CMLS, Cell. Mol. Life Sci. 61 (2004) 326—335
1420-682X/04/030326-10

DOI 10.1007/s00018-003-3274-6

© Birkhauser Verlag, Basel, 2004

Review

ICM LS cellular and Molecular Life Sciences

Proteolytic generation and aggregation of peptides
from transmembrane regions: lung surfactant protein C

and amyloid [-peptide

J. Johansson®*, T. E. Weaver® and L. O. Tjernberg¢

@ Department of Molecular Biosciences, Swedish University of Agricultural Sciences, The Biomedical Centre,
Box 575, 751 23 Uppsala (Sweden), Fax: +46 18 550762, e-mail jan.johansson@vmk.slu.se

b Division of Pulmonary Biology, Cincinnati Children’s Hospital Medical Center, Cincinnati, Ohio 45229-3039 (USA)
¢ Karolinska Institutet and Sumitomo Pharmaceuticals Alzheimer Center (KASPAC), Neurotec, Novum,

141 57 Huddinge (Sweden)

Received 9 July 2003; received after revision 15 August 2003; accepted 3 September 2003

Abstract. The formation of amyloid fibrils is associated
with several devastating diseases in humans and animals,
including e.g. Alzheimer’s disease (AD) and the spongi-
form encephalopathies. Here, we review and discuss the
current knowledge on two amyloid peptides: lung surfac-
tant protein C (SP-C) and the amyloid B-peptide (AP),
implicated in human lung disease and in AD, respectively.
Both these hydrophobic peptides are derived from the
transmembrane region of their precursor protein, and can
transit from a monomeric a-helical state to a 3-sheet fib-

ril. The « helices of SP-C and AP are composed of amino
acid residues with inherently higher propensities for 3
strand than helix conformation. Their helical states are
stabilized by a membrane environment, and loss of mem-
brane association thus promotes structural conversion
and fibril formation. We speculate that the loss of struc-
tural context for sequences with a high propensity for for-
mation of B sheets may be a common feature of amyloid
formation in general.
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Synthesis, processing and secretion of SP-C

Surfactant protein C (SP-C) is expressed by only one cell
type in the body, the alveolar type II epithelial cell of the
lung [1, 2]. Human SP-C is synthesized in the form of a
197-amino acid integral membrane proprotein (proSP-C)
that is processed to the 35-amino acid mature peptide
within the secretory pathway of the type II cell [3, 4] (fig.
1). The mature peptide (residues 24—58 of proSP-C) en-
codes a signal sequence that anchors the newly synthe-
sized proprotein in the membrane of the endoplasmic
reticulum (ER) orienting the C-terminal peptide (residues
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59—197) in the ER lumen [5, 6]. Two-thirds of the 35-
amino acid mature peptide resides in the transmembrane
domain, while the remaining N-terminal portion is lo-
cated in the cytosol. The latter domain is palmitoylated on
adjacent cysteine residues and is flanked by an N-termi-
nal propeptide (residues 1—-23). Trafficking of proSP-C
from the ER to the distal secretory pathway is dependent
on the cytosolic N-terminal propeptide [6, 7]. In contrast,
the lumenal C-terminal domain of proSP-C is dispens-
able for intracellular trafficking and secretion of SP-C.

Trafficking of proSP-C to the multivesicular body in the
distal secretory pathway is necessary for processing to
the mature peptide [3, 6]. Proteases in the lumen of the
multivesicular body remove the C-terminal peptide from
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Figure 1. Proteolytic generation of SP-C. A linear presentation of
proSP-C is shown at the top, with the part corresponding to the ma-
ture peptide (residues 24—58) marked in red, the N-terminal
propeptide in green and the C-terminal propetide in blue. The mid-
dle figure shows a schematic presentation of proSP-C (right) and
the mature SP-C peptide inserted in a phospholipid bilayer. The
amino acid sequence of human SP-C in one-letter code is shown at
the bottom. The wavy lines represent palmitoyl groups linked to
Cys5 and Cys6, and the underlined part is the discordant stretch.

proSP-C. Cathepsin H has recently been implicated in
this process [8], but the precise number and identity of
proteases involved in maturation of proSP-C is not
known. Inward budding of the limiting membrane of the
multivesicular body results in the release of small SP-C-
containing vesicles into the lumen [6, 9]. Fusion of the
multivesicular body with a lamellar body (a secretory
granule specialized for intracellular storage of surfactant)
leads to incorporation of the internal SP-C-containing
vesicles into the highly packed bilayer membranes of the
lamellar body. The lipid bilayer contents of the lamellar
body, including surfactant protein B (SP-B) and SP-C,
are released into the alveolar airspace where they unravel
and ultimately contribute to formation and maintenance
of a phospholipid rich film (pulmonary surfactant) along
the surface of the epithelium. The N-terminal propeptide,
located in the cytosol or inside the internal vesicles fol-
lowing inward vesiculation of the multivesicular body
limiting membrane, is inaccessible to lumenal proteases.
In the absence of SP-B the N-terminal SP-C propeptide is
not cleaved completely [10]. Thus SP-B may facilitate ac-
cess of lumenal proteases to proSP-C by lysing internal
vesicle membranes [9]. The membranolytic properties of
SP-B in vitro are consistent with this hypothesis [11]. The
clearance kinetics of SP-C from the airspaces are similar
to those for SP-B, suggesting that they cotraffic in the re-
cycling pathway [12]. Internalized SP-B has previously
been shown to localize to endocytic vesicles, multivesic-
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ular bodies and lamellar bodies [13]. Collectively, these
results suggest that the multivesicular body plays a criti-
cal role in surfactant homeostasis by integrating the sur-
factant biosynthetic and recycling pathways of the type II
cell.

SP-C mutations and interstitial lung disease

Mutations in the SP-C gene have recently been linked to
familial and sporadic interstitial lung disease (fig. 2). The
index case was diagnosed with interstitial pneumonitis
[14]. DNA sequence analysis of the SP-C gene identified
a mutation of one allele that resulted in loss of 37 amino
acids in the C-terminal part of proSP-C. A separate SP-C
mutation, resulting in substitution of glutamine for
leucine (SP-CL188Q) in the C-terminal propeptide, was re-
cently identified in an extended kindred [15]. Affected
family members exhibited variable onset of disease and
variable phenotype. More recently, missense, splice or
frameshift mutations were identified in 11 infants with
chronic lung disease of unknown etiology [16]. More
than half of these infants had a family history of disease,
and one infant carried a mutation not present in either
parent. Therefore, both sporadic and familial interstitial
lung disease are associated with mutations in the SP-C
gene.

