relative im-
portance of each mechanism depending of the existence of pre-aggregated material (Murphy
2002).

Fibril growth from nuclei remains still only poorly understood. After the nucleus is
formed, monomers “attach” to the nucleus and the fibril extends. The most popular mech-
anism for fibril elongation is the “dock and lock mechanism”, where a peptide monomer
binds loosely to the end of a fibril, followed by reorganisation on the fibril surface to regen-
erate a surface capable of further aggregation and has been followed directly by the use of
time-lapse AFM. Measuring amyloid formation has been difficult because of the experimen-
tal problems in quantifying fibrils and comparing fibril formation under different conditions
(Harper and Lansbury 1997). However, it is known that a critical concentration is required,
unique to each protein, in order to initiate nucleation and below which monomers remain as
predominant species. Massi and Straub (2001) analysed rates for elongation of pre-formed
fibrils observed by Esler and co-workers (2000) using radio-labelled peptides to add to pre-
existing fibrils. Based on kinetic rates of absorption and desorption onto pre-formed fibrils,
deposits, and the rates of re-organisation and de-organisation of peptides at reactive fibril
interfaces, a two-step mechanistic model was proposed involving association between the
soluble protein and pre-formed fibres to form an intermediate, followed by conformational
changes to amyloid by irreversible binding (Cannon et al. 2004; Collins et al. 2004; Esler
et al. 2000; Gobbi et al. 2006; Massi and Straub 2001; Scheibel et al. 2004).

An alternative to using radio-labelled peptides, Cannon and co-workers (2004) measured
fibril elongation rates for A by immobilising fibrils on a surface and examining by surface
plasmon resonance (SPR). This enabled data collection over short periods to monitor rapid
reversible interactions as well as slower polymerisation steps. They observed a dynamic
equilibrium between immobilised fibrils with peptides in solution, and slow decay in fibril
surface in the absence of peptide in solution, consistent with the studies of radio-labelled
peptides which found that fibril growth is readily reversible. Reversibility is likely to be
essential for the highly ordered nature of aggregates, as one of the principles of supramolec-
ular non-covalent design is that reactions should be readily reversible to allow formation
of the lowest-energy product or, in the case of fibrils, the peptide register with the most
favourable arrangement. O’Nuallain et al. (2004) have recently showed that the Af seeded
fibril elongation progresses rapidly to a reproducible endpoint of a 0.7-1.0 WM unpoly-
merised monomeric peptide and produced a fibril dissociation constants (Kg). Kim et al.
(2002) characterised the energetics of the aggregation system of recombinant light chain
variable domain SMA and determined the apparent activation energies of pre-nucleation as-
sembly, nucleation and growth increased according to protein concentration, pressure and
temperature. The addition of denaturant at low concentrations is predicted to increase the
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rate of protein folding by reducing the amount of time spent in misfolded intermediate states.
The protein monomers will favour a partially structured collapsed coil state by decreasing
the diffusion constant and also lowering the barrier to reorganisation. If this is the dominant
effect, then there will be an increase in the rate of fibril elongation. At high concentrations
of denaturant, monomers will be predominantly unstructured, causing a decrease in the dif-
fusion constant and hence a decrease in the rate of adsorption.

A degree of sequence specificity has been observed for the incorporation of proteins into
amyloid fibrils formed by other proteins. For example, Krebs and co-workers investigated
the potential to seed amyloid formation in five proteins by the addition of hen lysozyme
fibrils (Krebs et al. 2000). The proteins studied had varying degrees of sequence identity
with hen lysozyme, ranging from 99.2% in a single mutant to human o-lactalbumin (36%
identity) and bovine insulin, with no sequence identity at all. The reverse situation, seeding
protein fibrils into hen lysozyme solutions, was also examined. The results showed that as
sequence identity increased, the efficiency of the seeding reaction also increased, as moni-
tored by thioflavin-T fluorescence. Similarity of protein structure, as distinct from sequence,
did not result in efficient seeding of hen lysozyme by human a-lactalbumin, which has a very
similar native-fold. This emphasises the important role played by side-chain residues in the
development of long-range order within the fibrils. Several authors (Hong and Fink 2005;
Krebs et al. 2000; Wright et al. 2005) have confirmed these findings for other proteins. Al-
though monomers do not need to be identical to each other, it has been found that the greater
the similarity between sequences, the greater the efficiency of aggregation, and that a mini-
mum of 30-40% sequence identity is required in order to interact (Wright et al. 2005). This
is not surprising given that amyloid fibrils formed in vivo consist largely of one predominant
protein.

Other proteins and molecules in the extracellular environment that associate with amy-
loid plaques and are thought to contribute to plaque stability include serum amyloid P (SAP),
glycosaminoglycans (GAGs), collagens, metals, apoprotein E and constituents of basement
membranes (for a recent review, see Alexandrescu 2005). Generally speaking, many of these
molecules are involved in the formation of supramolecular assemblies (Alexandrescu 2005).
SAP is thought to be the most researched of these “accomplices” and is found in all amy-
loid deposits found in situ where it lowers their susceptibility to proteolytic degradation
(Pepys et al. 1994). GAGS are also found in most amyloid plaques and are implicated in
the nucleation of fibrils (Alexandrescu 2005) as well as stabilising mature fibrils from dis-
sociation (Yamaguchi et al. 2003) and proteolytic degradation (Gupta-Bansal et al. 1995).
Furthermore, heparin is known to be a major accomplice protein (Ancsin 2003) by binding
to a number of amyloid precursors (Ohashi et al. 2002) as well as the fibrillar forms of amy-
loid; specifically, heparin has been shown to accelerate amyloidosis of gelsolin by enabling
intermolecular B-sheet formation (Suk et al. 2006).

Other mechanisms for fibril growth have been proposed such as linear colloidal aggre-
gation as a mechanism for growth of amyloidogenic proteins Af (Carrotta et al. 2005) and
Saccharomyces Sup35 (Xu et al. 2001), whereby nucleation units form and then join others
to form the fibril length. Domain swapping has been associated with general protein aggre-
gation but has also been proposed as a mechanism for amyloid fibril formation (Sinha et al.
2001; Yang et al. 2005; Zerovnik 2002) specifically of cystatin (Janowski et al. 2005; Nils-
son et al. 2004) and oxidised $2M (Chen and Dokholyan 2005). Both mechanisms, while
possibly applicable to these proteins, are not accepted for amyloid formation.
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Energetics of fibril formation

The folding from nascent strings of amino acids to amyloid fibrils has been described by
an “amyloid funnel” (Otzen et al. 2000), progress through the funnel being associated with
anarrowing of a large number of initial oligomeric states and a decrease in the overall energy
of the protein with the presence of various intermediate species shown through experimental
work (Ahmad et al. 2005; Fezoui and Teplow 2002; Kirkitadze et al. 2001; Podesta et al.
2006). Bond reorganisation as the protein moves through the funnel may be hindered by
the presence of large energy barriers, resulting in the presence and accumulation of these
intermediate species. In fact, there may be several, independent folding pathways to the fi-
nal conformation, apparently influenced by changes in the environment or primary sequence
(Bieri et al. 1999; Kiefhaber 1995). Furthermore, the intermediates may be either productive
(on-pathway) and assist formation of the native state, or limit folding by forming trapped in-
termediates which require substantial reorganisation (off-pathway) to reach the final folded
conformation (Bollen et al. 2004).

The mechanism of amyloid formation appears to have much in common with the process
of nucleation-dependent crystallisation, where a series of thermodynamically unfavourable
steps leads to the formation of a nucleus with a critical size. Further addition of monomers
is a thermodynamically favourable process. The well-ordered nature of amyloid fibrils is
evidence of the involvement of specific molecular interactions, rather than non-specific ag-
gregation by promiscuous hydrophobic contacts. In terms of energetics of the process of
fibril formation, three stages may be discerned (Fig. 10). The first is assembly of oligomeric
intermediates from native protein or peptide. This is a thermodynamically unfavourable pro-
cess and represents the rate-limiting step for fibril formation. In the second stage, which is
reached after a critical nucleus size is reached, fibril formation commences. This is favoured
by the greater thermodynamic stability of the fibril form compared to the native protein.
The third stage involves the addition of monomeric protein to the growing ends of a fib-
ril, which is a template-induced change to deposited monomer on the end of a fibril and
a reorganisation to regenerate the growing fibril.

Within the oligomeric aggregates, there is a process of molecular shuffling, reducing the
number of contact registers by favouring those that result in increased stability (Fig. 10).
There may be energy barriers to this reorganisation, which may explain the observation
of several fibril forms within samples of the same peptide or protein (Kad et al. 2003).
Buxbaum has described this as a process with “multiple starting points, temporal asynchrony
or parallel pathways” (Buxbaum 2003). It is conceivable that high local energy barriers exist
during the folding (or misfolding) process associated with the entropic cost of association.
Eventually, assuming the energy barriers to reorganisation can be overcome, the aggregates
will be dominated by the one or two registers that give the best packing and hence the lowest
energy structures. This scheme is consistent with the observation of lag phases in amyloid
assembly, with a “nucleated assembly” process where, once stable aggregates are formed,
they are able to exert a template effect by the recruitment of monomeric species to the sur-
face of the aggregate and in addition to the rapidly growing fibril. Further assembly of early
stage oligomers could then be expected to lead to the various later stages that have been
detected such as protofibrils and fibrils (Lashuel et al. 2000). Protofibrils apparently asso-
ciate laterally, resulting in fibrils or ribbon-type filaments, or other non-covalent polymeric
assemblies. For unfolded peptide and protein species, the contact sequences will be con-
stantly exposed in the monomer and available for intermolecular association. Aggregation
will be determined solely by the side-chain properties and concentration. For natively struc-
tured proteins there is a requirement for assembly to be preceded by partial unfolding and



Rev Physiol Biochem Pharmacol (2007) 159:1 =77 35

AG
oligomerisation aggregation
2 X geves
O &= & &Eecxoo = s
monomer nucleus
reaction coordinate
ii
AG
— — —_ —
= 1o e == % — <
native native amyloidogenic nucleus amyloid
tetramer monomer monomer

reaction coordinate

Fig. 10i, ii Energetics of fibril formation. i Free energy diagram for assembly of Af fibrils according to
anucleation-dependent polymerisation model. The highest energy species along the pathway is the thermody-
namic nucleus, which is formed by a series of thermodynamically unfavourable steps. Addition of monomer
to the thermodynamic nucleus is thermodynamically favoured. ii Free energy diagram for assembly of TTR
fibrils. The model has been modified to take into account the requirement for initial disassembly of tetrameric
TTR to a monomer, which under denaturing conditions can go on to form amyloid fibrils. (Adapted from
Hurshman et al. 2004)

exposure of a particular sequence region. Amyloid formation will then be determined by the
particular qualities of the solvent-exposed “sticky sequence”.

By comparison to amyloidogenic proteins, it is proposed that natively folded proteins
fold much more quickly, limiting the formation of semi-stable intermediates. Clark (2004)
suggested that proteins normally have a comparatively smooth funnel, producing “meta-
stable” native proteins. As discussed earlier, chaperones and quality control mechanisms
within the cellular environment play a role in “smoothing” the folding pathway, entropically
lowering the energy barrier to conformational changes. Additionally, it appears that native
proteins have developed protective mechanisms, such as Pro (Wigley et al. 2002) and Gly
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(Parrini et al. 2005) residues in helices, or around the edges of native sheets (Richardson
and Richardson 2002) to protect against misfolding and aggregation. Furthermore, Otzen
et al. described the existence of “structural gatekeepers”, which are amino acids not directly
involved in protein folding or stability but have been shown, through mutagenesis studies,
to influence folding by preventing a misfolded state, although the mechanism is unknown
(Otzen et al. 2000; Otzen and Oliveberg 1999). This notion of “structural gatekeepers” has
been supported by similar work on acylphosphatase, and it appears that these residues have
arole in “smoothing” the protein-folding funnel for native proteins(Chiti et al. 2002b). It is
thus plausible that errors or alterations in these mechanisms via sequence mutation or en-
vironmental influences can result in previously natively folded proteins forming potentially
a variety of non-native intermediates with large kinetic barriers and entering the “jagged”
amyloid funnel.

Aggregates and toxicity

One reason for intense interest in the early stages of amyloid formation is evidence that small
soluble oligomeric peptides are more toxic to the cell than fibrils themselves. Amyloid fib-
rils may in fact be protective, removing toxic oligomeric intermediates from circulation.
There is now a great deal of evidence to support the toxic oligomer hypothesis, including
the fact that there is a poor correlation between disease severity/symptoms and amyloid load
measured at post-mortem for patients who died from amyloid-associated diseases. A great
deal of research has concentrated on the role of Ap oligomers in Alzheimer’s disease, a sub-
ject reviewed recently by Klein et al. (2004). In transgenic mice expressing human APP
and AP, deficits in neurological function were observed prior to amyloid formation (Oddo
et al. 2003). Small AB-derived diffusible ligands (ADDLSs), small oligomers of A, were
found to inhibit long-term potentiation in hippocampal slices within 45 min at doses as
low as 100 nM. Interestingly, treatment of transgenic mouse models with AP antibodies
reversed memory failure within 24 h after a single injection, without eliminating plaques
(Dodart et al. 2002; Kotilinek et al. 2002). ADDL concentrations were up to 70-fold greater
in AD patients compared to normal controls, with average excesses of 12-fold. The domi-
nant species of ADDL derived from in vitro sources is made up of dodecamer with a pI of
5.6. AB1_42 monomer has been found to rapidly assemble in solution into pentamer/hexamer
units, termed a “paranucleus’” which can then continue self-association to give larger assem-
blies.

Other amyloid species have given similar results (Schaffar et al. 2004). Over-expression
of a-synuclein in COS-7 cells showed formation of non-fibrillar inclusion prior to detec-
tion of fibrillar assemblies. These inclusions were associated with Golgi fragmentation and
a reduction in cell survival. No correlation has been observed between Parkinson’s disease
causing mutation and acceleration of fibril formation, suggesting that fibrils are not the
agent causing the neurological damage in this disease. The A30P a-synuclein mutant forms
more protofibrils than the wild-type protein and has more rapid formation, but is slower to
progress to form fibrils, meaning that the A30P protofibrils may have a longer lifetime (and
thus cause more cumulative damage) than the wild-type protein. Protofibrils formed from o-
synuclein have been found to cause leakage from synthetic vesicles, whereas the monomer
protein and fibrils do not have this property. In HD, neuronal disruption can be detected
prior to the appearance of aggregates of the huntingtin protein. The apparent targets for the
toxic effect are a number of transcription factors, including the TATA-box binding protein,
a component of the general transcription initiation complex, and the transcriptional coactiva-
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tor cAMP-response element binding protein (CREB)-binding protein. Schaffar et al. (2004)
have shown that monomers and small oligomers of polyglutamine expanded huntingtin, Htt-
53Q, inactivate these transcription factors. TATA binding protein (TBP) binding to DNA was
completely inhibited by incubation with soluble oligomeric species of Htt-53Q. Pre-formed
aggregates did not, however, sequester the transcription factors. It would thus appear that
small more soluble aggregates could represent the putative toxic agents.

Oligomeric assemblies of proteins that are not associated with amyloid diseases have
also been found to be toxic. Bucciantini and co-workers investigated the effects of oligomers
of PI3-SH3 and HypF-N on cell survival (Bucciantini et al. 2002), both proteins forming
amyloid fibrils in vivo under denaturing conditions but do not appear to be linked with any
disease. The cytotoxicity of pre-fibrillar intermediates was assessed using the MTT reduc-
tion inhibition assay [MTT, 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide].
Granular aggregates of PI3-SH3 reduced cell viability at concentrations greater than 1 pM.
When administered as fibrils, there was no reduction in cell viability for either of the two
cell lines used. Control experiments using the soluble form of the protein also had no effect.
HypF-N aggregates showed time-dependent toxicity behaviour, reaching a maximum after
48 h of incubation. Cell death was also detected, with 40% cell death at 2.5 M protein
concentration, using the trypan blue internalisation test. The decline in toxicity after 48 h
was connected with the increasing concentration of fibrils, with a decline in other aggre-
gate forms. The mature form of the fibrils appeared innocuous. A subsequent paper showed
that HypF-N aggregates induced permeabilisation of artificial liposomes to Ca>* (Relini
et al. 2004). Interactions were observed for vesicles made from negatively charged phospho-
lipids (phosphatidylserine), but not neutral phosphatidylcholine. The maximum effect was
observed after 50 h of incubation, which corresponds to the time observed for maximum tox-
icity in the MTT assay. The lowest Ca’* permeabilisation activity was observed with mature
fibrils. The permeabilisation also appeared to be size-selective, being higher for free Ca®*
than for calcium. These observations about permeabilisation are relevant to the proposed
mechanism for general amyloid toxicity with respect to the formation of non-specific ion
channels in the membranes of cells. This connection held up when pre-fibrillar aggregates
of HypF-N were added to cells (Bucciantini et al. 2004). The effects on Ca>* levels in the
cytosol were measured using fluorescent probes. Intracellular Ca>* levels rose by a factor
of 2 after 3 h exposure to a 20 WM solution of protein aggregates, compared to the control.
A significant increase in levels of reactive oxygen species was also observed, which could
be alleviated by prior administration of reducing agents such as vitamin E. An accumulation
of the pre-fibrillar aggregates occurred in the vicinity of the plasma membrane.

Factors affecting amyloid formation

A diverse range of factors has been shown to influence, often profoundly, the aggregation of
amyloidogenic proteins and peptides. These include amino acid composition and sequence;
peptide length, concentration, pI and solubility; and environmental conditions such as pH,
temperature, solvent, metal-binding, macromolecular packing, membrane interactions and
post-transitional modifications. Some of these effects are outlined below.
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Peptide composition

Amino acid sequence

There is overwhelming support for the idea that the primary amino acid sequence, or changes
within it, are responsible for initiating aggregation (Kammerer et al. 2004; Williams et al.
2006). From various mutagenesis studies, it has become clear that key residues are impor-
tant in driving aggregation. This work has been taken further, identifying specific regions
within a protein or peptide or peptide that are responsible for aggregation, allowing for the
prediction of amyloidogenic proteins from their primary sequence (Lopez de la Paz and
Serrano 2004; Pawar et al. 2005). Pawar et al. (2005) described these “sensitive” regions
as either “aggregation-prone”, which forms part of the sheet core in resulting fibrils, or
“aggregation-susceptible”, which could possibly initiate aggregation as a result of muta-
tions. These regions were identified based on the intrinsic aggregation propensities of the
amino acids, calculated according to sequence hydrophobicity, secondary structure propen-
sity and charge (Pawar et al. 2005); alternatively, Sanchez de Groot et al. (2005) used AB
experimental mutational data.

Chiti and co-workers carefully analysed the dependence of both aggregation and folding
on residue sequence identity (Chiti et al. 2000). Human muscle acylphosphatase (AcP) mu-
tants were constructed with conservative single amino acid mutations introduced throughout
the whole sequence. The studies were carried out in 25% aqueous TFE solution, where all
the mutant proteins were unfolded, allowing effects of substitution on aggregation to be
separated from effects on protein folding stability. It was found that the regions of AcP re-
sponsible for initiating aggregation were those possessing a high degree of hydrophobicity
and propensity to form B-sheets, but which are outside the regions responsible for forming
folding nuclei. Using experimental data, they developed an equation to explain the effects
of mutations on the aggregation rate with experimentally derived coefficients (Chiti et al.
2003).

In (Vmut/vwt) = AA Hydrophobicity + B(AAGCOH_OL + AAGB_COH) + CA Charge

where vy is the rate of aggregation of the mutant protein; vy, is the rate of aggregation
of the wild-type protein; A, B and C are the experimentally determined factors for
the dependence of In(vyu/vwi) on each parameter (0.633, 0.198, and —0.491 respec-
tively); AHydrophobicity is the change in the hydrophobicity of the polypeptide chain;
(AAG il + AAGpcoi1) is the propensity to convert from a-helical to B-sheet structure,
and ACharge is the change in the overall charge of the protein.

The calculated rates were in good agreement with those determined experimentally, for
conditions under which the polypeptide chain was unstructured. For the 27 mutations for
which suitable data were available, the correlation was 0.85 (with P < 0.0001), with a slope
value of 0.94. For mutations in the single protein, AcP, the correlation also held (r =0.756,
P < 0.0001, slope =0.96). They also noted that very short peptides and several polyamino
acids both have the capacity to form amyloid fibrils. These short peptides, however, lack
the capacity to fold into stable folded species [a minimum length of ca. 15 residues has
been suggested as being required for the formation of stable a-helix structure in aqueous
solution (Scholtz and Baldwin 1992)]. Solid-state NMR investigations of fibrils formed by
AB1-40 (Petkova et al. 2002) and a transthyretin peptide fragment (Jaroniec et al. 2002)
have shown the existence of only intermolecular hydrogen bonding along the peptide main
chain. Although not conclusive, this is supportive of unfolded precursors being involved in
amyloid formation, at least for these two examples. There are also indications that the so-
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called unfolded conformation may be a misnomer in that there may actually be discernible
structure present, biased towards extended main chain conformations, which would be able
to undergo alignment into amyloid fibrils.

Pawar et al. were able to show that the generic factors affecting amyloidosis are hy-
drophobicity, secondary structure propensity and charge and used these to create intrinsic
Z-scores for aggregation of any polypeptide, enabling calculation and comparisons between
different polypeptide sequences (Pawar et al. 2005).

Pyoe = ahydrolhydm + oo I +apIP + otpar [P + oen I

where P,g, is the propensity of the given peptide to aggregate, 1Pydro s the hydrophobicity
of the sequence, 1% is the a-helical propensity, I? is the B-sheet propensity, P2 is the hy-
drophobic patterning and I°M represents the absolute value of the net charge of the sequence.
a is determined experimentally and weights the individual factors (pH must be stipulated
and hydrophobicity and secondary structure propensities normalised for the length of the
chain).

Zagg = (Pagg — Magg) /Ouge

where Z,g, is the intrinsic Z-score for aggregation, (agg is the average value for Pygg over
a set of random polypeptides having the same length as the sequence of interest and o g, is
the corresponding standard deviation of the average.

Chiti et al. (2002b) have recently presented data showing that, at least for AcP, the re-
gions of protein sequence responsible for protein aggregation are distinct from those which
determine the rate of protein folding. These results suggest “kinetic partitioning” of the ag-
gregating and folding processes, although both involve nucleation around which the nascent
chain assembles and folds via bond formation and rearrangement.

Polyglutamines

The first peptide motif definitely identified as amyloidogenic was that of long polyglutamine
stretches. Huntington’s disease (HD) is the best known of nine similar disorders which in-
volve the expansion of polyglutamine repeats within proteins caused by increases in the
number of CAG trinucleotide repeats [Table 1; the other known diseases are spinal and
bulbar muscular atrophy (SBMA), spinocerebellar ataxia types 1, 2, 3, 6, 7 and 17 (SCA)
and dentatorubral-pallidoluysian atrophy (DRPLA)]. HD is an inherited neurodegenerative
disorder caused by a gene defect on chromosome 4 that causes selective loss of neurons,
particularly in the striatum with a prevalence of approximately 1 in 10,000 in Caucasian
populations, with lower frequencies reported in non-Caucasian populations. All individuals
with HD appear to share a CAG trinucleotide repeat expansion mutation, which results in
a variable length polyglutamine stretch within the N-terminal of the huntingtin protein. The
CAG repeat encodes a run of consecutive glutamine residues 17 amino acids downstream
from the initiator methionine. The polyglutamine tract is succeeded by a proline-rich seg-
ment of 29 prolines followed by the remainder of huntingtin, which extends to more than
3,100 amino acids. The HD mutation alters a CAG trinucleotide repeat that is polymorphic
on normal chromosomes, comprising 10-35 units. On HD chromosomes, the repeat is ex-
panded to more than 35 CAGs and can range as high as 150 or more, although most HD
alleles have 40-50 CAG units.

The length of the CAG repeat accounts for about 60% of the variance in age at onset.
Poly(Gln) stretches of 38 or more carry the risk of disease. Repeat lengths of 38 to 39 are
associated with the late onset form of the disease (60- to 80-year age range) with slow,



40 Rev Physiol Biochem Pharmacol (2007) 159:1 =77

progressive disease. Repeat lengths greater than 70 residues lead to an aggressive form of
HD, with patients having onset of symptoms between the ages of 5 and 15 years. Interest-
ingly, the threshold of tolerance for glutamine expansions varies between different poly-Q
proteins, suggesting that the stability of these proteins also depends on their individual se-
quences, where the polyglutamine region is located in the protein, and perhaps the nature of
the regions that surround the glutamine repeat (Chow et al. 2004).

This dependence on the length of the polyglutamine repeat has led researchers to inves-
tigate artificial peptides with varying numbers of glutamines in order to better understand
this correlation between the number of repeats and the severity of disease. In vitro studies
of polyglutamine peptides were hampered by their insolubility in water. This was overcome
by using peptides with charged residues at the termini (Perutz et al. 1994). Perutz used the
peptide E»>Q15K> to overcome this problem, with the charged residues providing additional
solubility. At pH 7, precipitation was observed to produce particles with a thickness of 70—
120 A and of varying length. Perutz et al. have proposed that the huntingtin protein may have
a p-helix structure once assembled in the amyloid fibril, giving a narrow tube with a central
water-filled cavity (Perutz et al. 2002a). Such a cylindrical structure would require a length
of at least 40 residues, to complete two turns of a f-helix. A review collating evidence for
this proposal, including for other proteins, has appeared (Wetzel 2002).

Wetzel has investigated in detail the kinetics of aggregation for peptides of the type
K>Q,Kj> (Chen et al. 2002). Polyglutamine peptides regardless of repeat length were found
to adopt a random coil state in solution. Aggregates of the same polyglutamine peptides
had a CD spectrum dominated by B-sheet structure. They found no evidence for adoption of
a B-sheet structure in the peptides before aggregation. This was also reflected in the sharp
isodichroic point at 219 nm in the CD spectrum, indicating a transition between two struc-
tural states with no significant population of intermediates. This transition was studied for
n =28, 36 and 47.

The kinetic behaviour observed for the polyglutamine peptides displayed a kinetic lag
phase, which could be shortened or abolished by seeding the solution, consistent with a nu-
cleated growth mechanism. Their kinetic analysis was used to determine the “critical nu-
cleus”, i.e. the number of monomers that associate together to form the nucleus. All three
peptides had values for the critical nucleus close to 1. The aggregation kinetics of polyglu-
tamine peptides are known to be strongly dependent on the number of polyglutamine repeats.
It had been found previously that the elongation rates for polyglutamine peptides above
about n = 36 changed very little. This means that differences in aggregation rate must be due
to differences in the equilibrium constant between disordered monomer and the folded nu-
cleus. Subject to several assumptions, a value of 0.5 kcal/mol is suggested as the difference
in free energy of folding between Q35 and Q38. The kinetic model used has an energetically
unfavourable transition from a natively folded molecule. Chen and co-workers were able to
use the kinetic parameters collected to estimate the role that nucleation kinetics might play
in age-of-onset of HD. For the Q47 peptide at a concentration of 0.1 nM, a lag-phase esti-
mate of 31 years was found, which is within the range expected for HD patients with this
repeat length (3040 years). The corresponding periods for the Q3¢ and Qo3 peptides were
141 years and 1,273 years, respectively. Although disease is not known in individuals with
n < 36, individuals with a repeat length of 38 tend to develop HD around age 70. This shows
that these in vitro studies do have applicability to the processes that occur in these diseases.
Chen and co-workers have noted that although peptides containing glutamine repeats up to
42 still formed fibrils, they did not show birefringence when bound to Congo red (Chen et al.
2002). This suggests a greater degree of order in the longer peptides. There is also evidence
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that the huntingtin protein is able to recruit other polyglutamine proteins into the amyloid,
even though they are unable on their own to form amyloid (Chen et al. 2001b).

Proteins associated with neurodegenerative diseases are not the only ones found to be
glutamine- or asparagine-rich. Yeast prions for example are known to contain a larger per-
centage of Gln residues than proteins in general (Perutz et al. 2002b). Michelitsch and Weiss-
man (2000) carried out a survey of 31 complete and several partial proteomes. They searched
for Q/N-rich domains within proteins, defined as the occurrence of 30 or more glutamine or
asparagine residues within a window of 80 consecutive residues. This conservative defini-
tion was chosen to only select the proteins most likely to be capable of forming amyloids or
prions.

The biological functions associated with Q/N-rich proteins were varied, including tran-
scription and translation factors, nucleoporins, DNA- and RNA-binding proteins and vesic-
ular trafficking proteins. Q/N-rich regions were nearly absent from the proteomes of the
thermophilic organisms examined. Levels of glutamine in thermophiles and mesophiles dis-
play the largest difference of any of the amino acids (1.85% vs 4.31%). Asparagine is also
on average less abundant. This may be due to evolutionary pressure to avoid chemical in-
stability associated with deamidation of these residues, which would be more significant at
higher temperatures. The lower Q/N content could also be to avoid problems with protein
aggregation.

Other polyamino acids

The dependence of amyloidogenicity on amino acid sequence can be addressed by the use
of polyamino acids. Polymers of a single amino acid type enable the study of polypep-
tides without the competing complications of stable tertiary structure. Fandrich and Dobson
(2002) looked at the structure of polymers of poly-L-lysine, poly-L-glutamic acid and poly-
L-threonine. Poly-L-lysine is known to adopt several secondary structures depending on so-
lution conditions. At pH 7, the polypeptide adopts a random coil conformation. Increasing
the pH to 11.1 causes the adoption of an a-helical conformation. This is lost upon heating,
to give an irreversible change to a B-sheet form. The random coil state can be regenerated
by lowering the pH to neutrality.

