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Limited solubility and precipitation of amyloidogenic sequences
such as the Alzheimer peptide (b-AP) are major obstacles to a
molecular understanding of protein fibrillation and deposition
processes. Here we have circumvented the solubility problem by
stepwise engineering a b-AP homology into a soluble scaffold, the
monomeric protein S6. The S6 construct with the highest b-AP
homology crystallizes as a tetramer that is linked by the b-AP
residues forming intermolecular antiparallel b-sheets. This con-
struct also shows increased coil aggregation during refolding, and
a 14-mer peptide encompassing the engineered sequence forms
fibrils. Mutational analysis shows that intermolecular association is
linked to the overall hydrophobicity of the sticky sequence and
implies the existence of ‘‘structural gatekeepers’’ in the wild-type
protein, that is, charged side chains that prevent aggregation by
interrupting contiguous stretches of hydrophobic residues in the
primary sequence.

Several neurodegenerative diseases are associated with the
deposition of insoluble protein fibrils in the nervous tissue,

so-called amyloid plaques (1). The most prevalent example is
Alzheimer’s disease, which is accompanied by the deposition of
amyloid plaques in the brain (2). The major protein component
of the Alzheimer plaque is the 39- to 43-aa b-peptide (b-AP), an
aberrant proteolytic product of a 695- to 770-aa membrane-
bound precursor protein (3). b-AP consists of a hydrophilic
N-terminal part (amino acids 1–28) and a hydrophobic C-
terminal sequence (amino acids 29–43), which is believed to be
buried in the membrane in the precursor protein. Although
b-AP readily forms fibrils in vitro, the fibrils’ insolubility has been
an obstacle to all attempts to solve their atomic structure.
Furthermore, it has been difficult to isolate and characterize
intermediates in the fibrillation process because it occurs by
nucleation and growth (4). Nevertheless, evidence from low-
angle x-ray diffraction (5) and infrared spectroscopy (6) suggests
that b-AP forms a highly ordered and periodic arrangement of
b-strands. The b-strands are widely believed to be organized in
an antiparallel fashion (5–7), although some results favor a
parallel arrangement (8).

Interestingly, no particular section of b-AP appears to be
critical for fibrillation in vitro, and different sections of b-AP
seem to form fibrils with different morphologies. Fragments of
residues 18–28 assemble into ribbon-like structures (9), whereas
fragments involving the hydrophobic C terminus may assume a
fully extended filament structure (6). The assemblies are further
sensitive to mutagenesis. For example, the Lys 3 Ala-16 mu-
tation in the residues 1–28 fragment leads to amorphous aggre-
gates, which, according to x-ray diffraction patterns, contain
b-sheets (10). This spectrum of assemblies suggests that multiple
modes of interaction may operate, so that b-AP aggregates
specifically in several registers and by different quaternary
contact patterns (2). Such a variability in the way the fibers may
assemble has led to speculation that fibrillation is a generic
property of the polypeptide chain (11). Consistently, proteins
(12) and peptides (13) unconnected with deposition diseases can

be induced to fibrillate, and amyloid fibrils from unrelated
proteins appear to share a common b-sheet core as well as a
similar fibril morphology (14). A model has been proposed in
which a number of b-sheets run parallel to the filament axis,
twisting to give a quaternary helical repeat of ca. 120 Å (14).
Despite the ubiquity of fibrillation, some sequences are more
disposed toward aggregation than others (15), but the basis for
this bias is still unclear.

In this study we have solubilized various hydrophobic se-
quences homologous to the C-terminal part of b-AP by grafting
them into a soluble protein scaffold, namely the monomeric
101-residue ribosomal protein S6 from Thermus thermophilus
(cf. ref. 16). The procedure is aided by exploiting a preexisting
homology between the b-AP sequence and the b-strand 2yloop
region in wild-type S6. From the wild-type sequence, the b-AP
homology was then increased in a stepwise manner while
changes in the refolding kinetics and transient aggregation were
analyzed. The quadruple mutation EA41yEI42yRM46yRV47
(S6-Alz) increases the identity of the two sequences to nine of
15 residues, and the remaining six residues are very similar (Fig.
1). In contrast to the wild-type protein, S6-Alz displays complex
reversible aggregation in the refolding process and is disposed to
form soluble aggregates in its folded state. The crystal structure
of S6-Alz shows that the mutated protein assembles into tet-
ramers joined by intermolecular b-sheets involving the b-AP
sequence. Peptides encompassing the engineered sequence
readily form fibrils, suggesting a link between transient aggre-
gation, tetramerization, and fibrillation. The onset of aggrega-
tion is linked to the deletion of charged residues, which leaves
contiguous hydrophobic stretches in the protein’s primary se-
quence. The results are discussed in light of conformational
gatekeepers, multiple aggregation registers, and amyloid
funnels.

