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Several neurodegenerative diseases are associated with 4 
the unfolding and subsequent fibrillization of proteins. 5 
Although neither the assembly mechanism nor the atomic 6 
structures of the amyloid fibrils are known, recent 7 
experimental and computational studies suggest that a few 8 
general principles that govern protein aggregation may 9 
exist. Analysis of the results of several important recent 10 
studies has led to a set of tentative ideas concerning the 11 
oligomerization of proteins and peptides. General rules 12 
have been described that may be useful in predicting 13 
regions of known proteins (prions and transthyretin) that 14 
are susceptible to fluctuations, which give rise to 15 
structures that can aggregate by the nucleation-growth 16 
mechanism. Despite large variations in the sequence-17 
dependent polymerization kinetics of several structurally 18 
unrelated proteins, there appear to be only a few plausible 19 
scenarios for protein and peptide aggregation.  20 
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Abbreviations  25 
ASA accessible surface area  26 
CD circular dichroism 27 
EM electron microscopy 28 
EPR electron paramagnetic resonance 29 
FTIR Fourier transform IR  30 
HB hydrogen bond 31 
MD molecular dynamics 32 
NCC nucleated conformational conversion 33 
OR2 Oliveberg-Richardson-Richardson 34 
PDB Protein Data Bank 35 
PHF paired helical filament 36 
PrPC cellular form of prion protein 37 
PrPSc pathogenic scrapie form of prion protein 38 
R2 Richardson and Richardson 39 
SSE secondary structure element 40 
TTR transthyretin 41 

Introduction 42 
A large number of neurodegenerative diseases, 43 
including Alzheimer’s disease [1,2] and the 44 
transmissible prion disorders [3,4], are associated with 45 
amyloid fibrils. Historically, amyloid referred to the 46 
extracellular deposits that were thought to be the cause 47 
of various diseases [2,5]. Many recent studies have 48 

found that mobile oligomers, which are precursors to 49 
fibril formation, may themselves be neurotoxic [2,6,7]. 50 
Several experiments have further shown that any 51 
generic protein, under suitable conditions, can form 52 
ordered aggregates, with morphologies that closely 53 
resemble the amyloid fibrils [8,9]. The finding that any 54 
protein can aggregate at high enough protein 55 
concentration and under suitable external conditions 56 
(pH, salt concentration, temperature) is not surprising. 57 
It is interesting, however, that even proteins and 58 
peptides that are not associated with known diseases 59 
form fibrils with the cross β-patterns that are 60 
characteristic of amyloid fibrils [9,10]. A more surprising 61 
finding is that the oligomers that form early in the 62 
aggregation process of even non-disease-related 63 
proteins may be cytotoxic [11••]. The formation of 64 
morphologically similar aggregates by a variety of 65 
proteins unrelated in sequence or structure suggests 66 
that certain general principles may govern fibrillization 67 
[10,12–14]. The vastness of sequence space and the 68 
heterogeneity of environmentally dependent 69 
intermolecular interactions make deciphering the 70 
principles of protein aggregation difficult. 71 

The polymerization of proteins and peptides raises 72 
several questions of biophysical interest. First, what are 73 
the early events in the oligomerization process? In 74 
particular, what is the nature of the structural 75 
fluctuations that trigger the association of polypeptide 76 
chains? Second, it has been established, beginning with 77 
the classic studies of gelation of deoxyhemoglobin S 78 
[15], that polymerization occurs by a nucleation and 79 
growth process [16]. Nevertheless, several questions 80 
remain unanswered. What are the structural 81 
characteristics of the critical nuclei? Is the formation of 82 
distinct strains [17–19] reflected in the nature of the 83 
critical nuclei? Third, can the sequence and/or the 84 
structural characteristics of monomers provide insights 85 
into the sites that harbor amyloidogenic tendencies? 86 
Fourth, what are the principles that natural proteins use 87 
in preventing aggregation under physiological 88 
conditions? Fifth, can the variations in the fibrillization 89 
rates of naturally occurring mutants (in prions, 90 
transthyretins [TTRs] and Aβ peptides) be related to 91 
the biophysical characteristics of the monomers? 92 

It is beyond the scope of this review to describe our 93 
current understanding of all the questions posed above. 94 
Topics related to the first two questions have been 95 
described in recent excellent reviews [10,12,13]. The 96 
past few years have witnessed considerable progress on 97 
several fronts in the field of protein aggregation. Here, 98 
we outline a few of these, with the emphasis on 99 
biophysical aspects of fibrillization. Some of the 100 
highlights are: 101 



1. Solid-state NMR studies [20,21••,22,23•], imaging of 102 
Aβ oligomers using atomic force microscopy (AFM) [24] 103 
and cryo-EM [25,26] have been used to obtain insights 104 
into the structural organization of amyloid fibrils. The 105 
determination of Aβ fibril structures has led to 106 
computational strategies [27•] that distinguish between 107 
different models of fibril structures. 108 