Electron microscopy of the heated pH 11.1 solutions found the presence of fibrils of
up to 11 nm wide and of variable length. Ribbon type structures were also observed, with
helical twists of around 100 nm. Heating of poly-L-glutamic acid at pH 4 also produced
fibrils. Poly-L-threonine was also found to form aggregates and, furthermore, did not re-
quire heating to do so. The necessity for a certain degree of solubility to enable amyloid
formation was shown by the polymers of alanine, valine, leucine, isoleucine, phenylalanine
and tyrosine. These polymers precipitated rapidly from aqueous solution and were thus un-
able to form ordered aggregates. There are several important conclusions that can be drawn
from this study. The first is that the nature of the side chain may not be as important as the
main-chain contributions to stability of the amyloid aggregate. Different polyamino acids
still remained capable of forming amyloid [see also Koga et al. (2003) for an example of
amyloid formation by a polyamino acid with a modified side chain]. The resultant cross-
P structure is not dependent on an initial folded conformation, as this is not accessible by
the poly-amino acids. Although side-chain interactions may influence the stability of the
amyloid state and may affect the kinetics of the process, they do not appear to control the
structure adopted by the amyloid. Some polyamides or nylons are known to adopt a chain
arrangement similar to the aggregated polypeptides, despite lacking side chains (Bunn and
Garner 1947). It appears then that amyloid formation is the consequence of reduction in
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stability of secondary structure that allows the amyloid form to compete. It is also possible
for specific side-chain arrangements (such as charge) to destabilise the aggregated state and
thus to disfavour amyloid formation.

The study of polyamino acid aggregation is relevant to the number of amyloid diseases
known to be due to long repeats of specific amino acids within proteins. The best-known
example is, of course, polyglutamine stretches in the huntingtin protein as mentioned above,
but there have been also reports connecting the formation of fibrils in muscular dystrophy
with poly-L-alanine stretches (Calado et al. 2000) and Holmes et al. have reported a protein
with poly-L-leucine repeats that is associated with disease (Holmes et al. 2001). In ocu-
lopharyngeal muscular dystrophy, an expansion of the N-terminal poly-alanine stretch in
the polyadenine-binding protein 2 (PABP-2) from 10 to 12—17 Ala residues causes nuclear
filamentous inclusions (Calado et al. 2000). Short poly-alanine repeats are found in nature.
Their only known function is in spider fibre protein, where the poly-alanine segments en-
dow crystalline properties to the fibres. Perutz et al. found that a model peptide containing
a poly-alanine stretch DyA oK, did not aggregate, remaining strongly a-helical over the
pH range investigated (pH 3.5 to 8.3; Perutz et al. 2002b). Giri et al. (2003) found that the
peptide Ac-KMA;GY also adopted exclusively an a-helical structure. However, the related
peptide, with a stretch of 11 Ala residues, formed p-sheet. Electron micrographs showed
the formation of amorphous clumps, with no fibrils being observed, even after ageing of the
solution. There was also a statistically significant difference observed in the ability of the
peptides to inhibit cell growth of Chinese hamster V79 cells. The Ala; peptide inhibited cell
growth 18%, whereas the longer peptide inhibited cell growth by 55%. The longer peptide
also induced apoptosis in treated cells. When green fluorescent protein (GFP) was fused to
19-37 alanines, the cells had high levels of intracellular aggregates and nuclear fragmenta-
tion (Rankin et al. 2000). Ma and Nussinov (2002) have undertaken a molecular dynamics
simulation of alanine-rich sequences AGAAAAGA and AAAAAAAA. They simulated the
stabilities of pre-formed p-sheet oligomers in aqueous solution and found that the oligomers
were stable when 6 or 8 peptides were associated together.

Hydrophobic residues

Not surprisingly, hydrophobicity plays a major role in aggregation and amyloid formation
because the exposure of hydrophobic residues to water is entropically unfavourable and
forces protein association, protecting these regions from the polar environment. Appropri-
ately then, globular proteins have tended to evolve without long strands of hydrophobic
residues in most of their primary sequence (Schwartz et al. 2001). Where long stretches
of hydrophobic residues are found they often perform membrane-associated or membrane-
penetrating functions. These hydrophobic sequences can be accommodated within the glob-
ular structure, preventing exposure to the environment, or at the surface of the protein for
specific interactions. Importantly, some, but not necessarily all, known amyloidogenic pro-
teins contain a hydrophobic core (AP residues 17-21 and 3242, a-synuclein residues 71—
82, islet amyloid polypeptide residues 22—27 and AcP 16-31). It is thus conceivable that de-
naturation and partial unfolding of globular proteins can lead to the exposure of hydrophobic
residues, promoting aggregation to overcome the unfavourable interactions. Similarly, se-
quence mutations from hydrophilic to hydrophobic residues in certain “aggregation-prone”
or “aggregation-sensitive” regions can lead to the formation of “sticky regions” which asso-
ciate to initiate aggregation. However, not all amyloidogenic proteins are globular or contain
hydrophobic regions. Other factors therefore must influence aggregation.
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Gazit (2002) has pointed out the importance of aromatic wt-stacking in the peptide self-
assembly process. The three aromatic amino acids are among the six with the lowest fre-
quency of occurrence in proteins. Tyrosine and phenylalanine have occurrences of 3.2% and
3.9% respectively, whereas tryptophan has an even lower occurrence of only 1.3%. This low
frequency could be the result of selection pressures favouring peptide sequences that are
not prone to aggregation. Amyloid proteins often have a short stretch of the protein that is
essential for amyloid formation. These minimal fragments have an over-representation of
aromatic residues (see Table 1). When peptides containing these fragments are synthesised,
then they too have been found to undergo amyloid assembly.

Attractive non-bonded interactions are possible between aromatic rings. m-Stacking
would provide two processes essential to the formation of amyloid fibrils:

1. An energetic contribution from the m-stacking, which can help to contribute to the
thermodynamic forces driving the assembly process
2. Directionality and order to the alignment of the peptides

The w—m stacking restricts the geometries allowed by the nature of the interaction be-
tween the two aromatic moieties, which is consistent with a process of amyloid formation
being directed by a short stretch within the peptide. There are four basic geometries allowing
for stacking interactions. The parallel-displaced geometry is that most commonly found in
structures of proteins (Burley and Petsko 1985). There may also be an entropic contribution
provided by m—m stacking in that the release of ordered water molecules on the forma-
tion of the intermolecular interactions would be entropically favourable. Azriel and Gazit
(2001) undertook an alanine scan of the islet amyloid polypeptide (IAPP)-derived peptide
NFGAILSS. The ability to form fibrils was completely abolished by the replacement of Phe
with Ala. No other residue replacement had such a dramatic effect. Recently Tracz et al.
(2004) reported that substitution of Phe-15 with Ala in a peptide corresponding to residues
10-19 of human amylin significantly reduced amyloid formation.

Studies are beginning to appear using solid-state NMR to investigate the organisation of
the peptide chains within amyloid fibrils. Such information has been hard to collect previ-
ously because of the insolubility of the fibrils and their lack of crystallinity. One such study
of the labelled DFNKEF peptide and related peptides from calcitonin (Naito et al. 2004) found
that the conformational change from random coil to B-sheet occurred at the vicinity of the
F2 residue in pentapeptide DFNKF. In the fibril structure formed by the full-length calci-
tonin, there was a head-to-tail anti-parallel B-sheet arrangement of the peptide chains. This
arrangement had the phenyl rings of two strands (Phe-16) facing each other on the same
side of the B-sheet, located in such a manner that they could stack in parallel and make n—x
interactions, thus helping to stabilise the fibril structure.

Hydrophobic-hydrophilic patterns

One of the very early patterns identified as amyloidogenic was an alternating pattern of hy-
drophobic and hydrophilic residues. It is easy to see why this should be. The alternating,
zigzag nature of the B-strand can lead to a hydrophobic face and a hydrophilic face. A -
strand can thus form hydrogen bonds to neighbouring strands on either side and in addition
make hydrophobic contacts with a third strand above or below it. Amyloid formation then
is possible where the aggregation process is sufficiently held in check to allow an ordered
assembly within the p-sheet oligomer. This may be by the presence of solubilising groups
or charge differences.
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Xiong and co-workers (1995) carried out an elegant experiment to assess the significance
of the intrinsic secondary-structure propensity of the amino acid residues relative to period-
icity in the peptide sequence; the experiment was designed to favour another secondary
structure. Four peptides were prepared with their periodicity favouring either an a-helical or
B-strand secondary structure. Their constituent amino acids were chosen to either reinforce
or work against this periodicity.

The sequences of the peptides were designed so that the repeating pattern of either polar
or non-polar residues would match the structural periodicity of an a-helix (3.6 residues per
structural unit) or a B-strand (2 residues per structural unit). If the peptides took up their ex-
pected secondary structure then they would have an amphiphilic structure. This would then
favour oligomerisation to remove the hydrophobic surfaces from contact with bulk solvent.
It was found in all cases that, instead of the intrinsic secondary structure favoured by the
constituent amino acid residues, the generated secondary structure followed the periodicity.

This study was subsequently extended by the generation of a combinatorial library of
synthetic genes expressed in E. coli (West et al. 1999). The library was designed to contain
6 B-strand stretches of 7 residues, with the B-strand stretches separated by 4-residue turn
regions. The B-strand regions were designed with an alternating pattern of 4 polar and 3
non-polar residues per stretch. The polar residues were allowed to be His, Lys, Asn, Asp,
Gln or Glu. The non-polar residues were constrained to be Leu, Ile, Val or Phe. At a pro-
tein concentration of 500 wM, the proteins selected for study all had an apparent molecular
mass of more than 1,000 kDa. For a 63-residue protein, this would correspond to ca. 140
monomers per oligomer. When these proteins were diluted to 5 WM, the larger oligomers
dissociated to give apparent molecular masses of around 29 kDa, which is approximately
four times the mass expected for a monomer, suggesting the formation of tetrameric species
at lower concentrations. These species reassembled into the larger oligomeric form upon
re-concentration. This reversible assembly suggests that these structure are under thermody-
namic control.

These repeating hydrophobic—hydrophilic patterns are avoided in proteins. For a 7-
residue peptide stretch, comprising 4 hydrophilic and 3 hydrophobic residues, there are 35
ways of arranging the residues. An analysis of 250,514 sequences found that in 7-residue
stretches comprising these numbers of hydrophilic and hydrophobic residues, the alternat-
ing arrangement was the least common arrangement (Broome and Hecht 2000). It was found
that the ability of the designed peptides to form amyloid could be removed by the replace-
ment of one of the non-polar residues in the first, or last, or both B-strand regions by a lysine
(Wang and Hecht 2002). This had the effect of adding a charged residue into the strand,
a strategy also observed in nature, where natural f-sheet proteins avoid aggregation by the
incorporation of negative design elements. This would favour monomers by forcing the al-
tered B-sheet region to be solvent-exposed.

Electrostatic interactions

Although less effective than hydrophobic interactions, charge effects in proteins have
been shown experimentally to be important in initiating aggregation (Calamai et al. 2003;
Lavrikova et al. 2006; Lopez de la Paz et al. 2005; Takahashi et al. 2002; Tjernberg et al.
2002). Mutations which lead to a decrease in absolute net charge appear to increase the ten-
dency for aggregation and can be rationalised by the electrostatic repulsion of like-charged
monomers inhibiting close association and aggregation. It is by the same mechanism that
influences of pH and ionic solutions can affect aggregation by influencing the charge of
side-chain electrostatic properties and protein monomers. Research on the electrostatic
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effects on the aggregation of short peptides showed very different results: neutral or high
effective charge prevented amyloid formation whereas a net-positive or net-negative charge
favoured regular organisation through maximising the distances between charged peptides
(Lopez de la Paz et al. 2002). The differences in the results can be attributed to the fact
that proteins are large macromolecules with inherently more complex electrostatics that can
influence aggregation.

Other patterns

The search for less readily apparent sequence motifs that specify amyloid formation has been
difficult. There has been little absolute sequence identity observed in the amyloid-forming
proteins. If, as seems increasingly clear, amyloid formation is driven by short fragments
of these proteins, then small peptides should be able to be used to assess the contributions
from these short sections and how they affect aggregation. Lopez de la Paz and Serrano
(2004) undertook a systematic investigation of the effect of single amino acid changes on
the amyloid-forming ability of the hexapeptide STVIIE. Each position was systematically
altered with all of the amino acids except for cysteine. This full positional scan was under-
taken to determine precisely the interaction between residue and position within the peptide.
The B-sheet percentage for each peptide variant was estimated using circular dichroism. So-
lutions were analysed using EM and the presence and abundance of fibrils was noted. It was
found that there was a strong positional dependence. The end positions 1, 2 and 6 were very
accepting of changes. All non-positively charged substitutions were tolerated well at posi-
tion 6 except for Leu and Glu (at neutral pH), which led to the formation of less amyloid
material. Positively charges substitutions (R, H, K) in position 6 blocked amyloid forma-
tion completely. The middle positions, 3, 4 and 5, were more restricted in the residues that
could be replaced and still have fibril formation. For position 5, only three amino acids (the
original Ile, Tyr and Phe) were permissible. These all have high B-sheet propensity. This is
not merely a question of hydrophobicity, since the f-branched amino acid Val was not suit-
able. Phenylalanine could be substituted at any position and the resulting hexapeptide would
still form amyloid. Differences were observed in tolerances for charged residues. Negatively
charged side chains (Asp, Glu, Tyr) could be successfully incorporated at positions 1, 2 and
6. Positively charged residues (Lys, Arg) could only be placed at the first position.

The connection between speed of aggregation and extent of aggregation was examined.
The mutations that led to the largest amount of fibrils after a 1 month incubation period were
those that only had a very low P-sheet ratio initially. There thus seems to be a connection
between slow polymerisation and an enhancement in the extent of fibril formation. However,
the pentapeptide STVII is known to be amyloidogenic, and mutations in the sixth position
that accelerated amyloid formation also caused formation of large amounts of amyloid ma-
terial.

Two assumptions were proposed by the authors that would enable their results to be
extended to give a pattern rule. They assumed that the relative importance of the sequence
positions found for the STVIIE mutants would hold in general for most six-residue amy-
loidogenic fragments and that most combinations of the allowed residues at a specified po-
sition will suffice to specify aggregation. The conclusion that can be drawn from this work
is that the degree of amyloidogenicity, at least for shorter peptides, is mainly determined
by the amino acids that make up the core (positions 3—5 here) and that the outside residues
merely modulate the formation of fibrils.

Although the formulation of this pattern is interesting, the real test is how well it can en-
able prediction of amyloid sequences. Lopez de la Paz and Serrano scanned the sequences
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of several proteins known to form amyloid fibrils either in vivo or under denaturing condi-
tions in vitro. For many of these proteins, the regions responsible for amyloid behaviour are
known, and so these experimentally determined sequences can be compared to those pre-
dicted by this pattern. For example, Chiti et al. has shown aggregation of the human muscle
AcP protein to be affected strongly by mutations in the region 87 to 98 (experimental condi-
tions pH 5.5, 25% TFE; Chiti et al. 2000). The pattern selected the sequence YOEYSNFS®,
within the region determined independently to be intimately connected with the amyloid
formation process. The a-spectrin SH3 domain is not known to aggregate under any con-
ditions, and no matching pattern was detected in the sequence. The related SH3 domain of
phosphatidylinositol-3'-kinase, which shares a high degree of homology and sequence iden-
tity, does aggregate under acidic conditions (pH 2.0). Two peptide stretches were found in
the P-3’-K SH3 domain that matched the predicted pattern (">’TYVEYI”” and *YVEYIG'®)
for acidic solutions. Agreement with the pattern was also detected for the in vivo amyloid
proteins, PrP® human, human IAPP, AB1-42, ApoA and $2m.

As the authors note, the sequence space explored here is small, which means that
there are amyloidogenic motifs that escape detection by these pattern rules. For example,
the pattern detected in human IAPP was '"SSNNFG?*, and a peptide with the sequence
I9SSNNFGAIL?’ has been shown to be amyloidogenic (Tenidis et al. 2000). However,
the partially overlapping sequence 2>NFGAILSS?® has also been shown to form fibrils in
solution (Porat et al. 2003), but does not match the described pattern (but it does match
the pattern if L, S and S are taken as the first three residues in the pattern and N, F, G as
the last three, perhaps indicating some degree of flexibility in the register between peptide
strands. A similar argument applies to the amyloid-forming hexapeptide NFGAIL (Tenidis
et al. 2000), with counting beginning at Ala. There is thus a need for similar experiments on
unrelated sequences to enable the identification of new proteins prone to forming disease
aggregates and also to aid the design of de novo peptide sequences for new applications.

Peptide length

Reches and Gazit (2003) have recently announced the discovery of nanotubes formed by
the phenylalanine dipeptide. After dilution of a 1,1,1,3,3,3 hexafluoro-2-propanol solution
of the dipeptide into water, tubular structures were formed within minutes. The persistence
length of the nanotubes extended into the micrometre range. IR spectral analysis of the tubes
found a sharp peak at 1630 cm™!, consistent with a B-sheet conformation of the amide bond.
Upon staining with Congo red, green-gold birefringence was observed, as is commonly ob-
served for amyloid fibrils. The Phe-Trp dipeptide was also found to form tubular structures,
but much less efficiently than the dipeptide containing only Phe, with substantial amounts
of amorphous aggregates also observed. The diphenylalanine motif is found within the AB
peptide at a position found to be strongly implicated in amyloid formation.

Intriguingly, investigations by other authors have failed to find evidence for amyloid
formation by unmodified tripeptides. Although amyloid formation is claimed for an Iles
peptide on the basis of CD and IR spectra, the peptides had oxyethylene side chains at-
tached to either the N-terminus or both termini (Ganesh et al. 2003). Tjernberg et al. inves-
tigated the tripeptides KFE, VVV and FFF (Tjernberg et al. 2002). None of these peptides
formed fibrils, despite having features that seemed favourable for amyloid formation in re-
lated tetrapeptides, such as a complementary arrangement of charges with the peptides or
the presence of hydrophobic groups. This is particularly interesting in light of the ability of
the phenylalanine dipeptide to form hollow tubules. Amyloid formation appears to become
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easier once peptides of four residues in length are reached. Fibrils formed by the tetrapep-
tides KFFE and KVVE were stained by the dye Congo red and displayed the characteristic
green birefringence observed for the naturally occurring amyloids (Tjernberg et al. 2002).
The fibrils formed were 1.2 to 1.6 nm in width, which corresponds to the length of the 4-
residue extended peptide chain. Interestingly, the two peptides KLLE and KAAAE failed to
form amyloid under the same conditions. It was also found that the extent of fibril formation
was less when the terminal charges were removed by acetylation and amidation. Low salt
concentrations also favoured amyloid formation; i.e. ionic interactions are important in the
formation of amyloid species.

One may also in this context point to the difference in aggregation behaviour between
AP140 and ABj_42, where the longer peptide has a faster rate of aggregation in vitro and has
been connected to earlier onset and a more severe form of disease in Alzheimer’s sufferers.
Peptide fragments from the islet amyloid polypeptide also differ in their amyloid propen-
sities on the basis of length. NFGAILSS (residues 22-29) is reported to have a faster rate
of aggregation than the corresponding peptide formed by residues 22-27 (Azriel and Gazit
2001). It will always be difficult in this context to separate out effects due solely to lengthen-
ing the potentially amyloidogenic peptide and those due to the particular contributions from
the nature of the added residues.

Solubility, pI and pH

The solubility of globular proteins is determined by the amino acid sequence, the pK, val-
ues of the ionisable residues and other factors such as temperature, pH, ionic strength and
the presence of co-solvents. It is well known that most proteins are least soluble in the pH
region around their isoelectric point or pl, i.e. the solution pH at which the protein bears
no net charge. Schmittschmitt and Scholtz investigated the effects of changes in the pI of
RNase Sa and two variants on amyloid fibril formation. The variants were designed to have
three or five charge reversals (acidic residues replaced by Lys), resulting in three closely
related proteins, with pl values of 3.5, 6.4 and 10.2 (Schmittschmitt and Scholtz 2003). The
native sequence forms amyloid fibrils when placed into 30% aqueous TFE solution. The au-
thors assessed protein stability as a function of pH and found that all three variants had their
maximum stability around pH 5 (roughly 6-8 kJ/mol). The solubility of the proteins with
pH was also investigated and found to be closely connected to the pl values, where each
protein was least soluble. The extent of fibril formation as a function of pH was also mea-
sured using a thioflavin T fluorescence assay over the pH range 2-9.6. Fibril formation was
maximised at pH values where solubility was at a minimum. Conformational stability and
the pH dependence of extent of fibril formation showed little correlation. A different survey
of 11 other amyloid-forming proteins has revealed a high degree of correlation (r=0.98)
between the pH of maximal amyloid formation and pI (Fig. 11; Schmittschmitt and Scholtz
2003).

Lopez de la Paz and co-workers have investigated the effect of peptide charge on amy-
loid formation in a systematic way by investigating a series of related peptides (Lopez de la
Paz et al. 2002), namely KTVIIE, STVIIE, KTVIIT, STVIIT, KTVLIE, KTVIVE, KTVIYE
and STVIYE. The peptides were made with either the N-terminal acetylated, the C-terminal
amidated, both termini modified or both termini unmodified. In this way, the same peptide
sequence could bear a range of possible charges (0, £1 and +2) but retain the same sequence.
Peptide conformation was monitored using far-UV CD spectroscopy and amyloid formation
was detected by EM on carbon-coated EM grids. Some peptide solutions that showed f-
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Fig. 11 The relationship between pH of maximal amyloid formation and pl of the amyloid-forming proteins.
(Adapted from Schmittschmitt and Scholtz 2003)

sheet formation failed, however, to form fibrils. For peptides that were charged, amyloid
fibrils were only observed when the peptides carried a net charge of 1. Peptides that were
neutral overall tended to remain soluble in solution, or only gave amorphous aggregates.
The importance of charge was also shown by the effect of increasing ionic strength. Up to
a NaCl concentration of 0.1 M, the rate of fibril growth increased with ionic strength, con-
sistent with a reduction in charge-repulsion effects. When the ionic strength was increased
further, however, only very short filaments or amorphous aggregates were observable. Amy-
loid fibrils were formed by STVIIT, when both termini were capped. This peptide carried
no charged residues, but the residues were capable of hydrogen bonding and thus increased
solubility. If the termini were uncapped, then the molecule still had a net neutral charge, but
only amorphous aggregates were formed. Differences were observed in the rate of fibril for-
mation for those peptides that bore a univalent positive charge and those bearing a negative
charge. The peptides with a —1 charge were slower to form fibrils, but the fibrils that formed
had lower morphological variability. This suggests that where polymerisation is slow, fibril
formation comes under thermodynamic control; that is, the most stable fibril structure is
formed.

If it is assumed that non-specific aggregation and fibril formation are competing pro-
cesses, then it can be understood why non-ordered aggregation was observed for the neutral
molecules. Where the net charge is zero, there are no uncompensated charges at the f-sheet
level, allowing the B-sheets to pack indiscriminately. Multiply charged peptides were appar-
ently unable to form amyloid, probably because of the charge repulsion within the fibril,
destabilising it. A single net-positive or -negative charge apparently allows a compromise to
be reached. The charge would direct molecular packing by favouring a maximum distance
being placed between charged groups on different peptide strands, favouring ordered aggre-
gation. Where no charged groups are present, the self-assembly process will be dictated by
the backbone—backbone hydrogen bonds and interactions between side chains.
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Protein/peptide concentration

Concentration affects the self-assembly of biomolecules. For surfactants, the existence of
a critical micelle concentration is well known; that is, micelles only form when the concen-
tration of the surfactant is above a certain threshold value. Amyloid-forming proteins and
peptides may also similarly have a critical aggregation concentration. Fung et al. (2003) in-
vestigated the dependence of the assembly process on concentration for the amphiphilic pep-
tidle AEAEAKAKAEAEAKAK (named EAK16-II). The assembly process was monitored
using surface tension measurements, dynamic light scattering and atomic force microscopy.
At the lowest peptide concentrations (0.005 and 0.01 mg/ml) there was no change in the
surface tension of solutions with time. At concentrations greater than 0.1 mg/ml there was
an exponential decrease in the surface tension. The rate of decrease was most rapid in the
first 200 seconds; it then slowly came to equilibrium. For intermediate concentrations there
was a lag phase before the exponential decrease in surface tension was observed. The length
of this induction period decreased as peptide concentration increased. The observation of
complete suppression of the lag-phase once a concentration of 0.1 mg/ml is reached sug-
gests that this is the critical aggregation concentration for this peptide. The induction period
exists because a certain number of molecules are needed to adsorb at the surface, before
surface tension is affected. The size and amphiphilicity of the particles also affects this.

Interpretation of the AFM images was complicated by the increase in concentration dur-
ing sample preparation, as the samples were air-dried, causing concentration increases due
to evaporation. However, isolated filaments only were found in a 0.05 mg/ml solution, whilst
fibrils were found in the solutions with concentrations in the 0.1-0.5 mg/ml range. The fibril
width and height were found to increase approximately two-fold and nine-fold respectively,
as the concentration was increased tenfold. There was also a sharp increase in the observed
density of the fibrils around the 0.1 mg/ml concentration.

The assembly process was also monitored using light scattering. The extent of light
scattering is proportional to the particle size. It was found that above the critical aggre-
gation concentration there was a sharp increase in the light scattering with time, whereas
below this concentration the intensity was fairly steady, at least over the earliest stages. The
critical concentration found using this method was 0.08 mg/ml, which compares well to
the 0.1 mg/ml concentration found by the surface tension measurements. The 0.1 mg/ml
measurement corresponds to a concentration of 6.04 mM. The critical aggregation constant
for AP has been reported as about 2.5 mM (Soreghan et al. 1994) though this may be pH-
dependent, as a value of 0.1 mM has been reported for a 0.1 M HCI solution (Lomakin et al.
1996).

A similar study of the AB1-40 peptide by Lomakin et al. (1996) proposed that par-
ticles with a hydrodynamic radius of 7 nm detected prior to significant fibril growth cor-
responded to micelles. They ascribe the concentration independence observed above the
critical aggregation concentration as being the result of a micelle-monomer equilibrium. As
free monomers are incorporated into fibrils, the micelle pool is drawn upon, maintaining
a monomer concentration slightly above that of the critical aggregation concentration until
the micelles are completely depleted. At this stage, the monomer concentration will rapidly
fall and hence the growth rate of the fibrils will also rapidly decrease.

The value of the critical concentration for amyloid assembly is dependent on the sol-
vent environment. Fezoui and Teplow have found that fibril formation of Af can occur at
nanomolar concentrations in aqueous TFE solutions, well below that observed in purely
aqueous solutions (Fezoui and Teplow 2002). Yong et al. (2002) found in a small angle neu-
tron scattering experiment that there was no concentration dependence to the size or shape
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of AP micelles, above the critical micelle concentration. Assemblies of approximately 30
AP peptides were found. The effect of increases in peptide or protein concentration is not
always to increase the rate of fibril growth. Souillac et al. investigated the kinetics of amy-
loid formation by the variable domain of an antibody light chain, LEN (Souillac et al. 2003).
The lag-phase increased significantly as the protein concentration was increased from 0.01
to 3 mg/ml. The fibril growth rates also decreased with the increase in protein concentra-
tion. This indicates that there can be competition with amyloid formation by off-pathway
reactions.

Metal binding

There has been a role proposed for metal ions in connection with amyloid diseases, partic-
ularly Alzheimer’s disease (Bush 2003). The AP peptide contains several potential metal-
binding residues (His-6, His-13, His-14, Tyr-10), amyloid plaques have been found to con-
tain high levels of copper and iron—and copper has a high affinity for AB (Atwood et al.
2000) and strongly potentiates the neurotoxicity of A (Huang et al. 1999)—and chelating
agents have been shown to dissolve AP amyloid deposits (Cherny et al. 1999). Sequence
fragments of AP have concentrated upon residues 17-20 and 30-35 as being likely to be
responsible for amyloid formation, as these peptide fragments are amyloidogenic on their
own. The N-terminus of Af is hydrophilic and thus would not be expected to form fibrils
under normal circumstances. However, Miura and co-workers found that aggregation could
be induced in AB3-9 (EFRHDSG) by the addition of Cu(II). With this shorter peptide exam-
ple, it appears that the hydrophobic interactions that are generally invoked as important to
amyloid assembly are replaced by metal-ligand interactions (Miura et al. 2004). Truncations
are known to occur in vivo to the AP peptide, with AP species beginning with Glu3 being
the dominant species within amyloid deposits in the brains of Alzheimer’s disease patients.
Studies with full-length AP have suggested the formation of cross-links through metal-His
bonds in the N-terminal region.

B-2-microglobulin is a 12-kDa polypeptide which is necessary for cell surface expres-
sion of the class I MHC. In patients with renal failure, serum levels can rise 5- to 50-fold
over the normal level of 0.1 WM. Interestingly, solutions at pH 7 of that protein up to 1 mM
remain stable for several months, suggesting the involvement of other factors that cause the
deposition of the protein in dialysis-related amyloidosis. The amyloid deposits are formed
principally in the joints. Morgan et al. (2001) have recently reported a relationship between
exposure to Cu?* and amyloidosis {[Cu(NH3)4(OH),] is used in the preparation of some
cellulose membranes for dialysis and can be released upon exposure to serum}. $2m is able
in its native state to bind Cu?*. This was elucidated by 'H-'"H NOESY spectra, with Cu
binding causing paramagnetic broadening of resonances assigned to His31. This residue
was conserved across 87 sequence variants. The same group undertook a study of the com-
parative stability of four mutants and wild-type f2m in the presence of Cu?* and urea (Eakin
et al. 2002). For example, wt-$2m (2.5 pM) was destabilised 21.0 kJ/mol by the addition of
90 uM Cu?*. The differences in stability observed enabled the conclusion that the changes
in stability due to copper were the result of copper binding to the unfolded state. This is most
likely to be mediated by co-ordination to His13, His51 and His84. The contribution of Cu?*
binding to the stability of the unfolded state is calculated as 17.1 kJ/mol at 20 pM Cu’*.
Similarly, Cu®* ions have been shown to accelerate a-synuclein aggregation at physiolog-
ically relevant concentrations for a t;/, of 47+5 h (0 puM Cu®*) to 113 h (200 pM Cu?*)
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without altering the resultant fibrillar structures (Rasia et al. 2005). This study showes that
Cu”* binds primary at the N-terminus and involves His50 as the anchoring residue.