Materials and Methods
The mutants EA41yEI42, RM46yRV47, and EA41yEI42y
RM46yRV47 (S6-Alz) were constructed as described (17). Ex-
pression and purification were essentially as described (17);
however, the purification step on CM-Sepharose was followed by
gel filtration on a Superdex 200 prep grade HiLoad 16y60
column.
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Stopped-flow kinetics were performed with an Applied Pho-
tophysics SX18-MV instrument as described (17). All experi-
ments were in 50 mM Mes (pH 6.3) at 25°C. Single-jump
aggregation experiments were carried out by 1:10 dilution of the
denaturant-unfolded protein into buffer. S6 wild-type and mu-
tants were unfolded in 4.4 M guanidinium chloride.

S6-Alz and EA41yEI42 were crystallized in 0.2 M sodium
citratey0.1 M Tris (pH 8.5) and either 20% (S6-Alz) or 30%
(EA41yEI42) polyethylene glycol 400 at a concentration of 6–8
mgyml. We were unable to obtain suitable crystals of the mutant
RM46yRV47 and other S6 mutants with higher homology to
b-AP under these and other screened conditions. Crystal dif-
fraction data were collected by using conventional radiation
from a rotating anode x-ray source and the MAX-LAB synchro-
tron in Lund, Sweden, and analyzed as described (17). The space
group for S6-Alz is P42212, the resolution is 2.2 Å, and the R
factor is 20.5%. Two crystal forms of EA41yEI42 were analyzed:
data from one crystal form, space group P6422, were collected
to 2.1-Å resolution and refined to a current R factor of 22.0%.
Data from the second crystal form, space group C2221, were
recorded to 1.65-Å resolution and refined to an R factor of
24.1%. All crystal coordinates have been deposited in the
Brookhaven Protein Data Bank, for S6-Alz with accession code
1QJH and for EA41yEI42 with accession codes 1CQN (space
group P6422) and 1CQM (space group C2221).

Crosslinking of S6 wild type and S6-Alz by glutaraldehyde was
carried out as described (18). Proteins at 0.3 mM were incubated
in 100 mM borate (pH 8.9) and 0.013 M glutaraldehyde for 20 s,
before the reaction was stopped by adding NaBH4 to 80 mM, and
the protein mixture was run on a gel.

The peptides AcNH-RVEKVEELGLRRLA-CONH2,
AcNH-RVEKVAILGLRRLA-CONH2, and AcNH-
RVEKVAILGLMVLA-CONH2, corresponding to b-strand 2 in
S6, were synthesized by Synt:em (Nı̂mes, France) and Neosystem
(Strasbourg, France). They were dissolved in 50% acetonitriley
50% water (volyvol). Fibrils were formed by incubating the
peptides at 1 mgyml in 25 mM sodium phosphate (pH 6)y50 mM
NaCl. For electron microscopy studies, performed on a Philips
CM120 BioTWIN cryo-transmission electron microscope, 5 ml
of peptide solution was deposited on a glow-discharge copper
grid, left for 1 min, blotted, and air-dried for 5 min before 5 ml
of 1% phosphotungstic acid was applied in a similar manner.

CD spectra were recorded on a Jasco-720 spectrophotometer
in 25 mM sodium phosphate (pH 6)y50 mM NaCl, using a path
length of 1 mm and a peptide concentration of 0.5 mgyml.
Binding of thioflavin T was monitored in the same buffer with
0.1 mgyml peptides in the presence of 10 mM thioflavin T, using
excitation at 450 nm and emission at 482 nm (19).