To date, all SP-C mutations except one (SP-C?3F) map to
the C-terminal part of proSP-C. Since removal of the C-
terminal propeptide does not affect intracellular traffick-
ing [6], it is possible that retention in the ER is caused by
misfolding of proSP-C. Consistent with this hypothesis,

Figure 2. ProSP-C mutation and lung disease. Immunohistochem-
ical analysis of proSP-C expression in normal human lung tissue
(4) and in a patient with the P30L mutation in one allele of the SP-
C gene (B). Robust immunostaining for proSP-C was detected in
the alveolar type II cells of both lung samples. Inset shows a higher
magnification of proSP-C staining of lamellar bodies in the cyto-
plasm of the alveolar type II cells found in the P30L mutation. Note
that the histopathology of the lung in the P30L mutation is typical
of advanced, chronic, interstitial lung disease with markedly thick-
ened alveolar septa and hyperplastic alveolar epithelium composed
of hypertrophic type II cells. Accumulation of alveolar macro-
phages in the airspaces is also frequently found in the SP-C muta-
tions. Panels 4 and B are shown at identical magnifications. Mate-
rial and figure provided by Dr Larry Nogee, Johns Hopkins Uni-
versity, Baltimore, MD, and Dr. Susan Wert, Cincinnati Children’s
Hospital Medical Center, Cincinnati, OH, USA.
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mature SP-C was not detected in the index patient. In
every case to date SP-C mutations have been detected on
only one allele, and the amount of normal proSP-C is sig-
nificantly reduced in association with SP-C mutations
[14, 16]. This suggests that the affected allele produces a
dominant-negative proSP-C that traps the product of the
wild-type allele in the ER. ProSP-C forms oligomers
[17], and mutant proprotein may sequester wild-type pro-
tein, leading to accumulation and degradation early in the
biosynthetic pathway.

Several independent studies support a cause-effect rela-
tionship between mutations in the SP-C gene and intersti-
tial lung disease (ILD). Cells transfected with the SP-
CL18Q mutant exhibited slower growth and evidence of cy-
totoxicity [15]. Cotransfection of cells in culture with a
C-terminally truncated proSP-C and wild-type proSP-C
resulted in trapping of both proteins in juxtanuclear com-
plexes resembling aggresomes [ 18]. Expression of the SP-
C peptide in the absence of both flanking domains in type
II cells of transgenic mice resulted in a profound disrup-
tion of lung morphogenesis, leading to respiratory failure
at birth [19]. A similar phenotype was observed in trans-
genic mice expressing C-terminally truncated proSP-C
[20]. Importantly, lung dysmorphogenesis was associated
with high levels of transgene expression and occurred in
the presence of two wild-type SP-C alleles. These results
suggest that mutations in the SP-C gene lead to aggregates
of misfolded protein that induce cell death during lung de-
velopment. Lower levels of mutant protein may cause a
correspondingly milder phenotype, leading to ILD ob-
served in human patients. Chronic ER stress related to re-
tention of unfolded/misfolded protein may lead to apopto-
sis, for review see [21—23]. This pathway may underlie
disrupted lung morphogenesis in transgenic mice express-
ing SP-C24-38 or C-terminally truncated proSP-C.

Processing of the amyloid precursor protein (APP)

The aggregation of the 40- to 42-residue amyloid B-pep-
tide (AP) into toxic species is of importance in
Alzheimer’s disease (AD). Elevated levels of AP in the
brain are associated with AD, and transgenic mice over-
expressing human APP develop AD-like lesions [24, 25].
AP is generated from its precursor, the 695- to 770-
residue APP, by the sequential activities of B-secretase
and y-secretase (fig. 3) (reviewed in [26]). APP is sug-
gested to be involved in neurite growth, plasticity and cell
adhesion, but the physiological role for AB is unknown
[27]. B-Secretase was identified at the end of the last cen-
tury and dubbed beta-site APP cleaving enzyme (BACE)
[28—31]. This enzyme cleaves APP on the lumenal side,
generating soluble APP and a 99-residue membrane-
bound fragment called C99 (fig. 3A). The nature of the y-
secratase has been more elusive, but this year it was
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Figure 3. Generation of AP from APP. The type I membrane pro-
tein APP can be processed to generate AP, or in a non-amyloido-
genic pathway (not shown). The membrane is depicted as a light-
blue box, where the lumenal side faces upwards. In the amyloido-
genic pathway, the first cut is mediated by BACE (4). This cleavage
generates soluble APP (APPs) and a membrane-bound 99-residue
fragment, C99. The next step, y- or e-cleavage, is presenilin depen-
dent. The sequential order is not known, and at least two possibili-
ties exist (B and C). In (B), C99 is first y-cleaved in the middle of
the transmembrane region, generating AB42 (or A40). The corre-
sponding C-terminal fragment is then e-cleaved, producing the
AICD (C50-99) and a short fragment (C43—-49). In (C), C99 is
first e-cleaved close to the cytosol. The scissile bond could in this
case (depending on the thickness of the membrane) be exposed to
water. Next, the resulting AP1-49 is pulled out of the membrane
and y-cleaved. No proteolysis occurs in the membrane in this alter-
native. (D) The amino acid sequence of human AB1-42 in one let-
ter code, with the discordant stretch underlined.

shown that four components are necessary and sufficient:
presenilin, nicastrin, Aph-1 and Pen-2 [32, 33]. This com-
plex cleaves not only APP, but also other type I membrane
proteins such as Notch [34]. Interestingly, the cleavage
appears to take place in the membrane and belongs to a
new concept called regulated intramembrane proteolysis
(RIP) [35]. Presenilin seems to be the component that
mediates the actual cleavage generating AB40 and AB42,
critically depending on two aspartyl residues [36, 37].
Recently it was shown that APP also is cleaved closer to
the cytosol, between residues 49 and 50 (AP numbering),
in a presenilin-dependent manner called e-cleavage (fig.
3B, C) [38]. This activity generates an APP intracellular
domain (AICD) that translocates to the nucleus. The
Notch receptor is processed in a similar way, and the in-
tracellular domain of Notch is a transcription factor.
Therefore, it has been suggested that also AICD is a tran-
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scription factor [39]. It is not known whether y-secretase
cleavage precedes e-cleavage or vice versa. If the e-cleav-
age occurs first, membrane-bound AB1-49 could be
pulled out and then further processed to AB40/42 (fig.
3C). Thus, the y-cleavage could take place in the lumen,
and intramembrane proteolysis would not be required.
The processing of APP occurs at several different loca-
tions; the ER, the Golgi apparatus, at the cell surface and
in the endosomal/lysosomal compartment [40—43]. It is
possible that certain organelles generate more toxic Af
species than others. For example, the ratio AB42/40 is
high in the ER, which like lysosomes contains aggregated
AP [44-46]. Not only AP, but also its precursor C99, has
a strong tendency to aggregate and form fibrils. It is pos-
sible to generate AP-like peptides by nonspecific diges-
tion of fibrils formed by C99 [46, 47]. Thus, toxic Af
species might be generated in specific compartments and
in a presenilin-independent pathway [48, 49]. It is possi-
ble that APP, as well as C99, to some extent can oligomer-
ize while still inserted in the membrane and thereby affect
processing [50]. The proteolytic degradation of AP has
also been studied, and several candidate proteases are
emerging. Of these, neprilysin and insulin degrading en-
zyme seem to be most relevant [51]. Pharmacological in-
hibition of neprilysin in rat, as well as knockout of the
neprilysin gene in mice, result in brain amyloid accumu-
lation [52, 53].