The effects of metal co-ordination need not be deleterious. Metals are sometimes in-
volved in stabilising proteins otherwise prone to aggregation. SOD1 mutant proteins with
impaired metal binding ability are more prone to aggregation (Elam et al. 2003). Apomyo-
globin undergoes a thermally promoted denaturation to form fibrils, whereas the metal con-
taining myoglobin is stable to much higher temperatures (Féandrich et al. 2001). There are
also indications that the presence of metals can alter the structure of the protofibrils or fibrils
formed. Equine lysozyme contains a calcium-binding site and is destabilised when the site
is vacant. Fibrils could be formed in vitro in the presence of CaCl, by lowering the pH to
4.5 and increasing the temperature of the solution to 55-57°C (Malisauskas et al. 2003). The
fibrils formed were composed of short sections of both bent and straight aggregates between
30 and 100 nm long and around 2 nm high. In the presence of ethylenediaminetetraacetate
(EDTA) (to chelate Ca®*), annular structures were the dominant species, with a diameter of
2.0 (x0.5) nm.

Post-translational modifications

There are a number of post-translational modifications that are known to destabilise proteins
with respect to aggregation. The likely effect of these modifications is to populate partially
unfolded structures that are able to initiate the aggregation process.

Deamidation

Asparagine deamidation is one of the most commonly encountered nano-enzymatic modi-
fications to proteins. Deamidation can result in the formation of several possible products
including L- or D-aspartic acid, or formation of the two stereoisomers of isoaspartic acid. In
a study of the aggregation of the peptide SNNFPAILSS-NH,, a variant of the IAPP sequence
20-29, an important role for deamidated impurities was found (Nilsson et al. 2002). Deami-
dation occurred either in solution or from storage as lyophilised solids. Careful purification
of the peptide to remove the deamidation impurities gave solutions that did not aggregate for
at least 8 days. However, samples containing less than 5% deamidation products did form
amyloid, in a pH-dependent process. At a pH of 5.31 (pD =5.71) aggregates were formed,
some of which resembled classical amyloid fibrils and others formed flat lamellar struc-
tures. This study does cause some concern in that amyloid formation studies often involve
prolonged incubation either in phosphate buffer solution or at extremes of pH (phosphate is
known to be effective at promoting deamidation). Although the effect was most pronounced
for the SNNFPAILSS-NH, peptide, several other related peptides investigated also showed
the same effect. However, the nature of the effect (enhancing, neutral or reducing amyloid
formation) will depend on the nature of the sequence.

Isoaspartate formation

Elevated levels of isoaspartate residues have been noted within aged proteins. Af extracted
from parenchyma contains predominantly isoaspartate residues at positions 1 and 7. The
aspartic acid residue at position 23 seems largely unaffected, perhaps because of steric pro-
tection by the neighbouring valine. It was found that synthetic Ap with these substitutions
resulted in more stable B-sheets. These two alterations are found near the beginning and
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end of what is proposed to be an N-terminal short a-helical section. These changes interfere
with the adoption of the native secondary structure, as these residues are unable to be incor-
porated into a-helices because they have extra CH; groups. This may then allow partially
folded intermediates to form.

Racemisation

Proteins undergo spontaneous racemisation, with altered proteins increasing with age. AB
proteins extracted from amyloid plaques have been found to undergo isomerisation or
racemisation predominantly at the Asp residues. Tomiyama et al. (1994) investigated the
differences between AB1-35 and the related peptides containing one or two D-Asp residues.
It was found that the extent of aggregation was almost the same for all the peptides studied,
as monitored by increases in turbidity of solutions. However, large differences were ob-
served in the rate of aggregation. The AP peptide containing a D-Asp at position 23 formed
fibrils after 14 days. [D-Asp’,D-Asp?>]AB1-35 and normal AB1-35 did not give fibrils until
day 21. Tt took until day 51 for fibrils to be observed in the solution of [D-Asp’JAB1-35.
Racemisation at position 23 rapidly accelerated peptide aggregation. This position lies after
the FF motif found to be independently capable of forming nanotubes (Reches and Gazit
2003). Racemisation at position 7 slowed the rate of aggregation considerably, emphasising
that the position of racemisation is critical, not the fact of racemisation per se. Kaneko et al.
(2001; Kubo et al. 2002) have found biological implications for the racemisation of Ser-26
in APB. Racemisation at that position results in a peptide that in vitro failed to give fibrils
and was found not to inhibit MTT reduction in HeLa cells or rat hippocampal cultured
neurons (whereas toxic AP peptides are known to inhibit reduction). However, it was found
that treatment with chymotrypsin and aminopeptidase resulted predominantly in fragments
[D-Ser26]AB25-35. This fragment was found to be highly toxic to rat hippocampal tissue
when co-injected with a small amount of ibotenic acid. It also showed significant fibril
formation activity, as monitored by a thioflavin T assay. There appears to be little work on
the effects of racemisation on other peptides or proteins, but it would appear likely that this
process may be of importance in other diseases also.

Glycation

Glycation has also been used to induce aggregation of otherwise stable proteins. The glyca-
tion reaction involves the covalent attachment of reducing carbohydrates to the amino groups
of proteins, such as lysine or arginine residues or N-termini. These adducts can react further,
and a process of oxidation, dehydration and rearrangement gives rise to advanced glycation
end-product (AGE) (Maillard reaction; Singh et al. 2001). The formation of these products
is associated with a number of diseases, such as renal failure, atherosclerosis and diabetes.
Glycation of monomers of AP and IAPP results in a speeding up of amyloid formation.
Bouma et al. (2003) were able to show that glycation of albumin in vitro by incubation with
glucose-6-phosphate was sufficient to render it amyloidogenic. After 2 weeks incubation,
bundles of aggregates were formed, with lengths ranging from 100 to 150 nm. Lengthen-
ing the incubation period to 23 weeks resulted in the formation of fibrous sheets, between
100 and 300 nm long and 5 to 10 nm in diameter. The amyloid nature of these aggregates
was shown by the use of X-ray fibre diffraction, CD and thioflavin T fluorescence. It was
proposed that glycation may induce aggregation in two ways. The first is that binding of
sugars to amino groups in Lys or Arg residues may alter the local environment around those
residues and induce partial unfolding. The cross-links formed by AGE may exert mechan-
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ical stresses on the protein that induce localised or global unfolding. Exposure of hitherto
buried residues to solvent could lead to the formation of intermolecular contacts. Glycation-
modified B2m has been found to be the principal component of amyloid fibrils formed in
primary localised cutaneous nodular amyloidosis (Fujimoto et al. 2002).

Cysteine modification

An instructive example of the effect of cysteine modification on amyloid formation is pro-
vided by the TTR protein. This plasma protein is a tetramer in solution, with four identical
127 amino acid sub-units and is responsible for transport of thyroxine and the retinol-binding
protein—vitamin A complex (Hamilton and Benson 2001). Deposition of wfTTR occurs in
senile systemic amyloidosis (SSA) (Table 1). This is a non-hereditary disorder that affects
roughly 25% of individuals over the age of 80. The amyloid fibrils formed consist mainly of
wiTTR and its fragments, and they build up in the heart.

In contrast, the two other amyloid diseases associated with TTR, familial amyloidotic
polyneuropathy-1 (FAP-1) and familial amyloidotic cardiomyopathy (FAC), are both auto-
somal dominant disorders (Table 1). The deposits of amyloid fibrils in these disorders form
in tissues and organs and are made up of variant TTR, wt protein and TTR fragments. More
than 80 TTR variants have been reported, with the majority of these being associated with
disease (Hamilton and Benson 2001). These are single amino acid substitutions, with the
exception of a Val122 deletion mutation. It appears that certain amino acid substitutions de-
crease the stability of the tetramer and favour the formation of amyloidogenic intermediates
that can then self-associate to form fibrils. FAP is usually fatal within 7 to 15 years after the
appearance of symptoms.

TTR contains one Cys residue, at position 10. In vivo, plasma TTR can undergo post-
translational modification at this residue. Around 5-15% of the total TTR is unmodified,
with the other 85-95% being either S-sulphonated or S-thiolated (Terazaki et al. 1998). The
mixed disulphides formed are predominantly those of cysteine, cysteine glycine and glu-
tathione (Kishikawa et al. 2002), although a homocysteine derivative has also been detected
in vivo and in vitro (Lim et al. 2003b). The S-sulphonated product is formed by the attack of
sulphite on a S-thiolated product. Kelly has looked at the effects of these post-translational
modifications on amyloid formation by TTR (Zhang and Kelly 2003). Amyloid formation
by TTR involves dissociation of the tetramer, followed by partial unfolding of the monomer
to produce amyloid intermediates that self-associate to form the characteristic amyloid fib-
rils. The highest yields for amyloid formation, as measured by turbidity at 400 nm, occurred
over the pH range 4.2 to 4.8. Over this range, the extent of amyloid formation was simi-
lar for S-Cys TTR, S-CysGly TTR, S-GSH TTR and the wild-type protein. S-Sulphonated
TTR showed a decreased tendency to aggregate, and an analysis of the rate of aggregation
showed a rate twofold slower than that of the wfTTR and the other analogues. Raising the
pH to 4.8-5.0 resulted in significant changes. In this pH range, amyloidogenicity for wtTTR
is low, but the S-thiolated proteins studied all had high aggregation tendencies. This may
be physiologically relevant, as this pH is accessible in some cellular compartments, such
as lysozymes. S-Sulphonated TTR was still less prone to amyloid formation than wfTTR.
This is contrary to the results reported by Kishikawa and co-workers, who found that the
S-sulphonated TTR had high amyloidogenicity when compared to the wt protein, over the
pH range 3.5-4.5, as measured by optical density and a Congo red binding assay (Kishikawa
et al. 1998).

Altland and Winter have also investigated the stability of S-sulphonated TTR mutants
(Altland and Winter 1999; Altland et al. 2004), and their results are in agreement with those
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of Kishikawa et al. They analysed the stability of sulphonated TTR by isoelectric focussing
in a urea gradient. As the concentration of urea increases, there is dissociation of the orig-
inal tetramer to monomer. The shift of the curves generated to higher urea concentrations
corresponds to a higher conformational stability (resistance to unfolding) of the monomer.
Sulphite binding to Cys10 was found to have a stabilising effect on TTR tetramers and
to increase the tetramer/monomer ratio under equilibrium conditions. They have proposed
a structural explanation for this effect, postulating the formation of an extra hydrogen bond
between a sulphite oxygen and the main chain nitrogen of Gly75 (Altland and Winter 1999).
On the basis of their stability studies, they have proposed a prophylactic role for sulphite and
base in delaying the onset of familial amyloidotic polyneuropathy (Altland et al. 2004).

Amyloid formation by TTR involves dissociation of the tetramer species to give
a monomer. The same pathway is followed upon denaturation by urea, so the stability of
the four proteins was studied by urea denaturation. Resveratrol, a fluorescent molecule,
binds to the tetramer and can be used to monitor its concentration. These were measured at
a different pH to the amyloid formation (pH 7), and at that pH the dissociation rates were
similar to the wt rate for each Cys10 variant.

S-Sulphonation may exert a secondary biological effect. TTR has a plasma residence
time of only 1-2 days, but S-sulphonation is known to extend the half-life of proteins.
This may lead to increase plasma concentrations of TTR from the normal levels of 200—
400 mg 1I"!. Reverse-phase HPLC has also shown the S-sulphonated TTR to be more hy-
drophobic than the S-cysteinylated TTR, having a longer retention time. There is also likely
to be an interaction between Cys10 modification and mutated positions. In vitro studies
of the S-cysteinylated Val30Met TTR mutant have shown that it has a greater propen-
sity to form amyloid fibrils than the unmodified Val30Met TTR, unmodified wfTTR or S-
cysteinylated wfTTR, at pH 5.5. Costello has recently reported a disease-causing Phe33Cys
TTR mutant (Lim et al. 2003a). The protein isolated from a patient was found to have under-
gone modification at both Cys33 and Cys10. The effects of double modifications on amyloid
propensity have not yet been reported. In vivo, the tetramers of TTR will exist as mixtures
of Cys10 modified and unmodified monomers. This has been shown to result in changes
to the quaternary structure and the ability to bind thyroxine (Pettersson et al. 1989). In hu-
man serum, the predominant modification is formation of the S-Cys TTR adduct. Cysteine—
glycine adducts are also encountered, with the S-GSH and S-sulphonated being only present
in minor amounts. We know of no other reports of cysteine modification upon amyloid-
forming potential in other proteins or peptides.

Dityrosine

The formation of covalent linkages between tyrosine residues has been found in Af fibrils
as well as other structural proteins, such as yeast cell wall proteins. This could arise through
oxidative stress. Investigations have shown that dityrosine formation is generally more facile
when the fibrils are pre-assembled rather than before (Yoburn et al. 2003), and this suggests
that although dityrosine may have a role in strengthening fibrils and rendering them resistant
to proteolysis, it does not contribute directly to the formation of the fibrils. Supporting this
suggestion, a dityrosine-containing peptide had no greater tendency to polymerise than the
natural non-covalently linked peptide (Yoburn et al. 2003).
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Methionine oxidation

Alzheimer’s disease has been proposed to be the result of oxidative stress (Markesbery 1997)
associated with inflammation in the brain, generating noxious free radicals and reactive oxy-
gen species that cause cellular damage (Kay 1997 and references therein). The chief con-
stituent of amyloid neuritic plaques used to diagnose Alzheimer’s disease (John et al. 1997)
is AP, which can produce free radicals and hydrogen peroxide (Behl et al. 1994; Butterfield
et al. 1996; Harris et al. 1995; Hensley et al. 1994, 1995; Kay 1997; Kelly et al. 1996).
Met-35 of AP is susceptible to oxidation in vitro, undergoing preferential oxidation to the
methionine sulphoxide, which is also likely in vivo under conditions of oxidative stress. CD
experiments in vitro have shown that whereas AB1-40 and its Met35 oxidised form both
adopt random coil structures in water (pH 4) at low micromolar concentrations, the former
aggregates within several days while the latter is stable for at least 7 days under these condi-
tions (Watson et al. 1998). NMR studies revealed that oxidation of Met35 caused significant
structural changes in the C-terminal region of A (Watson et al. 1998), and this may be
an important clue to the chemistry and biology of AP. Methionine in glycine-rich regions
of AP peptide and prion peptides may be important to their neurotoxicities. A free radical
mechanism involving methionine, and requiring peptide B-sheets and a nearby glycine, has
been proposed for generating and propagating oxidative damage (Rauk et al. 2000).

Solvent effects

The addition of organic solvents to aqueous peptide solutions can have significant effects on
peptide conformation. For example, poly-L-Lys can be induced to change from an initially
a-helical state to B-sheet by the addition of low concentrations of short-chain alcohols. The
transformation can be reversed by the addition of higher concentrations (Shibata et al. 1992).

TFE is widely known to favour a-helical conformation in peptides when added to aque-
ous solution (Myers et al. 1998). There are a number of studies that have now shown that the
presence of TFE can actually increase the rate of fibril growth of amyloid-forming peptides,
until a certain concentration of TFE is reached and reaction rates fall. The dielectric con-
stant for TFE is only about a third of that of water, and TFE-water mixtures have dielectric
constants that are a linear function of the mole fraction of TFE. It has been suggested that
TFE acts to stabilise the secondary structure of peptides by reducing the hydrogen bonds
formed between amides and surrounding water molecules, thus favouring intramolecular
hydrogen bonding. a-Helices are both compact (minimising solvent exposure) and max-
imise hydrogen-bonding and are thus favoured by TFE. Intermolecular f-sheets would also
seem to offer similar opportunities for stability. When p-lactoglobulin and a-chymotrypsin
were dissolved in 50% aqueous TFE solution, there was an initial rise in a-helical structure
within the proteins. However, over time (approx. 90 min) spectral changes were seen in the
CD spectrum consistent with adoption of a p-sheet structure. The rate of change increased
as protein concentration was increased.

Membrane and surface interactions
The detergent SDS is known to stabilise the a-helical form of peptides when it is present

in concentrations above its critical micellular concentration. Below this concentration, it
is known to favour the formation of p-strands. SDS may also offer a model for some of
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the properties of lipid membranes and offer insights into the interaction between amyloid
proteins and membrane environments. Pertinhez et al. (2002) looked at the effect of SDS
concentration on a 17-residue fragment derived from the short consensus repeat 3 domain
(SRC3) from the human complement receptor CR1. The region selected is thought to be
responsible for binding within the protein to two active complement proteins. The peptide
adopted a predominantly random coil conformation when dissolved in aqueous solution at
pH 4. After 2 days, well-defined fibrils had formed. The CD spectrum recorded in the pres-
ence of SDS suggests a large degree of helical structure (minima at 203 and 216 nm, with
a maximum at 190 nm). Already after 30 min, changes had occurred in the spectrum. Over
2 days, further changes occurred to give a spectrum typical of B-sheet structure. When the
SDS concentration was increased to 20 mM, above the critical concentration for formation
of SDS micelles, the peptide spectrum observed was characteristic of an a-helical spectrum
and the spectrum was stable for over 2 days. It is possible that the alkyl chains of SDS favour
aggregation by interaction with the peptide. Suggestions have been made that interactions
with membranes are significant in influencing aggregation and amyloid formation. An inves-
tigation of the SDS-PAGE behaviour of A has found that the chromatographical behaviour
of peptide fragments is affected by their ability to bind SDS (Kawooya et al. 2003). Recently
Knight et al. reported that fibre formation by human islet amyloid polypeptide (hIAPP) is
markedly accelerated by lipid bilayers despite adopting an a-helical state on the membrane
(Knight et al. 2006).

The in vitro interaction of Af1-42 with cholesterol and related molecules has been stud-
ied. It was found that the presence of these lipophilic molecules increased the extent of
formation of long fibrils (Harris 2002). In the presence of anionic phospholipids increased
fibrillisation of AP has also been observed (Chauhan et al. 2000). Further support for the in-
volvement of other molecules in the amyloid formation process is drawn from studies involv-
ing the growth of fibrils on surfaces. The surfaces most intensively studied have been mica
and highly oriented pyrolytic graphic. Both of these surfaces offer atomically flat planes, but
they differ in their surface chemical properties. Mica is hydrophilic and possesses a negative
charge in neutral solution. The surface of highly oriented pyrolytic graphite (HOPG), on
the other hand, is highly hydrophobic. Mica surfaces can be chemically modified to change
the surface characteristics either by attaching charged groups or converting the mica surface
into a more hydrophobic surface.

Zhu et al. investigated the protein SMA (Zhu et al. 2002), a 114-residue fragment from
the kIV family of immunoglobulin light chains (LC). Immunoglobulin LCs are involved in
several diseases of protein deposition, including AL amyloidosis (also known as primary
systemic amyloidosis; Table 1). Interestingly, the LC protein deposits in these diseases are
often found associated with basement membranes, and an association between SMA and cell
membranes has been reported. Aggregation of SMA occurs via partially folded intermedi-
ates. In the experiments carried out by Zhu et al., aggregates were observed to form on mica
despite there being no evidence of aggregation in the surrounding solution. The critical con-
centration for fibril formation in solution was found to be 0.3 mg/ml, but fibrils grew on mica
at concentrations down to 50 pg/ml. Two types of aggregation were observed, indicating the
existence of multiple pathways to fibril formation. It was possible to observe fibrils growing
out of spherical amorphous deposits, which was the predominant growth mechanism under
the experimental conditions used. Fibrils also formed from oligomers. Their results indi-
cate significant differences between the processes occurring in solution and those reaction
pathways that are available on surfaces. It is possible for surface adsorption to lead to an
increase in the concentration of protein in local regions. Two-dimensional lateral diffusion
of fibrils on the surface is also possible. There are also indications that adsorption on the
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surface could lead to conformational changes in proteins or peptides, which may favour the
formation of partially folded intermediates, rendering certain residues more accessible for
inter-molecular aggregation.

Kowalewski and Holtzman (1999) have found, in an investigation of the growth of Ap1—
42 fibrils, that fibrils grown on graphite were found to align themselves along three directions
at 120° to each other, reflecting an interaction between the fibrils and the atomic arrange-
ment in the graphite layer. This also points to the importance of intermolecular interactions
in the formation of B-sheet aggregates. The existence of an ordered first layer may result in
a template for subsequent fibril growth, by aiding in the alignment of hydrophobic domains
on the substrate surface.

Macromolecular crowding

Most of the investigations of the amyloid-forming potential of peptides have looked at so-
lutions in buffer solution. These are usually dilute salt solutions. Most biological fluids,
however, contain macromolecules, such as proteins, nucleic acids and carbohydrates at suf-
ficient concentrations to occupy a significant fraction of the fluid volume. For example, 40%
of the volume of neuronal cytoplasm is estimated to be occupied by macromolecules. This
may affect the rates and equilibria of macromolecular associations. In this crowded environ-
ment, the volume accessible to any given protein is decreased, thus lower volume species
will be favoured. These excluded volume interactions are due to the mutual impenetrability
of the solutes and a consequent steric repulsion. Substantial volume occupancy can reduce
the diffusional mobility of macromolecules, thus increasing the rate of reactions that are not
diffusion rate limited. For proteins, this would mean a favouring of pathways that lead to
more compact products. Both protofibril and fibril formation involve the formation of more
compact structure and should therefore be favoured by molecular crowding. Rates of reac-
tions for which the activation volumes are negative would also be increased, so there are
both kinetic and thermodynamic effects. A review of the thermodynamic and kinetic impli-
cations of macromolecular crowding for proteins in general has recently appeared (Hall and
Minton 2003).

The prediction has been made that increases in the fractional volume occupancy of
macromolecules in a physiological fluid should non-specifically accelerate the formation
of amyloid by any amyloidogenic protein. Hatters et al. (2002) have looked at the effect of
dextran T10 solutions on amyloid formation by human apolipoprotein C-II. The dextran was
shown by analytical sedimentation equilibria studies not to form heterocomplexes with the
apoC-II and nor was it incorporated into any of the amyloid fibrils studied.

a-Synuclein, the 140-amino acid linked to Parkinson’s disease, forms stable solutions
in vitro of up to 300 uM, where no significant fibrillisation is seen for several months. The
cytoplasmic concentration of a-synuclein is estimated at less than 30-60 wM. Shtilerman
et al. looked at the effects of the addition of several non-interacting polymers (PEG 400,
PEG 3350, PEG 6K, PEG 20K, dextran T-70 and Ficoll-70; Shtilerman et al. 2002). Several
polymers were chosen so that effects from the chemical structure of the polymer could be
ruled out. In the presence of PEG 2000, at a concentration of 10%, roughly comparable to
the crowding in cell cytosol, the lag time for fibril formation was reduced from 80-90 days
to around 8-10 days. The acceleration was greater for higher concentrations of the poly-
mers. The results would be consistent with a 100% increase in the rate of fibril formation
in vivo due to macromolecular crowding. As well as various saccharide polymers, the same
effect has also been shown for amyloid formation by a-synuclein in the presence of bovine
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serum albumin (BSA) (Uversky et al. 2002). It should also be noticed in this context that
amyloid-associated diseases occur most frequently in the aged and also that cellular and
tissue hydration decreases substantially with age. For example, a decrease of 7% in the
neuronal volume has been observed in aged rats. It has been predicted that a one order of
magnitude difference in the effective concentration would result from an increase in the
crowding from only 30% to 33%.

As well as age-related reductions in cell volume, there may also be contributions to
macromolecular crowding from age-related decline in proteasomal activity. Decreases in
protein degradation would result in increases in the concentration of all cytoplasmic pro-
teins. It has been found that inhibition of proteasomal activity leads to the formation of
a-synuclein inclusions without, however, significantly increasing the concentration of o-
synuclein. Reduced protease activity has been measured in Parkinson’s disease brains. Also
protease activity in PC12 cells is known to be reduced by over-expression of a-synuclein.

Conclusions and comments

What is now very clear is that amyloidosis is not that unusual in living systems. Amyloids
might be reversible stores of protein or be responsible for specific physiological functions
that are not well characterised to date. Amyloids are formed through uncontrolled protein
aggregation. Protein aggregation itself is now known to be a very common phenomenon, al-
though most proteins are unlike amyloidogenic sequences in that they rarely form oligomers
of more than 2-8 units, whereas amyloid polymers can involve the aggregation of many
hundreds of monomeric units. p-Sheets appear to be more predisposed to forming higher
oligomers because they present multiple interacting surfaces that can seed the deposition and
growth through intermolecular hydrogen bonds and side-chain interactions. Interestingly,
the unpaired peptide p-strand is the most elongated (linear) unit of protein structure and
maximally exposes both backbone hydrogen bonding amide groups as well as side chains
for potential intermolecular interactions. Normally this structural unit would be highly sol-
vated by water and is highly prone to degradation by proteolytic enzymes that are now
known to uniquely recognise the B-strand (Fairlie et al. 2000; Tyndall et al. 2005). Neither
a-helices nor turns, nor f-sheet substrates are recognised or processed by proteases as far as
we know to date. The alternatives for a $-strand are to become buried within a protein and
thus protected from proteolytic degradation, or to exist in an ensemble of random structures
that could ultimately also disappear through proteolytic decomposition of the tiny equilib-
rium concentration of strand, or to pair with one another to form a stable B-sheet aggregate
that affords protection from proteolytic cleavage. Thus, amyloids might simply be reversible
stores of proteins that are protected from degradation and elimination from a particular body
compartment, or they might be responsible for specific physiological functions that have not
yet been identified or well characterised.

Proteins are not static structures but rather dynamic ensembles of multiple interconvert-
ing folded and partially folded conformations. The free energy of unfolding for proteins by
thermal denaturation is positive but relatively small (20-80 kJ mol~! at room temperature)
at less than 0.5 kJ/mole per residue (Doig and Williams 1992), and there seems to have been
evolutionary pressure to maintain protein stability at this remarkably low level. Yet even
the seemingly subtle mutation of isoleucine to valine, involving the loss of one methylene
group, has been shown to decrease the stability of one protein by 7 kJ mol~!, representing
a significant fraction of overall protein stability (Shortle et al. 1990). Several reasons for
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the relatively low energetic stability have been suggested, but the most likely are to make
proteolysis, protein degradation, and protein turnover feasible within the lifetime of a cell,
and to make partially unfolded states accessible to facilitate transport and assembly. While
these small energetic differences allow protein folding to be sufficiently fast and facile to
avoid trapping the protein in misfolded states, they also explain why single mutations can
be sufficient to give rise to amyloidogenic intermediates. The equilibrium between helices,
turns, strands and sheets is heavily influenced by amino acid sequence, but can also be
driven by many environmental factors, and the possible relationships between some of these
features and amyloid formation and properties has been outlined above. The molecular pro-
cesses that underpin protein conformational changes, packing interactions, aggregation, and
amyloid formation are slowly becoming better understood. If amyloids are simply stores of
protected protein, amyloidogenesis would have to be reversible and have a low energetic
barrier to resolubilisation. Interestingly, the amyloid fibrils we have found (Figs. 7 and 8)
instantly and completely revert to monomer upon altering the pH from 4 to 7. “Molecular
recycling” has been shown to occur in amyloid fibrils (Carulla et al. 2005) and Karsai et al.
have also shown that AB1-42 monomers can be mechanically removed from an amyloid
fibril (Karsai et al. 2006). Most interestingly, A immunotherapy has been shown to reduce
extracellular A plaques and intracellular A accumulation in mice models, suggesting that
the extracellular and intracellular stores are reversible (Oddo et al. 2004, 2006).

Tantalising structural insights to both amyloids and intermediates are being gained that
might eventually inform the rational design of new therapeutics for preventing and treating
amyloid-related diseases, perhaps by interfering with peptide/protein folding. Supramolec-
ular devices incorporating amyloid-based templates also offer some promising approaches
to synthetic monomolecular wires. Scaffolds for tissue growth based on amyloid-forming
peptides offer the potential of mechanical support whilst incorporating biologically active
motifs to direct cell growth. These and other applications are conceivable from studies that
historically set out to better understand the pathology of human diseases.
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Abstract Polyphenols constitute an important group of phytochemicals that gained in-
creased research attention since it was found that they could affect cancer cell growth. Ini-
tial evidence came from epidemiologic studies suggesting that a diet that includes regular
consumption of fruits and vegetables (rich in polyphenols) significantly reduces the risk of
many cancers. In the present work we briefly review the effects of polyphenols on cancer cell
fate, leading towards growth, differentiation and apoptosis. Their action can be attributed not
only to their ability to act as antioxidants but also to their ability to interact with basic cel-
lular mechanisms. Such interactions include interference with membrane and intracellular
receptors, modulation of signaling cascades, interaction with the basic enzymes involved in
tumor promotion and metastasis, interaction with oncogenes and oncoproteins, and, finally,
direct or indirect interactions with nucleic acids and nucleoproteins. These actions involve
almost the whole spectrum of basic cellular machinery—from the cell membrane to signal-
ing cytoplasmic molecules and to the major nuclear components—and provide insights into
their beneficial health effects. In addition, the actions justify the scientific interest in this
class of compounds, and provide clues about their possible pharmaceutical exploitation in
the field of oncology.