2. Several reports, especially in the context of 109 
Alzheimer’s disease, have shown that the soluble 110 
oligomers themselves, rather than the protease-resistant 111 
plaque, may be the cause of neurotoxicity [2,6,7,28]. 112 
This finding has made it critical to understand the 113 
kinetics of aggregation of protofibrils, which are the 114 
precursors to the fibrils. 115 

3. A detailed study of the fibrillization of Aβ peptides 116 
and their congeners has shown that the formation of 117 
fibrils with β-sheet architecture must involve the 118 
transient population of α-helical structures [29••]. 119 
Molecular dynamics (MD) simulations of the 120 
oligomerization of Aβ16–22 peptides [30••] further suggest 121 
that, for this class of peptides, the formation of helical 122 
structures may be an obligatory intermediate step. 123 

4. Exploration of the sequence and structural 124 
requirements needed to prevent fibrillization has given 125 
insights into the plausible regions in the cellular 126 
isoforms of prion proteins (PrPc) and Aβ peptides that 127 
may be implicated in the transition to the fibrillar form 128 
[31••,32••]. These computational studies have led to 129 
testable predictions that are beginning to be confirmed 130 
in experiments. 131 

5. Systematic studies of natural β-sheet proteins have 132 
led to the identification of the potential mechanisms 133 
that block aggregation [33••]. The translation of these 134 
observations into a simple computational rule allows us 135 
to predict regions that may be implicated in the 136 
production of intermediates that can grow into fibrils. 137 

The purpose of this review is to formulate tentative 138 
ideas on the molecular origins of aggregation by 139 
synthesizing these important developments. A survey of 140 
seemingly unrelated studies suggests that a few 141 
qualitative principles about protein aggregation can be 142 
proposed. It is also clear that there are several 143 
outstanding issues that can only be addressed using a 144 
combination of experimental, theoretical and 145 
computational techniques. The review concludes with a 146 
description of a few of these outstanding problems. 147 

Conformational fluctuations of monomers 148 
provide a limited glimpse into fibrillization 149 
It is known that aggregation kinetics depends on the 150 
sequence and the precise external conditions. 151 
Truncation of the two C-terminal residues of the Aβ 152 
peptide, whose sequence using single-letter code for 153 
amino acids is 154 
DAEFRHDSG10YEVHHQKLVF20FAEDVGSNKG30AI155 
IGLMVGGV40VIA, results in substantial differences in 156 
the timescale of plaque formation for the Aβ1–40 and Aβ1–157 

42 peptides [29••]. It has also been shown that E22Q 158 

(‘Dutch’) Aβ peptide has enhanced activity (as 159 
measured by peptide deposition rates) relative to the 160 
wild-type peptide for both the full-length (1–40) 161 
peptide and truncated (10–35) variants [34,35]. 162 
Similarly, aggregation times, under similar external 163 
conditions, vary greatly for wild-type TTR and its 164 
naturally occurring mutants [36••]. The difference in 165 
amyloidogenic characteristics is observed both in the 166 
rate of deposition of monomers onto existing fibrils and 167 
in the kinetics of oligomerization of peptides. 168 

The observation of sequence-dependent deposition 169 
rates for Aβ peptides has been used to hypothesize that 170 
variations in the rates of amyloidogenesis may be 171 
explained by the propensity of different monomer 172 
sequences to form local structure [37,38]. To assess the 173 
validity of this hypothesis, Straub and co-workers 174 
[39,40,41••] have carried out a series of MD simulations 175 
of the wild-type and Dutch mutant of Aβ10–35 peptide. 176 
Surprisingly, the analysis of multiple 1 ns MD 177 
simulations demonstrated that both peptides have very 178 
similar conformational properties. There is no 179 
appreciable difference in the β-structure propensities of 180 
the two peptides. The results of these studies imply 181 
that the structural characteristics of monomeric peptides 182 
may not be indicative of their amyloidogenic 183 
competence [39,40,41••]. Because, in general, the 184 
profound conformational changes are driven by 185 
interpeptide interactions, it is unlikely that the 186 
conformational dynamics of isolated peptides can fully 187 
explain variations in deposition rates. 188 

We have proposed two alternative explanations for the 189 
change in the rate of amyloid formation between the 190 
wild type and E22Q mutant [41••]. Deletion of the 191 
charged residue (glutamic acid) is expected to 192 
compromise the solvation of E22Q peptide in water, 193 
which in turn leads to a reduction of the free energy 194 
barrier for fibril formation. It is also conceivable that the 195 
charged state of glutamic acid introduces destabilizing 196 
electrostatic interactions in the fibril itself. Therefore, 197 
the substitution E→Q may decrease the free energy 198 
barrier for forming assembly-competent structures. 199 