Results
Increasing the Homology to b-AP Induces Transient Aggregation
During Refolding. Wild-type S6 is a so-called two-state protein
that folds in a highly concerted step directly from the denatured

state D without intermediates (17). A kinetic hallmark of
two-state behavior is a V-shaped ‘‘chevron plot,’’ i.e., a plot of
the refolding and unfolding rate constants versus denaturant
concentration (Fig. 2). The quadruple mutant S6-Alz also shows
this typical two-state behavior at low concentrations of protein
(,1 mM). At higher concentrations of protein, however, the
refolding rate constant of S6-Alz decreases under poor solvent
conditions (i.e., at low denaturant concentrations), causing a
curvature in the refolding limb of the chevron plot. At 25 mM
S6-Alz, the refolding rate constant is almost 100-fold less than at
1 mM (Fig. 2). A similar retardation is reported for the two-state
proteins U1A and CI2 and is connected to transient aggregation
of denatured protein (20–22). The protein may either fold
rapidly in a two-state reaction or become trapped in aggregates
that convert to native monomers more slowly. Aggregation and
folding seem to occur in parallel, and the extent of aggregation
is simply determined by protein concentration. Because the
S6-Alz mutations only have a marginal effect on kf, the rate of
direct folding (Table 1), the elevated level of transient aggre-
gation can be linked to an increase in the association rate kagg
(Scheme 1):

D ¡
kf

N3 N4

kagg
2 m

Agg

Scheme 1.

That is, the mutations increase the protein’s likelihood of getting
stuck in an aggregate (Agg) upon collision with another mole-
cule. Despite the high association rates, results from U1A
suggest that the process is specific to a certain extent. U1A
molecules, which also display a limited homology to b-AP,
aggregate only with themselves and are unaffected by the
presence of other denatured proteins (unpublished observa-
tions). Above 5 mM, S6-Alz displays a second additional aggre-

Fig. 1. Sequence alignment of S6 wild type, b-AP, and the three S6 mutants
used in this study.

Fig. 2. Chevron plots for S6 wild type and the mutant S6-Alz at 1 mM (E) and
25 mM (F). GdmCl, guanidinium chloride. The refolding rate constant (kf) for
S6-Alz becomes slower at high concentrations of protein, indicating that the
denatured protein becomes temporarily trapped in transient aggregates.
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gation step with a rate constant around 0.05 s21. This step is
absent at lower protein concentrations and hints that the protein
also undergoes self-association in its native form. The end
product, however, is well ordered and perfectly soluble and can
be crystallized.

The Crystal Structure of S6-Alz Is a Tetramer. The crystal structure
of folded S6-Alz reveals a beautifully assembled tetramer. Four
S6-Alz molecules join to form a cylinder of contiguous antipa-
rallel b-structure (Fig. 3). The interface between the molecules
comprises the b-AP-like residues 38–53, adopting an extended
b-strand that anneals the ‘‘central cylinder’’ in two directions.
The major contact is along the cylinder axis, where residues
38–44 of molecule A form a perfect antiparallel b-sheet with the
same residues in molecule D (A–D interface, Fig. 4). In wild-type
S6, this fringe of b-strand 2 is solvent-exposed. The point of
symmetry is at position 41, where the alanine side chains from
the two strands are located side by side, pointing toward the
central channel inside the tetramer (Fig. 4). The second and
minor contact region completes the circumference of the cylin-
der. Here residues 47–50 in the far end of the b-AP homologous
strand form a second antiparallel b-sheet with residues 89–92 in
b-strand 4 of molecule B (A–B interface, Fig. 4). The gap
between the strands joining molecules B and C occurs at
positions 45 and 46 and is indicated in Fig. 4 Right, which
emphasizes regions of intermolecular hydrogen bonds only.

Notably, residues 89–92 (MVVK) are not found in b-AP. The
involvement of such odd stretches in the interface plausibly
reflects the high degeneracy of b-sheet formation: if no direct
obstacles interfere, any interface will do. It is most likely that this
indiscriminate propensity for forming b-sheets enabled us to
obtain the S6-Alz tetramer easily. The particular register we
observe is simply selected because it is compatible with the
intermolecular packing required for crystal formation. In solu-
tion, S6-Alz may therefore sample other intermolecular contact
patterns and form larger oligomers. This is consistent with
crosslinking experiments with glutaraldehyde, in which S6-Alz
forms high-molecular-weight smears rather than distinct tetram-

ers (data not shown). In contrast, S6 wild type forms a small
amount of dimers, as expected from the nonspecific crosslinking
effect of glutaraldehyde from random collisions of S6
monomers.