Amyloid fibril formation by SP-C

SP-C is the smallest of the surfactant proteins and it is
very hydrophobic, not only from the presence of the two
fatty acyl chains but also from the fact that 28 out of the
35 residues are aliphatic, with a pronounced dominance
for valine (fig. 1). The poly-valine part forms an « helix
perfectly matching the size of a fluid bilayer composed of
dipalmitoylphosphatidylcholine, strongly suggesting that
SP-C is a transmembrane peptide [54]. SP-C contains un-
expectedly many valine and isoleucine residues for being
a helical polypeptide, as these residues are branched at
the B-carbon and therefore disfavour a helix formation.
No explanation is available as to why SP-C has such an
unusual molecular architecture; few other transmem-
brane helices are composed of almost exclusively a poly-
valine stretch. One possibility is that the rigidity of the
poly-valine helix is required for SP-C function and can-
not be mimicked by amino acid sequences usually found
in transmembrane helices.

Although the helical structure of SP-C is stable long term
when inserted into lipid micelles or membranes, it is
metastable in aqueous organic solvents [55]. Once it
forms a nonhelical structure, it does not refold but forms
[-sheet aggregates. The short-term stability of the SP-C
poly-valine a helix stems from tight interactions between
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the valine side chains, giving high activation energy for
SP-C helix unfolding [55-57]. The structural conversion
of SP-C from a-helix to B-sheet aggregates results in for-
mation of amyloid fibrils [58]. A summary of our current
understanding of the conversion from monomeric a-heli-
cal SP-C into fibrils is afforded in figure 4. In this model
monomeric a-helical SP-C converts irreversibly to a non-
helical intermediate that rapidly aggregates into higher-
order structures which eventually form fibrils. It is likely
that removal of SP-C from the membrane promotes ag-
gregation, but high concentrations of SP-C in solution
can also form [-sheet aggregates in the presence of
membrane lipids [59]. The irreversible nature of the first
step is deduced from the lack of detectable hydrogen/deu-
terium exchange in the central part of the SP-C helix, as
observed by nuclear magnetic resonance (NMR) spec-
troscopy and mass spectrometry [55, 60]. The proposal
that unfolding of the helix precedes aggregation is in line
with the observed first-order kinetics of disappearance of
helical SP-C. Formation of SP-C fibrils is not limited to
in vitro situations, but occurs in association with pul-
monary alveolar proteinosis (PAP). In bronchoalveolar
fluid from PAP patients, but not from healthy controls,
abundant insoluble SP-C aggregates which exhibit the
characteristic properties of amyloid by Congo red stain-
ing and electron microscopy can be isolated [58].
Whether these fibrils are formed as a result of altered in-
traalveolar metabolism in PAP, or are involved in the eti-
ology of PAP remain to be established.

Removal of the palmitoyl groups of SP-C reduces the me-
chanical stability and surface activity of SP-C/lipid mix-
tures [61, 62]. Moreover, removal of one or both of the
palmitoyl groups of SP-C in vitro destabilizes the peptide
and results in faster unfolding of the o helix [63]. Di-
palmitoylated SP-C forms fibrils within days, whereas
SP-C in which the palmitoyl groups have been removed
forms fibrils within hours. From NMR data a hydrogen
bond between the carbonyl oxygen of the palmitoyl group
linked to Cys6 and the amide proton of LeulQ was pro-
posed [55]. These data together indicate that the acyl
chains stabilize helical SP-C, and that small differences
in helix stability can influence fibril formation in vitro.
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Figure 4. Fibril formation by SP-C. In its native state, SP-C is a
membrane-bound « helix. After unfolding SP-C does not refold but
aggregates into B-sheet polymers and amyloid fibrils. The electron
micrograph shows fibrils, composed predominantly of SP-C, iso-
lated from a patient with pulmonary alveolar proteinosis.
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SP-C in the PAP-associated fibrils is partly nonpalmitoy-
lated, while it is dipalmitoylated in bronchoalveolar
lavage fluid from healthy individuals [58, 64]. The in-
creased amount of nonpalmitoylated SP-C found in PAP-
associated fibrils could be due to its increased rate of
transformation from an «-helical monomeric state into
aggregated 3 sheet. Removal of the labile thioester-bound
SP-C palmitoyl groups in vivo may thus destabilize the
peptide, leading to increased aggregation, which poten-
tially could be important in a variety of lung diseases. The
disease-associated mutations in the C-terminal flanking
domain of proSP-C described above lead to severe alter-
ations in protein trafficking and trapping of proSP-C in
the ER. Since retention in the ER is expected to prevent
palmitoylation of proSP-C, this may lead to reduced sta-
bility of proSP-C. It is likewise conceivable that the
metastable nature of mature SP-C affects the stability of
proSP-C, and it is possible that the flanking proSP-C do-
mains are important for preventing aggregation of the
part corresponding to the mature peptide during synthe-
sis, folding and processing. These issues appear to be im-
portant topics for further experiments.

AP aggregation

Extracellular amyloid deposits of AP are the hallmark of
AD. AB is expressed in most cells, but the AP plaques are
only found in the brain. The in vitro aggregation of AP
into fibrils is highly concentration dependent, and forma-
tion of an oligomeric seed has been suggested to be the
rate-limiting step [65]. The endogenous levels of Af are
magnitudes lower than those used for in vitro polymer-
ization studies, and the mechanism for in vivo polymer-
ization of AP is still unclear. Several different factors,
such as high local concentration of Ap, interaction with
membranes, metal ions, low pH or interaction with other
proteins (pathological chaperones) could promote in vivo
polymerization [66].

Several different proteins have been shown by immuno-
staining to be associated with amyloid plaques. Of these,
al-antichymotrypsin and apolipoprotein E (ApoE) are
among the most extensively studied. Their effect on AP
aggregation is not fully understood, but studies in trans-
genic mice overexpressing o 1-antichymotrypsin or ApoE
show that they increase the amyloid burden [67, 68].
Serum amyloid P is a plaque component found in all amy-
loidoses. In this case, the protein seems to be important
for maintenance of the plaque, rather than affecting the
initial polymerization [69, 70]. The second AD plaque
component to be sequenced was NAC (non-Ap compo-
nent of AD amyloid), later identified as a-synuclein [71].
This protein is the main constituent of Lewy bodies, ag-
gregates that are found in several neurodegenerative dis-
orders, including AD and Parkinson’s disease [72]. The

Aggregation of SP-C and Ap

presence of a-synuclein in amyloid plaques is debated,
and it is possible that copurification of Lewy bodies and
amyloid plaques complicate interpretations.

Different proteoglycans are associated with the amyloid
plaques. Negatively charged groups in the glycosamino-
glycan chain seem to be more important than the core
protein for the interaction with Ap. In the case of heparan
sulfate, the length of the sugar polymer, and the number
and position of the sulfate groups are critical for interac-
tion with AB. The saccharide moiety is sufficient for af-
fecting AP polymerization, likely by interactions between
the sulfate groups and positively charged side chains in
AB. Under certain conditions, Ap and heparan sulfate
form spherical structures with the same tinctorial proper-
ties as ex vivo plaque cores [73, 74]. Possibly, heparan
sulfate acts as a scaffold and affects the ordering of the
amyloid fibrils, and inhibiting these interactions by short
saccharides has been suggested as amyloid therapeutics
[75]. Also, the interaction between AP and phospholipids
has an electrostatic component. In addition, hydrophobic
interactions are involved, and it is not clear whether the
peptide inserts into the membrane or acts at the surface.
There are several possible mechanisms for the increased
polymerization of AP in the presence of the phospho-
lipids. One is increased AP concentration at the lipid sur-
face, another is that the lipids induce conformational
changes in AP and a third possibility is that they favour
the alignment of AP molecules in an amyloid-promoting
way [66, 76].