The lack of correlation between the monomeric 200 

preferences of Aβ peptides and their observed 201 
propensities to form amyloid finds support in recent 202 
experimental studies. Wuthrich and co-workers [42•] 203 
investigated the conformational characteristics of 204 

oxA 401−β  and oxA 421−β  (ox means that methionine at 205 

position 35 occurs as sulfoxide) using solution NMR 206 
spectroscopy and found that there is close similarity 207 
between the solution structures of these peptides. The 208 
only discernible difference is found in the C-terminal 209 
region, starting with position 32. This is not surprising 210 
given that there are two additional (isoleucine and 211 

alanine) hydrophobic residues in the oxA 421−β  peptide. 212 

This finding is important, because Aβ1–42 is known to 213 

fibrillize faster than Aβ1–40 [43]. The study of Wuthrich 214 
and co-workers suggests that the two C-terminal 215 



hydrophobic residues in Aβ1–42 should critically affect 216 
the intermediate structures (oligomers) in fibril 217 
formation by lowering the free energy barrier for 218 

aggregation. It is also interesting that, similar to Aβ10–35 219 

[44], the structures of oxA 401−β  and oxA 421−β  peptides in 220 

aqueous solution have little long-range order or easily 221 
identifiable elements of secondary structure [42•]. The 222 
most rigid element of their structure seems to be the 223 
central hydrophobic cluster (17–21), which adopts 224 

similar conformations in both oxA 401−β  and oxA 421−β  225 

peptides, as well as in Aβ10–35 peptide. Thus, 226 
interpeptide interactions must be taken into account to 227 
understand the observed differences in the rate of 228 

amyloid formation between Aβ1–40 and Aβ1–42.  229 

Recently, two 10 ns trajectories generated by MD 230 
simulations of PrPc (Figure 1a) have been used to probe 231 
the initial events in the conformational transition to the 232 
aberrant aggregation-prone form [45•]. It is known that 233 
this transition can be driven by lowering the pH (i.e. 234 
under acidic conditions) [46,47]. At neutral pH, the 235 
ordered regions of PrPc remain stable during the 236 
simulation time. However, at low pH, substantial 237 
conformational fluctuations in residues 109–175, which 238 
include disordered N-terminal helix 1 and the two small 239 
β strands (Figure 1a), are observed. The authors 240 
conclude from examining several conformational 241 
snapshots that there might be a tendency for strand 242 
formation in helix 1. Moreover, the strands in PrPc have 243 
a tendency to lengthen. These simulations suggest that 244 
a glimpse into the early events of the fibrillization 245 
kinetics may be obtained using MD simulations over a 246 
range of external conditions. Bioinformatic analysis 247 
[31••,32••] and recent experiments [48••] suggest that 248 
parts of helices 2 and 3 may also be implicated in the 249 
transition from PrPc to the scrapie form (PrPSc see 250 
below). 251 

Negative design: gatekeeper residues 252 
prevent aggregation 253 
In the cell, a large fraction of proteins with varying 254 
architecture fold spontaneously by avoiding off-pathway 255 
processes that lead to aggregation. To prevent aberrant 256 
protein aggregation, nature employs molecular 257 
chaperones — nanomachines that actively assist the 258 
folding of proteins. A plausible link between the 259 
underexpression of molecular chaperones and the onset 260 
of certain classes of diseases suggests that these 261 
nanomachines may be utilized more widely than has 262 
been appreciated so far. However, it has been estimated 263 
that, in Escherichia coli, only about 5–10% of all proteins 264 
can afford to employ molecular chaperones to enable 265 
them to reach the folded state [49]. Thus, as envisioned 266 
by Anfinsen [50], most proteins must fold 267 
spontaneously and efficiently into the native state. 268 

Anfinsen’s hypothesis has led to the quest to 269 
understand how a polypeptide chain navigates the 270 
rough energy landscape to reach the native state. The 271 

past decade has seen numerous theoretical and 272 
experimental advances in our understanding of how a 273 
monomeric protein folds. However, from the 274 
perspective of aggregation, it is crucial to understand 275 
how proteins, under physiological conditions, avoid 276 
aggregation. A suggestion is that spontaneously folding 277 
proteins may have utilized negative design in 278 
generating sequences that not only can reach the final 279 
desired structure efficiently but also can avoid 280 
unproductive pathways [33••]. An important question 281 
that arises in the context of aggregation is: are there 282 
residues (gatekeepers in the terminology of Otzen and Otzen and 283 
Oliveberg [51]) that implement the ‘negative design’ 284 
principle? Otzen et al. [52••] have suggested, based on 285 
re-engineering the β strand in ribosomal S6 protein 286 
from Thermus thermophilus (Figure 2) to have a sequence 287 
composition similar to that of Aβ peptide, that the 288 
gatekeepers, which preserve the structural integrity of 289 
the wild-type protein, are charged residues. They 290 
modified the β2 strand in S6 by replacing charged 291 
residues with hydrophobic residues. The resulting S6-292 
Alz mutant, in which the six charged residues are 293 
replaced by hydrophobic species, forms a tetramer. 294 
Based on this finding, they proposed that the charged 295 
gatekeeper residues, which are not implicated in 296 
monomer folding, block aggregation by an electrostatic 297 
mechanism. The formation of the interfaces needed for 298 
oligomerization is prevented in wild-type S6 by 299 
electrostatic repulsion, but is promoted in S6-Alz by 300 
favorable interactions between hydrophobic residues. 301 