At the monomer level, the major difference between S6-Alz
and wild-type S6 is in the large loop between b-strands 2 and 3
(residues 46–57), which is contorted in wild-type S6 and EA41y
EI42 because of an extra loop involving residues 51–57. The kink
arising from this extra loop is absent in S6-Alz, leading to a much
smoother loop structure and the formation of an intermolecular
b-sheet between residues 47–50 of one subunit and residues
89–92 of another. It is not clear whether this loop structure is a
prerequisite for, or a consequence of, tetramerization.

To check whether the tetramerization of S6-Alz is induced by
the crystallization conditions, we have also determined the
structure of the S6 mutant EA41yEI42, which crystallizes under
the same conditions as S6-Alz. The crystal structure of EA41y
EI42, however, shows the same monomeric packing geometry as
the wild-type protein.

Fibrillation of an S6-Alz Peptide. We have also investigated the
conformational properties of peptides corresponding to residues
36–49 (b2) in S6 wild type and the two mutants EA41yEI42 and
S6-Alz. The peptides from S6 wild type and the double mutant
EA41yEI42 are soluble and largely unstructured by CD. In
contrast, the CD spectrum of the S6-Alz peptide indicates a
significant degree of b-sheet structure in water (Fig. 5). Only the
S6-Alz peptide binds thioflavin T and Congo red, which are
commonly used markers for amyloid structure (19, 23) (data not
shown). This peptide also consistently forms visible precipitates,
which according to electron microscopy contain amyloid-like
fibrils (Fig. 5). Upon standing on ice for at least 12 h, the
EA41yEI42 peptide forms a slightly translucent gel at high
peptide concentrations (10 mgyml), but at 1 mgyml light-
scattering experiments indicate no formation of high-molecular-
weight structures. Because the EA41yEI42 peptide sequence in
S6 allows the full-length protein to aggregate transiently in a
fraction of a second, it is expected that the isolated peptide

Table 1. Equilibrium and kinetic parameters for the S6 mutants

Mutation DDGD2N, kcalzmol21* kf
water, s21† kf

0.4M, s21† [P]30%, mM‡

WT — [0 384 6 5 121 6 1 .25
S6-A EA41yEI42 0.37 6 0.02 417 6 5 123 6 2 14.0
S6-B RM46yRV47 20.13 6 0.01 367 6 6 106 6 1 7.2
S6-Alz EA41yEI42yRM46yRV47 0.07 6 0.03 570 6 7 119 6 3 1.6

*Calculated as in ref. 42, using an average m value of 1.91 6 0.04 M21.
†Measured in water or 0.4 M guanidinium chloride at a concentration of 0.5 mM protein, where the effect of aggregation is small.
‡Protein concentration at which the slow phases constitute 30% of the total amplitude.

Fig. 3. The build-up of the S6-Alz tetramer. The monomers are joined by the b-AP homology in strand 2 (b2), forming intermolecular b-sheets.

Otzen et al. PNAS u August 29, 2000 u vol. 97 u no. 18 u 9909

BI
O

CH
EM

IS
TR

Y



should be able to form very stable aggregates at equilibrium
conditions. Yet electron microscopy reveals only a few ‘‘tat-
tered’’ fibrils after 12 days of standing and none within the first
few hours. Apparently the EA41yEI42 peptide forms only small
soluble aggregates that are not fit to assemble into higher-order
structures.

Discussion
What Prevents the Wild-Type Protein from Aggregating? Most amy-
loidogenic proteins seem to undergo significant conformational
changes upon the formation of amyloid fibrils. For example,
insulin, cystatin C, the amyloidogenic variants of lysozyme (24),

and the prion protein (25) have extensive native a-helical
structure in the monomeric state that is at least partially lost in
the fibrillar state. This is clearly not the case with the S6-Alz
tetramer, where the protein associates in its native state and
without large conformational changes. Nevertheless, the S6-Alz
tetramer encompasses features of real fibrils. First, the linking
interface is the ‘‘sticky’’ hydrophobic edge of a b-strand with an
amino acid composition similar to that of the amyloidogenic
b-AP. Second, the interface in the S6-Alz tetramer is composed
of antiparallel b-strands, which is the likely arrangement in
amyloid fibers (5, 6, 8).