Metal ions are found in plaques, and transgenic mice ex-
pressing human APP show a reduced amyloid burden af-
ter treatment with metal chelators [77, 78]. It is possible
that metal ions coordinate the histidine residues in A and
induce a conformational change. Ap aggregation is in-
creased at low pH (as in endosomes and lysosomes), and
in this case protonation of the histidines may affect ag-
gregation. Thus, there are several possibilities for Ap to
form aggregates despite its seemingly low concentration
in vivo.

Numerous studies have shown that A becomes neuro-
toxic upon polymerization. Early studies indicated that
fibrils were the toxic species [79], but recent work shows
that soluble polymeric aggregates are the toxic species
[80, 81]. The use of different systems for studying toxic-
ity may contribute to the discrepancy, as could the fact
that it is difficult to isolate a certain aggregation state
of AB. Low molecular weight aggregates are in rapid
equilibrium with monomers and dimers, and fibrils are
also dynamic structures [82, 83]. Interestingly, soluble
oligomers may be the primary toxic species of amyloids
in general [84]. An antibody recognizing oligomeric, but
not fibrillar or monomeric A, inhibited toxicity in vitro
[85]. This antibody also recognized oligomers of several
other amyloidogenic polypeptides and inhibited their in
vitro toxicity. Thus, amyloidogenic oligomers have a
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common sequence-independent epitope and it is possible
that they also share a common mechanism of toxicity.

It is of interest to note that mutations linked to AD either
increase the amount of the longer, more hydrophobic and
more amyloidogenic AP42 [86], or give rise to a peptide
with altered amino acid sequence. In the first case, the
favoured hypothesis is that more AB42 increases the rate
of aggregation. In contrast, the residue substitutions ap-
parently alter peptide aggregation characteristics and give
rise to different pathologies, in most cases with a more
pronounced vascular component [87, 88]. These muta-
tions are all located to the central part of AB, A21G,
E22G, E22Q, E22K and D23N. The mutations either in-
crease the flexibility (A-G, E-QG), increase the hydropho-
bicity (E-Q and D-N) or bring the net charge closer to
zero (E-G, E-Q, E-K and D-N). It is not clear why these
mutations render a vascular localization of the amyloid.
The arctic mutation, E22G, stabilizes a toxic intermediate
structure called protofibrils [88]. Thus, single substitu-
tions in the AP sequence can alter the localization of the
amyloid deposits, the rate of polymerization and the type
of aggregates formed. A green fluorescence protein-A fu-
sion construct was used for an unbiased search for se-
quence determinants of Ap amyloidogenesis. Amino acid
substitutions that prevented aggregation of AP clustered
mainly in the regions covering residues 17—19, 31-32,
34-36, and 39-42 [89]. Most of the mutations replaced
unpolar residues with polar, suggesting that solubility is
one key determinant for AP aggregation. However, re-
placements not predicted to enhance solubility, e.g.
VI18A, F19L, 132V, were also found to reduce aggrega-
tion. V— A and F — L may influence aggregation by de-
creasing the B-strand propensity (see further below).

Molecular mechanisms in amyloid fibril formation

Amyloid fibril formation is promoted under conditions
where conformations present during unfolding are well
populated. The process of fibril formation may include
local unfolding of the native protein, or dissociation of a
multimeric protein, leading to exposure of regions which
are prone to self-associate, intermolecular association
leading to formation of oligomers, further structural re-
arrangement leading to increased -sheet content and ac-
quisition of a cross-B-sheet structure and polymerization
into fibrils.

The ability to form amyloid fibrils is not limited to the
proteins that form amyloid in human and mammal dis-
ease. Similar fibrils can be formed in vitro from virtually
any protein under partly denaturing conditions and at
high concentrations [90, 91]. In vitro fibril formation of a
globular protein and of short peptides can be modulated
by changes in the amino acid sequence [92—94]. Al-
though many peptide sequences form a cross-B-sheet
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structure under certain conditions, the ability to do so un-
der physiological conditions is apparently limited to a few
proteins. This raises the question of what distinguishes
the small number of proteins that form amyloid under
physiological conditions.

Synthetic peptides with the SP-C amino acid sequence,
which has a high B-strand propensity, are inefficient in
helix formation and form insoluble aggregates. Replac-
ing the poly-valine sequence of SP-C with sequences
with high helical propensities yields helical peptides [54,
95]. Thus « helices for which f strands are predicted may
be prone to undergo a helix — f strand transition and
amyloid formation. Sequences seven residues or longer
showing discordance between experimentally determined
a helices and predicted P strands were found in 3% of
nonhomologous proteins [96]. These /P discordances
include helix 2 of the prion protein, AP (residues 16—23),
and SP-C (residues 12—27). The native states of the prion
protein and SP-C are metastable [55, 97]. The discordant
helix of SP-C contributes to the metastability, while for
the more complex prion protein it is not established to
what extent helix 2 contributes to the metastability.
Residues 16—20 of AP are essential for AP intermolecu-
lar contacts and fibril formation, and destabilization of a
helix covering residues 11-24 (in particular residues
17-24) is critical for a-helix — -sheet conversion and
fibril formation [98, 99].

Secondary structure predictions indicate that by replac-
ing valines in the SP-C discordant helix with leucines
should give stable a-helical peptides [96]. Such a peptide
forms an o helix experimentally and does not form (-
sheet aggregates or fibrils [60]. Likewise, the ability of
AP to form fibrils can be modulated by residue ex-
changes that favour helix formation. For example, the
mutations K16A/L17A/F20A [98] and V18A [100] abro-
gate fibril formation in vitro and these changes reverse
the discordant nature of the 16—23 region of A. More-
over, placement of residues that favour 3-strand confor-
mation (F or V) in the X positions in the tetrapeptide
KXXE promotes fibril formation, while L or A in the
same positions give random coil structure and no fibril
formation [93]. Also, in short oligopeptide segments de-
rived from the fibril-forming peptide calcitonin, F
favours fibrillation and A prevents it [94].

For both AP and SP-C, removal of the discordant nature
by residue replacements thus abrogates fibril formation
in vitro, suggesting that increasing the helical occupancy
can reduce the tendencies of fibrillogenic polypeptides to
form amyloid fibrils. This hypothesis is supported by the
findings that optimal stabilization of helical AP by addi-
tion of trifluoroethanol prevents fibril formation [101].
However, partial stabilization of the helical structure of
AP instead accelerates formation of B-sheet aggregates
and fibrils, and transient formation of the a-helix struc-
ture from unstructured Ap was observed before forma-
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tion of B-sheet structure and fibrils [102]. This led the au-
thors to suggest that partially helical forms of Ap may be
on-pathway to fibril formation. In these studies full-
length AP peptides were used, in which both the central
and the C-terminal parts can form helical structures. It
should be noted that addition of trifluoroethanol will
favour peptide hydrogen bonding in general. Further
studies are required to determine how stabilization of dif-
ferent helices in AP affects fibril formation.