A systematic bioinformatic approach has recently been 302 
used to identify potential gatekeeper residues in β 303 
strands [33••]. Motivated in part by the question posed 304 
above and by the finding that the majority of de novo 305 
designed all-β-sheet proteins tend to oligomerize, 306 
Richardson and Richardson (R2) [33••] have proposed a 307 
set of rules for identifying aggregation-blocking 308 
mechanisms in β-sheet proteins. They note that, unless 309 
the edge strands utilize ‘negative design’, edge-to-edge 310 
aggregation can easily occur in all-β-sheet proteins. To 311 
understand how natural proteins avoid this 312 
unproductive route, they carried out an analysis of the 313 
architecture and sequence of the edge strands of β-314 
sheet proteins. Their study reveals that there are two 315 
global ‘blocking’ strategies that nature utilizes to 316 
prevent edge-to-edge aggregation. 317 

Minimization and/or protection of dangling 318 
hydrogen bonds 319 
One of the principles that emerges from the R2 320 
arguments [33••] is that, in the folded states of naturally 321 
occurring proteins, the number of dangling hydrogen 322 
bonds (HBs) is minimized. Conversely, the presence of 323 
a large number of dangling HBs promotes 324 
intermolecular association. The universal interaction 325 
that stabilizes β-sheet proteins is the formation of HBs. 326 
Proteins with β-barrel architecture have very few 327 
unsatisfied HBs. As a result, there are literally no edges 328 
in their structures. In β helices, which have been 329 



suggested to be the nearly ‘universal’ structure of 330 
amyloid fibrils [53••], the edges are protected by large 331 
loops. Other β-sheet architectures, such as β propellers 332 
and single β-sheet proteins, use a combination of β 333 
bulges and charges to avoid aggregation. 334 

A corollary of the R2 findings is that low-stability β 335 
strands with a large number of unsatisfied HBs may be 336 
susceptible to aggregation. In PrPc, it is likely that 337 
frustrated helices 2 and 3 could, upon conformational 338 
change, have strand conformation (see below). The 339 
percentages of unsatisfied HBs are 14, 14 and 9 in 340 
mouse PrPc, Syrian hamster PrPc and h1PrPc, 341 
respectively [32••]. These are larger than the average 342 
fraction (6% [54]) of residues in normal proteins that 343 
have unsatisfied buried HB donors/acceptors. The 344 
extended structure of helices 2 and 3 in PrPc, together 345 
with the large number of unsatisfied HBs, makes this 346 
region susceptible to edge-to-edge aggregation. 347 

Inward-pointing charged residues block aggregation 348 
In the context of amyloid fibrils, β-sandwich and single 349 
β-sheet proteins are of particular interest. This is 350 
because disease-related proteins usually polymerize 351 
(see, however, [55••]) upon fibril formation into β-352 
sandwich structures [2]. Edge-to-edge aggregation in 353 
naturally occurring β-sandwich proteins is prevented by 354 
placing an ‘inward-pointing’ charged residue on the 355 
hydrophobic side of a β strand [33••]. For a pair of 356 
β strands, a charged sidechain is ‘inward pointing’ if its 357 
Cα–Cβ vector points towards the other strand backbone. 358 
Placement of just one such residue in the edge strand 359 
results in a minimal change in the stability of a protein, 360 
but prevents aggregation. The placement of a charged 361 
residue prevents aggregation either because of 362 
interstrand electrostatic repulsion, as envisioned by 363 
Otzen et al. [52••], or by the need to expose the charged 364 
residues to solvent. In the latter case, the distance 365 
between the β strands would be large enough to 366 
prevent the formation of HBs. Thus, any charged 367 
residue (+ or –) can be inward pointing provided the 368 
sidechain is long enough. We will refer to the principle 369 
underlying this blocking strategy as the OR2 (Oliveberg-370 
Richardson-Richardson) rule. 371 

The other strategy, which is not as relevant to 372 
aggregation, involves creating a local β bulge, which 373 
effectively disrupts HBs between β strands [33••]. 374 
There is no sequence conservation at gatekeeper 375 
positions as might be deemed necessary for monomeric 376 
folding. The irregularities found in edge strands due to 377 
the placement of ‘unusual’ residues are purely for the 378 
purpose of negative design [33••]. 379 

There are a few experimental amyloidogenesis studies 380 
that illustrate the OR2 criterion for preventing 381 
aggregation. 382 

S6 and variants  383 
Otzen et al. [52••] probed fibril formation in three 14-384 
mer peptides corresponding to residues 36–49 in the β2 385 
strand of S6. The wild-type RVEKVEELGLRRLA 386 

peptide, which has a net positive charge, has seven 387 
charged residues. Both wild-type peptide and the 388 
double mutant E41A/E42A are soluble. Otzen et al. 389 
noted that E41A/E42A forms amorphous (gel-like) 390 
aggregates at high peptide concentration. This 391 
observation points to the need for exploring phase 392 
diagrams of proteins with the protein concentration and 393 
other external conditions as appropriate variables [56••]. 394 