Is it then possible to identify particular amyloidogenic features
of the b-AP interface? As already suggested from studies of
b-AP fragments, the structural interpretation is complicated by
the peptides’ ability to form ordered aggregates in many differ-
ent ways or registers (6, 9, 10). The antiparallel interface within
the S6-Alz tetramer is probably only one of many possible
interaction modes. Therefore, we have approached the question
of amyloidicity from a somewhat alternative angle: instead of
directly dealing with the forces driving the tetramerization, we
start by focusing on the interactions that keep wild-type S6
monomeric. In the end, the polypeptides’ ability to actively
obstruct misfolded or aggregated states may be as important in
the evolution of protein structures as their ability to adapt good
packing geometry in the native state (11, 27).

A Link Between Tetramerization, Transient Aggregation, and Peptide
Fibrillation. Wild-type S6 contains two side chains, E41 and R46,
that seem to be incompatible with the tetrameric assembly.
Although these side chains would not cause any steric clashes in
the tetramer packing, they would lead to unfavorable desolvation
penalties (28): E41 from monomers A and D places two car-
boxylate groups in close contact in the center of the A–D
interface, whereas R46 inserts a positive charge among nonpolar
moieties at the A–B interface. Consistently, the mutant EA41y
EI42, which retains R46, crystallizes as a monomer. We have not
yet been able to obtain diffracting crystals of the ‘‘sibling’’
mutant RM46yRV47 to make the complementary test.

Interestingly, these side chains modulate not only the tet-
ramerization of the native structure, but the transient aggrega-
tion of the coil as well. On their own, the mutants EA41yEI42
and RM46yRV47 show a small but significant degree of coil

Fig. 4. Structure of the S6-Alz tetramer showing the linking b-sheets. The monomers are marked A, B, C, and D; a close-up of the interface is shown to the right.
Residues 38–44 in b-strand 2 of molecule A form an antiparallel b-sheet with the same residues in molecule D, and residues 47–50 form a corresponding
antiparallel b-sheet with residues 89–92 in molecule B.

Fig. 5. CD spectra of the 14-mer peptides corresponding to residues 36–46
in S6 (units are in 1023 degzcm2zdmol21). Below is an electron micrograph of
the S6-Alz peptide after 7 days of incubation, showing fibrillar structures
similar to those of b-AP.
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aggregation during refolding (Table 1). But when the mutations
are combined in S6-Alz, extensive aggregation takes place. The
same trend is seen for peptides of residues 36–49 in these
mutants. The EA41yEI42 peptide is able to associate sufficiently
at high concentrations to form a gel, but only the S6-Alz peptide
is able to form fibrillar structures (Fig. 5). This coupling between
tetramerization, transient aggregation, and fibrillation of pep-
tides could mean that truncation of E41 and R46 results in a
common type of intermolecular contact pattern, namely, inter-
molecular b-sheets.

Gatekeepers and Local Hydropathy. Because substitutions of the
charged residues E41, E42, R46, and R77 have no marked effect
on the folding or stability of the isolated protein (Table 1), it is
tempting to believe that their role is to prevent S6 from
aggregating. That is, they steer folding indirectly by obstructing
certain misfolded states. In an earlier study we have referred to
such residues as structural gatekeepers (27). It was demonstrated
that S6 accumulates a misfolded refolding intermediate in the
presence of salt and that certain mutations stabilize the mis-
folded species by allowing the coil to collapse in the wrong way.
Although the mechanism by which the ‘‘gatekeeping’’ side chains
obstruct nonnative interactions is still unclear, it is noteworthy
that these side chains were found to be both hydrophilic and
hydrophobic (27). In the case of S6 aggregation we discern a
more distinct pattern: aggregation is triggered by the presenta-
tion of contiguous hydrophobic stretches in the primary se-
quence. The charge deletions in EA41yEI42, RM46yRV47, and
S6-Alz produce new stretches of 6, 11, and 14 hydrophobic
residues, respectively (Fig. 1). Correspondingly, the protein
concentrations at which the mutants undergo 30% transient
aggregation are 14 mM, 7 mM, and 1.6 mM ([P]30%, Table 1). The
correlation is even clearer in a hydropathy plot, where the
wild-type sequence is balanced around and below zero, whereas
the mutants produce large overshoots (Fig. 6). Because folding
and stability remain unaffected by these mutations, it is possible
that the bias toward short hydrophobic stretches found in natural
sequences (29, 30) is dictated to some extent by the need to
minimize aggregation. The key feature of the C-terminal part of
b-AP may thus be its overall hydrophobicity rather than local
specificity.