Introduction

Cancer is a multistep disease, integrating a number of factors (environmental, chemical,
physical, metabolic, and genetic), playing a direct and/or indirect role in the instauration
and expression of the malignant phenotype, as well as in its evolution over time and space.
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Fig. 1 Chemical structure of major classes of phenolic compounds

Strong and consistent epidemiologic evidence suggests a diet that includes regular consump-
tion of fruits and vegetables significantly reduces the risk of many cancers. Different micro-
chemicals present in the diet could be effective agents for the prevention of cancer incidence
and mortality (Boone et al. 1990). Measuring the effects of such agents has now become
a major area of experimental cancer research. One group of promising phytochemicals com-
prises the so-called phenol-containing dietary substances or polyphenols, which includes
the flavonoids (e.g., catechins, quercetin, kaempferol, apigenin, baicalein, and naringin),
isoflavonoids (genistein and daidzein), lignans (sesaminol and sesamin), trihydroxystilbenes
(resveratrol and polydatin), curcumin, and phenolic acids (p-coumaric, caffeic, gentisic, fer-
ulic, and vanillic acids). Polymeric aggregation of polyphenols such as resveratrol and cate-
chin could lead to viniferins and procyanidins respectively (Fig. 1). Some of the polyphenols
are also referred to as phytoestrogens since their structure is similar to the human estrogen
17B-estradiol and they have the ability to exert weak estrogen hormone activity. This review
presents, in brief, the effects of polyphenols on different cancer cell systems and their pro-
posed mode of action. It is mainly concentrated on the data available during the last decade.
The generic term “polyphenols” is widely used for the sake of brevity, while the name of the
specific phenolic compound tested is stated when appropriate.

Epidemiologic studies

The first hint about the role of polyphenols in cancer was obtained through analysis of epi-
demiologic data. Several studies showed that tea, soy, olive oil, and whole grains consump-
tion significantly reduces the risk of certain types of cancer. A study by Sun et al. conducted
in eight countries showed that tea consumption reduces the risk of breast cancer (Sun et al.
2005). In addition, a prospective study by Severson and coworkers (1989) demonstrated
a positive relationship between soy consumption (as tofu) and a decreased risk of prostate
cancer. A much broader epidemiologic study on men in 59 countries demonstrated that a diet
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rich in soy products was protective against prostate cancer mortality. On the other hand, it
should be mentioned that there are several studies reporting no considerable association,
such as the Netherlands Cohort Study on Diet and Cancer, which reported no significant
association between black tea consumption and cancer (Goldbohm et al. 1996). Neverthe-
less, the positive role of polyphenol-rich foods in reducing cancer risk or mortality (or both)
cannot be doubted.

Animal models

Apart from epidemiologic data, a great body of evidence concerning the relationship be-
tween tumor development and multiple components in fruits, vegetables, herbs, and spices
comes from experimental animal models. Green and black teas have shown cancer chemo-
preventive activity against ultraviolet light irradiation, as well as in chemically induced and
genetic models of cancer, such as cancer of the skin, lung, prostate, bladder, liver, colon,
oral cavity, esophagus, stomach, small intestine, and pancreas (Lambert and Yang 2003).
For example, oral consumption of 0.1% green tea polyphenols decreased tumor incidence
by 65% in a transgenic mouse prostate adenocarcinoma model (TRAMP model) (Gupta
et al. 2001). Green tea (0.6%) as a drinking fluid reduced the number of tumors and tumor
volume in the dimethylbenz[a]anthracene (DMBA)-induced hamster model of oral carcino-
genesis (Li et al. 2002). In addition, green tea decreased mammary tumor volume, decreased
the production of foci of aberrant crypts in the colon (Weisburger et al. 1997), and inhibited
the spontaneous formation of lung rhabdomyosarcomas in AJ mice (Landau et al. 1998).
A soy-rich diet has been associated with a growth delay of LNCaP cell graft in severe com-
bined immunodeficiency (SCID) mice (Bylund et al. 2000). A tomato-enriched diet resulted
in decreased prostate tumor growth, as observed in the N-methyl-N-nitrosourea androgen-
induced tumor and the Dunning R-3327H prostate cancer models (Boileau et al. 2003).

Polyphenol effects in cancer

Polyphenols exhibit a wide range of biologic activities, including inhibition of lipid per-
oxidation, platelet aggregation, capillary permeability, and the activity of enzyme systems
including lipoxygenase. They exert anticarcinogenic, antimutagenic, anti-inflammatory, and
antiviral actions. In the following sections, we review in brief the cellular actions of these
compounds and their antioxidant effects.

In vitro studies in cancer cell lines yield a valuable initial estimate of the effect of differ-
ent agents on cell growth, proliferation, and apoptosis. In this model, extracts from different
nutrients and beverages (e.g., tea, wine, and olive oil) have been studied in a number of
malignant cell lines, representing different evolutionary stages of the disease. Our group
has shown that wine extracts and isolated polyphenols (resveratrol, quercetin, catechin, and
epicatechin) (Damianaki et al. 2000; Kampa et al. 2000), as well as phenolic acids found
specifically in virgin olive oil (caffeic, sinapic, syringic, protocatechuic, ferulic and 3.4-
dihydroxy-phenylacetic) (Kampa et al. 2004), decrease the proliferation of breast (T47D,
MCF7, MDA-MB-231) and prostate (DU-145, PC3, LNCaP) cancer cells in a time- and
dose-specific manner. Similar results with wine and tea extracts have been reported in sev-
eral cell systems, although usually the effective concentrations depend on the system and the
substance studied. More specifically, major green tea polyphenols (epicatechin, epigallocat-
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echin, epicatechin-3-gallate, and epigallocatechin-3-gallate) were found to suppress growth
of pancreatic cancer cells (Mia Pa Ca-2), lung tumor cells (H661 and H1299) colorectal car-
cinoma cells (HCT-116), head and neck carcinoma cells (H891), and endothelial and vas-
cular smooth muscle cells (see Nichenametla et al. 2006 for a review). In addition, Chung
et al. reported an inhibitory effect of green tea polyphenols and black tea theaflavins on Ras-
transformed cells 30.7b Ras 12, suggesting that the presence of the galloyl structure on the
B ring and the gallate moiety is important for the polyphenol and theaflavin action (Chung
et al. 1999).

Stilbene resveratrol and the flavonol quercetin are two polyphenols that also exhibit
a strong inhibitory effect on cancer cell proliferation. Hence, their effects have also been
studied in a large number of cancer types such as breast, prostate, hepatoma, colon (Ramos
et al. 2005), skin (Yanez et al. 2004), and leukemia (Gao et al. 2002). Furthermore, genistein
(mainly found in soybeans) and procyanidins (flavonoid oligomers) have received attention
because of their antiproliferative effect on different cancer cell lines (Gosse et al. 2005;
Polkowski and Mazurek 2000). Finally, growth-inhibitory effects in different cancers [colon
(Kuntz et al. 1999), prostate (Knowles et al. 2000), liver (Zhang et al. 2000), stomach, cervix,
pancreas, breast (Kanno et al. 2005), and leukemias (Miyahara et al. 2000)] have also been
exerted by a number of polyphenols that are not so extensively studied. These include sev-
eral flavones such as apigenin, baicalein, luteolin and rutin, flavonols such as kaempferol,
flavonones such as hesperidin and naringin, and sesame lignans such as sesaminol, sesamin,
and episesamin.

Although cancer cell lines are a valuable tool for the study of new antitumor agents,
in vivo experiments must also be performed in order to verify their efficacy. Polyphenols
were found to inhibit in vivo breast, prostate, skin, nasopharyngeal, colon or gastric tumor
xenografts in athymic and severe immunodeficient mice, the DMBA-induced breast or colon
carcinogenesis, and the development and progression of prostate cancer in the TRAMP
model.

The inhibitory effect of polyphenols in tumorigenesis and tumor growth can be ex-
plained by two main actions that are discussed below:

1. Modification of the redox status
2. Interference with basic cellular functions (apoptosis, cell cycle, angiogenesis, inva-
sion and metastasis)

Modification of the redox status

When the cellular concentration of oxidant species is highly increased, the endogenous an-
tioxidant defenses may be overcomed. In such cases, a series of events are triggered, lead-
ing to lipid, protein, and DNA damage. Reactive oxygen species, in particular hydrogen
peroxide, are fine regulators of cell replication and exert important signal-transduction ac-
tivities. Hence, oxidative damage is considered a main factor interfering in carcinogenesis
and evolution of cancer. Polyphenols (due to their ability to act as chelators of divalent
cations, to scavenge and reduce the production of free radicals) can exert a major chemo-
preventive activity (Middleton 1996). Indeed, it has been shown that tea polyphenols inhibit
carcinogen-induced DNA damage and oxidative stress (Higdon and Frei 2003). In addi-
tion, they are able to prevent or reduce the harmful effects of UV light on skin. Some of
them (e.g., ferulic acid) are strong UV absorbers (Saija et al. 2000), while others inhibit
protooncogene expression. In UVB-treated normal human keratinocytes (NHEK), epigal-
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locatechin gallate (EGCG) inhibited the production of HyO, by 66-80%. H,O» inhibition
was also observed in SKH-1 hairless mice skin by resveratrol (Afaq et al. 2002) and tannins
(Gali-Muhtasib et al. 2000). Similarly, quercetin diminished ROS generation in a human
hepatocellular carcinoma-derived cell line (HepG2) (Alia et al. 2005). Resveratrol reduced
oxidative damage induced by H,O» in calf thymus DNA (Burkhardt et al. 2001) and also in
several cancer cell lines such as breast cancer (Damianaki et al. 2000).

In addition to their antioxidant activity, polyphenols may exert their inhibitory effect
by acting as pro-oxidants on cancer cells, at least in vitro. Indeed, several plant polyphe-
nols such as tannins and frans-stilbenes possess oxidative DNA-cleavage properties (Ah-
mad et al. 2000; Khan and Hadi 1998; Rahman et al. 1989). Yang et al. have shown that the
apoptosis of H661 lung cancer cells and Ras-transformed human bronchial cells induced by
EGCG was blocked by inclusion of catalase in the medium (Yang et al. 2000). Moreover,
Hong et al. reported that EGCG induced the production of HyO, by HT-29 cells (Hong et al.
2002). However, it has been proposed that this oxidative property depends on the amount
of dissolved oxygen in the test medium (Agullo et al. 1996), and it is questionable whether
a similar mechanism can also occur in vivo. Recently, a mechanism was advanced, based
on the redox potential of a number of polyphenols. A cascade of redox reactions occurs in
the cell or in a given tissue, and a direct electron flux is transferred through polyphenols that
can therefore act as anti- or pro-oxidants (Barbaste et al. 2002).

Interference with cancer cell functions

Cell cycle

Cellular proliferation is controlled by the cell cycle, which is governed by the cyclical ac-
tivation of the cyclin-dependent kinase (cdk) complexes [cyclin-endogenous cdk inhibitors
(CKIs)]. A dysregulated cell cycle due to overexpression of cyclins and cdks, and inacti-
vation of the retinoblastoma (Rb) and the p53 tumor suppressor proteins, is a hallmark of
cancer. Any agent downregulating cyclins or cdks will result in cell cycle arrest that can
occur either at G1/S or G/M phase, an irreversible process that will ultimately lead to cell
apoptosis.

Polyphenols have been shown to induce cell cycle arrest in several different cancer lines
including gastric, hepatoma, endometrial, nasopharyngeal, prostate, breast, pancreatic, and
lymphoma. Arrest was observed in G;/S phase, or in Go/M phase when a mutated p53 gene
was present and G phase arrest could not occur. Polyphenols induce a cell cycle arrest by
affecting a number of factors associated with cell cycle progression (Fig. 2), but it is still
unclear whether they exert an indirect or direct effect. In HepG2 hepatocellular carcinoma
(Ramos et al. 2005), and leukemic cells (Yoshida et al. 1992), quercetin induced a G| phase
arrest that led to apoptosis. In contrast, breast cancer cells were arrested in the G»/M phase
(Choi et al. 2001) and colorectal tumor cells in the S phase (Richter et al. 1999) by the
same agent. Several studies have shown a G1-phase arrest of human breast and prostate can-
cer cells, induced by EGCG modulating the levels of cyclins D1 and E, cdks 2 and 4, Rbp
phosphorylation (Liberto and Cobrinik 2000), as well as cdk inhibitors p21 and p27 (Gupta
et al. 2003; Liang et al. 1999). It has also been shown that EGCG can directly inhibit cdks
(Liang et al. 1999). Induced expression of p21 and p27 and decreased expression of cyclin
D1 by EGCG was also observed in head and neck squamous carcinoma cells (Masuda et al.
2001). Downregulation of cyclin D1 and cdks 4 and 6, and a decreased phosphorylation of
Rbp (leading to cell cycle arrest) were found in NBT-II bladder tumor cells treated with
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EGCG (Chen et al. 2004b). G;-phase arrest was also demonstrated in A431 human epider-
moid carcinoma cells after treatment with resveratrol, as well as in gastric adenocarcinoma
cells (Atten et al. 2001). This occurred due to increased p21 and decreased expression of
cyclins D1, D2, and E and cdks 2, 4, and 6 (Ahmad et al. 2001). Treatment of JCA-1 and
LNCaP prostate cancer cells with baicalein also resulted in cell accumulation in G phase
(Chen et al. 2001). The same agent resulted in an inhibition of the S phase in HepG2 cells
(Chen et al. 2000). On the other hand, treatment of the human lung squamous carcinoma
cells CH27 with baicalein reduced the levels of cdk4 and cyclins B1 and D1 (Lee et al.
2005), and resulted in an S-phase arrest. Moreover, resveratrol has been found to arrest cells
in S and G2/M phase too, in different cell lines. S-phase arrest was observed in HL60 and
MOLT-4 leukemic cells (Ragione et al. 1998), while G/M arrest was observed in HT-29
colon carcinoma (Liang et al. 2003) and lung cancer A549 cells (Lee et al. 2004a).

The ability of resveratrol to induce an S-phase arrest accounts for its protective effect
on paclitaxel-induced apoptosis of SH-SY5Y neuroblastoma cells (Rigolio et al. 2005). In
a related study, screening the effect of several polyphenols (resveratrol, EGCG, quercetin,
baicalein, apigenin, genistein, and curcumin) on PC3 and LNCaP prostate cancer cells,
resveratrol and EGCG induced an S-phase arrest, while the rest of them arrested cells at
G>/M phase (Shenouda et al. 2004). The same effect was exerted by genistein in malignant
B cells (Mansour et al. 2004) as well as in AT6.3 prostate cancer cells. In contrast, Knowles
et al. have reported that when PC3 cells were treated with quercetin or kaempferol, an S and
a Go/M phase arrest were observed respectively (Knowles et al. 2000).

Apoptosis

Malignant cells are characterized by excessive proliferation and reduced apoptosis. The lat-
ter is the specific form of cell death that is activated by the host immune system against
cancer and by several chemotherapeutics. Apoptosis can be triggered by a number of dif-
ferent stimuli, including oxidative stress, DNA damage, ion fluctuations, and cytokines.
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Any agent accounting for one of the above stimuli leads to apoptosis. Polyphenols have
been found to affect cancer cell growth by inducing apoptosis in many cell lines (see Beltz
et al. 2006 for a review) such as the pancreatic Mia Pa Ca-2; the hepatocellular carcinoma
HepG2; the colon SW620, HT-29, and CaCo-2; the colorectal HCT-116; the prostate DU-
145, LNCaP, and JCA1; the lungA549; the breast MCF7; the melanoma B16F10, SK-MEL-
28 and SK-MEL-1; the CEM-C7H2 and Molt 4B leukemia cells; and the neuroblastoma
cells (neuro-2a), both in vitro and in vivo. In many cases, apoptosis induced by polyphenols
was caspase 3-dependent. This was demonstrated either by using caspase 3-deficient cells
(Hsu et al. 2003) or by using a specific caspase inhibitor, like z-VAD (Qanungo et al. 2005).
Quercetin, apigenin, kaempferol, and myricetin induced apoptosis in Jurkat T cells by acti-
vating caspase 3 and the cleavage of poly(ADP-ribose) polymerase (PARP), a mechanism
also observed in HL-60 cells (Wang et al. 1999). This correlated with their ability to inhibit
proteasome activity and accumulate Bax (Chen et al. 2005).

The induction of apoptosis by polyphenols can also be attributed to their ability to
stimulate H>O, generation by cancer cells. This was derived from the fact that polyphenol-
induced apoptosis of the H661 lung cancer cells and the 21 BES H-ras-transformed
bronchial epithelial cells was prevented by catalase (Yang et al. 1998b). Moreover, free
radical-scavengers blocked the effect of polyphenols on apoptosis (Kong et al. 1998).
On the other hand, apoptosis was induced by polyphenols (e.g., resveratrol) in different
leukemia B-cell lines by inhibiting the NO system (Quiney et al. 2004) [NO exerts its
antiapoptotic effect by partly inactivating caspases through S-nitrosylation of their active
site (Li et al. 1997) and the Fas/FasL system (Su et al. 2005)]. The latter was also found
to be an important mechanism of resveratrol-induced cell death in T47D breast carcinoma
cells (Clement et al. 1998). Apoptosis can also result after cell cycle arrest, due to inhibition
of nuclear factor (NF)-kB transcriptional activity and p53 activation (Brownson et al.
2002), as was found in EGCG-treated LNCaP cells. These two important transcription
factors were stabilized and downregulated respectively, causing a change in the ratio
of the pro-/antiapoptotic Bax/Bcl-2 ratio, in a manner favoring apoptosis (Hastak et al.
2003). A decrease in the mitochondrial Bcl-2 protein was observed in HepG2 (Chang
et al. 2002) and in human squamous carcinoma CH27 cells (Lee et al. 2005) when treated
with baicalein. An inhibited Bcl-2 and Bcl-Xp, expression was also the result of treating
A549 lung cancer cells with kaempferol. This, together with increased Bax levels, led to
apoptosis, associated with the cleavage of caspase 7 and PARP, while inactivation of Akt
and activation of MEK-MAPK (Nguyen et al. 2003) was also involved.

Finally, in contrast to the apoptotic effect exerted by polyphenols, an antiapoptotic ef-
fect, mainly attributed to their ability to scavenge free radicals, has also been observed.
For example, resveratrol prevented apoptosis in human erythroleukemia K562 cells (Mac-
Carrone et al. 1999) by inhibiting lipoxygenase and cyclooxygenase activity, either directly
or indirectly. In addition, tea catechins exerted a neuroprotective effect by inhibiting the
6-hydroxydopamine-induced apoptosis in PC12 cells (Nie et al. 2002).

Invasion and metastasis

The ability of cancer cells to detach from the primary tumor mass, migrate through sur-
rounding tissues toward blood vessels or lymphatic vessels, and create secondary lesions,
involves the loss of homotypic cell—cell adhesion and cytoskeletal remodeling. Several se-
creted proteins and adhesion molecules and their downstream (lipid and tyrosine) kinases
play an important role.
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Besides having an inhibitory effect on cancer cell growth and proliferation, polyphe-
nols were found to suppress malignant cell migration, invasion, and metastasis. These phe-
nomena require continuous assembly and disassembly of cell-extracellular matrix (ECM)
or cell—cell contacts, and constant remodeling of the associated actin cytoskeleton. In this
respect, polyphenols have been shown to modulate the expression of a number of adhesion
molecules. EGCG upregulates the expression of f1-integrin subunit in the medulloblastoma-
derived DAOY cell line (Pilorget et al. 2003). In contrast, kaempferol, chrysin, apigenin,
and luteolin inhibited ICAM-1 (intercellular adhesion molecule-1) expression in TNF-a-
stimulated A549 alveolar epithelial cancer cells. The attenuation of the inflammatory re-
sponse by flavonoids was mediated via the Jun N-terminal kinase (JNK) activity, c-jun mes-
senger RNA (mRNA) expression, and the regulation of transcriptional activity of activator
protein (AP)-1 and NF-kB (Chen et al. 2004a). Moreover, intravenous administration of
pterostilbene and quercetin in a mouse melanoma animal model resulted in a 73% reduced
metastasis of B16M-F10 cells in the liver, involving the inhibition of VCAM-1 (vascular ad-
hesion molecule-1) by the hepatic sinusoidal endothelium (Ferrer et al. 2005). In addition,
flavonoids could control cell metastasis by regulating the expression of integrin partners.
Resveratrol treatment of the erythroleukemia K562 cell line increased expression of tensin,
a cell-matrix adhesion protein capable of binding integrins and cytoskeletal actin filaments.
This resulted in increased cell adhesion to fibronectin, cell spreading, and actin polymer-
ization. It is interesting that resveratrol induced similar cytoskeletal changes in the tensin-
deficient MCF7 human breast cancer cell line and abrogated estrogen-induced MCF7 cancer
cell invasion (Rodrigue et al. 2005).

Recently, it has also been found that gap-junction proteins, such as connexins, medi-
ate heterocellular interactions and functional cell coupling. Using in vitro migration assays,
Czyz et al. showed that apigenin inhibited connexin signaling (Czyz et al. 2005). Apigenin
treatment resulted in a significant inhibition of translocation of both HeLa-connexin 43
transfectants and their normal counterparts. Moreover, in the presence of apigenin, HeLa-
connexin 43 cells, which displayed a highly invasive phenotype, failed to invade and engulf
chick heart tissue fragments in a co-culture system. Furthermore, apigenin has been re-
ported to inhibit the signaling of the oncogene ras and reverse malignant cell phenotype.
Indeed, apigenin was able to subvert gelsolin downregulation in HCT116 cells (Klampfer
et al. 2004). Gelsolin is an actin-binding protein whose expression is frequently reduced or
absent in colorectal cancer cell lines (Apc™) and primary tumors. Its turnover seems to be as-
sociated with the beneficial effect of apigenin in cancer cell transformation. Similar changes
have been observed in human melanoma cells treated with a flavonoid of the anthocyanidin
class, cyanidin-3-O-B-glucopyranoside (C-3-G). This flavonoid induced a strong increase in
dendrite outgrowth, accompanied by a remodeling of the microtubular network, a dramatic
increase of focal adhesions, and an increased expression of “brain specific” cytoskeletal
components such as NF-160 and NF-200 neurofilament proteins. C-3-G treatment resulted
in enhanced melanin synthesis, melanosome maturation, and upregulation of the melanoma
differentiation antigen Melan-A/MART-1, revealing the reversal of melanoma cell pheno-
type from the proliferating tumorigenic to the differentiated state (Serafino et al. 2004).

The key role of tyrosine kinases and their substrate focal adhesion kinase (FAK) in
flavonoids’ antimetastatic activity has been studied in experimental animal models. Liu
et al. found that green tea catechins suppress in vitro B16-F3m melanoma cell migration and
spreading on a number of different ECM substrates, through long-term inhibition of FAK ac-
tivity (Bruder et al. 2001). In vivo administration of (—)-epigallocatechin-3-gallate (EGCG)
in mice bearing B16-F3m melanomas reduced primary tumor growth and lung metastasis,
and increased the animal survival rate. Similar results have been obtained using a mouse
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model of colorectal cancer: administration of (+)-catechin in C57BL/6J-Min/+ mice inhib-
ited intestinal tumor formation by 70% and suppressed focal adhesion kinase activation.
Morphologic studies linked this effect to (+)-catechin-induced changes in integrin-mediated
intestinal cell survival signaling, including structural alteration of the actin cytoskeleton and
decreased FAK tyrosine phosphorylation (Weyant et al. 2001).

Experimental data from our group (Nifli et al. 2005a) indicate that, on the breast can-
cer hormone-sensitive cell line T47D, flavonoids could trigger actin rearrangement within
minutes and induce cell apoptosis. We reported that both the prototype red wine flavanols
catechin and epicatechin, as well as their dimers B2 and B5, compete with testosterone
for binding on membrane androgen receptors. They induce potent actin cytoskeleton reor-
ganization regulated by a similar signaling cascade as described for testosterone-activated
membrane receptors, leading ultimately to cell apoptosis. The application of catechin and
epicatechin induced a moderate induction of filopodia. In contrast, application of B2 and
especially B5 epicatechin dimers induced a peripheral redistribution and an increased inten-
sity of actin cytoskeleton structures, with a massive induction of filopodia formation. Further
analysis revealed that this effect is due to the transient activation of upstream modulators of
actin polymerization, such as FAK and PI3 kinases. Similar morphologic changes have been
observed in MDA-MB-231 human breast cancer cells, where the stilbene resveratrol has
been found to attenuate epidermal growth factor (EGF)-directed response and inhibit cell
migration. In this model, resveratrol induced a rapid global array of filopodia, and decreased
focal adhesions and FAK activity (Azios and Dharmawardhane 2005). Furthermore, resver-
atrol treatment of bovine pulmonary artery endothelial cells resulted in reduced proliferation
and increased assembly of both actin microfilaments and microtubules, which was depen-
dent on intracellular calcium and tyrosine kinase activity (Bruder et al. 2001). In addition,
the flavonol quercetin has been found to inhibit the proliferation of the human cholangio-
carcinoma cell line HuCC-T1, under basal conditions. This effect was more prominent after
the induction of hyperthermia. In this latter case, quercetin delayed the reorganization of
F-actin (Kudo et al. 1999). Quercetin seemed to modulate the expression and the activity of
heat shock proteins hsp27 and hsp90, resulting in increased disruption and aggregation of
microfilaments (Loktionova and Kabakov 1998)

Finally, polyphenols have been reported to interact directly with proteins of the major
cytoskeletal network. Tachibana et al. identified a 67-kDa membrane protein that serves
as a laminin receptor and mediates green tea flavonoid (-)-epigallocatechin-3-gallate an-
timetastatic activity at nanomolar concentrations (Tachibana et al. 2004). Pull-down exper-
iments revealed also that EGCG could bind directly to vimentin, a protein that is essential
in maintaining the structure and mechanical integration of the cellular space. The interac-
tion of EGCG inhibited vimentin phosphorylation and could further explain EGCG antipro-
liferative and antitumor promoting action (Ermakova et al. 2005). Those findings led to
the synthesis of promising therapeutic drugs, such as the resveratrol derivative (Z2)-3,5,4'-
trimethoxystilbene (R3). R3 is 100-fold more effective than resveratrol in inducing growth
arrest in human colon cancer Caco-2 cells. In addition, R3 partially inhibited colchicine
binding to its binding site on tubulin and exerted cytotoxic effects by depleting the intracel-
lular pool of polyamines and by altering microtubule polymerization (Schneider et al. 2003).

Angiogenesis

Another important phenomenon in tumor growth is angiogenesis, as malignant cells are in
search of nutrient supply. This process implies either cellular chemotaxis toward a preex-
isting vascular network, or the infiltration of vascular endothelial cells in cancer structures,
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leading to neovascularization. In this respect, secreted growth factors, such as vascular en-
dothelial growth factor (VEGF)/VPF, basic fibroblast growth factor (bFGF), transforming
growth factor (TGF)-B, platelet-derived growth factor (PDGF), and endothelin-1, as well
as ECM proteolytic enzymes, are key regulators of angiogenesis, including modulation of
metalloproteinases (MMPs) and their tissue inhibitor TIMPs, chemotaxis, and reorganiza-
tion of vascular endothelial cells. Flavonoids have been reported to affect malignant cell
invasion and control the expression of the implicated molecules. Silymarin, an isomer mix-
ture of silibinin, isosilibinin, silicristin, and silidianin, in non-cytotoxic concentrations, re-
duced human vascular endothelial (HUVEC) tube formation on a reconstituted extracellular
matrix, and MMP-2 secretion (Jiang et al. 2000). Its antiangiogenic effect was apparent in
DU-145 prostate cancer cells and MCF-7 and MDA-MB-468 breast cancer cells, since it
reduced VEGF secretion 1 h after its application. Similar results have been obtained in U-87
glioblastoma cells treated with EGCG, where pro-MMP-2 secretion was reduced through
inactivation of MT1-MMP, suggesting that flavonoids not only affect the transcription of
matrix metalloproteinases, but also regulate their posttranslational modification and trans-
port (Annabi et al. 2002).

The inhibitory effect of flavonoids on vascularization has been also studied in vivo. Lute-
olin inhibited tumor growth and angiogenesis in a murine xenograft model, while decreased
VEGF-induced angiogenesis in a rabbit corneal assay (Bagli et al. 2004). In a TRAMP
animal model, green tea polyphenol infusion resulted in marked inhibition of effectors of
angiogenesis and metastasis, notably VEGF, uPA, and MMP-2 and -9 (Adhami et al. 2004).
Among them, the inhibition of pro-MMP-2 secretion was crucial for EGCG-induced tumor
cell inactivation during angiogenesis (Sartor et al. 2004). Moreover, in SCID mice, where
gastric cancer cells were peritoneally disseminated, the citrus flavonoid nobiletin signifi-
cantly decreased both the number and the size of dissemination nodules, via inhibition of
MMP-9 activity (Minagawa et al. 2001).

Flavonoids could also act as downstream regulators of growth factors signaling, affect-
ing kinase activity and transcription factors activation during angiogenesis. Apigenin attenu-
ated angiogenic processes by inhibiting VEGF early cascade, through PI3K/AKT/p70S6K 1
and HDM2/p53 pathways (Fang et al. 2005). Nobiletin and quercetin markedly inhibited
pro-MMP-7 protein and its mRNA expression in HT-29 colorectal cancer cells by reduc-
ing AP-1 DNA binding (Kawabata et al. 2005). Similarly, nobiletin treatment of HT-1080
fibrosarcoma cells resulted in increased TIMP-1 levels, with a concomitant decrease in
MMP-1 and -9 expression, due to inactivation of AP-1 and reduction of redox-triggered
PI-3 phosphorylation (Sato et al. 2002). Luteolin was able to revert VEGF-induced HUVEC
cells migration by abolishing activation of Akt, a downstream target of PI3K, conveying
both survival and mitotic downstream signals (Bagli et al. 2004).