At a relatively low protein concentration, the mutant 395 
peptide S6-Alz (RVEKVAILGLMVLA) forms insoluble 396 
fibrils with morphology similar to that of Aβ aggregates. 397 
The S6-Alz peptide, which has β-sheet structure in 398 
water, has no charged residues in the middle. Because 399 
the aggregation-blocking mechanism is disabled, the 400 
OR2 rule implies that S6-Alz would form β sandwiches 401 
stabilized by interpeptide interactions between 402 
hydrophobic sidechains. The middle of S6-Alz has the 403 
membrane protein motif HHHHGHHHHH (H stands 404 
for hydrophobic residue), which occurs with negligible 405 
probability in globular proteins. 406 

The OR2 rule can also be used in interpreting the 407 
tetramerization of the S6-Alz mutant. At high 408 
concentration, S6-Alz forms tetramers, in which edge 409 
strand β2 serves as an interface. Residues 38–44 in 410 
strand β2 of one of the molecules form an antiparallel β 411 
sheet with the same residues from an another molecule. 412 
Similarly, residues 47–50 of β2 form an intermolecular 413 
antiparallel β sheet with the β strand (residues 89–92) 414 
from another molecule. Aggregation of S6-Alz into 415 
tetramers becomes possible due to double mutations 416 
E41A/E42A and R46M/R47M, which remove charged 417 
residues from strand β2. This experimental result may 418 
be rationalized in light of the OR2 rule. The negatively 419 
charged sidechains of glutamic acid residues, which 420 
appear in tandem at positions 41 and 42, are placed on 421 
both sides of β2 (Figure 2). Their sidechains are 422 
exposed to solvent (the relative, that is, with respect to 423 
a Gly-X-Gly construct, accessible surface areas [ASAs] 424 
are 0.46 and 0.44, respectively). The positively charged 425 
sidechains of the two arginine residues, which occur in 426 
tandem at positions 46 and 47, are also placed on 427 
opposite sides of the β strand (Figure 2). Furthermore, a 428 
twist in the β strand is observed next to R46 and R47.    429 
According to the R2 rule [33••], these are the typical 430 
mechanisms that prevent edge-to-edge aggregation in 431 
single β-sheet proteins, such as S6. 432 

The blocking method found in wild-type S6 is by no 433 
means unique. Similar aggregation-preventing 434 
mechanisms are observed in several other single β-sheet 435 
proteins. For example, the edge β-strand 4 of profilin 436 
(PDB code 1pne) contains two sequential charged 437 
residues, R74 and D75, whose ASAs are 0.59 and 0.26, 438 
respectively. In addition, several noticeable twists are 439 
observed in this edge β strand, in particular, near the 440 
positively charged K69. The same mechanisms seem to 441 
be operative in preventing aggregation in the edge β-442 
strand 5 of chain A of monellin (PDB code 1mol). Two 443 
sequential charged residues (R82 and K83, with ASAs 444 



of 0.32 and 0.61, respectively) are found at the 445 
beginning of this β strand. Thus, the mechanisms 446 
blocking aggregation in wild-type S6 fall in the 447 
categories described by R2 [33••]. As observed by Otzen 448 
et al. [52••], mutating these naturally evolved structural 449 
gatekeepers in S6 should lead to tetramerization. 450 

A direct test of the OR2] rule for preventing aggregation 451 
was provided by Wang and Hecht [57•]. 452 
Combinatorially de novo designed β-sheet proteins built 453 
of seven-residue β strands with an alternating 454 
hydrophobic/polar (PHPHPH) pattern form fibrils with 455 
amyloid-like characteristics. The OR2 rule would 456 
suggest that, if the middle hydrophobic residue in the 457 
edge strand is replaced with lysine (i.e. PHPKPHP), 458 
then the protein would be soluble. If such proteins form 459 
fibrils, electrostatic repulsion or/and burial of 460 
uncompensated charge would render the fibrils 461 
unstable. In accord with the OR2 rule, Wang and Hecht 462 
showed that the redesigned proteins with lysine in the 463 
middle of an otherwise alternating hydrophobic/polar 464 
edge strand sequence do not aggregate and form 465 
monomeric β-sheet structures. 466 

Fibrillization of transthyretin 467 
When TTR is subject to denaturation stress, 468 
conformational fluctuations in the monomer produce a 469 
state that can form amyloid fibrils [13]. The aberrant 470 
aggregation of TTR is associated with spontaneous and 471 
familial diseases in humans. By following the electron 472 
paramagnetic resonance (EPR) spectra before and after 473 
fibril formation, Serag et al. [58••] have established the 474 
arrangement of the strands in the amyloid fibrils. TTR, 475 
predominantly a β-sheet protein, forms a tetramer by 476 
burying hydrophobic strand H (Figure 3) at the 477 
interface between the four identical monomeric units. 478 
Kelly and co-workers [36••] have demonstrated that 479 
fluctuations (induced in denaturing environments) 480 
populate a partially unfolded intermediate that is 481 
susceptible to fibrillization by a nucleation and growth 482 
process. Recent studies from the Yeates laboratory [58Yeates laboratory [58••] 483 
suggest that, in this state, the F, F′, B and B′ β strands 484 
become exposed. The resulting structure can assemble 485 
and propagate by head-to-head and tail-to-tail 486 
arrangements, giving rise to the polymeric construct 487 
(BEFF′E′B′)n. In this proposed arrangement, the 488 
native-like interface contacts between the F and F′ β 489 
strands are preserved (Figure 3). 490 