Given that gatekeeper residues work indirectly, they are not
necessarily conserved as strictly as residues that are critical for
protein function and stability. For example, other charged
residues might substitute for Glu-41 to induce electrostatic
repulsion upon aggregation. However, sequence analysis of 17
genes reveals that position 41 is Glu in eight cases, Asp in two,
Lys in two, polar in three, and hydrophobic in two, indicating
some degree of conservation. When position 41 is polar or

hydrophobic, there is a charged residue in position 42 or 43 that
could act as a substitute gatekeeper. In the case of Arg-46,
however, a strong functional conservation obscures the picture,
because this residue is also involved in RNA binding (31).

Specific Aggregation in Multiple Registers. There are several indi-
cations that protein fibrillation involves sampling of multiple
packing and interaction modes. For example, b-AP sometimes
forms protofibril precursors that are morphologically distinct
from the final fibrils (32, 33), and protofibril-like assemblies, in
turn, may spring from large granular or amorphous aggregates,
according to electron microscopy studies on acylphosphatase
(12). Gradual interconversions between intermediate species
and mature fibrils are also observed for certain transthyretin
mutants (E. Lundgren and A. Olofsson, personal communica-
tion). The process thus resembles proteins that precipitate
transiently en route to forming crystals, and experimental sup-
port for a link between fibrillation and protein crystallization was
recently reported by atomic force microscopy studies (34).
Together with the evidence of multiple interaction registers from
b-AP fragments (6, 9, 35), it seems reasonable to assume that
variations in aggregate morphologies stem from alternative
registers within a common b-packing. In the case of S6, however,
the aggregation process is terminated at an early stage: the drive
to fold rips the primary aggregates apart. Notably, the observa-
tion that the protein dissociates and folds into a monomeric
native state after the initial burst of aggregation provides further
evidence that the transient aggregates involve multiple registers.
If they were all joined as the tetramer, S6-Alz could fold without
having to separate. In contrast, most of the burst registers seem
incompatible with the tetramer and need to be broken.

A corollary of multiple aggregation registers is that the effect
of deleting obstructing gatekeepers will be synergistic. For
example, during refolding S6-Alz may sample not only the
contact registers of the two double mutants EA41yEI42 and
RM46yRV47 but also registers that rely on interactions in both
sites. Accordingly, S6-Alz is 5–10 times more prone to transient
aggregation than either of the double mutants (Table 1). Con-
versely, the introduction of even a single charged mutant into
b-AP is expected to dramatically reduce its aggregation
propensity.

The ‘‘Amyloid Funnel,’’ a Competing Force in Protein Folding. Assum-
ing that the sampling of different aggregated states involves
shuffling of registers within b-sheets, it is tempting to describe
the aggregation process in terms of an ‘‘amyloid funnel,’’ i.e., a
reaction scheme that shows how a broad ensemble of early
aggregates in multiple registers progressively narrows into a
highly ordered fibril with only one allowed register. Similar
funnels are used to describe the relation between conformational
entropy (the width of the funnel) and contact energy (the depth
of the funnel) in protein folding (26). For simplicity, we approx-
imate here the aggregate entropy with the number of accessible
b-sheet registers; the depth of the amyloid funnel is a reaction
coordinate based on contact energy. (Low-dimensional funnel
projections of the aggregation process do not explicitly capture
the complexity of mixed aggregate sizes and hence give an
incomplete picture of the system entropy. Nevertheless, the
amyloid funnel provides a minimalistic platform for discussing
protein aggregation.)

Transient aggregation of denatured protein is then likely to
occur at the very entrance of the funnel, where the peptide is free
to form productive contacts in many different registers. The
large number of accessible contact registers at this stage would
explain how this type of aggregation can be selective and still
very fast. However, the structural heterogeneity of these primary
aggregates makes them difficult to organize into larger assem-
blies. Further progression down the funnel relies on the reduc-

Fig. 6. Hydropathy plot (41) showing how the charge truncations in S6-Alz
produce a large hydrophobic overshoot.
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tion of contact registers. At the bottom, there may be only one
or a few registers that are compatible with the well-ordered
amyloid fibril.