Another potential mechanism of cancer cell invasion involves endothelins, a family of
vasoconstricting peptides, and their membrane receptors. Two endothelin receptors, ET-A
and ET-B, are found in normal tissue, while malignant cells are characterized by the loss of
ET-B receptors and increased levels of endothelin-1 (ET-1). ET-1 is a mitogenic autocrine
growth factor secreted by, among others, vascular endothelial cells. However, it could act as
a co-mitogen, as its effects are potentiated in the presence of growth factors, including bFGF,
IGF-1, and PDGEF, or promote tumor angiogenesis in collaboration with VEGF. Recent re-
search showed that crude grape seed extract, rich in oligomeric flavan-3-ols, could trigger
cytoskeletal changes in endothelial cells, similar to those during laminar shear stress, and
modification of protein tyrosine kinases activity. This effect was due to the inhibition of ET-
1 synthesis, resulting in the restoration of endothelial function. It also suggests a possible
mechanism through which procyanidins could regulate endothelial cell infiltration during
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tumor anchoring and proliferation (Corder et al. 2004). Finally, in addition to the afore-
mentioned mechanisms, flavonoids could control the overall angiogenetic process through
regulation of Cox-2 and iNOS enzymes, or though p53 oncosuppressor gene activity (dis-
cussed in the following section).

As reviewed above, polyphenols may exert a number of actions in cellular systems,
leading to a number of cell responses. In the following section we will briefly discuss our
current knowledge on the potential mechanisms implicated in polyphenol—cell interactions,
or elicited after polyphenol internalization.

Interaction with steroid and growth factor receptor-mediated effects

Steroids and steroid receptors play an important role in the proliferation, differentiation,
maintenance, and function of hormone-responsive tissues. They are also involved in the
development and progression of certain cancers, such as prostate and breast cancer. Some
polyphenols, due to their structural similarity to estrogens, are able to interact with steroid
receptors and/or modulate their expression and function. These polyphenols are also known
as phytoestrogens. Several studies indicate that such a mechanism may be implied in the
inhibitory effects of polyphenols (Fig. 3). Our group has reported that several wine polyphe-
nols (resveratrol, quercetin, catechin, and epicatechin) were able to interact with estro-
gen and androgen receptors in breast cancer (MCF7 and T47D) and prostate cancer cells
(LNCaP), respectively, at the nanomolar range. This result suggests that their anticancer ac-
tion may be partly mediated by a decreased estrogen or androgen binding to their cognitive
receptors (Damianaki et al. 2000; Kampa et al. 2000). Gehm et al. reported that resveratrol
increased the expression of native estrogen-regulated genes, acting as an estrogen receptor
agonist (Gehm et al. 1997). It has also been shown that resveratrol and quercetin at micro-
molar concentrations decreased the expression and function of the androgen receptor (AR)
in LNCaP cells (Mitchell et al. 1999; Xing et al. 2001) by overexpressing c-Jun (Yuan et al.
2004), a main component of the AP-1 protein complex, which can directly activate or induce
transcription of many genes. In addition, the two polyphenols repressed the expression of
the AR-specific coactivator ARA70 and various AR-regulated genes (e.g., prostate-specific
antigen, PSA). In a related study, the same authors have demonstrated that resveratrol, al-
though suppressing PSA expression, did not alter AR expression (Hsieh and Wu 2000).
Resveratrol was also reported to interact with both ERa and ERP estrogen receptors. This
interaction can result in an agonistic, antagonistic, or mixed effect (Bowers et al. 2000). In
MCF7 breast carcinoma and in Ishikawa endometrial adenocarcinoma cells, resveratrol was
found to exhibit ER-antagonist activity in the presence of estradiol (Bowers et al. 2000). In-
terestingly, Maggiolini et al. have demonstrated, in LNCaP and MCF7 cells, that quercetin
and genistein have a biphasic, concentration-dependent effect, acting as AR agonists only
at low concentrations (Maggiolini et al. 2002). However, catechins such as EGCG and ECG
have been also shown to bind to ERa and ERB, in MCF7 cells, eliciting an ER-mediated
gene expression (Goodin et al. 2002). In addition, androgen receptor expression in LNCaP
cells was inhibited by baicalein (Chen et al. 2001).

Nowadays when steroid actions are studied one should take into consideration the no-
tion that, in addition to their action as nuclear transcription factors, steroids may also elicit
nongenomic effects. These effects are rapid, triggered at the plasma membrane level, pos-
sibly through specific membrane receptor sites, and are mediated by several signaling path-
ways involving adenylate cyclase, phospholipase C, protein kinases A and C, intracellu-
lar ion (calcium, potassium) fluxes, mitogen-activated protein kinase cascades (MAPK),
PI3K/Akt, c-Src, and/or FAK. Hence, phytoestrogens may also exert their effects via more
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Fig. 3 Polyphenol interference with steroid and growth factor receptors, and signaling kinase activities:
4 activation, | inhibition. a EGCG, genistein, quercetin, kaempferol, resveratol. b EGCG. ¢ Theaflavin (TF)
2,2a 2b, 3 genistein. d Catechin, epicatechin, B2, BS, EGCG, black tea polyphenols. e Resveratrol, quercetin,
epicatechin, catechin, baicalein. f EGCG. g Quercetin, vaticanol, Kaempferol. h Quercetin. i Green tea cate-
chins. j Resveratrol, EGCG, ECG, epicatechin, catechin, quercetin. k Resveratrol, EGCG, quercetin, ellagic
acid. 1 Green tea polyphenols, quercetin, genistein. m Green tea polyphenols, EGCG, theaflavins. n Green
tea polyphenols, daidzein, genistein. Biochanin A quercetin, resveratrol, EGCG, rutin. o Catechins, resver-
atrol. p EGCG. q EGCG, resveratrol, apigenin, curcumin, genistein, silymarin. r Resveratrol, flavone acetic
acid, oleuropein delphinidin, phenyl acetic acid. s EGCG, resveratrol, baicalein. t Resveratrol, quercetin.
u Quercetin, resveratrol, catechin, genistein, epicatechin. v Quercetin, resveratrol. Vaticanol, kaempferol,
resveratrol
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rapid signaling cascades. Indeed, it has been shown that resveratrol exerts nongenomic ef-
fects, supplementary to genomic ones, on cell survival by decreasing Akt (a survival factor)
and FAK phosphorylation (Brownson et al. 2002). In addition, our group has reported an in-
teraction of catechin and epicatechin monomers and dimmers (B2 and B5) with membrane
androgen receptors in T47D human breast cancer cells, initiating rapid phosphorylation of
signaling molecules and actin cytoskeleton rearrangements, leading cells to apoptosis (Nifli
et al. 2005a).

The enhanced proliferation of cancer cells is also characterized by overexpression of
growth factors, such as EGF, PDGF, insulin-like growth factor I (IGF-I), and VEGF and
their cognitive receptors (Spencer-Cisek 2002). Selective effects that interfere with growth
factor actions, either by competition with ligand, or inhibition of growth factor-receptor
expression, activity, homo- or hetero-dimerization and downstream signaling, have been
shown to inhibit cell growth and induce apoptosis. A number of investigators, using diverse
approaches, suggest that the IGF-I network may be an important stimulant of carcinogene-
sis. In vitro and in vivo studies have shown that IGF-I stimulates and/or inhibits apoptosis
in a variety of normal and cancer cells (Peruzzi et al. 1999; Remacle-Bonnet et al. 2000)
and that the ratio IGF-I receptor to insulin receptor substrate-1 (IRS-1) defines the cellular
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response. Wang et al. have demonstrated that polyphenols block IGF-I regulated events in
prostate cancer cells. Genistein, quercetin, kaempferol, and resveratrol antagonize IGF-I in
AT6.3 rat prostate cells, by reducing the IRS-1 and modulating specific intracellular events
such as phosphorylation of Akt and ERK1/2 (Wang et al. 2003). Decreased phosphorylation
of Akt, due to reduced IGF-I receptor 1 auto-phosphorylation, was also observed in DU-145
cells after treatment with black tea polyphenols (Klein and Fischer 2002).

Increased levels of HER/neu family oncogenes, including EGF receptor (EGFR)—
possessing transmembrane tyrosine kinase activity—were found in several cancers and
were associated with poor overall survival, increased metastatic potential, and resistance
to chemotherapeutic agents. The authors suggested that suppression of HER2/neu phos-
phorylation by black tea polyphenols and EGCG was the underlying mechanism for the
antiproliferative effects in MCF-7 and NF639 breast cancer and SMF and Ba/F3 cells
(Pianetti et al. 2002; Way et al. 2004b). Moreover, polyphenols have been shown to interfere
with epidermal growth factor receptor (EGFR) function, as well as with its downstream
targets (ERK, STAT3 and Akt), leading to cell growth inhibition and apoptosis. Teaflavin
(TF)-1, TF-2, TF-2a, TF-2b, and TF-3 inhibited the effect of EGF on autophosphorylation
of its receptor in A431 cells (Yang et al. 1998a). EGCG has been found to inhibit EGF
mediated EGFR activation in cervical tumor cells by reducing EGFR dependent ERK1/2
and Akt activity or by directly inhibiting them (Sah et al. 2004). In addition, in A431
epidermoid carcinoma cells, Liang et al. have demonstrated that EGCG inhibited the kinase
activity of EGFR and blocked EGF binding to EGFR (Liang et al. 1997). EGFR tyrosine
kinase activity was also suppressed by genistein in A431 cells (Akiyama et al. 1987).
Resveratrol was found to antagonize EGFR activation of ERK1/2 in prostate cancer cells
(Stewart and O’Brian 2004), which is involved in the development of androgen-independent
cancer. In addition, resveratrol and quercetin could suppress proliferation of Ishikawa cells
by downregulation of EGF expression (Kaneuchi et al. 2003a; Kaneuchi et al. 2003b).
Moreover, cocoa procyanidins have been reported to inhibit the expression of HER2/neu
(Kenny et al. 2004). A number of authors suggest that membrane estrogen (Levin 2001) or
androgen (Bonaccorsi et al. 2004) actions could be mediated through membrane-anchored
ER or AR and their interaction with EGFR. In this respect, the effect of polyphenols on
EGFR could be explained through binding to steroid receptors, and after heterodimerization,
propagating their effects through interaction with EGFR.

Genistein, being a tyrosine kinase inhibitor, can also alter other growth-factor-induced
effects, exerted via membrane receptor protein kinases, such as PDGF and VEGF recep-
tors. Indeed, in rat hepatic stellate cells, genistein inhibited basal and PDGF-induced cell
growth (Liu et al. 2002b). Similarly, EGCG potently inhibited PDGFR autophosphorylation
and hence kinase activity in rat hepatic stellate, and in A431 epidermoid carcinoma cells
(Liang et al. 1997). An inhibition of PDGF was also observed in A172 human glioblas-
tomas (Sachinidis et al. 2000). It was suggested that EGCG binds to PDGF (preferably to
the PDGF-BB isoform), reducing the ligand binding, and hence inhibiting the downstream
signaling pathways (Weber et al. 2004). Finally, a polyphenol-inhibitory effect on VEGF
expression (a major pro-angiogenic factor that correlates with microvessel density in tumors
and stimulates the expression of several proteins) has been demonstrated by several inves-
tigators. For example, EGCG was able to inhibit VEGF expression in different carcinoma
cells (e.g., breast, head and neck, and leukemia) (Jung et al. 2001; Lee et al. 2004c; Masuda
et al. 2002; Sartippour et al. 2002).
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Alteration of specific protein kinase activities

Intracellular signaling cascades that mediate the effects of several stimuli (such as growth
factors, mitogens, stress, ROS, and inflammatory cytokines) that promote cancer cell growth,
include the ubiquitously expressed mitogen-activated protein kinase (MAPK) cascades, the
phosphoinositide-3-kinase (PI3K) and protein kinase B (PKB also known as Akt), and the
kinases involved in the Janus kinase (JAK)-signal transducer and activator of transcription
(STAT) pathway. These cascades lead to altered activity of target genes, including several
transcription factors, and to a range of biologic responses (e.g., cell growth and apopto-
sis). In tumor cells, proteins that are key molecules in the above signaling pathways are
overexpressed, leading to the constitutive activation of such pathways. Polyphenols such as
curcumin, EGCG, resveratrol, quercetin, genistein, etc., can upregulate or downregulate sig-
naling cascades, and subsequently induce stress response genes, growth arrest or apoptosis
(Manson 2003; see Fig. 3).

Green tea polyphenols have been found to significantly inhibit prostate cancer in vitro
and in animal models. It was demonstrated that they mediate their effect by modulating
ERK1/2, PI3K and phosphorylated Akt levels in DU-145 and LNCaP prostate cancer
cells (Siddiqui et al. 2004). An activation of extracellular signal-regulated kinase 1/2
(ERK1/2) was observed in HT-29 human colon cells (Siddiqui et al. 2004) when treated
with EGCG, but this effect seemed to be due to an oxidative stress, induced by EGCG, since
antioxidants were able to block it. EGCG has been suggested to inhibit phosphorylation
of MAP/ERK kinase 1/2 (MEK1/2, ERK1/2) and Elk-1, as well as c-Jun, in 30.7b
Ras 12 cells (Ras-transformed mouse epidermal cells). Possibly Elk1 phosphorylation was
inhibited by ERK1/2 because EGCG competed for the binding site on it (Chung et al.
2001). Reduced phosphorylation of ERK1/2 and JNK as well as decreased protein levels
of the MAPK p38 were also observed in UV irradiated skin of SKH-1 hairless mice,
when green tea polyphenols were applied topically (Afaq et al. 2003). Inhibition of JNK
phosphorylation, leading to a reduced activation of the transcription factor AP-1, was found
when EGF or tissue plasminogen activator (TPA)-transformed JB6 mouse epidermal cells
were treated with EGCG or theaflavins (Dong et al. 1997). Finally, green tea polyphenols
were found to inhibit the levels of IGF and IGFBP-3 in a mouse transgenic prostate
adenocarcinoma (TRAMP) model, through inhibition of protein expression of PI3-kinase
and Akt-phosphorylated forms (Adhami et al. 2004).

Several studies have demonstrated that the apoptotic effect of quercetin also involves
the MAPK and the PI3K/Akt pathways in different cancer cell systems. In A549 lung can-
cer cell line, quercetin inhibited the phosphorylation of Akt, but induced phosphorylation
of MEK1/2, and subsequently ERK1/2, as well as JNK. c-Jun phosphorylation was also
observed, as was an induced caspase 3 cleavage (Nguyen et al. 2004). Increased phospho-
rylation of MAPKs by quercetin was observed in the human leukemia cell line MOLT-4.
Indeed, treatment of MOLT-4 cells with quercetin resulted in an increased p38 phosphory-
lation. Similarly, quercetin and ellagic acid, when applied in combination, had a synergistic
effect that also resulted in JNK1/2 and ERK phosphorylation (Mertens-Talcott et al. 2005).
In contrast, in PC3 prostate cancer cells, quercetin inhibited basal, EGF-induced, and TGFu-
induced phosphorylation of Akt-1, Elk-1, c-Raf, and MAPK (Huynh et al. 2003). Decreased
Akt phosphorylation, induced by quercetin, was also observed in MCF7 cells.

The MAPK and PI3K pathways seem to mainly mediate resveratrol’s inhibitory ef-
fects on cancer cells. ERK1/2 appears to play a central role by inducing apoptosis when
modulating their activity. Furthermore, it has been suggested that ERK1/2 in prostate can-
cer is important in the development of androgen independence. Evidence exists indicating
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that the constitutive ERK1/2 activation is substantial in neoplastic epithelial cells of early
stage prostate cancer specimens, sharply increased in the neoplastic epithelium of advanced
prostate cancer, and undetectable in nonneoplastic epithelial cells (Gioeli et al. 1999). In
PC3 cells, resveratrol suppressed TPA- or EGF-induced ERK1/2 activation by inhibiting
protein kinase C (PKC)a (Stewart and O’Brian 2004). In DU-145 cells, however, resver-
atrol activated ERK1/2-induced nuclear translocation of p53 and p53-induced apoptosis.
Indeed, an inhibitor of PKC enhanced resveratrol-induced phosphorylation of p53 (Stewart
and O’Brian 2004). In LNCaP cells, p53 phosphorylation was also induced by resveratrol,
although inhibition of PKC resulted in a reduction in p53 activation and apoptosis. These
data suggest that resveratrol-induced apoptosis in these two cell lines occurred though differ-
ent PKC- and MAPK-dependent pathways (Shih et al. 2004). Studies performed on human
leukemia HL-60 cells showed that resveratrol can activate cdc42 (a Rho family GTPase
member), which in turn activates the MAPKKK/ASKI1 pathway, triggering in turn the ex-
pression of FasL and leading to apoptosis (Su et al. 2005). Moreover, vaticanol (a resveratrol
tetramer) induced apoptosis in HL-60 cells by decreasing the levels of phosphorylated ERK
and MEK, as well as Akt, leading to apoptosis. In MCF7 cells, resveratrol and genistein,
in addition to a decreased Akt phosphorylation, increased PTEN and p27 protein levels.
Furthermore, resveratrol inhibited PI3K activity by modulating ERa binding to the p85 sub-
unit PI3K (Pozo-Guisado et al. 2004). It is noteworthy that different effects of polyphenols
on Akt phosphorylation have been suggested as estrogen receptor-sensitive. Resveratrol de-
creased Akt phosphorylation in nonmetastatic ER-positive T47D cells, while increased Akt
phosphorylation was observed in metastatic estrogen receptor-negative MDA-MB-231 cells
(Brownson et al. 2002). Finally, kaempferol-induced apoptosis in A459 lung cancer cells
was attributed to its ability to inactivate Akt-1 and activate MAPKSs, since prolonged activa-
tion of MEK-MAPK activity inhibits DNA synthesis and triggers apoptosis (Nguyen et al.
2003). In AT6.3 prostate cancer cells, additionally, treatment with genistein, kaempferol, or
quercetin inhibited IGF-I-stimulated Akt and ERK1/2 phosphorylation, and thus interfered
with the IGF signal transduction cascade (Wang et al. 2003).

Therefore, polyphenols can interfere with intracellular signaling cascades that medi-
ate the effects of mitogenic stimuli by modulating the activity of several kinases. ERK1/2,
PI3K, and phosphorylated Akt levels are mainly affected, as well as phosphorylation of JNK
and MAPK p38 protein levels. Subsequently this modulation leads to reduced activation of
transcription factors and induction of growth arrest or apoptosis (Fig. 3).

Inhibition of enzymes involved in tumor promotion and metastasis

Proteasome  Polyphenols can exert, in addition to their modulatory actions on the signal-
ing machinery, a specific effect on a number of metabolic, redox, or ubiquitin-proteasome
related enzymes. The 20S proteasome constitutes the catalytic key component of the ubiqui-
tous proteolytic machinery, namely the 26S proteasome. There are three major proteasomal
activities: chymotrypsin-like, trypsin-like, and peptidyl-glutamyl peptide hydrolyzing activ-
ity. The chymotrypsin-like but not trypsin-like activity of the proteasome is associated with
tumor cell survival. Many cell cycle and cell death regulators have been identified as tar-
gets of the ubiquitin-proteasome-mediated degradation pathways, including p53, Rbp, p21,
p27Kipl, IkB-a, and Bax. It has been shown that ester bond-containing tea polyphenols,
such as EGCG and tannic acid, are potent and specific inhibitors of the chymotrypsin-like
activity of the proteasome, leading to the accumulation of natural proteasome substrates such
as p27 (Kipl) and IkB-a. The accumulation is followed by growth arrest in the G1 phase of
the cell cycle and apoptosis in several cell lines including Jurkat leukemia cells, LNCaP and
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PC-3 prostate cancer cells, MCF7 breast cancer cells, and SV40-transformed (VA-13) hu-
man fibroblasts (Nam et al. 2001). This structure—activity relationship of green tea polyphe-
nols as proteasome inhibitors led to the production and study of several synthetic analogs
(Kuhn et al. 2005). Green tea polyphenols catechin-3-gallate and epicatechin-3-gallate can
also inhibit the proteasomal chymotrypsin-like activity (Wan et al. 2004). Curcumin-induced
apoptosis was mediated through the impairment of the ubiquitin-proteasome pathway (Lin
2004), while genistein decreased proteasome activity in p815 and RBL-2H mast cell tu-
mor cell lines (Park et al. 2002). Apigenin-induced degradation of mature HER2/neu was
reported to involve polyubiquitination of HER2/neu and subsequent hydrolysis by the pro-
teasome (Way et al. 2004a). Apigenin, as well as quercetin, inhibited the chymotrypsin-like
activity of purified 20S and 26S proteasomes in intact leukemia Jurkat T cells, leading to the
accumulation of Bax and IkB-a (Chen et al. 2005), and subsequently to apoptosis. Finally,
resveratrol inhibited human ovarian cancer cells A2780/CP70 and OVCAR-3 by stimulating
hypoxia-inducible factor 1a (HIF-1a) protein degradation, through the proteasome pathway
(Cao et al. 2004).

Metalloproteinases MMPs are associated with tumor cell invasion of the basement mem-
brane and stroma, blood vessel penetration, and metastasis, and they have more recently
been implicated in primary and metastatic growth and angiogenesis. Several polyphenols
have been reported to interact with these enzymes. Genistein inhibited MMP secretion by
prostate cancer cells (Huang et al. 2005), MMP-2 and MMP-9 by head and neck cancer cell
lines (Alhasan et al. 2001); EGCG inhibited MMP-2 and MMP-9 while inducing the activ-
ity of their inhibitors TIMP-1 and TIMP-2 in different cancer cells such as neuroblastoma,
fibrosarcoma (Garbisa et al. 2001), glioblastoma (Annabi et al. 2002), prostate (Vayalil and
Katiyar 2004), endothelial (Fassina et al. 2004), and human gastric cancer cells (Kim et al.
2004). Moreover, EGCG directly inhibited MT1-MMP activity in HT-1080 human fibrosar-
coma cells and HUVEC cells, leading to accumulation of nonactivated MMP-2 at the cell
surface (Dell’ Aica et al. 2002; Yamakawa et al. 2004). EGCG treatment of HT-29 colon
cancer cells increased both intracellular and extracellular pro-MMP-7 protein levels (Kim
et al. 2005). Epicatechin gallate, EGCG, and theaflavin strongly suppressed the invasion
of HT-1080 fibrosarcoma cells into the monolayer of HUVECs/gelatin membrane, through
suppression of gelatin degradation mediated by MMP-2 and MMP-9, whereas epicatechin,
epigallocatechin, tea flavonols, tea flavones, and gallate derivatives had no effect (Maeda-
Yamamoto et al. 1999). trans-Resveratrol decreased the secretion of MMP-2 by cultured
human liver myofibroblasts (Godichaud et al. 2000) and delphinidin inhibited the activity
of MMP-2 and MMP-9 in human fibrosarcoma HT-1080 cells, an effect that may be re-
sponsible for its ability to inhibit tumor cell invasiveness (Nagase et al. 1998). Luteolin
and quercetin suppressed EGF-induced secretion of MMP-2 and MMP-9 in A431 (Huang
et al. 1999) and MiaPaCa-2 cells (Lee et al. 2004b). Proanthocyanidins from grape seeds in-
hibit the expression of matrix metalloproteinases in human prostate carcinoma DU145 cells
(Vayalil et al. 2004).

Telomerase Telomerase activity is one of the most important factors that have been linked
to multiple developmental processes, including cell proliferation, differentiation, aging, and
senescence. Dysregulation of telomerase has often been found in developmental abnormal-
ities and cancer, where telomere dysfunction leads to an increase in initiation of tumor le-
sions, due to enhanced genomic instability. Recently, a number of studies have described
polyphenol effects on telomerase inhibition. Naasani et al. reported that EGCG directly in-
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hibited telomerase in cell extracts and in living U937 monoblastoid leukemia and HT-29
colon adenocarcinoma cells, suggesting that telomerase inhibition could be one of the ma-
jor mechanisms underlying their anticancer effects (Naasani et al. 1998). Indeed, EGCG
was found to inhibit telomerase activity in several cervical cancer cell lines (Yokoyama
et al. 2004), leading to suppression of cell viability and induction of apoptosis. Further-
more, in a nude mice model bearing both telomerase-dependent and independent xenograft
tumors, cloned from a single human cancer progeny, only the telomerase-dependent tumors
responded to prolonged oral administration of EGCG (Naasani et al. 2003). As for the other
polyphenols, only daidzein (one of the most common phytoestrogens) was reported to inhibit
the growth of HeLa cells, arrest cells at Go/G1 or G/M phase and decrease the expression
of human telomerase catalytic subunit (Guo et al. 2004).

Cyclooxygenases Cyclooxygenase (COX) catalyzes the formation of prostaglandins (PG)
from arachidonic acid. COX has two isoforms: COX-1 and COX-2. The former is expressed
in a variety of cells and tissues, whereas cytokines, growth factors, and tumor promoters
induce the expression of the latter. Increased COX-2 expression is thought to be associated
with colon, lung, breast, esophagus, and prostate carcinogenesis. A large body of evidence
suggests that inhibiting COX-2, the inducible form of COX, will be an important strategy for
preventing cancer. Three lipoxygenases (LOXs: 5-LOX, 12-LOX, and 15-LOX) have been
reported to be present in human tissues. LOXs are nonheme iron dioxygenases that insert
molecular oxygen into polyunsaturated fatty acids, resulting in the formation of hydroper-
oxyeicosatetraenoic acid molecules. Their oxidation products have also been reported to be
important regulators of the proliferation and apoptosis of cancer cell lines (Tang et al. 1996).
The above data suggest that the regulation of arachidonic acid metabolism is important in
the prevention and evolution of different types of cancer, and especially those of the diges-
tive tract. EGCG, EGC, and ECG have been reported to affect arachidonic acid metabolism
in human colon mucosa and colon tumors by inhibiting LOX and COX activity (Hong et al.
2001). Silymarin, a flavonoid compound isolated from the milk thistle plant, reduced UVB
radiation-induced non-melanoma skin cancer tumor incidence in mice and induced COX
activity (Zhao et al. 1999). In another study utilizing an in vitro cell free model, however,
silymarin and resveratrol each inhibited COX-1 (Liu et al. 2002a). Out of 12 flavonoids
tested for possible effects on COX mRNA expression, 10 had an effect on its expression to
some extent. Quercetin was the most potent suppressor of COX-2 transcription, while cate-
chin and epicatechin showed a weak activity. An intermediate effect was reported for rham-
netin, genistein, eriodictyol, luteolin, kaempferol, fisetin, and phloretin (Mutoh et al. 2000).
Quercetin was also a potent competitive inhibitor of LOX that was entrapped within LOX
and underwent degradation into protocatechuic acid that blocks LOX activity (Borbulevych
et al. 2004). Genistein suppressed PGE2 synthesis in human oral squamous carcinoma line
SCC-25 cells by directly inhibiting COX-2 activity (Ye et al. 2004). Furthermore, quercetin,
in addition to amentoflavone, downregulated COX-2 in A549 human lung adenocarcinoma
cells (Banerjee et al. 2002) and protected lung adenocarcinoma CL-3 cells from cooking-
oil fumes-induced DNA damage by almost completely inhibiting COX-2 mRNA expression
(Lin et al. 2002). In addition, several flavanones inhibit prostaglandin E2 by inhibiting COX-
2 mRNA expression in NIH3T3 cells (Ko et al. 2002). Flavones also blocked prostaglandin
E2 production via inhibition of COX-2 and inhibited epidermal growth factor-induced pro-
liferation of epidermoid carcinoma A431 cells (Shen et al. 2004). It has also been reported
that curcumin modulated arachidonic acid metabolism by affecting cytosolic cyclooxyge-
nases in the murine macrophage RAW264.7 cells and in HT-29 human colon cancer cells
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(Hong et al. 2004). trans-Resveratrol had inhibitory effects on COX-1, while both zrans- and
cis-resveratrol exhibited significant inhibitory activity on COX-2 (Waffo-Teguo et al. 2001).
EGCG treatment in an induced rat esophageal tumorigenesis model decreased the expres-
sion of COX-2 by tumor cells (Li et al. 2002). Howeyver, a structure—activity relationship for
COX-2-inhibiting properties of polyphenols may occur (Rosenkranz and Thampatty 2003).

Nitric oxide synthase The dual role of nitric oxide (NO) and the enzymes that produce it
(nitric oxide synthases, NOSs, iNOS inducible, eNOS endothelial, and nNOS neuronal) on
tumor growth and metastasis has been investigated in several cancer models. Whether nitric
oxide is beneficial or deleterious in human neoplasias seems to be organ- and cell-specific,
and depends on many factors including redox status. The NO/NOS pathway represents an
alternative mode of action for polyphenols since it has been shown that they can interact
with this pathway in many different ways, summarized below.

The expression of iNOS and NO production in mammary glands treated with
lipopolysaccharide (LPS) was significantly inhibited by curcumin. It was reported that
curcumin also had a direct scavenging activity for NO (Onoda and Inano 2000). The
administration of curcumin significantly reduced the development of mammary tumors
in irradiated rats, and this finding was estimated to occur through suppression of iNOS
activity in the mammary gland (Inano and Onoda 2002). However, in acute leukemia cells,
intracellular NO levels increased significantly after exposure to curcumin (Kellner and
Zunino 2004).