It was noted by Yeates and co-workers [58••] that the 491 
proposed architecture of TTR fibrils is consistent with 492 
the Richardson studies. Here, we describe an analysis of 493 
the structural characteristics of the TTR dimer (PDB 494 
code 2pab), which provides additional support to the 495 
proposed architecture of wild-type TTR fibrils (Figure 496 
3). If the dimer is dissected into its constituents, the 497 
highly hydrophobic strand H, with the largest ASA (in 498 
the monomer state), is the edge strand. The R2 499 
observation would suggest that this vulnerable strand 500 
will form a β sheet with other strands, which explains 501 
why TTR is a tetramer in the natural state. A similar 502 

analysis of the dimer suggests that the ASA of strand H 503 
is greater than that of strand B, making the former more 504 
susceptible to conformational fluctuations. 505 
Furthermore, examination of the dimer structure 506 
indicates that HH′ interactions constitute the most 507 
stable region in the monomer interface, which is 508 
unlikely to dissolve given that the FF′ interactions are 509 
retained in the fibril [58••]. The resulting amyloid fibrils 510 
would form an additional (AGHH′G′A′)n construct, a 511 
possibility that was not ruled out by Yeates and co-512 
workers [58••]. 513 

We have calculated, using the protocol described 514 
elsewhere [59], the energies required to expose strands 515 
B and H. The energy loss in forming the misfolded 516 
structure that enables the formation of the BB′ interface 517 
is considerably smaller than that associated with the 518 
disruption of the HH′ interface. Exposure of strand B 519 
requires the removal of edge strands C and D (Figure 520 
3). On the other hand, exposure of strand H requires 521 
breaking the entire interface (HH′ and FF′), which is 522 
stabilized by several sidechain contacts and HBs. The 523 
bulk of the interfacial energy gain in the wild-type 524 
TTR arises from the strong interactions between H and 525 
H’. As a result, it is unlikely that the partially folded 526 
structure involves conformational changes in the 527 
interfacial region. The current computations show that 528 
the use of the R2 observation, together with the stability 529 
arguments, helps us understand the architecture of 530 
TTR amyloid fibrils. Because of the presence of the 531 
consecutive like charges (arginine and lysine) towards 532 
the end of strand B in an otherwise hydrophobic 533 
environment, it is easy to predict that B and B′ should 534 
be arranged in an antiparallel fashion [58••]. 535 

Another line of evidence that implicates strand B is the 536 
observation that many disease-causing mutations are 537 
clustered in this region. Therefore, this region of the 538 
protein may be intrinsically susceptible to fluctuations 539 
under suitable denaturation stress. It also follows from 540 
our analysis that mutations that destabilize the interface 541 
might lead to fibrils with a different architecture. The 542 
converse of this has been demonstrated by Kelly and 543 
co-workers [36••]. They showed that the mutation 544 
T119A, which stabilizes the tetramers, essentially 545 
prevents fibrillization. 546 

‘Frustrated’ secondary structural elements 547 
may be harbingers of a tendency to 548 
polymerize 549 
The ease of aggregation and the morphology of the 550 
aggregates depend not only on protein concentration 551 
but also on other external conditions, such as 552 
temperature, pH and salt concentration. Although most 553 
proteins can, under suitable conditions, aggregate, the 554 
observation that several disease-causing proteins form 555 
amyloid fibrils under physiologically relevant conditions 556 
raises the question: is aggregation or the need to avoid 557 
unproductive pathways encoded in the primary 558 
sequence itself? It is clear that sequences that contain a 559 
patch of hydrophobic residues are prone to forming 560 



aggregates [60]. However, it is known that contiguous 561 
patches (three or more hydrophobic residues) occur 562 
with low probability in globular proteins [61]. For 563 
example, sequences with five hydrophobic residues 564 
(LVFFA in Aβ peptide) in a row are not well 565 
represented. Similarly, it is unusual to find hydrophobic 566 
residues concentrated in a specific region of helices, 567 
such as in helix 2 of PrPc [32••]. De novo design of α 568 
helices or β strands based on periodic binary patterned 569 
(sequences formed from hydrophobic and polar residues 570 
only) sequences often forms insoluble oligomers [60]. 571 
The morphology of these oligomers apparently has the 572 
characteristics of amyloid fibrils. These examples 573 
suggest that sequence alone in some cases might reveal 574 
the tendency towards aggregation of proteins. 575 