Conclusions and open questions

A growing number of proteins have been shown to be
able to lose their native structure and form insoluble amy-
loid fibrils. This is associated with a number of severe
diseases but can also occur in vitro under partly dena-
turing conditions. Proposed determinants underlying
metastability and fibril formation include solubility,
charge state and electrostatic interactions, hydrophobic
interactions, destabilizing mutations, specific side-chain
interactions and conflicts in tertiary structures and local
secondary structure propensities. Similarities between
AP and SP-C regarding membrane localization and pro-
cessing suggest that removal of peptides from their mem-
brane-associated states can result in loss of a stabilizing
environment with concomitant aggregation and fibril for-
mation. SP-C and AP clearly represent special cases and
differ in amino acid sequence and site of expression, but
the apparent similarities in the mechanisms underlying
fibril formation of these two polypeptides suggest that
loss of stabilizing interactions may be involved in fibril
formation of other polypeptides as well. The loss of a sta-
bilizing environment can be caused by different factors
such as (i) proteolysis and release of fibrillogenic pep-
tides from nonmembrane regions; (ii) exposure of hy-
drophobic regions and unpaired B strands as a result of lo-
cal unfolding and (iii) loss of protein subunit interactions,
as exemplified by dissociation of the transthyretin tetra-
mer into monomers [103, 104]. In the latter case certain
mutations shift the equilibrium from the native tetramer,
resulting in a loss of stabilizing structural context for the
liberated monomers, which in turn can form fibrils.

Many different factors affect fibril formation, among
those the primary structure of the aggregating peptide.
Since the amyloid fibrils and oligomers seem to be ho-
mogenous in terms of protein composition, the side
chains are important for selection of the polypeptides to
be incorporated. However, the only true common denom-
inator of amyloid-forming peptides is the peptide back-
bone. Oligomers formed by several polypeptides share a
common antibody epitope. Also in this case the only
common denominator appears to be the polypeptide
backbone. Since the antibody was reactive only to
oligomers and not to fibrils or monomers, the conforma-
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tion of the backbone differs between these entities. Fibrils
have a common f sheet structure. Thus, both amyloido-
genic oligomers and fibrils have specific and different
structures which are dictated by the backbone. These fea-
tures suggest that a common approach could be used for
prevention and treatment of amyloid disease. Alterna-
tively, specific stabilization of the native non-fibrillo-
genic conformations, rather than blocking peptide poly-
merization, may be explored as a means to prevent amy-
loid diseases.

Acknowledgements. The Swedish Research Council and the US
National Institutes of Health supported this work.

1 Glasser S.W., Korfhagen T. R., Wert S. E., Bruno M. D.,
McWilliams K. M., Vorbroker D. K. et al. (1991). Genetic el-
ement from human surfactant protein SP-C gene confers bron-
chiolar-alveolar cell specificity in transgenic mice. Am. J.
Physiol. 261: L349-1L356

2 Wert S. E., Glasser S. W., Korfhagen T. R. and Whitsett J. A.
(1993) Transcriptional elements from the human SP-C gene
direct expression in the primordial respiratory epithelium of
transgenic mice. Dev. Biol. 156: 426—443

3 Vorbroker D. K., Voorhout W. F., Weaver T. E. and Whitsett J.
A. (1995) Posttranslational processing of surfactant protein C
in rat type II cells. Am. J. Physiol. 269: L727—-L733

4 Beers M. F. and Lomax C. (1995) Synthesis and processing of
hydrophobic surfactant protein C by isolated rat Type II cells.
Am. J. Physiol.-Lung Cell. Mol. Physiol. 13: L744-L753

5 Russo S. J., Wang W., Lomax C. A. and Beers M. F. (1999)
Structural requirements for intracellular targeting of SP-C
proprotein. Am. J. Physiol.-Lung Cell. Mol. Physiol. 277:
L1034-L1044

6 Conkright J. J., Bridges J. P, Na C. L., Voorhout W. E,, Trap-
nell B., Glasser S. W. et al. (2001) Secretion of surfactant pro-
tein C, an integral membrane protein, requires the N-terminal
propeptide. J. Biol. Chem. 276: 1465814664

7 Johnson A. L., Braidotti P., Pietra G. G., Russo S. J., Kabore
A., Wang W. J. et al. (2001) Post-translational processing of
surfactant protein-C proprotein: targeting motifs in the
NH(2)-terminal flanking domain are cleaved in late compart-
ments. Am. J. Respir. Cell. Mol. Biol. 24: 253-263

8 Brasch F, ten Brinke A., Johnen G., Ochs M., Kapp N., Muller
K. M. et al. (2002) Involvement of cathepsin H in the pro-
cessing of the hydrophobic surfactant-associated protein C in
type II pneumocytes. Am. J. Respir. Cell Mol. Biol. 26:
659-670

9 Weaver T. E. and Conkright J. J. (2001) Function of surfactant
proteins B and C. Annu. Rev. Physiol. 63: 555-578

10 Vorbroker D. K., Profitt S. A., Nogee L. M. and Whitsett J. A.
(1995) Aberrant processing of surfactant protein C in heredi-
tary SP-B deficiency. Am. J. Physiol. 268: L647—-L656

11 Hawgood S., Derrick M. and Poulain F. (1998) Structure and
properties of surfactant protein B. Biochim. Biophys. Acta
1408: 150—160

12 Tkegami M., Horowitz A. D., Whitsett J. A. and Jobe A. H.
(1998) Clearance of SP-C and recombinant SP-C in vivo and
in vitro. Am. J. Physiol. 18: L933-L939

13 Breslin J. S. and Weaver T. E. (1992) Binding, uptake and lo-
calization of surfactant protein-B in isolated rat alveolar Type-
II cells. Am. J. Physiol. 262: L699—-L707

14 Nogee L. M., Dunbar A. E. 3rd, Wert S. E., Askin F., Hamvas
A. and Whitsett J. A. (2001) A mutation in the surfactant pro-
tein C gene associated with familial interstitial lung disease.
N. Engl. J. Med. 344: 573-579



CMLS, Cell. Mol. Life Sci.

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

Vol. 61, 2004

Thomas A. Q., Lane K., Phillips J. 3rd, Prince M., Markin C.,
Speer M. et al. (2002) Heterozygosity for a surfactant protein
C gene mutation associated with usual interstitial pneumoni-
tis and cellular nonspecific interstitial pneumonitis in one kin-
dred. Am. J. Respir. Crit. Care Med. 165: 13221328

Nogee L. M., Dunbar A. E. 3rd, Wert S., Askin F., Hamvas A.
and Whitsett J. A. (2002) Mutations in the surfactant protein C
gene associated with interstitial lung disease. Chest. 121:
20S-21S

Wang W. J,, Russo S. J., Mulugeta S. and Beers M. F. (2002)
Biosynthesis of surfactant protein C (SP-C). Sorting of SP-C
proprotein involves homomeric association via a signal an-
chor domain. J. Biol. Chem. 277: 19929—-19937

Wang W. J., Mulugeta S., Russo S. J. and Beers M. F. (2003)
Deletion of exon 4 from human surfactant protein C results in
aggresome formation and generation of a dominant negative.
J. Cell Sci. 116: 683—-692