Genistein was reported to block induced iNOS mRNA expression in C6 glioma
(Lin et al. 2001) and human SK-N-MC neuroblastoma cells (Chen et al. 2003). EGCG
reduced NO production by reducing iNOS mRNA expression and inhibiting iNOS enzyme
activity (Lin and Lin 1997). 1,2,3,4,6-penta-O-galloyl-f-p-glucose (PGG), EGCG, and
gallacetophenone significantly inhibited LPS-induced NO production in LPS-activated
macrophages (Lee et al. 2003). Resveratrol inhibited the formation of inducible nitric
oxide synthase (iNOS) in mouse macrophages stimulated with lipopolysaccharide (Jang
and Pezzuto 1999) and B cell chronic lymphocytic leukemia cells (Roman et al. 2002).
However, treatment of gastric adenocarcinoma SNU-1 cells with resveratrol resulted in
stimulation of NOS activity (Holian et al. 2002). Quercetin inhibited NO and iNOS protein
expression without affecting iNOS mRNA expression in the A549 human lung adeno-
carcinoma cell line (Banerjee et al. 2002), but increased intracellular NO levels in acute
leukemia cells (Kellner and Zunino 2004). In addition, decreased levels of iNOS, and thus
inhibition of the production of nitric oxide, were observed when MCF-7 cells were treated
with the phytoestrogen biochanin A (Hsu et al. 2000). On the other hand, delphinidin, an
anthocyanin present in red wine, increased endothelial NOS protein expression in bovine
aortic endothelial cells and inhibited apoptosis (Martin et al. 2003b). A similar increase in
eNOS activity was induced by flavone acetic acid (FAA) in a mouse RJ2-14 tumor model
(Harris and Thorgeirsson 1997).

We have previously described that 3,4-dihydroxy-phenylacetic acid (PAA) directly de-
creased NOS activity by 40%, while caffeic acid did not. Furthermore, PAA increased iNOS
mRNA while it concurrently reduced eNOS mRNA expression (Kampa et al. 2004). We
have also reported that catechin, epicatechin, quercetin, and resveratrol decrease NO secre-
tion by prostate cancer cell lines (LNCaP, PC3, and DU145) and inhibit NO production by
T47D breast cancer cells. Although a concurrent decrease in total NOS (eNOS and iNOS)
activity was observed after treatment for 24 h or longer, these agents induced a transient early
increase in NOS activity. This bimodal effect indicated a possible dual action of polyphe-
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nols, interfering both with NOS activity and its transcription. Bimodal modification of eNOS
and iNOS mRNA expression was also observed in other systems (Nifli et al. 2005b).

Cytochrome P450s  Cytochromes P450 (CYPs) constitute a superfamily of heme-thiolate
isoenzymes involved in the metabolism of several chemicals (such as drugs, dietary chemi-
cals, or environmental pollutants). In this respect, they play an important role in the bioacti-
vation of several procarcinogens and in the activation and inactivation of several anticancer
drugs. Metabolic activation of chemical carcinogens is mediated by a limited number of hu-
man CYP species, namely CYP1A1, CYP1A2, CYP1B1, CYP2A6, CYP2B6, CYP2E]L, and
CYP3A4 (Code et al. 1997). These CYPs are mainly expressed in the liver, except CYP1A1
and CYPIB1, which are extrahepatic isoenzymes in humans. Polyphenols’ beneficial effects
have been also attributed to their competitive inhibition of enzymes such as CYPs. Indeed,
black tea polyphenols have been reported to inhibit the benzo(a)pyrene-induced activity and
levels of cytochrome P4501A1 and 1A2 in mouse liver and lungs (Krishnan et al. 2005).
Moreover, resveratrol was found to inhibit aryl hydrocarbon-induced CYP1A1 enzyme ac-
tivity and expression in HepG2 cells. In addition, trans-resveratrol inhibited CYP1B1 activ-
ity and expression in MCF7 cells (Chang et al. 2000) while resveratrol has been reported
as inhibitor of CYP3A4 and CYP2EI in liver cells (Piver et al. 2001). Finally, epsilon-
viniferin, a dimer of resveratrol, displaced a strong inhibitory effect for CYP1A1, CYP1BI,
and CYP2B6, and to a lesser extent for CYP1A2, CYP2A6, CYP2E1, CYP3A4, and CYP4A
(Piver et al. 2003). Several flavonoids also alter CYPs through binding to the aryl hydrocar-
bon receptor (AhR), a ligand-activated transcription factor, acting as either AhR agonists
or antagonists. Inhibition of CYP enzymes, including CYP1A1, CYP1A2, CYP2EI, and
CYP3A4 by competitive or mechanism-based mechanisms also occurs (Moon et al. 2006).
It is noteworthy that quercetin increased CYP1AI activity and expression in MCF7 cells,
while kaempferol, a structurally related flavonoid, acted as an antagonist of TCDD-induced
CYP1AI1 transcription (Ciolino and Yeh 1999).

Interaction with oncogenes/tumor suppressor genes

Oncogenes are genes whose activation can contribute to the development of cancer. In con-
trast, tumor suppressor genes are those genes whose loss of function results in the promotion
of malignancy. Both categories of genes are usually associated with modulation of major
signaling cascades in the cell. Recent work presented evidence that polyphenols might have
numerous anticancer effects via interactions with several oncogenes and tumor suppressor
genes. In this section we are dealing with those oncogenes and oncoproteins that have not
been described previously.

Oncogenes (Ras, c-myc, c-fos, c-raf)

EGCG was reported to inhibit the growth of H-ras transformed but not of normal fibroblasts
(Wang and Bachrach 2002). Inhibition of c-myc, c-raf, and c-H-ras oncogenes by EGCG
was observed in a mouse model of nitrosamine-induced lung oncogene expression (Hu et al.
1995) and a transgenic mouse model that develops spontaneous skin tumors due to overex-
pression of ornithine decarboxylase (ODC) and a v-Ha-ras transgene (Paul et al. 2005). In
Ha-ras gene-transformed human bronchial epithelial 21BES cells, however, induction of Ha-
ras was observed by EGCG treatment (Vittal et al. 2004). Resveratrol treatment of Neuro-2a
neuroblastoma cells led to an increase of apoptosis and downregulation of Ras (Chen et al.
2003). Delphinidin has also been reported to inhibit Ras (Martin et al. 2003a). Curcumin
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derivatives appeared to inhibit farnesyl protein transferase in porcine kidney epithelial-like
LLC-PK 1 cells, human lung adenocarcinoma A549 cells, and human pancreatic cancer
MIA PaCa-2 cells. This enzyme catalyzes Ras protein isoprenylation at a conserved cys-
teine residue near the carboxyl terminus in order to extend Ras protein biologic activity
(Chen et al. 1997). Curcumin also inhibited proliferation of rat aortic smooth muscle cell
line A7r5 through a Go/G; cell cycle arrest, apoptosis and a concomitant reduction of c-
myc mRNA levels (Chen and Huang 1998). A similar inhibition of c-Myc expression was
induced by resveratrol, piceatannol, and EGCG in Caco-2 colon cancer cells (Wolter et al.
2003). EGCG arrested UVB-induced steady-state message and transcriptional activation of
the c-fos gene and accumulation of the c-fos protein in human keratinocyte cell line, Ha-
CaT via p38 MAPN (Chen et al. 1999). It also inhibited the stimulatory effect of PDGF-
receptor f on the c-fos mRNA expression in cultured vascular smooth muscle cells from
rat aorta (Ahn et al. 1999). However, EGCG and other green tea polyphenols induced c-
JUN/c-FOS in HT-29 and Caco-2 colon cancer cell lines (Kim et al. 2004) and epidermal
cells (Balasubramanian et al. 2002). Curcumin also inhibited the expression of c-FOS (Lin
2004).

p53

p53 is probably the most studied tumor suppressor gene and, under normal conditions, acts
as a regulating mechanism for cell division. A number of studies have focused on the effect
of polyphenols on p53 in several cancer models. EGCG increased p53 expression or activa-
tion in cervical (Sah et al. 2004), HepG2 (Kuo and Lin 2003), vascular smooth muscle (Hof-
mann and Sonenshein 2003), PC3 and LNCaP prostate carcinoma (Hastak et al. 2005), and
MDA-MB468 human breast cancer cells (Roy et al. 2005). Resveratrol induced the expres-
sion of p53 while inhibiting the proliferation of pulmonary artery endothelial (Hsieh et al.
1999b) and vascular smooth muscle cells (Mnjoyan and Fujise 2003). However, a minor ef-
fect of resveratrol on p53 expression was reported in MDA-MB435 and MCF-7 breast carci-
noma cells (Hsieh et al. 1999a) while in both wild-type p53-expressing and non-expressing
HCT116 colon cancer cells, resveratrol induced apoptosis (Mahyar-Roemer et al. 2001).

Direct effect on nucleic acids and nucleoproteins

The inhibitory effect of polyphenols on cancer cells implies (in addition to kinase signaling
regulation and cyclin and oncogene expression) a direct interaction with replication, re-
combination, repair, and transcription mechanisms, including enzymes and DNA. The first
report of a direct interaction of quercetin with purified calf thymus DNA was published by
Alvi et al. (1986). The authors reported a quercetin-induced stabilization of DNA secondary
structure. However, prolonged treatment of DNA with quercetin solutions led to an exten-
sive disruption of the double helix. This direct effect of quercetin was shared by curcumin,
interacting with both single- and double-stranded DNA and ultimately producing strand
scission, through a redox mechanism where the Cu(II)-Cu(I) couple was involved (Annaraj
et al. 2005). Besides Cu?*, quercetin can bind to rare earth metals such as lanthanoids (Zhou
et al. 2001). The latter complexes could also modify DNA stability and proved to be efficient
antiproliferative agents on a number of cancer cell lines.

As ethidium bromide (EtBr) could displace quercetin from its complexes with DNA, it
was assumed that the latter acts as a DNA intercalator (Ahmed et al. 1994). Indeed, a com-
parative study of the hydrophobic quercetin and its nonplanar hydrophilic analog dihydro-
quercetin revealed that quercetin-DNA interaction is most probably due to its hydrophobic
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core, which allows the agent to penetrate the DNA helix and to arrange its planar struc-
ture more or less parallel to the adjacent planes of the nitrogenous bases (Solimani 1996).
However, a recent study showed that quercetin binds to DNA mainly through electrostatic
interactions (Kang et al. 2004). Linear dichroism spectra analysis and infrared attenuated
total reflection spectroscopy of quercetin, morin, and rutin revealed that electrostatic forces
are favored at high DNA concentrations (Solimani 1997). Nevertheless, whatever the nature
of the developed chemical forces, it seems that “intercalating” flavonoid molecules cover the
polyanionic nucleic acid surface and do not alter the flexibility and hydrodynamic behavior
of DNA. This suggests a protective role of flavonoids on DNA nucleophilic groups. Detailed
structural analysis showed that quercetin, kaempferol, and delphinidin bound weakly to ade-
nine, guanine (major groove), and thymine (minor groove) bases, as well as to the backbone
phosphate group. Delphinidin, possessing a positive charge, induced a greater stabilizing
effect on DNA duplex than quercetin and kaempferol, while a partial B-DNA to A-DNA
transition occurred (Kanakis et al. 2005). Similarly, curcumin binding was limited in the mi-
nor groove of the double helix, and was sensitive to pH and salt concentrations (Zsila et al.
2004). Baicalein intercalated within the double helix too, an effect followed by possible
interstrand cross-linking (Rossi et al. 2001). Furthermore, resveratrol and genistein inter-
acted with DNA and RNA through base pairs and phosphate backbone groups (Usha et al.
2005). Another study, dealing with flavonoid oligomers, showed that anthocyanins signifi-
cantly increased DNA stability, whereas the presence of a catechol B-ring and the scarcity of
sugar substitution enhanced this action (Mas et al. 2000). In addition, EGCG binds to both
DNA and RNA. Its galloyl and catechol groups are essential for DNA binding and it seems
that this binding protects double-stranded DNA (dsDNA) oligomers from melting to single
stranded (Kuzuhara et al. 2000).

In culture systems, flavonoids were efficient inhibitors of mutagenesis, induced by liver
microsomal substrates. Their beneficial effect was not due to the modification of cytochrome
P450 activity, but rather to a possible direct interaction with DNA (Edenharder et al. 1997).
Moreover, treatment of RKO cells (a human colorectal carcinoma expressing E6 and E7
HPV transforming proteins) with sublethal concentrations of Polyphenon-100, a dietary
supplement consisting of green tea catechins mixture, resulted in increased microsatellite
sequence stability, while the expression of mismatch repair genes hMLH-1 and hMSH-2
remained unaffected (Ye et al. 2002). In this respect, a variety of DNA interacting proteins
such as topoisomerases, polymerases, and acetylases might be involved.

DNA topoisomerases I and II are essential for cell survival and play a critical role in
DNA metabolism and structure. Inhibitors of topoisomerases constitute a novel family of
antitumor agents, with confirmed clinical activity in human malignancies. However, their
clinical application is limited due to severe toxic effects on nontumor or normal cells. The
use of polyphenols could overcome this limitation, as polyphenols exert differential effects
on cancer cells and their normal counterparts. In vitro screening of the action of flavonoids
on topoisomerase enzymes revealed that the majority of tested compounds are potential
topoisomerase I and/or II inhibitors. This is achieved through both inhibition of relaxation
activity and stabilization of the cleavable complex (poisoning) (Constantinou et al. 1995).
Flavones and flavonols were more effective, while subtle pH changes can significantly affect
their concomitant biologic activity (Webb and Ebeler 2004). Indeed, luteolin could directly
interact with topoisomerase I catalytic subunit and intercalate to DNA, without binding to
helices’ minor groove. The resulting inhibition of topoisomerase I activity by luteolin was
due to the stabilization of the topoisomerase-I DNA-cleavable complexes (Chowdhury et al.
2002). EGCG was also shown to inhibit topoisomerase I but not topoisomerase II activ-
ity in several human colon carcinoma cell lines (Berger et al. 2001), whereas quercetin,
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acacetin, apigenin, kaempferol, and morin, inhibited topoisomerase I-catalyzed DNA reli-
gation by stabilizing the covalent enzyme-DNA complex in human HL-60 leukemia cells
(Boege et al. 1996). However, catalytic moiety inhibitors could prevent DNA damage, while
DNA-intercalative agents, such as fisetin and quercetin, seemed to enhance strand breaks
formation and are considered as clastogenic. Indeed, genistein treatment resulted in mutage-
nesis, as it induced micronuclei formation and DNA migration in L5178Y mouse lymphoma
cells (Boos and Stopper 2000). Although this effect was apparent within 1 h in a number of
colon cancer cells, it was not a prerequisite for the induction of apoptosis (Salti et al. 2000).
In addition, in a comparative study, it was found that quercetin differential clastogenic ac-
tivity on HL-60 myeloblastic leukemia cell line and its H, O;-resistant clone was due to the
prooxidant effect of the agent. Quercetin was less effective than luteolin regarding the inhi-
bition of topoisomerase activity, while it increased the formation of 8-oxodG, an indicator
of oxidative DNA damage (Yamashita and Kawanishi 2000). As flavonoid treatment of V79
Chinese hamster lung fibroblasts showed that catalytic topoisomerase inhibitors (biochanin,
galangin and daidzein) could decrease or abolish the clastogenic properties of topoisomerase
polyphenols poisons, it was assumed that total plant extracts could present different activi-
ties than their constituent phenolics (Snyder and Gillies 2003).

Recently, in an approach to explain the diverse actions of polyphenols, Howitz et al.
suggested that the antiproliferative and oncosuppressive properties of resveratrol might be
due to a mechanism that mimics caloric restriction and lifespan extension, and involves
the sirtuin (SIRT) family of nicotinamide adenine dinucleotide (NAD)"-dependent acety-
lases (Howitz et al. 2003). More specifically, resveratrol was found to directly interact with
SIRT1 deacetylase, resulting in decreased acetylation of p53, increased DNA stability, and
finally cell survival. Redox formation was implicated in the inhibition of histone deacetylase
(HDAC) activity, leading to a chronic inflammatory-like response (Rahman et al. 2004). In
this respect, resveratrol is a promising agent in the reversal of oxidative stress and rescue of
mutant phenotypes.

Moreover, resveratrol antiproliferative activity has been shown to correlate with its abil-
ity to inhibit DNA polymerases a and 3 in vitro (Stivala et al. 2001). Kaempferol and
quercetin glycosides were found to inhibit mammalian replicative DNA polymerases o,
d, and €, but not their P, k, and hisomers (Mizushina et al. 2003). Kaempferol glycoside
was a stronger and more selective inhibitor of DNA polymerase o than quercetin glyco-
side. However, the glycosides did not influence the activities of other mammalian DNA
metabolic enzymes, such as human immunodeficiency virus (HIV)-1 reverse transcriptase,
human telomerase, human DNA topoisomerases I and II, T7 RNA polymerase, and bovine
deoxyribonuclease I. Detailed analysis of flavonoid aglycones revealed a variable degree of
inhibition on a number of targeted enzymes: baicalein was moderately inhibitory to DNA
polymerase-y; quercetin was strongly inhibitory to DNA polymerase-f; quercetagetin was
a potent inhibitor for DNA polymerases «, p, y, and RNA polymerase; and myricetin was
a strong inhibitor of DNA polymerase o and RNA polymerase. In all cases, terminal de-
oxynucleotidyl transferase was virtually insensitive. The presumptive mechanism involves
competition with the template/primer in the case of the DNA polymerases, or competition
with the triphosphate substrate (GTP) in the case of RNA polymerase (Ono and Nakane
1990).

Finally, due to the above competitive mechanism, quercetin, quercetagetin, myricetin,
and especially baicalein were potent inhibitors of murine leukemia virus (MLV) (Rauscher
and Moloney strains) and HIV-1 reverse transcriptases (Ono et al. 1989). Comparative stud-
ies with other flavonoids (hydroxyflavones, dihydroxyflavones and polyhydroxyflavones,
and flavanones) revealed that the presence of both the unsaturated double bond between po-
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sitions 2 and 3 of the flavonoid pyrone ring, and the three hydroxyl groups introduced in
positions 5, 6, and 7, (i.e., baicalein) were a prerequisite for the inhibition of reverse tran-
scriptase activity (Ono et al. 1989). In this respect, polyphenols could be effective in hin-
dering the progression of viral infections. Further experiments have shown that flavonoids
could downregulate viral entry also through inhibition of RNA polymerase II (Chao and
Price 2001). HIV-1 protease activity was also suppressed by a number of flavones, fla-
vanones, flavonols, catechols, and chalcones, whereas flavonols (quercetin, butein, and lu-
teolin) were the most active (Xu et al. 2000). However, most flavonoid—enzymes inter-
actions have been observed in solution, and hence are of questionable biologic value. In
a first attempt to investigate a possible biologic action of these substances, flavopiridol,
a synthetic flavonoid, first described as an antitumor agent and currently subjected to clin-
ical trials, has been recently shown to block human immunodeficiency virus Tat transac-
tivation and viral replication, through inhibition of positive transcription elongation fac-
tor b (P-TEFb or Cdk9/cyclin T1). Flavopiridol biologic activity is related to the phos-
phorylation of both RNA polymerase sl and the large subunit of the 5,6-dichloro-1-8-
D-ribofuranosylbenzimidazole (DRB)-sensitivity-inducing factor, rather than inhibition of
RNA polymerase itself (Chao and Price 2001).

In summary, the inhibitory effect of polyphenols can also be attributed to their ability
to act as DNA intercalators or to interact with enzymes involved in DNA replication, re-
combination, repair, and transcription. Indeed, they can bind to DNA, cover the polyanionic
nucleic acid surface, and thus protect DNA nucleophilic groups. They can bind weakly to
adenine, guanine, and thymine bases, as well as to the backbone phosphate group. Therefore,
they increase DNA stability and inhibit mutagenesis. In addition to their direct interaction
with DNA, they can also interfere with DNA interacting enzymes such as topoisomerases,
polymerases, and acetylases. They can act as topoisomerase I and/or II inhibitors, affecting
the relaxation activity and the stabilization of the cleavage complex. Moreover, they can in-
teract with SIRT1 deacetylase, and inhibit DNA polymerases and MLV and HIV-1 reverse
transcriptases.

Conclusions

From the above review it becomes obvious that polyphenols, major micronutrients of almost
any plant food and beverage, have, in addition to their antioxidant action, major implications
on a number of basic cell mechanisms. These actions involve almost the whole spectrum of
cellular basic machinery—from the cell membrane to signaling cytoplasmic molecules and
to the major nuclear components—and provide insights into their health-beneficial effects.
In addition, their actions justify the scientific interest in this class of compounds, and provide
clues about their possible pharmaceutical exploitation in the field of oncology.
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Abstract Genome-sequencing projects yield enormous amounts of information that can
lead to revolutions in our understanding of life and provide new platforms for the treatment
of human diseases. However, DNA sequencing alone does not provide enough information
to determine the molecular pathways of an organism in healthy and disease states. A huge
number of gene products await functional characterization. Hence, there is a strong demand
for technological solutions that help to assign the functions of proteins and genes. This
review discusses high-throughput molecular biology methods, which promise to meet the
challenges of the post-genomic era.

Introduction

The completion of a high-quality human genome sequence was a landmark event in the his-
tory of biomedical sciences (Lander et al. 2001; Venter et al. 2001). However, the elucidation
of DNA sequence was only a starting point in genomics research. The goals of functional
genomics include understanding genomes, the products that they encode, how gene prod-
ucts interact to produce complex living organisms, and the importance of sequence variants.
The progress of the Human Genome Project (HGP) has stimulated the development of new
technologies that can provide answers to some of these questions on a genomics scale.

Post-translational modifications as clues to protein function

Living cells rely on a complex interplay among thousands of different molecules that main-
tain cellular integrity and morphology and perform numerous biological functions. Although
protein functions are encoded in genes, the actual regulation of protein structure and function
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generally is executed by specific post-translational modifications (PTMs) such as phospho-
rylation, glycosylation, and acetylation. Currently, it is well accepted that most proteins in
a variety of species exhibit site-specific covalent modifications (Krishna and Wold 1993;
Mann and Jensen 2003).

PTM of proteins enables enormous heterogeneity and diversity of gene products. As
a result of allelic variations, mRNA splicing, and PTMs, the human genome can generate
hundreds of thousands of different gene products from an estimated 30,000 open reading
frames. However, only a distinct subset of these gene products is present in a given cell type
under normal physiological conditions. Cell and tissue types as well as environmental stim-
uli influence the way proteins are post-translationally modified. Thus, cell-specific patterns
of PTM will determine protein structure, subcellular localization, and interactions with other
proteins.

Genome-wide protein localization studies

The eukaryotic cell is divided into a number of compartments to which particular protein ac-
tivities are assigned. Thus, the subcellular localization of proteins can be a valuable source
of information about protein function. Furthermore, proper localization of a protein within
particular compartments is a prerequisite for interaction with other proteins in regulatory
networks. Thus, aberrant protein translocation might lead to pathological changes in cell
physiology.

In most cases, protein localization studies have been performed on a single-gene basis.
Following the completion of genome sequencing projects for various organisms (in partic-
ular human and mouse), great efforts have been made to conduct genome-wide protein lo-
calization studies. Initially, large-scale studies were performed in fission and budding yeast
(Ding et al. 2000; Kumar et al. 2002). Simpson and colleagues applied a novel cloning
technology for rapid generation of N- and C-terminal green fluorescent protein fusions with
a small library of cDNAS to examine intracellular protein localizations in a mammalian cell
line. Over 100 fusion proteins were expressed in living cells, and for over 80% of these pro-
teins, an unambiguous intracellular localization to known structures or organelles was deter-
mined (Simpson et al. 2000). In another study, automated transfection and immunostaining
of mammalian cells in a 96-well plate format was utilized (Liebel et al. 2003). Although ro-
bust, the microwell plate-based approach is characterized by high reagent consumption and
a need for automated liquid dispensing. Moreover, the microtiter plate assay requires a high
number of cells per well, which can limit feasibility when primary cells are considered.
A recently developed transfected-cell array technique (described in detail later) represents
a cost-effective alternative to the microwell plate format for high-throughput functional ge-
nomics. Using this method, Hu et al. screened over 80 genes mapping to human chromosome
21 (Chr21) for the subcellular localization of their products in HEK cells. Plasmids encoding
particular Chr21 genes were spotted in an array format and reverse transfected for protein
expression (Fig. 1). Using this approach, the localizations of 34 proteins were described for
the first time. In addition, the influences of some of the proteins on cellular morphology and
apoptosis induction were characterized (Hu et al. 2006).
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Fig. 1 High-throughput assay for protein sublocalization studies in mammalian cells using the cell array
technique. cDNAs of the studied proteins are cloned in expression vector and spotted in an array format (A).
Different proteins can be simultaneously detected through the anti-His6 tag staining using a CCD scanning
system (B) or automated microscope (C). For detailed analysis of protein distribution, particular cell clusters
(D) or single cells (E) with the help of organelles counter-staining (F) can be examined (from Hu et al. 2006)

The use of functional genomics to identify proteins involved in apoptosis

Apoptosis is the most common form of physiological cell death, serving to eliminate ge-
netically altered cells. Apoptosis is defined by morphological criteria including chromatin
condensation, nuclear fragmentation, plasma membrane blebbing, organelle disruption, loss
of adhesion and rounding, and cell shrinkage. Apoptosis is required for normal develop-
ment and maintenance of tissue homeostasis, and its dysregulation is associated with various
pathological conditions.

Identification of pro- and anti-apoptotic genes

Proliferating tissues that fail to maintain normal cell turnover may tend to accumulate neo-
plastic cells, which leads to tumor formation. Moreover, defects in apoptotic signaling create
a permissive environment for mutations and genetic instability (Igney and Krammer 2002).

Apoptosis resistance in cancer is mediated by diverse mechanisms that act at different
points of the cell death pathway, leading to its disruption. Many of the responsible molecules
have been identified and comprise potential targets for therapeutic intervention (Nicholson
2000). They can be divided into two major classes: (a) oncogenes with anti-apoptotic ac-
tivities, which are frequently over-expressed due to transactivation or post-transcriptional
regulation and (b) tumor suppressor genes with pro-apoptotic capabilities. In addition, death
receptor signaling can be dampened by the expression of inactive decoy receptors on the cell
surface (Ashkenazi 2002).
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Recently, several large-scale screens for identifying pro-apoptotic genes have been per-
formed. Mannherz and colleagues spotted 382 human gene sequences, mostly with unknown
functions, on glass slides to investigate induction of apoptosis upon protein over-expression
(Mannherz et al. 2006). They used the transfected-cell array technique combined with the
TUNEL assay to identify ten genes with pro-apoptotic characteristics. In another study,
a batch of 2,000 human open reading frames was investigated for pro-apoptotic activity,
again using the protein over-expression approach in cell array format (Palmer et al. 2006).
Over-expression of ten proteins resulted in the induction of apoptosis, which was evalu-
ated further by genome-wide gene expression analysis. To date, a systematic, genome-wide
screening of anti-apoptotic genes has not been performed. The commercial availability of
apoptosis-specific sets of small interfering RNAs (siRNAs) will probably accelerate research
in this direction. The combination of RNA interference and cell array technology has already
proven to be very robust in several areas of functional genomics (Vanhecke and Janitz 2004).

Technologies for high-throughput functional genomics

Developments in the past decade resulted in a number of state-of-the art technologies that
were adopted in many areas of functional genomics and proteomics. One of the most promi-
nent technologies is the microarray technique. The microarray consists of hundreds to thou-
sands of molecules spotted on a glass surface in a highly systematic manner so that the coor-
dinates of each spot are defined. Chemical compounds, DNA, proteins, and even intact liv-
ing cells can be printed in an array format in a high-throughput fashion. Accordingly, many
microarray platforms have been developed including DNA microarrays, small-molecule mi-
croarrays, peptide microarrays, protein microarrays, and cell arrays. One distinct feature of
these microarray-based platforms is that high-throughput screening of a variety of molecules
can be performed in a single step. This allows for rapid data acquisition and parallel sample
comparison.

DNA microarrays

DNA microarrays consist of a miniaturized, solid matrix on which thousands of known nu-
cleic acid fragments [cDNAs, oligonucleotides, polymerase chain reaction (PCR) products]
are deposited in a highly ordered fashion (Fan et al. 2006a). The highly specific hybridiza-
tion of a single-stranded nucleic acid to a second complementary single strand, resulting in
generation of a double-stranded DNA molecule, is fundamental to DNA microarrays. Poten-
tial target nucleic acids are labeled with radioactivity or fluorescent dyes and then hybridized
to the array surface. After a washing step, the complementary target—probe complexes re-
main tightly bound, and the amount of the labeled target is quantified by measurement of its
radioactivity or fluorescence. Signal detection is performed using charge-coupled devices
(CCD) or laser-scanning digital imaging systems. Several DNA microarray platforms us-
ing various methods of nucleic acid molecules generation and immobilization are currently
available.
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Gene expression profiling

Expressed genes determine the phenotype of the cell and its response to environmental fac-
tors. Therefore, gene expression profiles can help to elucidate cellular functions, regulatory
mechanisms, and biochemical pathways, both in normal and disease states. The knowledge
derived from comparative studies between diseased cells or tissues and normal counterparts
allows the identification of new molecular targets. As a result, more accurate diagnoses and
individual predictions of clinical outcome can be made and new therapeutic targets can be
characterized.

Currently, several technology platforms are in use for gene expression profiling. The
most common are cDNA microarrays and oligonucleotide microarrays.

cDNA microarrays

A cDNA microarray comprises thousands of probes, usually corresponding to PCR products
generated from cDNA libraries, expressed sequence tag clones, or long cloned genomic frag-
ments using vector- or gene-specific primers (Cheung et al. 1999; Duggan 1999). The set of
probes is printed at defined coordinates on a solid support using either contact or noncontact
printing based on the ink jet principle. Spots are usually in the size range of 100-200 pm,
with regular distribution throughout the array. One advantage of cDNA microarrays is that
sequence information about spotted clones is not obligatory. Hence, the discovery of new
genes is facilitated. This advantage is partially diminished by the current availability of the
entire genome sequences from human and many other organisms. The large size of each
probe (~500-2,000 bp) reduces cross-hybridization of unrelated genes under stringent hy-
bridization conditions. However, closely related members of the same gene family are able
to anneal to some extent, resulting in the failure to specifically detect individual genes. Fur-
thermore, PCR amplification of clones for microarray generation is required. These factors
substantially limit applicability of cDNA microarrays due to their relatively high cost and
tedious production.