It is natural to wonder if secondary structure elements 576 
(SSEs) bear signatures that could reveal amyloidogenic 577 
tendencies. The incompatibility of the nature of an SSE 578 
in the context of the entire protein may give insights 579 
into regions of the protein that may be susceptible to 580 
conformational fluctuations. Two studies have proposed 581 
that the extent of ‘frustration’ in SSEs may be a 582 
harbinger of amyloid fibril formation [31••,32••]. Because 583 
reliable secondary structure prediction requires 584 
knowing the context-dependent propensities and 585 
multiple sequence alignments (as used in PHD, a 586 
profile network from Heidelberg [62]), it is likely that 587 
assessment of the extent of frustration in SSEs, rather 588 
than analysis of sequence patterns, is a better predictor 589 
of fibril formation. Frustration in SSEs is defined as the 590 
incompatibility of the predicted (from PHD, for 591 
example) secondary structure and the experimentally 592 
determined structure [31••]. For example, if a secondary 593 

structure is predicted with high confidence to be in a β 594 
strand and if that segment is found (by NMR or X-ray 595 
crystallography) to be in a helix, then the structure is 596 

‘frustrated’ (or discordant or mismatched). The α/β 597 
discordance, which can be correlated with amyloid 598 
formation, can be assessed using the score 599 
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, where Ri is the reliability score 600 

predicted by PHD at position i of the query sequence, 5 601 
is the mean score and L is the sequence length. The 602 

bounds on Sα/β are 0 ≤ Sα/β ≤ 4, with maximal frustration 603 

corresponding to Sα/β = 4. Similarly, the measure Sβ /α 604 
gives the extent of frustration in a region that is 605 
predicted to be helical and is found experimentally to 606 

be a strand. Using Sα/β and other structural 607 
characteristics, one can make predictions of the 608 
plausible regions that are most susceptible to large 609 
conformational fluctuations.  610 

PrPc and Dpl 611 
Using the above concept of SSE frustration, the 23-612 
residue sequence 613 
QNNFVHDCVNITIKQHTVTTTTK in mouse PrPc 614 
(Figure 1a), with a score of 1.83, was assessed to be 615 
frustrated or discordant [32••]. Other measures of 616 
quantifying the structure showed that the maximal 617 

frustration is localized in the second half (C-terminal of 618 
helix 2) [32••]. The validity of this prediction finds 619 
support in the analysis of mutants of the PRNP    gene 620 
associated with inherited transmissible spongiform 621 
encephalopathies (familial Creutzfeldt–Jakob disease 622 
[CJD] and fatal familial insomnia [FFI]). According to 623 
SWISS-PROT [63], seven disease-causing point 624 
mutations (D178N, V180I, T183A, H187R, T188R, 625 
T188K and T188A) are localized in helix 2. (We have 626 
used the sequence numbering for mouse PrPc). A naive 627 
use of propensities to form helices (similar to those of 628 
Chou and Fasman [64]) would suggest that, with the 629 
exception of D178N, all other point mutations should 630 
lead to better helix formation. However, the Sα/β scores 631 
for the mutants are 1.94, 1.80, 1.30, 1.80, 1.54, 1.94 and 632 
1.94 for D178N, V180I, T183A, H187R, T188K, T188R 633 
and T188A respectively. Thus, in all these mutants, 634 
helix 2 is frustrated, making it susceptible to the 635 
conformational fluctuations that have to occur before 636 
fibrillization. The differences in Sα/β, which can be 637 
correlated with local stability, suggest that stability 638 
alone may not be a good indicator of the kinetics of 639 
amyloid formation. 640 

As stated earlier, there are many unsatisfied HBs in 641 
PrPc. Several of these mismatches are found in helices 2 642 
and 3 (Figure 1a). If these regions become exposed 643 
upon PrPc→PrPc* transition, then minimization of the 644 
dangling HBs can be accomplished by polymerization 645 
of PrPc*. Measures of frustration and other structural 646 
characteristics suggest that even segments of the rigid 647 
and ordered part of PrPc may play a key role in the 648 
production of PrPc*. When the theoretical studies 649 
(which showed that regions of helices 2 and 3 could be 650 
involved in the PrPc→PrPc* transition) appeared, there 651 
was no direct experimental support. Subsequently, 652 
using 15N-1H two-dimensional NMR measurements as a 653 
function of pressure, Kuwata et al. [48••] have concluded 654 
that, in PrPc*, helices 2 and 3 are disordered. The 655 
disordered metastable intermediates may be precursors 656 
in the templated assembly that converts PrPc to PrPc*. 657 
This study shows, in accord with the theoretical 658 
predictions [31••,32••], that the core of PrPc is involved 659 
in producing the assembly-competent PrPc*. Although 660 
the mechanism leading to PrPSc is still unknown, it is 661 
worth emphasizing that the concept of SSE frustration 662 
in the wild-type proteins may be a useful indicator of 663 
the regions that harbor amyloidogenic tendencies. 664 