Conkright J. J., Na C. L. and Weaver T. E. (2002) Overexpres-
sion of surfactant protein-C mature peptide causes neonatal
lethality in transgenic mice. Am. J. Respir. Cell Mol. Biol. 26:
85-90

Bridges J. P, Wert S. E., Nogee L. M. and Weaver T. E. (2003)
Expression of a human SP-C mutation associated with famil-
ial interstitial lung disease disrupts lung development in trans-
genic mice. J. Biol. Chem. in press

Oyadomari S., Araki E. and Mori M. (2002) Endoplasmic
reticulum stress-mediated apoptosis in pancreatic p-cells.
Apoptosis 7: 335-345

Hampton R. Y. (2002) ER-associated degradation in protein
quality control and cellular regulation. Curr. Opin. Cell Biol.
14: 476482

Patil C. and Walter P. (2001) Intracellular signaling from the
endoplasmic reticulum to the nucleus: the unfolded protein re-
sponse in yeast and mammals. Curr. Opin. Cell Biol. 13:
349-355

Naslund J., Haroutunian V., Mohs R., Davis K. L., Davies P,
Greengard P. et al. (2000) Correlation between elevated levels
of amyloid B-peptide in the brain and cognitive decline. J. Am.
Med. Assoc. 283: 15711577

Janus C., Phinney A. L., Chishti M. A. and Westaway D.
(2001) New developments in animal models of Alzheimer’s
disease. Curr. Neurol. Neurosci. Rep. 1: 451-457

Evin G. and Weidemann A. (2002) Biogenesis and metabo-
lism of Alzheimer’s disease A} amyloid peptides. Peptides 23:
1285-1297

Dodart J. C., Mathis C. and Ungerer A. (2000) The B-amyloid
precursor protein and its derivatives: from biology to learning
and memory processes. Rev. Neurosci. 11: 75-93

Vassar R., Bennett B. D., Babu-Khan S., Kahn S., Mendiaz E.
A., Denis P. et al. (1999) Beta-secretase cleavage of Alzhei-
mer’s amyloid precursor protein by the transmembrane aspar-
tic protease BACE. Science 286: 735-741

Sinha S., Anderson J. P, Barbour R., Basi G. S., Caccavello
R., Davis D. et al. (1999) Purification and cloning of amyloid
precursor protein beta-secretase from human brain. Nature.
402: 537-40

Yan R., Bienkowski M. J., Shuck M. E., Miao H., Tory M. C.,
Pauley A. M. et al. (1999) Membrane-anchored aspartyl pro-
tease with Alzheimer’s disease B-secretase activity. Nature.
402: 533-537

Hussain 1., Powell D., Howlett D. R., Tew D. G., Meek T. D.,
Chapman C. et al. (1999) Identification of a novel aspartic
protease (Asp 2) as P-secretase. Mol. Cell. Neurosci. 14:
419-427

Edbauer D., Winkler E., Regula J. T., Pesold B., Steiner H. and
Haass C. (2003) Reconstitution of y-secretase activity. Nat.
Cell Biol. 5: 486488

Kimberly W. T., LaVoie M. J., Ostaszewski B. L., Ye W., Wolfe
MS. and Selkoe D. J. (2003) Gamma-secretase is a membrane

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

Review Article 333

protein complex comprised of presenilin, nicastrin, Aph-1,
and Pen-2. Proc. Natl. Acad. Sci. USA. 100: 6382—6387
Kimberly W. T., Esler W. P, Ye W., Ostaszewski B. L., Gao .,
Diehl T. et al. (2003) Notch and the amyloid precursor protein
are cleaved by similar y-secretase(s). Biochemistry 42:
137-144

Ebinu J. O. and Yankner B. A. (2002) A RIP tide in neuronal
signal transduction. Neuron 34: 499502

Wolfe M. S., Xia W., Ostaszewski B. L., Diehl T. S., Kimberly
WT. and Selkoe D. J. (1999) Two transmembrane aspartates in
presenilin-1 required for presenilin endoproteolysis and y-
secretase activity. Nature 398: 513-517

Kimberly W. T., Xia W., Rahmati T., Wolfe M. S. and Selkoe
D. J. (2000) The transmembrane aspartates in presenilin 1 and
2 are obligatory for y-secretase activity and amyloid 3-protein
generation. J. Biol. Chem. 275: 3173-3178

Weidemann A., Eggert S., Reinhard F. B., Vogel M., Paliga K.,
Baier G. et al. (2002) A novel e-cleavage within the trans-
membrane domain of the Alzheimer amyloid precursor pro-
tein demonstrates homology with Notch processing. Bio-
chemistry. 41: 2825-2835

Kimberly W. T., Zheng J. B., Guenette S. Y. and Selkoe D. J.
(2001) The intracellular domain of the B-amyloid precursor
protein is stabilized by Fe65 and translocates to the nucleus in
a notch-like manner. J. Biol. Chem. 276: 40288—-40292
Haass C., Koo E. H., Mellon A., Hung A. Y. and Selkoe D. J.
(1992) Targeting of cell-surface f-amyloid precursor protein
to lysosomes: alternative processing into amyloid-bearing
fragments. Nature 357: 500—503

Haass C., Hung A. Y., Schlossmacher M. G., Teplow D. B. and
Selkoe D. J. (1993) B-Amyloid peptide and a 3-kDa fragment
are derived by distinct cellular mechanisms. J. Biol. Chem.
268: 3021-3024

Hartmann T., Bieger S. C., Bruhl B., Tienari P. J., Ida N., All-
sop D. et al. (1997) Distinct sites of intracellular production
for Alzheimer’s disease AP40/42 amyloid peptides. Nat. Med.
3:1016-1020

Cook D. G., Forman M. S., Sung J. C., Leight S., Kolson D. L.,
Iwatsubo T. et al. (1997) Alzheimer’s AB(1-42) is generated
in the endoplasmic reticulum/intermediate compartment of
NT2N cells. Nat. Med. 3: 1021-1023

Skovronsky D. M., Doms R. W. and Lee V. M. (1998) Detec-
tion of a novel intraneuronal pool of insoluble amyloid B pro-
tein that accumulates with time in culture. J. Cell Biol. 141:
1031-1039

Greenfield J. P, Tsai J., Gouras G. K., Hai B., Thinakaran G.,
Checler F. et al. (1999) Endoplasmic reticulum and trans-
Golgi network generate distinct populations of Alzheimer -
amyloid peptides. Proc. Natl. Acad. Sci. USA 96: 742—747
Yang A. J., Chandswangbhuvana D., Shu T., Henschen A. and
Glabe C. G. (1999) Intracellular accumulation of insoluble,
newly synthesized Apn-42 in amyloid precursor protein-trans-
fected cells that have been treated with AB1-42. J. Biol. Chem.
274: 20650-20656

Tjernberg L. O., Ndslund J., Thyberg J., Gandy S. E., Terenius
L. and Nordstedt C. (1997) Generation of Alzheimer amyloid
{3 peptide through nonspecific proteolysis. J. Biol. Chem. 272:
1870-1875