It is easy to imagine that interconversion between different
aggregated states could seize up and come to a halt before the
amyloid is reached. In particular, under conditions of high
contact energies, where the shuffling of backbone hydrogen
bonds is accompanied by high local barriers; the aggregate
becomes kinetically trapped in a rugged energy surface (cf. ref.
26). The amorphous aggregates observed in the presence of
stabilizing salts such as ammonium sulfate could be the result of
such trapping. If, on the other hand, the contacts are weak, only
the most well-packed assemblies may overcome the entropic cost
of association. This can lead to situations where just monomeric
precursors and the final fibrils populate at equilibrium, and the
species in between form a kinetic barrier of high-energy states
(4). To overcome the barrier a certain number of precursors
need to assemble into a critical nucleus. This assembly may be
slow. Once the fibril is formed, however, its leading edge will
rapidly catalyze its own growth by providing a ‘‘sticky’’ template
for the monomeric precursors. Such nucleated growth is indi-
cated by a lag phase in the aggregation kinetics and is commonly
encountered in amyloid formation (36). Accordingly, protein
fibrillation resembles a macroscopic phase transition between
monomeric polypeptides and a generic form of linear crystals,
the helical periodicity of which stems from the chirality of the
peptide bond; the linearity is simply dictated by the polypeptide’s
deviation from radial symmetry.

The existence of a generic fibrillar phase of the polypeptide
has been inferred recently from observations that the addition of
methanol and other organic cosolvents induces fibrillation of
proteins that are not normally associated with amyloidosis (11,
12). In the light of the S6 data, the induction may be due in part
to the suppression of desolvation penalties of polar and charged
gatekeeping residues. Another effect of the cosolvents could be
to increase the occupancy of protein conformations that are
structurally fit to aggregate, that is, to lower the stability of the
native state relative to that of the coil and certain ‘‘sticky’’
intermediates (11).

Avoiding Traps by Smoothing the Folding Energy Landscape? In the
crowded and dynamic interior of the cell, it is possible that part

of the aggregation problem is solved generically by the proteins’
disposition against nonnative contact patterns, i.e., the ‘‘princi-
ple of minimal frustration’’ (26). The features that prevent
nonnative contacts will also prevent nonspecific aggregation.
Part of this conformational bias may be governed by gatekeepers
that smooth out the folding energy landscape and level compet-
ing free-energy minima of aggregated species. Similar smooth-
ing, but at the level of reducing local barriers, also is observed
to arise from symmetry effects (P. Wolynes and S. Plotkin,
personal communication). However, there are cases where com-
plications may still arise. For instance, proteins may assemble by
native-like contacts between complementary segments of iden-
tical molecules, forming so-called domain-swapped units (37,
38). Domain swapping occurs naturally in many protein dimers
(39) and is suggested to be the basis for the polymerization of
a1-antitrypsin (40). Another Achilles’ heel is provided by con-
tacts that are not normally encountered in the cell and hence
constitute ‘‘dead angles’’ from an evolutionary perspective.
Examples include interactions that cannot be established within
a single chain because of backbone restrictions and interactions
between polypeptides outside their normal biological context.
The local stretches of hydrophobic residues within the normally
membrane-bound b-AP, the U1A protein (20), and the aggre-
gation-prone S6 mutants would fall in the latter category.

Although fibrillation of the C-terminal part of b-AP may thus be
driven by rather promiscuous hydrophobic interactions, it is clear
that fibrillation of other proteins relies on specific pairing of
complementary charges. As in native proteins, the b-sheets of the
fibrils can be built up in many different ways; the only requirement
may be that the interaction pattern complies with a constructive
periodicity. In a general perspective, this leaves two determinants
for protein fibrillation: the quality of the ‘‘sticky’’ sequence and its
exposure. If the sequence is hidden in a native protein structure,
fibrillation must be preceded by unfolding and is correlated with the
stability of the hosting protein (11). If the sequence, like b-AP,
cannot fold on its own and therefore remains constantly exposed in
the monomer, aggregation is determined by the side-chain prop-
erties and concentration only.
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