Oligonucleotide microarrays

Oligonucleotide microarrays using short (25-30 bp) or long (50-80 bp) oligonucleotides
overcome some of the disadvantages of cDNA arrays. The oligonucleotide arrays are pro-
duced by immobilization of single-stranded DNA molecules on a glass surface. The probes
are designed on the basis of sequence information available in databases. This eliminates
the need to verify and maintain vast collections of cells, cDNA clones, and PCR products.
Splice variants and closely related members of gene families can also be efficiently dis-
tinguished by designing specific probe sequences. In early nineties, Affymetrix established
an oligonucleotide microarray (GeneChip) manufactured by photolithographic technology.
Since then, high-density, short-oligonucleotide GeneChip arrays have become the standard
in the field (Lipshutz et al. 1999). The latest GeneChip format contains more than one mil-
lion different oligonucleotide sequences, 25 bases in length, on a GeneChip 11x11 mm in
size, with sequences of up to 47,000 transcripts. For quantification of mRNA levels, each
gene is represented by a probe set of 11-25 oligo pairs, which are in most cases comple-
mentary to the mRNA 3’ end. One probe of each pair perfectly matches the gene sequence
(perfect match), whereas the other probe carries a one-base mismatch in the central po-
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sition of the sequence. The mismatched probe serves as a negative control of hybridiza-
tion.

Recently, long oligonucleotides have become a novel and interesting approach to mi-
croarray production. These long oligonucleotides can be synthesized separately on a large
scale and spotted onto a glass surface. Alternatively, oligoprobes can be synthesized in situ
on a glass array surface using ink jet printing technology (Agilent Technologies) (Wolber
et al. 2006). The increased length of the oligoprobes results in greater specificity to the
hybridized DNA. Hence, long-oligonucleotide microarrays are more similar to cDNA mi-
croarrays than to GeneChips. Likewise, the method of signal hybridization and detection
is similar for long-oligonucleotide microarrays and cDNA microarrays. In both cases, two
separate samples are labeled with different fluorescent nucleotides, such as Cy5 and Cy3.
The former represents an experimental sample and the latter a reference sample. The two
samples are co-hybridized to the same array, and competitive hybridization takes place.
The Cy5/Cy3 ratio detected for each spot is proportional to the relative amounts of mRNA
for that specific gene in the two samples. In contrast, a single sample is hybridized to the
GeneChip, and signals from full-match and mismatch oligoprobes are compared.

Most gene expression data have been generated using cDNA arrays and long-
oligonucleotide arrays, as well as Affymetrix GeneChips. Recently, a long-oligonucleotide,
bead-based microarray from Illumina has become popular within the research community
(Fan et al. 2006b). Whereas arrays produced by Affymetrix are fabricated by in situ syn-
thesis of 25-mer oligonucleotides, the Illumina technology applies standard oligonucleotide
synthesis. However, the oligonucleotides are attached to microbeads, which are then
placed onto microarrays using a random self-assembly mechanism. The design and probe
selection process also differs substantially between the Affymetrix and Illumina approaches.
Affymetrix uses multiple probes for each gene, along with one-base mismatch probes used
as controls against nonspecific hybridization. In contrast, the randomly generated Illumina
arrays contain approximately 30 copies of each oligonucleotide, which provides an internal
technical replication not present in Affymetrix chips. The location of each probe on the
Ilumina bead chip must be decoded using a molecular address attached to the probe. In
contrast, the coordinates of Affymetrix oligoprobes are predefined so that no decoding step
is necessary. It should be emphasized that both platforms are currently widely used not only
for gene expression profiling studies but also for genome-wide genotyping (Kaller et al.
2007).

Protein microarrays

Protein microarrays contain a defined set of proteins immobilized in high density, regularly
distributed on a solid support such as glass with various surface modifications (Angenendt
et al. 2003).

The methodology developed for production of DNA microarrays was also successfully
applied for fabrication of protein microarrays. Printing of the proteins is done with a reg-
ular microarray spotter. Typically, protein spots 200-250 um in diameter are generated. In
principle, proteins can be arrayed at high spatial density, similar to DNA, and a standard
microscope slide can accommodate thousands of samples in parallel. The droplet can be de-
livered to the surface by direct contact between the spotter tip and the solid support. Proteins
drops can be also delivered by noncontact printing using piezo-spotting (Auburn et al. 2005).



Rev Physiol Biochem Pharmacol (2007) 159:115 -129 121

This type of spotting is characterized by greater precision and more controlled distribution
of the volumes of dissolved proteins.

Protein microarray technology provides a platform for the in vitro study of protein func-
tion at a genome-wide level (Talapatra et al. 2002). Immobilized proteins can be assayed in
parallel under many different conditions and with many different samples. However, whole-
proteome microarrays are difficult to achieve for higher organisms. Until recently, they have
been limited to studies of the yeast proteome because production of a large number of pure
recombinant proteins in parallel is a tedious and expensive process. cDNAs must be cloned
into expression vectors, and the translated proteins must be purified in large amounts. Fur-
thermore, in the case of genome-wide approaches, the cDNA library must be normalized.

Recently, transfected-cell arrays have emerged as a cost-effective alternative to protein
arrays (see following sections for details). In the former approach, proteins are synthesized
in an array format by cells. Thus, the protein purification step can be avoided, and different
cell types can be used at the same time for investigation of tissue-specific effects.

Protein—protein interaction screening systems

It is very difficult to predict interaction partners for particular proteins, even with knowledge
of the properties of specific protein domains. An example is the SH3 domain, which prefer-
entially binds to sequences containing the amino acid proline (Musacchio 2002). Therefore,
experimental approaches are required to investigate protein—protein interactions (PPIs). In
this review, only in vivo methodologies will be discussed because these are currently the
most common approaches for PPI screens.

Yeast two-hybrid system

PPIs play a fundamental role in the regulation and execution of nearly all cellular processes.
One of the most widely used techniques for detecting PPIs is the yeast two-hybrid (YTH)
system. It takes advantage of the fact that many eukaryotic transcription factors can be di-
vided into two functionally distinct domains that mediate DNA binding and transcriptional
activation (Miller and Stagljar 2004). In the classical YTH approach, a bait protein is con-
structed by fusing a protein X to a DNA-binding domain of a transcription factor. Mean-
while, a prey protein is constructed by fusing a protein Y to the activation domain of a tran-
scription factor. The bait and prey fusions are co-expressed in yeast, wherein the interaction
of X and Y leads to the restoration of a functional transcription factor. Reconstitution of the
transcription factor is measured by assaying the activity of reporter genes.

The ability to screen large cDNA libraries for proteins that interact with a protein of
interest is the major advantage of the YTH system over biochemical methods for identify-
ing PPIs (Armour and Lum 2005; Fields 2005). Two types of YTH screening procedures
are used widely (Legrain and Selig 2000). In a typical library approach, bait proteins are
screened against a random cDNA library that encodes highly redundant, unknown prey pro-
teins. This redundancy results in repeated detection of some interactions while missing oth-
ers. In matrix approaches, arrays of defined bait and prey proteins are screened against each
other in a systematic manner. In this configuration, each interaction has the same probability
of being identified. Moreover, the screens can be repeated in the same way. Although matrix
screens are characterized by high degrees of reliability and efficiency, the proteins must be
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screened against a matrix until no new interactions can be detected. Therefore, to reduce
the number of experiments and increase accuracy, smart pooling (Thierry-Mieg 2006) and
deconvolution strategies (Jin et al. 2006) have been proposed.

Mammalian two-hybrid systems

Because two-hybrid systems are in vivo assays, they offer advantages over in vitro biophys-
ical or biochemical methods for the study of protein interactions. Indeed, some PPIs are too
weak and/or transient to be detected in vitro, and some of these interactions require spe-
cific PTMs of the proteins or specific co-factors in the cellular microenvironment. Hence, it
is advantageous to determine protein interaction networks in mammalian cells using mam-
malian two-hybrid assays as compared to the more commonly used YTH assays (Lee and
Lee 2004). Until recently, high-throughput analyses of protein interactions were typically
performed in yeast, and putative interactions were confirmed afterwards in mammalian two-
hybrid assays on a gene-by-gene basis (Tavernier et al. 2002).

Currently, mammalian PPIs are primarily investigated using the YTH system. As noted
previously, studying mammalian genes in yeast is problematic because, in many cases, post-
translational procedures are essential for correct protein processing. These modifications
can differ among organisms and even among different cell types (Colosimo et al. 2000).
This results in a high rate of false negatives in organisms other than that from which the
genes were derived. For example, the transforming growth factor f-mediated interaction be-
tween Smad3 and c-Jun proteins is detectable only in mammalian cells and not in the YTH
system (Feng and Derynck 2001). Therefore, mammalian genes should be studied in mam-
malian cells, their natural environment. The principle of the mammalian two-hybrid assay
is similar to the YTH system (Dang et al. 1991). Advantages of the mammalian two-hybrid
system are that proteins maintain their native conformation, and additional factors neces-
sary for the interactions of proteins are available. This is especially relevant for proteins that
interact indirectly, e.g., through transcription factors, in multi-protein complexes. Thus, the
mammalian two-hybrid system is often used to further evaluate protein interaction partners
found in yeast (Leonhardt et al. 1998) or for small-scale studies (Dixon et al. 1997). The first
attempts to conduct large-scale mammalian two-hybrid assays consisted of transfection in
a 96-well or 384-well plate (Murakami et al. 2002; Zhao et al. 2004). Automated transfec-
tion and immunostaining of mammalian cells were recently established (Liebel et al. 2003).
In either case, the use of a microwell plate format requires automation of liquid dispensing
and is characterized by high consumption of reagents.

In my laboratory, a new and cost-effective method for the high-throughput detection of
PPIs in mammalian cells was established that combines the advantages of mammalian two-
hybrid systems with those of microarrays (Fig. 2). In this assay, mixtures of bait and prey
expression plasmids, together with an auto-fluorescent reporter, are immobilized on glass
slides in defined array formats. Adherent cells that grow on top of the microarray will be-
come fluorescent only if the expressed proteins interact and subsequently transactivate the
reporter. By using known interacting partners and screening a small prey library against the
human androgen receptor ligand-binding domain, it was demonstrated that this assay allows
the quantitative detection of protein interactions in several types of mammalian cells and
under the influence of different compounds (Fiebitz et al., submitted).
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Fig. 2 Cell arrays can be applied for screening of protein—protein interactions in mammalian cells. Expression
plasmids containing cDNAs for bait, reporter, and prey proteins (A) are spotted on the glass surface (B) and
reverse transfected into adhesive cell line (C). After 3 days of incubation, proteins interactions are detected
by the measurement of the reporter protein fluorescence (D). Since transfected cell clusters are separated by
nontransfected cells, hundreds of different prey constructs can be investigated in a single experiment

RNA interference and its high-throughput applications

Among the most common ways to investigate gene function in the context of the entire
organism are gain-of-function and loss-of-function studies using transgenic and knockout
animal technology. Both approaches have drawbacks. One disadvantage is the enormous
cost and time required to generate genetically modified animals. Moreover, the majority of
genetically modified animals do not display a distinct change in phenotype that would allow
unambiguous linkage to a mutated gene. Taking into account these aspects, there is a clear
need for the identification of candidate genes before conducting in vivo studies.

RNA interference (RNAIi) is an evolutionarily conserved biological phenomenon in
plants and animals in which double-stranded RNA (dsRNA) induces the sequence-specific
degradation of cognate RNA. During RNAi, dsRNA formed in cells by DNA- or RNA-
dependent synthesis of complementary strands, or introduced into cells by viral infection or
artificial expression, is processed to approximately 20-bp, double-stranded siRNAs contain-
ing 2-nt 3’ overhangs. The siRNAs are incorporated into an RNA-induced silencing complex
that mediates the degradation of mRNAs with sequences fully complementary to the siRNA
(Sontheimer 2005).

Although discovered as a natural process, RNAi quickly proved to be an excellent
method for efficient gene silencing. Initially, silencing studies were performed in lower
eukaryotes such as Caenorhabditis elegans (Carthew 2001) and Drosophila melanogaster
(Kwon and Scholey 2004) using long dsRNA. Silencing of single genes was followed
by high-throughput approaches, mostly in C. elegans (Lamitina 2006; Kuttenkeuler and
Boutros 2004). Several recent studies in C. elegans clearly showed that the RNAi approach
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can generate dozens of phenotypes, leading to the discovery of new genes and their
functional characterization. For example, a genome-wide screen in C. elegans identified
21 genes stimulating apoptosis. Because apoptotic pathways are evolutionarily conserved,
many of these genes have been implicated in the maintenance of mammalian genome
stability, p53 activation, and the regulation of fertility (Lettre and Hengartner 2006). In
another study, RNAIi analysis of over 19,000 genes in C. elegans revealed over 1,500
phenotypes (Kamath et al. 2003).

RNAi in mammalian cells

Initially, the application of RNA interference in mammalian cells was hampered by the fact
that dsSRNA molecules longer than 30 bp trigger an interferon response, which ultimately
leads to cell death. In contrast, 21-bp siRNAs do not stimulate the interferon response and
can be delivered into cells, either as chemically synthesized molecules or via the transfection
of plasmids that express siRNA. A wide range of mammalian genes involved in apoptosis,
the cell cycle, and signal transduction have been knocked down successfully using this tech-
nique (Cullen and Arndt 2005). Chemically synthesized siRNAs are easy to transfect, and
a high intracellular concentration of siRNA molecules can be achieved. However, high syn-
thesis costs still hinder their broad application in high-throughput studies.

Gene silencing using direct transfection of siRNA is transient and limited by the rate
of cell division. This is because mammalian cells, unlike C. elegans, are unable to amplify
RNAI (Li et al. 2006). To overcome this obstacle and to increase the cost-effectiveness of
RNAI studies, vector-based systems for siRNA delivery have been developed. Cells can be
stably transfected with plasmids expressing short hairpin RNAs (shRNAs) so that the silenc-
ing effect can be constantly maintained (Bernards et al. 2006). Moreover, shRNA-encoding
plasmids can carry drug-resistance markers, making the cells amenable to selection.

An alternative approach to plasmid transfection is to transduce cells with a virus that
integrates a stable ShRNA-expressing cassette into the genome of the target cell (Berns et al.
2004). Several groups have created large-scale shRNA libraries in retroviral-based (Sandy
et al. 2005), adenoviral-based (Narvaiza et al. 2006), or lentiviral-based vectors (Moffat et
al. 2006). These vectors can be used with packaging systems to generate viruses that will
integrate shRNA-expressing sequences (along with a selectable marker) into various cell
types, including primary and nondividing cells.

Although approximately 3,000 disease-modifying genes are thought to be present in
the human genome, only around 500 have been subjected to pharmaceutical investigation.
Therefore, the adaptation of genome-wide, loss-of-function screens using siRNAs for the
interrogation of complex phenotypes promises the discovery of novel targets and, conse-
quently, novel therapeutic strategies. However, some limitations of this technology should
be discussed. It has been observed that gene silencing by siRNA is not entirely sequence-
specific. False-positive results can arise due to sequence-independent, off-target effects of an
interferon response induced by some siRNAs, but more prominently by shRNAs (Jackson
et al. 2006). Since most off-target effects are likely to be concentration-dependent, consider-
able effort is being exerted to develop better methods of introducing siRNA into cells. These
improved methods aim to reduce the amount of siRNA necessary for transfection and to
reduce the cell toxicity of the transfection reagents (Amarzguioui et al. 2005).

False-negative results can be expected, depending upon the cell type and the gene of
interest. False negatives may be due to redundancy of target genes, so that losing the func-
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tion of one gene is compensated for by the products of functionally related genes. More
frequently, however, inefficient knock-down of the RNA of interest and high stability of the
analyzed protein will hamper the identification of important gene functions. Consequently,
to obtain better gene silencing the prediction and validation of the optimal region within the
gene must be further improved (Pei and Tuschl 2006).

Transfected-cell array as a functional genomics tool

A recently developed transfected-cell array (TCA) technique can be seen as a breakthrough
for high-throughput functional genomics in cell biology. Full-length open reading frames of
genes cloned in expression vectors or siRNAs are printed at a high density on a glass slide,
along with a lipid transfection reagent. The microarray is subsequently covered with a layer
of cells. Cells growing on top of the DNA/siRNA spots are transfected, resulting in the ex-
pression of specific proteins in spatially distinct groups of cells. The phenotypic effects of
this 'reverse transfection’ of hundreds or thousands of gene products can be detected using
specific cell-based bioassays (Fig. 3) (Ziauddin and Sabatini 2001).

Because each cell cluster expresses a particular protein, and cell clusters are spatially
separated, the TCA can be considered a particular type of protein microarray. The TCA
utilizes eukaryotic cells, allowing for PTMs of expressed proteins. Utilization of different
cell lines provides opportunities to screen for protein function in situations where cell-type-
dependent PTMs and PPIs are important. Hence, the investigation of protein function within

B.

Spotted siRNA
before transfection

Spotted siRNA 18hrs
after transfection

Fig. 3 RNA interference screens using cell arrays. siRNAs are spotted using a spotting robot at a high den-
sity on a microscopic slide (A). The quality of the generated microarray can be controlled by detection of
the fluorescence from rhodamine-labeled siRNA (B). Efficiency of siRNA transfection can be monitored on
a single-cell level using DAPI-counter-staining of nuclei (D). (Vanhecke et al., unpublished data)
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the context of the living cell represents an attractive alternative in genome-wide functional
studies, especially for RNA interference approaches.

Transfected-cell arrays have been applied to several aspects of protein functional anal-
ysis. Cell array-driven protein subcellular localization studies were mentioned previously
in this review. In another example, the combination of transfected-cell technology with the
mammalian two-hybrid system led to a powerful tool for screening whole cDNA libraries
for proteins interacting with the gene product used as bait. An advantage of this PPI screen-
ing system is that the assay is performed in mammalian cells. Thus, interactions dependent
on PTMs can be detected (Fiebitz et al., submitted).

Recently, an RNA interference-based cell array for loss-of-function studies in mam-
malian cells was developed by several groups including our own laboratory (Fig. 3). One
study applied the combination of RNAi and reverse-transfection for validation of siRNA
and shRNA probes in HeLa cells (Kumar et al. 2003). RNA probes targeting the MyoD
gene were co-transfected together with the expression plasmid containing the MyoD gene
as a reporter. In a similar experiment, Mousses et al. used arrayed rhodamine-labeled siRNA
targeting GFP for knock-down of stable GFP expression in HeLa cells (Mousses et al. 2003).

Thus far, most studies have addressed RNAI silencing of co-transfected exogenous re-
porter genes or stably transfected genes. Recently, Erfle and co-workers have shown silenc-
ing of the endogenous BCOP gene in HeLa cells using the cell array method (Erfle et al.
2004). Moreover, primary and nonadherent cell lines, such as mesenchymal stem cells and
human erythroleukemic cells, have also been used on RNAi cell microarrays (Yoshikawa
et al. 2004; Kato et al. 2004). Thus, the applicability of the cell array platform to clinically
important cells has been proved.

Conclusions

High-throughput techniques have had a profound impact on genome research. Compared
with traditional biological experiments, high-throughput experiments require intensive data
processing. Moreover, special care must be taken during analysis to obtain accurate and
reproducible results. Nevertheless, microarray-based technologies have enabled substan-
tial advancements in our understanding of cell biology. For example, these new tools have
helped to elucidate, at least in part, the cell cycle regulatory pathways that lead to tumorigen-
esis. Furthermore, these tools have produced evidence that in type I diabetes, mitochondrial
function may be a limiting factor in insulin resistance (Mootha et al. 2003). New commercial
products such as diagnostic microarrays have emerged, thereby influencing actual clinical
practice. Information obtained from these technologies can potentially influence clinical de-
cisions such as the selection of appropriate drug therapy considering the unique genetic and
metabolic profile of a given patient. Improved accuracy of gene expression profiling and
genotyping at a genome-wide level will allow for therapy to be more precisely tailored to
meet the molecular classification of the disease.
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Abstract Profilins are small proteins involved in actin dynamics. In accordance with this
function, they are found in all eukaryotes and are structurally highly conserved. However,
their precise role in regulating actin-related functions is just beginning to emerge. This ar-
ticle recapitulates the wealth of information on structure, expression and functions accu-
mulated on profilins from many different organisms in the 30 years after their discovery as
actin-binding proteins. Emphasis is given to their interaction with a plethora of many differ-
ent ligands in the cytoplasm as well as in the nucleus, which is considered the basis for their
various activities and the significance of the tissue-specific expression of profilin isoforms.

Introduction

About three decades ago, profilin was first described as a 15-kDa small protein that copu-
rified with monomeric actin from calf spleen and inhibited actin polymerization (Carlsson
et al. 1976, 1977). Its given name referred to this property, as it kept actin in the form of
“pro-filamentous actin.” Since then, we learned that profilins constitute a large family of
proteins, generated mainly by separate genes, but in some cases also as splice products, in
lower eukaryotes (Cooley et al. 1992; Haugwitz et al. 1991; Ozaki et al. 1983; Reichstein
and Korn 1979; Tilney et al. 1983; Wilkes and Otto 2000; Wilkes and Otto 2003), plants
(Staiger et al. 1993; Valenta et al. 1993), invertebrates (Cooley et al. 1992; Polet et al. 2006;
Somboonwiwat et al. 2006) and vertebrates (Braun et al. 2002; Honoré et al. 1993; Witke
et al. 1998, 2001). There is even a viral profilin (Blasco et al. 1991) whose gene organiza-
tion is homologous to the mammalian profilins and may thus have been highjacked from
a mammalian host cell. In tissue-forming organisms like animals or higher plants, profilins
may be expressed in a tissue-specific manner, and it has been shown that deletion of profil-
ins usually has severe consequences on viability of the afflicted organism. Hence, profilins
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have attracted the attention of many scientific groups, but the precise function of these small,
ubiquitous proteins in cells and tissues still remains rather mysterious. Several reviews have
been published in the last decade summarizing the knowledge on structure and function of
profilins (e.g., Baatout 1996; Haarer and Brown 1990; Pollard and Quirk 1994; Schliiter et
al. 1997; Witke 2004; Yarmola and Bubb 2006). The present review attempts to combine the
wealth of information presented in these articles with the recent development in the field,
trying to present the state of the art concerning this fascinating, multitasking protein.

Background
On the corporate identity of profilins

Genomic DNA sequences of putative profilins contain three exons that may be separated
by introns of vastly different sizes (Huang et al. 1996), and can be dispersed throughout
the genome. Consequently, identification of profilins has concentrated on sequencing the
open reading frames and data comparison in search for homology. Numerous amino acid se-
quences of profilins have thus been deduced over the past three decades. While in the early
days of this period the sequences of unicellular organisms (yeast, slime moulds, etc.) and
of animals (insects, mammals) were primarily the focus of such investigations (reviewed
in Schliiter et al. 1997), more recently plant profilins became very popular. Here, one finds
numerous examples of proteins that were originally given different names but later on were
identified as profilins. When comparing amino acid sequences of different origins, one learns
that not only profilins of distantly related species may show less than 25% overall homol-
ogy (Pollard and Quirk 1994), but even profilin sequences expressed within the same animal
or plant species may vary considerably in sequence (Huang et al. 1996; Kandasamy et al.
2002; Obermann et al. 2005). Hence, in dealing with profilins, one wonders: how is a profilin
defined?

One solid criterion to rely on is the structure. The secondary and tertiary structures of all
profilins thus far elucidated are strikingly similar. Profilins of Acanthamoeba, mammalian
or birch origin display a compact center comprising seven beta strands packed into a beta-
sheet, surrounded by four alpha helices (Domke et al. 1997; Fedorov et al. 1997; Fedorov
et al. 1994; Schutt et al. 1993). The N- and C-terminal regions, both being part of an alpha
helix, are adjacent to each other (see Fig. 1A).

Another criterion commonly used to define a profilin is its capacity to interact with three
classes of ligands. In general, profilins were found to have discrete and surface-exposed
binding sites for actins (Schutt et al. 1993) including actin-related proteins (ARPs) (Mach-
esky et al. 1994a), poly-L-proline (PLP) stretches (Mahoney et al. 1997), and phosphatidyli-
nositol lipids (Lassing and Lindberg 1985), as shown in Fig. 1. These binding sites have
been characterized in detail, and the motifs interacting with the different ligands have been
identified for many profilins, including plant proteins (Thorn et al. 1997). Not surprisingly,
the amino acid sequences comprising these motifs are relatively well conserved throughout
different kingdoms (Huang et al. 1996). There are even a few residues consistently con-
served throughout all organisms, for example, a tryptophan residue (W3) at the N-terminus,
with only one exception, human profilin IV (Obermann et al. 2005). Yet, the affinity for
the different ligands may differ by orders of magnitude between species and even isoforms
(see Schliiter et al. 1997). Extreme examples are a minor mouse splice form that has been
reported not to bind to G-actin (Di Nardo et al. 2000), and Vaccinia virus profilin which
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Fig. 1 The three major ligand-binding sites on profilin. A Schematic representation of the binding sites for
actin (red), poly-L-proline (PLP, blue) and phosphatidylinositol-4,5-bisphosphate (PIP2, green) on the sur-
face of a profilin molecule. (Modified after Cedergren-Zeppezauer et al. 1994). Note that the PIP2-binding
area forms an extensive patch which overlaps with the binding areas for actin and PLP. B The complex of
bovine profilin (yellow) with beta actin (blue). (Derived from Schutt et al. 1993). C The structure of human
platelet profilin in complex with a 15mer of L-proline. (From Mahoney et al. 1997). Note that the orientations
of the profilin molecules depicted in B and C are different. The figures were generated using the YASARA
program, using PDB:1pne (A), PDB ID:1hlu (B) and pPDB ID:1cjt (C). (Berman et al. 2000)

does not bind to PLP (Machesky et al. 1994b). Low affinity for PLP may cause complica-
tions in biochemically characterizing a protein as a profilin, since this interaction is routinely
employed to purify genuine as well as recombinant profilins by PLP affinity chromatogra-
phy. More subtle differences in ligand binding may be the rationale for isoform-specific
expression of profilins and their ligands in particular tissues (see section “The biological
significance of isoforms” ).

In general, profilins within a given kingdom display a greater sequence homology than
those between different kingdoms. This is particularly evident when one compares plant with
animal profilins. Even the actin-binding surface of plant profilins is only partially conserved
in animal profilins (Thorn et al. 1997). In some cases, however, profilin isoforms expressed
in one species may show greater sequence homology to profilins of other species than to
their fellow profilins within the same organism. Thus, profilin IV, the isoform identified in
mammalian sperm cells during acrosome genesis, displays greater homology to Drosophila
and yeast profilins than to other mammalian profilins (Obermann et al. 2005; Polet et al.
2007). Hence, this isoform has probably evolved prior to vertebrates, while profilins I, II
and IIT are more closely related (Polet et al. 2007).

Profilin gene families and protein expression

The number of profilin genes per organism correlates roughly with its complexity. While
lower eukaryotes contain one or two, occasionally three [i.e., Dictyostelium discoideum
(Arasada et al. 2007) and Caenorhabditis elegans, (Polet et al. 2006)] genes, higher eu-
karyotes display higher numbers, with plants leading the list.

In mammals, four discrete profilin genes have been identified, Pfnl-Pfn4. While Pfnl
gives rise to the ubiquitous isoform profilin I (Schliiter et al. 1997), Pfn2 produces two splice
variants, profilin II, primarily expressed in neuronal cells, and an mRNA for a minor form
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(IIb), found mainly in the kidney (Di Nardo et al. 2000). Pfin3 and Pfn4 code for kidney-
and testis-specific variants (Hu et al. 2001; Obermann et al. 2005). Expression of the sperm-
specific profilins is developmentally regulated, and their existence may be correlated with
actin-related proteins also specifically expressed in male germ cells (Kim et al. 1989; Tanaka
et al. 2003).

In plants, both mono- and dicotyledones contain up to ten different profilin genes. While
some of these genes may be pseudogenes, others give rise to isoform proteins that, accord-
ing to their sequence similarity (Huang et al. 1996) or their biochemical properties (Kovar
et al. 2000), can be assigned to two different classes. There are ubiquitous forms, found
constitutively expressed in all tissues, others are restricted to reproductive tissues, and their
expression is strictly regulated during development (Kandasamy et al. 2002). An excellent
overview on plant profilins, with emphasis on the situation in Arabidopsis thaliana, was
given by Huang et al. (1996), and since then, studies on the identification and biochemical
characterization of profilins in many different plants have increased enormously. This is, at
least in part, due to the fact that plant profilins are potent allergens (see section “Unphys-
iological activities”). Thus, in addition to raising the curiosity of cell and molecular plant
biologists, they are of clinical relevance. It is tempting to speculate that the complexity of
profilin expression in higher plants is correlated with the observation that the actin family
is also more complex here than in other kingdoms (McDowell et al. 1996), and this is also
true for an important class of PLP stretch ligands for profilins in Arabidopsis thaliana, the
formins (Deeks et al. 2002).