Armogida M., Petit A., Vincent B., Scarzello S., da Costa C.
A. and Checler F. (2001) Endogenous p-amyloid production
in presenilin-deficient embryonic mouse fibroblasts. Nat. Cell
Biol. 3: 1030-1033

Wilson C. A., Doms R. W., Zheng H. and Lee V. M. (2002)
Presenilins are not required for AP 42 production in the early
secretory pathway. Nat. Neurosci. 5: 849—855

Scheuermann S., Hambsch B., Hesse L., Stumm J., Schmidt
C., Beher D. et al. (2001) Homodimerization of amyloid pre-
cursor protein and its implication in the amyloidogenic path-
way of Alzheimer’s disease. J. Biol. Chem. 276: 33923-33929



334

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

J. Johansson, T. E. Weaver and L. O. Tjernberg

Selkoe D. J. (2001) Clearing the brain’s amyloid cobwebs.
Neuron 32: 177-180

Iwata N., Tsubuki S., Takaki Y., Watanabe K., Sekiguchi M.,
Hosoki E. et al. (2000) Identification of the major AB 1-42-de-
grading catabolic pathway in brain parenchyma: suppression
leads to biochemical and pathological deposition. Nat. Med.
6: 143-150

Iwata N., Tsubuki S., Takaki Y., Shirotani K., Lu B., Gerard N.
et al. (2001) Metabolic regulation of brain AB by neprilysin.
Science 292: 1550—1552

Johansson J., Nilsson G., Stromberg R., Robertson B., Jorn-
vall H. and Curstedt T. (1995) Secondary structure and bio-
physical activity of synthetic analogues of the pulmonary sur-
factant polypeptide SP-C. Biochem. J. 307: 535-541
Szyperski T., Vandenbussche G., Curstedt T., Ruysschaert J.
M., Wiithrich K. and Johansson J. (1998) Pulmonary surfac-
tant-associated polypeptide C in a mixed organic solvent
transforms from a monomeric a-helical state into insoluble 8-
sheet aggregates. Protein Sci. 7: 2533-2540

Kovacs H., Mark A. E., Johansson J. and van Gunsteren W. F.
(1995) The effect of environment on the stability of an integral
membrane helix: molecular dynamics simulations of surfac-
tant protein C in chloroform, methanol and water. J. Mol. Biol.
247: 808822

Zangi R., Kovacs H., van Gunsteren W. F.,, Johansson J. and
Mark A. E. (2001) Free energy barrier estimation of unfolding
the a-helical surfactant-associated polypeptide C. Proteins
43:395-402

Gustafsson M., Thyberg J., Nislund J., Eliasson E. and Jo-
hansson J. (1999) Amyloid fibril formation by pulmonary sur-
factant protein C. FEBS Lett. 464: 138—142

Wiistneck N., Wiistneck R., Perez-Gil J. and Pison U. (2003)
Effects of oligomerization and secondary structure on the sur-
face behavior of pulmonary surfactant proteins SP-B and
SP-C. Biophys. J. 84: 1940—1949

Hosia W., Johansson J. and Griffiths W. J. (2002) Hydro-
gen/deuterium exchange and aggregation of a poly-valine and
a poly-leucine a-helix investigated by matrix-assisted laser
desorption ionization mass spectrometry. Mol. Cell. Pro-
teomics 1: 592—-597

Wang Z., Gurel O., Baatz J. E. and Notter R. H. (1996) Acyla-
tion of pulmonary surfactant protein-C is required for its opti-
mal surface active interactions with phospholipids. J. Biol.
Chem. 271: 19104-19109

Qanbar R., Cheng S., Possmayer F. and Schiirch S. (1996)
Role of the palmitoylation of surfactant-associated protein C
in surfactant film formation and stability. Am. J. Physiol. 271:
L572-L580

Gustafsson M., Griffiths W. J., Furusjo E. and Johansson J.
(2001) The palmitoyl groups of surfactant protein C reduce
unfolding into a fibrillogenic intermediate. J. Mol. Biol. 310:
937-950

Voss T., Schifer K. P, Nielsen P. F., Schifer A., Maier C., Han-
nappel E. et al. (1992) Primary structure differences of human
surfactant-associated proteins isolated from normal and pro-
teinosis lung. Biochim. Biophys. Acta. 1138: 261-267
Jarrett J. T. and Lansbury P. T. Jr. (1993) Seeding ‘one-dimen-
sional crystallization’ of amyloid: a pathogenic mechanism in
Alzheimer’s disease and scrapie? Cell 73: 1055-1058
McLaurin J., Yang D., Yip C. M. and Fraser P. E. (2000) Re-
view: modulating factors in amyloid-p fibril formation. J.
Struct. Biol. 130: 259-270

Nilsson L. N., Bales K. R., DiCarlo G., Gordon M. N., Mor-
gan D., Paul S. M. et al. (2001) Alpha-1-antichymotrypsin
promotes B-sheet amyloid plaque deposition in a transgenic
mouse model of Alzheimer’s disease. J. Neurosci. 21:
14441451

Irizarry M. C., Rebeck G. W., Cheung B., Bales K., Paul S. M.,
Holzman D. et al. (2000) Modulation of AP deposition in APP

69

70

71

72

73

74

75

76

71

78

79

80

81

82

83

84

85

Aggregation of SP-C and Ap

transgenic mice by an apolipoprotein E null background. Ann.
N.Y. Acad. Sci. 920: 171-178

Tennent G. A., Lovat L. B. and Pepys M. B. (1995) Serum
amyloid P component prevents proteolysis of the amyloid fib-
rils of Alzheimer disease and systemic amyloidosis. Proc.
Natl. Acad. Sci. USA 92: 4299-4303

Pepys M. B., Herbert J., Hutchinson W. L., Tennent G. A.,
Lachmann H. J., Gallimore J. R. et al. (2002) Targeted phar-
macological depletion of serum amyloid P component for
treatment of human amyloidosis. Nature 417: 254—259

Ueda K., Fukushima H., Masliah E., Xia Y., Iwai A., Yoshi-
moto M. et al. (1993) Molecular cloning of cDNA encoding
an unrecognized component of amyloid in Alzheimer disease.
Proc. Natl. Acad. Sci. USA 90: 11282-11286

Wirths O., Weickert S., Majtenyi K., Havas L., Kahle P. J.,
Okochi M. et al. (2000) Lewy body variant of Alzheimer’s dis-
ease: a-synuclein in dystrophic neurites of Ap plaques. Neu-
roreport 11: 3737-3741

Castillo G. M., Lukito W., Wight T. N. and Snow A. D. (1999)
The sulfate moieties of glycosaminoglycans are critical for the
enhancement of B-amyloid protein fibril formation. J. Neu-
rochem. 72: 1681-1687

Snow A. D., Nguyen B. P, Choi P. Y., Cummins J. A., Sanders
V. J. and Castillo G. M. (2003) Specific proteoglycans/gly-
cosaminoglycans in the pathogenesis of Alzheimer’s disease
and related disorders. In: Alzheimer’s Parkinson’s Diseases:
New Persectives. 6th International Conference on Alzheimer’s
Disease and Parkinson’s Disease, Sevilla, Spain, 8—12 May, 7
Fraser P. E., Darabie A. A. and McLaurin J. A. (2001) Amy-
loid-p interactions with chondroitin sulfate-derived monosac-
charides and disaccharides. implications for drug develop-
ment. J. Biol. Chem. 276: 6412—-6419

Waschuk S. A., Elton E. A., Darabie A. A., Fraser P. E. and
McLaurin J. (2001) Cellular membrane composition defines
AB-lipid interactions. J. Biol. Chem. 276: 33561-33568
Dong J., Atwood C. S., Anderson V. E., Siedlak S. L., Smith
M. A, Perry G. et al. (2003) Metal binding and oxidation of
Amyloid-f within isolated senile plaque cores: Raman micro-
scopic evidence. Biochemistry 42: 2768—2773

Cherny R. A., Atwood C. S., Xilinas M. E., Gray D. N., Jones
W. D, McLean C. A. et al. (2001) Treatment with a copper-
zinc chelator markedly and rapidly inhibits f-amyloid accu-
mulation in Alzheimer’s disease transgenic mice. Neuron 30:
665-676

Lorenzo A. and Yankner B. A. (1994) Beta-amyloid neurotox-
icity requires fibril formation and is inhibited by congo red.
Proc. Natl. Acad. Sci. USA 91: 1224312247

Walsh D. M., Klyubin 1., Fadeeva J. V., Cullen W. K., Anwyl
R., Wolfe M. S. et al. (2002) Naturally secreted oligomers of
amyloid [ protein potently inhibit hippocampal long-term po-
tentiation in vivo. Nature 416: 535-539

Hardy J. and Selkoe D. J. (2002) The amyloid hypothesis of
Alzheimer’s disease: progress and problems on the road to
therapeutics. Science 297: 353-356

Bitan G., Lomakin A. and Teplow D. B. (2001) Amyloid -
protein oligomerization: prenucleation interactions revealed
by photo-induced cross-linking of unmodified proteins. J.
Biol. Chem. 276: 35176-35184

Naiki H. and Nakakuki K. (1996) First-order kinetic model of
Alzheimer’s f-amyloid fibril extension in vitro. Lab. Invest.
74: 374-383

Bucciantini M., Giannoni E., Chiti F., Baroni F., Formigli L.,
Zurdo J. et al. (2002) Inherent toxicity of aggregates implies a
common mechanism for protein misfolding diseases. Nature
416: 507-511

Kayed R., Head E., Thompson J. L., Mclntire T. M., Milton S.
C., Cotman C. W. et al. (2003) Common structure of soluble
amyloid oligomers implies common mechanism of pathogen-
esis. Science 300: 486489



CMLS, Cell. Mol. Life Sci.

86

87

88

89

90

91

92

93

94

95

Vol. 61, 2004

Selkoe D. J. (1999) Translating cell biology into therapeutic
advances in Alzheimer’s disease. Nature 399: A23—-A31

Van Nostrand W. E., Melchor J. P, Romanov G., Zeigler K.
and Davis J. (2002) Pathogenic effects of cerebral amyloid an-
giopathy mutations in the amyloid B-protein precursor. Ann.
N.Y. Acad. Sci. 977: 258265

Nilsberth C., Westlind-Danielsson A., Eckman C. B., Condron
M. M., Axelman K., Forsell C. et al. (2001) The ‘Arctic’ APP
mutation (E693G) causes Alzheimer’s disease by enhanced
AP protofibril formation. Nat. Neurosci. 4: 887—-893

Warth C., Guimard N. K. and Hecht M. H. (2002) Mutations
that reduce aggregation of the Alzheimer’s AB42 peptide: an
unbiased search for the sequence determinants of AR amy-
loidogenesis. J. Mol. Biol. 319: 1279-1290

Chiti F., Webster P, Taddei N., Clark A., Stefani M., Ramponi
G. et al. (1999) Designing conditions for in vitro formation of
amyloid protofilaments and fibrils. Proc. Natl. Acad. Sci.
USA 96: 3590-3594

Fandrich M., Fletcher M. A. and Dobson C. M. (2001) Amy-
loid fibrils from muscle myoglobin. Even an ordinary globu-
lar protein can assume a rogue guise if conditions are right.
Nature 410: 165-166

Dalal S. and Regan L. (2000) Understanding the sequence de-
terminants of conformational switching using protein design.
Protein Sci. 9: 1651-1659

Tjernberg L., Hosia W., Bark N., Thyberg J. and Johansson J.
(2002) Charge attraction and p propensity are necessary for
amyloid fibril formation from tetrapeptides. J. Biol. Chem.
277: 4324343246

Reches M., Porat Y. and Gazit E. (2002) Amyloid fibrils for-
mation by penta- and tetrapeptide fragments of human calci-
tonin. J. Biol. Chem. 277: 35475-35480

Nilsson G., Gustafsson M., Vandenbussche G., Veldhuizen E.,
Griffiths W. ., Sjovall J. et al. (1998) Synthetic peptide-con-
taining surfactants: evaluation of transmembrane versus am-

96

97

98

99

100

101

102

103

104

Review Article 335

phipathic helices and surfactant protein C poly-valyl to poly-
leucyl substitution. Eur. J. Biochem. 255: 116—124

Kallberg Y., Gustafsson M., Persson B., Thyberg J. and Jo-
hansson J. (2001) Prediction of amyloid fibril-forming pro-
teins. J. Biol. Chem. 276: 12945—12950

Baskakov I. V., Legname G., Prusiner S. B. and Cohen F. E.
(2001) Folding of prion protein to its native «-helical con-
formation is under kinetic control. J. Biol. Chem. 276:
19687-19690

Tjernberg L. O., Naslund J., Lindqvist F., Johansson J., Karl-
strom A. R., Thyberg J. et al. (1996). Arrest of B-amyloid fib-
ril formation by a pentapeptide ligand. J. Biol. Chem. 271:
8545-8548

Janek K., Rothemund S., Gast K., Beyermann M., Zipper J.,
Fabian H. et al. (2001) Study of the conformational transition
of AB(1-42) using D-amino acid replacement analogues. Bio-
chemistry. 40: 5457—-5463

Soto C., Castano E., Frangione B. and Inestrosa N. (1995) The
«-helical to B-sheet transition in the amino-terminal fragment
of the amyloid B-peptide modulates amyloid formation. J.
Biol. Chem. 271: 3963-3967

Fezoui Y. and Teplow D. B. (2002) Kinetic studies of amyloid
B-protein fibril assembly: differential effects of a-helix stabi-
lization. J. Biol. Chem. 277: 36948—-36954

Kirkitadze M. D., Condron M. M. and Teplow D. B. (2001)
Identification and characterization of key kinetic intermedi-
ates in amyloid P-protein fibrillogenesis. J. Mol. Biol. 312:
1103-1119

Jiang X., Buxbaum J. N. and Kelly J. W. (2001) The V122] car-
diomyopathy variant of transthyretin increases the velocity of
rate-limiting tetramer dissociation, resulting in accelerated
amyloidosis. Proc. Natl. Acad. Sci. USA 98: 1494314948
Chakrabartty A. (2001) Progress in transthyretin fibrillogene-
sis research strengthens the amyloid hypothesis. Proc. Natl.
Acad. Sci. USA 98: 14757—-14759

To access this journal online:
http://www.birkhauser.ch