Crosstalk with ligands
Interactions of the actin-binding site

As shown in Fig. 1A and B, the actin-binding site on profilin, as determined by X-ray analy-
sis of the bovine beta-actin—profilin complex (Schutt et al. 1993), is roughly opposite to the
C-and N-terminal region of the folded molecule. It comprises surface exposed motifs of the
alpha helices 3 and 4, of beta strands 4, 5 and 6 and of extended loop regions in between.
However, when comparing profilins from different species, the amino acids involved seem
quite variable (Thorn et al. 1997). Stoichiometric complexes with G-actin are formed, and
on the actin side, subdomains 1 and 3 are involved (Fig. 1B). The contact site thus covers
a fairly large surface area [approximately 2,250 A2 (Schutt et al. 1993)]. Profilin binding to
the actin monomer results in a slight deformation of the latter and the stabilization of an actin
conformation with a wider nucleotide pocket, which facilitates the exchange of the bound
ADP/ATP (Perelroizen et al. 1995; Selden et al. 1999; Minehardt et al. 2006). At growing
F-actin filaments, the most distal actin subunit at the fast-growing end is oriented such that
profilin can still be bound, at least transiently (Gutsche-Perelroizen et al. 1999).

In addition to binding to all bona fide isoforms of actin, profilin also interacts with some
members of the actin-related proteins (ARPs), which together with the conventional actins
comprise the actin superfamily. ARPs interact with a variety of polypeptides to form pro-
tein complexes employed in highly diverse processes, including chromatin modulation and
cytoplasmic motility (reviewed in Muller et al. 2005). ARP2 and ARP3, two components
of the ARP 2/3 complex, which is engaged in the organization and growth of the dynamic
submembranous actin networks in cells (Pollard and Borisy 2003), have both been identified
as profilin ligands (Kelleher et al. 1995; McCollum et al. 1996; Machesky et al. 1994a). In
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Arabidopsis thaliana, orthologs of all seven subunits of the animal ARP 2/3 complex have
been identified (Deeks and Hussey 2003).

Apart from actin-related proteins, the actin-binding site of profilins interacts with at least
one additional protein, gephyrin. Gephyrins are dual function proteins existing in different
splice forms. In plants and animals, they are involved in the synthesis of the molybdenum
cofactor required by many different enzymes (Ramming et al. 2000). Furthermore, in the
central mammalian nervous system, they contribute to the postsynaptic scaffold at the post-
synaptic side of inhibitory neurons, thus supporting receptor clustering (Feng et al. 1998;
Jockusch et al. 2004). Originally, gephyrin, which contains PLP stretches, was described
as a ligand for the PLP-binding site on profilins (Mammoto et al. 1998), but was later on
identified as a ligand for the actin-binding site, competing with actin for profilin binding
(Giesemann et al. 2003).

Interactions of the poly-L-proline-binding site

The N- and C-terminal sequence regions of the compactly folded profilin both form the
platform for binding to poly-L-proline stretches (PLPs, Fig. 1C). The number of proteins
comprising suitable PLPs (at least eight to ten prolines, either in continuous sequence or
interrupted by single glycines) is rather large, and as already mentioned above, the affin-
ity of profilins for proteins comprising such stretches is variable (see Schliiter et al. 1997).
Proteins that have been identified as ligands for profilin via their PLPs are compiled in Ta-
ble 1. At a first glance, this list presents a large catalogue of proteins highly variable with
respect to their cellular localization, structural organization and function. They reside in the
cytoplasm as well as the nucleus, some are dual compartment proteins. The proposed or
identified functions range from executing various types of cytoskeletal organization, signal
perception and motility, to ribonucleo particle (RNP) maturation, storage and transport, and
transcription. A closer inspection, however, reveals common features for a large group of
cytoplasmic profilin ligands: Members of the Ena/VASP, formin and WASP/WAVE families
are all large, multidomain proteins whose PLPs, the profilin-binding sites, comprise a motif
in their central part, flanked by a G-actin- and frequently also by an adjacent F-actin-binding
site (Michelot et al. 2005). This organization was first revealed in VASP (Walders-Harbeck
et al. 2002; Hiittelmaier et al. 1999), which was also identified as the first biological ligand
for the PLP-binding site of profilin (Reinhard et al. 1995). An analogous motif organiza-
tion has been found in WAVE/WASP and formin proteins, in animals and plants (Stradal et
al. 2004; Michelot et al. 2005). In members of all three protein families, binding sites for
profilin, G- and F-actin are combined with binding sites for quite different proteins that are
either members of cell adhesion complexes and/or of signaling pathways. These properties
allow the Ena/VASP, formin and WAVE/WASP proteins to play vital roles in the transmis-
sion of external signals to the actin and/or microtubule cytoskeleton. Their affinity for their
various ligands is frequently modulated by phosphorylation and oligomerization, which may
regulate their cellular activity.

In contrast, other PLP proteins that have been identified as profilin ligands bear little
resemblance to each other. However, since new PLP proteins are still being identified as
profilin ligands, future research may fill in some gaps in this respect.
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Interactions with phosphatidylinositol lipids

A phosphatidylinositol lipid-binding site was first reported for phosphatidylinositol-4,5-
bisphosphate (PIP2) and bovine profilin (Lassing and Lindberg 1985), and was later con-
firmed for a variety of other profilins throughout different phyla. The motif was described
as a hydrophobic patch within the actin-binding site (see Fig. 1A). More recently, a sec-
ond binding site for PIP2 was described, overlapping with the poly-L-proline-binding site
at the C-terminal region of the profilin molecule (Lambrechts et al. 2002; Skare and Karls-
son 2002; Witke 2004). Both phospholipid binding sites are in fact part of a rather broad
band of surface-exposed hydrophobic residues (Witke 2004). In analogy to the competi-
tion between PIP2 and actin binding on profilin, there is also competition between PIP2
and the PLP stretch ligands at the carboxyterminal site. This has been explicitly shown for
mammalian profilin I, while there are conflicting data for profilin II, the neuronal profilin
isoform (Gareus et al. 2006; Lambrechts et al. 1997). The affinity of different profilins for
PIP2 is quite variable (see Fedorov et al. 1994; Schliiter et al. 1997; Lambrechts et al. 2002).
Furthermore, other products of the phosphoinosite metabolism, like phosphatidylinositol-
3,4-bisphosphate and phosphatidylinositol-3,4,5-trisphophate, bind to profilins with higher
affinity than PIP2 (Lu et al. 1996). Thus, it may be the more finely tuned affinity of profilin
for PIP2 which allows for competition with other PIP2 binding proteins, and this may be
highly relevant for profilin’s role in signal-dependent actin dynamics.

Regulation of profilin—ligand interaction

Apart from the observation of competition between PIP2 and actin, and PIP2 and PLP-
stretch ligands, very little is known about what regulates the complex formation between
profilins and their many different ligands. Serine phosphorylation by protein kinase C zeta
has been reported to increase the affinity for G-actin and PLP, while the interaction with
PIP2 remained unaltered (Sathish et al. 2004).

Cellular location

Profilins have been found mainly in three different locations in cells. The interaction of
profilins with membrane-bound phospholipids and/or actin predicted that profilin should be
enriched at dynamic plasma membranes in locomoting or spreading animal cells. This was
confirmed with specific antibodies for cultured fibroblasts (Buss et al. 1992) and for epithe-
lial cells (Mayboroda et al. 1997). In plants, the pollen-specific isoforms have been localized

Table 1 Protein ligands that interact with the poly-l-proline-binding site of profilin

Profilin ligands Biochemical properties Proposed or

in addition to profilin binding established function
Ena/Mena/VASP/ Bind to cell adhesion proteins Control cellular dynamics
family proteins (Reinhard et al. 1992) (Gertler et al. 1996,
(Reinhard et al. 1995) (Reinhard et al. 1996) and to Rottner et al. 1999)
(Gertler et al. 1996) actin, nucleate actin filaments (Krause et al. 2003)

(Harbeck et al. 2000,
Walders-Harbeck et al. 2002)
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Table 1 (continued)
Profilin ligands

Formin family proteins
(Chang et al. 1997,
Evangelista et al. 1997,
Higgins 2005,

Krebs et al. 2001,
Manseau et al. 1996,
Sato et al. 2006,
Watanabe et al. 1997)

WASP and WAVE family

proteins (Miki et al. 1998,

Stradal et al. 2004,
Suetsugu et al. 1998,
Witke et al. 1998)

Palladin
(Boukhelifa et al. 2006)

Drebrin
(Mammoto et al. 1998)

Dynamin 1 GTPase
(Gareus et al. 2006)

Survival motoneuron
protein (SMN)
(Giesemann et al. 1999,
Sharma et al. 2005)

P42POP
(Lederer et al. 2005)

Prrp (Zhao et al. 2001)

RIAM
(Lafuente et al. 2004)

Piccolo/Aczonin
(Wang et al. 1999)

Biochemical properties
in addition to profilin binding

Bind to actin and nucleate
filaments (Pruyne et al. 2002,
Zigmond 2004), bind to tubulin

and microtubules (Zhou et al. 2006)

and to Rho small GTPases
(Watanabe et al. 1997)

Bind to PIP2, Cdc42, ARP
complexes and actin and
nucleate filaments

(Stradal et al. 2004)

Binds to Ena/VASP, alpha
actinin and ezrin
(Boukhelifa et al. 2006)

Binds to actin
(Shirao 1995)

Binds to SH3-proteins
(Solomaha et al. 2005)

Binds to ribonucleoproteins,
(Mourelatos et al. 2001)

Displays several properties
of a myb-like transcription
factor (Lederer et al. 2005)
Belongs to the hnRNP family,
binds to mRNAs that localize
to the vegetal cortex of
Xenopus oocytes during
oogenesis (Zhao et al. 2001)
Binds to Ena/VASP and

to the GTPase RAP1
(Lafuente et al. 2004)
Interacts with many different
members of the presynaptic
cytomatrix at active zones

of nerve terminals

(Garner et al. 2000)
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Proposed or
established function

Control growth of linear

actin filaments and thus
cellular and tissue

morphology (Faix and

Grosse 2006, Sato et al. 2006,
Schmitz et al. 2006, Wallar
and Alberts 2003)

(Michelot et al. 2005),
stabilize and orient
microtubules(Palazzo et al. 2001)
Regulate site directed

actin networks by

connecting signaling

to the actin cytoskeleton
(Stradal et al. 2004,

Witke et al. 1998)

May concentrate adhesion-linked
cytoskeletal proteins to

the cell membrane

(Boukhelifa et al. 2006)
Participates in formation

and motility of branched

cell processes in neuronal
(Shirao 1995) and nonneuronal
(Peitsch et al. 2006) cells
Controls formation and
motility of endocytotic
vesicles and other

defined plasma membrane
regions (Kruchten and
McNiven 2006)

Participates in assembly,
processing and trafficking

of small nuclear RNPs

(Zhang et al. 2006), supports
motor neuron development
(McWhorter et al. 2003)
Modulates transcription
repression

(Lederer et al. 2005)

May serve in targeted transport
of localized mRNA and thus in
regionalized translation

(Zhao et al. 2001)

Links RAP1 to integrin activation,
regulates actin dynamics
(Lafuente et al. 2004)

Involved in structural and
functional roles of vesicle
exocytosis in excitatory and
inhibitory synapses

(Garner et al. 2000)
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Fig. 2 Confocal laser scanning images of cultured murine hippocampal neurons. The cells were double-
stained with isoform-specific monoclonal antibodies for profilin I (A and A”) or profilin II (B and B’) in red,
for MAP 4 as an axonal marker in green (A’ and B’). The pictures represent optical stacks. Note that both
profilin isoforms are present in the cell body and in dendritic spine heads (arrowheads in A’ and B’), but only
profilin II is present in substantial amounts in the nucleus (arrows). Bars: A, B: 10 um, A’, B’: 2 um

to the germinating pollen tube (see Hussey et al. 2006) for original references). Furthermore,
profilin has also been observed in close association with internal membranes involved in
vesicular transport, like Golgi-derived vesicles in fission yeast (Finger and Novick 1997)
and mammalian cells (Dong et al. 2000). The neuronal isoform profilin II was identified as
a constituent of the endocytotic machinery in mouse neurons (Gareus et al. 2006).

At present, there is some discrepancy about the location of profilins in neuronal struc-
tures. In one report, an increase in overall profilin content was seen in postsynaptic structures
like dendritic spines in the lateral amygdala after fear conditioning of rats (Lamprecht et al.
2006). These data were obtained with antibody staining and support an earlier study per-
formed with cultures of hippocampal neurons transfected with GFP-profilin II, showing that
this isoform is translocated into dendritic spines after synaptic stimulation (Ackermann and
Matus 2003). In contrast, another group, using specific antibodies for cellular localization
and biochemical analysis of cell fractions, has reported that profilin II is primarily located in
presynaptic matrices in the mouse brain (Boyl et al. 2007). These discrepancies are not easy
to reconcile at the moment. In our own studies, using immunofluorescence with isoform-
specific antibodies, we can clearly identify both profilin I and II in dendritic spines and
spine heads of cultured mouse hippocampal cells (Fig. 2A’, B’).

Finally, profilins have been reported as residents of the nucleus. Immunofluorescence
revealed nuclear profilin I in fibroblasts and epithelial cells (Mayboroda et al. 1997; Skare
et al. 2003) and in bovine oocyte germinal vesicles and early embryos (Rawe et al. 2006).
Nuclear profilin has also been described in several higher plants (see Hussey et al. 2006 for
original references). Additionally, the existence of nuclear profilin—actin complexes can be
deduced from studies on HeLa cells and Xenopus oocytes (Stiiven et al. 2003). In a recent
study with GFP-profilin transfected cells and polyclonal anti-serum, profilin II has been
shown to accumulate in the nucleus of hippocampal neurons. This concentration was de-
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scribed as being transient and dependent on activation with diverse stimuli (Birbach et al.
2006). However, in our own studies with monoclonal isoform-specific antibodies, profilin II
is consistently seen as a prominent constituent of the nuclei of hippocampal cells. Notably,
and in contrast to profilin II, profilin I is more highly concentrated in the cytoplasm than in
the nucleus (Fig. 2A, B).

Physiological functions
Cytoplasmic activities

Based on a wealth of evidence, it is generally accepted that profilins regulate actin dynamics
at plasma membranes, during the assembly, maintenance and disassembly of actin networks
at the leading edge of locomoting animal cells, during cytokinesis, embryonic development
and morphogenesis. The importance of this role is evident from the consequences on re-
ducing the amount of profilin. Dictyostelium amoebae that lack profilin isoforms I and II
are much larger, with a wide ring of filamentous actin beneath the plasma membrane, and
a block in development (Haugwitz et al. 1994). Mice deficient in profilin I, normally ex-
pressed in all murine tissues and during all developmental stages, fail to develop beyond
the blastocyst stage (Witke et al. 2001). Antibodies against profilin, when introduced into
zygotes or early embryos, block bovine embryonic development (Rawe et al. 2006), and
gene silencing of profilin leads to a reduction in actin filament formation, focal adhesions,
cell migration and the morphogenesis of endothelial cords (Ding et al. 2006). A key event
in these profilin-dependent processes is probably the direct interaction between profilin and
actin in the cellular environment. In vitro, profilin forms a 1:1 complex with G-actin and
catalyzes the exchange of the bound nucleotide. Under physiological conditions, this leads
to a charging of G-actin with ATP. Results obtained from in vitro experiments with purified
profilin and actin, and early observations made on lower eukaryotes like yeast and Dic-
tyostelium, led to the assumption that profilin sequesters actin in cells, providing a pool of
polymerization-competent ATP-G-actin. In a second period of “profilin research,” however,
profilin was considered to stabilize actin filaments and to stimulate actin polymerization,
by the delivery of profilin: ATP-G-actin to the fast growing ends apposed to cell membranes
(Pollard and Borisy 2003). This may be particularly important in animals, where the actin se-
questering activity is provided by another actin ligand, thymosin 4 (for original references
see Schliiter et al. 1997; Witke 2004; Yarmola and Bubb 2006). Today, several effects of
profilin on actin in the cytoplasm are considered likely, ranging from actin filament growth
stimulation to disassembly acceleration, but the precise mechanisms, in particular the time
course of ATP hydrolysis at the fast growing end of nascent actin filaments, are still under
debate (Kovar et al. 2006; Yarmola and Bubb 2006; Romero et al. 2007). In plants, the high
profilin concentration found in some tissues like pollen is apparently sufficient to prevent
actin polymerization (Hussey et al. 2006).

High local concentration and “molecular crowding” of the profilin-interacting proteins
are certainly important factors in the regulation of actin-based cellular behavior. Many mem-
bers of the PLP ligand families, Ena/VASP, WASP/WAVE and formins, are thought to bind
not only profilin but profilin—actin complexes. While this still has to be demonstrated in
vivo, cell-free experiments support this conclusion. For example, in animal cell extracts,
the elongation of actin filaments by profilin-actin is markedly enhanced in the presence of
formins (Romero et al. 2004), and in studies with Arabidopsis thaliana proteins, elonga-
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Fig. 3 Schematic representation of the multiple functional involvement of profilin at the plasma membrane.
The ratio between membrane-bound and free profilin is regulated by the level of PIP2 and determines the
complex formation of profilin with G-actin. Upon release from the membrane, profilin is involved in charging
G-actin with ATP (center). Subsequently, the profilin-ATP-G-actin complex adds to nascent actin filaments
and participates in the generation of actin filaments as needed for adhesion complexes (left) and lamellipodial
actin networks (right). Details of this scenario show only selected examples of all possible constellations and
are thus highly speculative, but consistent with the present knowledge

tion of actin filaments required the cooperation of profilin—actin with a formin (Michelot
et al. 2005). The repetitive PLP stretches exposed in many of these multidomain proteins
are capable of accommodating several profilin—actin complexes simultaneously, and may
deliver the G-actin molecules to their adjacent binding sites. Furthermore, these membrane-
apposed proteins are active in oligomeric form (Hiittelmaier et al. 1998; Li and Higgs 2003),
and thus may provide dense clouds of profilin—actin and polymerization-competent G-actin
precisely at the point of need. Subsequently, nascent filaments will be generated and then
stabilized by the F-actin-binding sites and nucleating activity of these proteins. The fact that
many of the PLP ligands are also members of several signal cascades, as mentioned above,
and may transmit external stimuli upon activation, explains the signal dependence of local-
ized actin filament growth. A particularly complicated case of such amplification cascades
is represented by the WASP/WAVE proteins that have to be activated by PIP2 and the small
GTPase Cdc42 before they can bind to profilin and actin (Stradal et al. 2004).

Multidomain proteins of the above quoted families and profilin participate not only in
lamellipodial protrusion during locomotion but also in cell adhesion: VASP and profilin are
both regular components of nascent adhesion complexes in spreading tissue culture cells
(Hiittelmaier et al. 1998 and unpublished observations). In summary, the numerous profilin
ligands and their different local concentrations may control actin polymerization, in con-
junction with profilin—actin complexes, in a time- and space-controlled manner. Figure 3
presents a hypothetical model with selected examples of such processes at the cell mem-
brane.
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While profilin may regulate the available amount of polymerization-competent actin,
conversely, the level of profilin is also subject to regulation. Two different mechanisms have
been proposed that both start with profilin bound to cellular membranes via the PIP2-binding
site. One model proposes that external signals activate tyrosine kinases to phosphorylate
phospholipase C gamma 1 which subsequently splits PIP2, thus liberating membrane-bound
profilin. This would then be available for complexing monomeric actin and charging it with
ATP (Goldschmidt-Clermont et al. 1991). Profilin—actin complexes would then add to the
fast growing end of actin filaments, thus actively participating in submembranous actin net-
work formation (Fig. 3). An alternative hypothesis proposes that it is not PIP2 degradation
but its signal-stimulated increase which might sequester profilin to the membrane, while
the subsequently liberated actin molecules can add to the ends of actin filaments, without
profilin (Witke 2004).

The importance of a finely regulated level of profilin and the ability of profilin molecules
to interact with actin has also been revealed in studies demonstrating the role of profilin as
a tumor suppressor. Human breast cancer cell lines contain consistently less profilin than
normal breast epithelial cells, and raising the intracellular profilin level by transfection re-
stores epithelial growth and abolishes tumor growth in nude mice (Janke et al. 2000). No-
tably, this requires a functional actin-binding site (Wittenmayer et al. 2004). The loss of
profilin by gene disruption in profilin I-null mice (Witke et al. 2001), or by anti-profilin
transfection in bovine oocytes (Rawe et al. 2006), leads to early embryonic death. This is
probably due to defects in cytokinesis at time points when maternal profilin is diluted be-
low a critical level. Reduction of the profilin I level in heterozygotes of the profilin I-null
mutant results in loss of embryos, thus suggesting a dosage effect of this protein on cytoki-
nesis (Witke et al. 2001). It is, however, conceivable that the absolute level of profilin and
the profilin—actin ratio required for normal development and tumor suppression varies in
different mammals, e.g., man and mouse (Witke 2004).

In addition to participating in actin-based processes like locomotion, adhesion, cytoki-
nesis and morphogenesis, profilin is probably engaged in intracellular vesicle trafficking.
In this case, the interaction with PLP stretch proteins seems especially important. In neu-
rons, profilin II and dynamin 1 form complexes and profilin II competes with SH3 effector
ligands of dynamin 1, and thus may down-regulate endocytosis of synaptic and clathrin-
coated vesicles (Gareus et al. 2006), but also exocytosis of transmitter-containing vesicles
at the presynapse of excitatory neurons in the mouse brain (Boyl et al. 2007). In general,
a profilin—actin interaction can be envisioned as an important factor for vesicle mobility.
However, in mature, isolated synaptic vesicles, profilin is conspicuously absent, while many
of its bona fide ligands like dynamin 1, actin and the ARP 2/3 complex were identified as
vesicle constituents (Takamori et al. 2006).

Nuclear activities

The functions of profilin and its ligands in the nucleus are much less well understood. Nu-
clear actin and nuclear ARPs are apparently engaged in a wide variety of different processes,
ranging from participating in the transcriptional activity of all three types of RNA poly-
merases, chromatin remodeling to nuclear assembly and nuclear stability (Blessing et al.
2004; Grummt 2006), but the precise role of actins in these highly divergent processes is un-
known. The finding that excessive actin has to be removed from somatic mammalian nuclei
in the form of a profilin—actin complex (Stiiven et al. 2003), i.e., in a specific, profilin-bound
conformation, suggests that such a variety of nuclear functions might depend on discrete,



142 Rev Physiol Biochem Pharmacol (2007) 159:131 —149

unconventional actin conformations, and at least one of these could be induced or stabilized
by profilin (Jockusch et al. 2006). ARP2 and N-WASP, identified in the nucleus of chicken
and human fibroblasts and HeLa cells, are believed to participate in RNA polymerase 2
activity by regulating actin polymerization (Wu et al. 2006), and monomeric actin, ARP3,
VASP and the formin mDia 1 were found to colocalize with profilin in germinal vesicles
and the zygotic pronuclei during bovine oocyte maturation and early development (Rawe
et al. 2006). This implies that these proteins not only cooperate in cytoplasmic but also in
nuclear functions with profilin. In addition, there are endogenous nuclear proteins that have
also been identified as profilin partners. One of these is p42POP, a myb-related transcription
factor that is regulated in its activity by profilin (Lederer et al. 2005). Furthermore, profilin
was identified as a resident of nuclear and nucleolar bodies such as snRNP particles, spliceo-
somes, gems and Cajal bodies, and there is biochemical evidence suggesting that it interacts
there with proteins like SMN (Giesemann et al. 1999; Sharma et al. 2005) and p80 coilin
(Skare et al. 2003), proteins involved in pre-mRNA splicing and maturation. A functional
significance of such interactions is suggested by the finding that anti-profilins can interfere
with pre-mRNA splicing in vitro (Skare et al. 2003).

The biological significance of isoforms

In many studies, it was reported that the overall properties of profilins are so similar that one
can cross-feed profilins from quite distant sources. For example, birch pollen profilin inter-
acts faithfully with mammalian muscle actin in the test tube (Giehl et al. 1994) and with
cytoplasmic actin in transfected mammalian cells (Rothkegel et al. 1996). Human profilin I
controls actin polymerization induced by Arabidopsis thaliana formin in the same manner
as plant profilins do (Michelot et al. 2005), and maize and bovine profilins rescue vital func-
tions in Dictyostelium mutant amoebae lacking their endogenous profilins (Karakesisoglou
et al. 1996; Schliiter et al. 1998). Yet, we observe a stunning number of isoforms, some
of which are ubiquitous and constitutively expressed, others are developmentally or tissue-
specifically regulated, as has been impressively demonstrated in plants (Kandasamy et al.
2002). We can only conclude that the differences in the affinity of the various isoforms for
their ligands, as observed in biochemical assays, are important factors for preferential com-
plex formation and competition between ligands in cells, thus determining different cellular
and developmental processes. A general validity of this hypothesis awaits further exam-
ination, but evidence supporting this conclusion is emerging. In plants, different profilin
isoforms can have discrete effects on actin dynamics and growth control in the same cell
(Gibbon et al. 1998; McKenna et al. 2004). In mammals, the neuronal isoform profilin II
associates preferentially with a subset of PLP ligands different from that bound to profilin
I (Witke et al. 1998; Boyl et al. 2007), and of the two testis-specific isoforms profilin III
and IV, the latter is involved in the regulation of testicular actin dynamics, in acrosome gen-
eration and spermatid nucleus morphogenesis, possibly in association with a specific actin
isoform (Obermann et al. 2005).

The existence of profilin II, the isoform preferentially expressed in the mammalian neu-
ronal system, has received much attention. Like other morphogenetic cellular processes,
formation and maintenance of excitatory and inhibitory synapses depend on the actin cy-
toskeleton. Neurotransmitter release by vesicle exocytosis at the presynaptic side as well as
receptor clustering and activation at the postsynaptic side both depend on microfilament net-
works (reviewed in Jockusch et al. 2004), and enforcement of specific synaptic connections,
which are the basis for brain-specific tasks such as memory, require morphological shape
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changes that are also executed by the cytoskeleton. Thus, it is not unexpected to find pro-
filins present in synaptic structures, as described above, together with actin- and/or profilin-
binding proteins like Mena, N-WASP, gephyrin, SMN, and proteins of the pre- or postsy-
naptic submembranous regions, such as piccolo/aczonin, delphilin (a formin protein) and
drebrin (Jockusch et al. 2004; Witke 2004). Profilin I seems to carry out general functions
in actin dynamics during neuritogenesis and synaptic plasticity (Lambrechts et al. 2006). It
was identified in pre- as well as in postsynaptic structures in different regions of the mouse
central nervous system, albeit in quite variable concentrations (Neuhoff et al. 2005), and
in postsynaptic densities of inhibitory neurons of the spinal cord (Giesemann et al. 2003).
Several reports have suggested that both profilin isoforms are involved in neuritogenesis (Da
Silva et al. 2003; Lambrechts et al. 2006), but more recent data with mutant mice indicate
that profilin II is not required for this complex morphogenetic process (Boyl et al. 2007). In
early mouse embryos, this isoform is only weakly expressed and apparently cannot compen-
sate for the loss of profilin I in development, but in adult mouse brain, profilin II accounts
for two-thirds of the total profilin content (Witke et al. 2001). The above-mentioned in-
crease in profilin II in spine heads of the lateral amygdala of rats after fear conditioning and
in cultured hippocampal cells after chemical stimulation was paralleled by an enlargement
of the membrane area of the spine heads and a stabilization of their morphology. Hence,
these findings were interpreted as demonstrating a functional role of profilin II at the post-
synaptic side, in the consolidation of memory formation by the actin-based stabilization of
synaptic communication (Ackermann and Matus 2003; Lamprecht et al. 2006). However,
a more recent study on mice lacking profilin II points to a different function. The mutant
mice are viable and fertile, but display a distinct phenotype with hyperactivation and en-
hanced novelty-seeking behavior. These behavioral anomalies are correlated with increased
synaptic excitability due to increased vesicle exocytosis. These findings, supported by bio-
chemical, electrophysiological and immunohistochemical data, point to a selective or at least
preferential function of profilin II at the presynaptic side. In this position, complex forma-
tion of profilin II with a specific set of WAVE proteins (Witke 2004) is proposed to regulate
presynaptic actin polymerization and control neurotransmitter release (Boyl et al. 2007).
Hence, at present, the data presented from different groups on profilin II in pre- or postsy-
naptic functions are at variance. Future research will have to clarify this situation.

Unphysiological activities
Profilins as allergens

Many people developing type I allergies against inhaled allergens, causing histamine release
and a strong IgE response, are in fact reacting against plant and fungal profilins. This was
first discovered in 1991, when a major birch pollen allergen (Bet v 2) was identified as pro-
filin (Valenta et al. 1991). Since then, numerous studies have described that patients who
developed allergies against grass or birch pollen profilin subsequently become allergic to
vegetable food profilin, in particular to various fruits like nuts, melon, orange, and peach,
or to vegetables like zucchini, celery, tomatoes and carrots, or to latex (cf. Breiteneder and
Ebner 2001). Hence, profilins are cross-reactive allergens and are classified as panallergens
(Valenta et al. 1992; van Ree et al. 1992). In later stages of the disease, the afflicted persons
may react against their own profilin, and exhibit the classical symptoms of an autoimmune
disease boostered by intake or inhalation of foreign profilins (Valenta et al. 1991). Notably,
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the extent of crossreactivity of human IgE depends primarily on highly conserved confor-
mational features, and less so on a high degree of amino acid sequence homology (Sankian
et al. 2005), and detailed studies with natural and recombinant proteins have revealed partial
or even lack of IgE cross-reactivity between some plant profilins (Radauer et al. 2006).

Conclusion

Despite the numerous published reports on profilins, their functions are still poorly under-
stood, and in some cases, there are discrepancies that await resolution. A major task for
future research will be the unraveling of the regulation of the interaction with different lig-
ands. A detailed knowledge of the affinity of different profilin isoforms for their specific
ligands, localization studies with highly specific antibodies and genetic studies involving
conditional mutants will help to further understand the stunning variety of functions of these
small, ubiquitous proteins.
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