The gene encoding the Doppel protein (Dpl), termed 665 
Prnd [65], is a paralog of the prion protein gene, Prnp, to 666 
which it has about 25% identity. Normally, Dpl is not 667 
expressed in the central nervous system, but it is up-668 
regulated in mice with knockout Prnp gene. In such 669 
cases, overexpression of Dpl causes ataxia with Purkinje 670 
cell degeneration [65], which in turn can be cured by 671 
the introduction of one copy of the wild-type PrP 672 
mouse gene [66]. NMR studies of the three-673 
dimensional structure of mouse Dpl [67] (Figure 1b) 674 
showed that it is structurally similar to PrPc. However, 675 



PrPc and Dpl produce diseases of the central nervous 676 
system using very different mechanisms: PrPc causes 677 
disease only after conversion to the PrPSc form, whereas 678 
simple overexpression of Dpl, with no requirement for 679 
the scrapie form, causes ataxia. The markedly different 680 
disease mechanisms of PrP and Dpl would suggest, in 681 
light of the findings for PrPc, that mouse Dpl (PDB 682 
code 1i17) would not be frustrated. Indeed, prediction 683 
of secondary structure by PHD [62] for mouse Dpl 684 
correlates well with the experimentally derived 685 
structure. The only difference between the predicted 686 
and derived structures of Dpl is found in the first β-687 
strand region, which is predicted to be helical by PHD. 688 
However, corresponding Sβ /α is –3.0, indicating that this 689 
α-helix prediction is unreliable as this sequence has low 690 
complexity. Also, analysis of mouse Dpl with the 691 
WHAT CHECK program [68] reveals that, on average, 692 
there are only eight unsatisfied buried HB 693 
donors/acceptors, representing 7.4% of all residues in 694 
mouse Dpl. This is comparable with the average value 695 
of 6% found in normal proteins, but it is markedly 696 
smaller than the 14% seen in mouse PrP (PDB code 697 
1ag2). This analysis rationalizes the lack of observed 698 
scrapie formation in Dpl. 699 

Structures of amyloid fibrils 700 
To understand the assembly mechanisms of amyloid 701 
fibrils, it is necessary to determine the fibril structures 702 
in atomic detail. Noncrystallinity and insolubility of the 703 
amyloid fibrils have made it difficult to obtain high-704 
resolution fibril structures. Nevertheless, in the past 705 
few years, a variety of experimental and computational 706 
techniques have been used to provide a glimpse into 707 
the detailed architecture of fibrils in a variety of 708 
systems. Here, we focus on three such systems.        709 

Human prion protein dimer 710 
In an important paper, Knaus et al. [69••] announced a 2 711 
Å crystal structure of the dimeric form of the human 712 
prion protein (residues 90–231). The structure suggests 713 
that dimerization occurs by a domain-swap mechanism, 714 
in which helix 3 from one monomer packs against helix 715 
2 from another. In fact, Eisenberg and co-workers [70] 716 
have suggested that a domain-swapping mechanism 717 
may be a general route for amyloid fibril formation. The 718 
electron density map seems to suggest structural 719 
fluctuations in residues 189–198, which coincide with 720 
the maximally frustrated region predicted theoretically 721 
[31••,32••]. The dimer interface is stabilized by residues 722 
that are in helix 2 in the monomeric NMR structure. 723 
The header of the PDB file of the monomeric structure 724 
of human PrPc indicates that helix 2 ends at residue 194 725 
and helix 3 begins at 200. The domain-swapped dimer 726 
structure shows that residues 190–198 exist largely in a 727 
β-strand conformation. It appears that the α→β 728 
transition minimizes frustration. One implication of the 729 
dimer structure is that oligomerization occurs by 730 
domain swapping, which, in PrPc, may also involve the 731 
disulfide bond between the cysteine residues at 179 and 732 

214. The role of the disulfide bond in PrPSc formation 733 
remains controversial. 734 

Structural characteristics of Aβ fibrils 735 
Recent solid-state NMR studies have provided, for the 736 
first time, direct measurements of interatomic distances 737 
between labeled residues in Aβ amyloid fibrils [22]. 738 
These studies have suggested that the arrangements of 739 
the strands in the fibrils depend on the length of the 740 
peptide. The parallel in-register organization of 741 
peptides in β sheets was proposed for both Aβ10–35 [21••] 742 
and Aβ1–40 [23•,71••] fibrils. Such an organization raises 743 
the question: how is the destabilizing electrostatic 744 
repulsion due to close placement of like charges in 745 
parallel registry accommodated in Aβ1–40 fibrils? To ? To 746 
answer this question, Tycko and co-workers [71••] 747 
proposed a novel structural model for Aβ1–40 peptide 748 
organization into fibrils. The measurement of 749 
correlations between 13C and 15N chemical shifts to 750 
probe the conformations (in terms of φ and ψ angles) of 751 
individual residues in Aβ1–40 peptides showed that 752 
residues 12–24 and 30–40 adopt β-strand structure. 753 
Residues 25–29 form a bend. On the basis of these and 754 
previous findings [22,23•], Tycko and co-workers 755 
proposed that there are two β strands in Aβ1–40, which 756 
form an in-register parallel β sheet. The β sheet HBs 757 
run parallel to the fibril axis. The formation of an 758 
intrapeptide salt bridge between charged residues D23 759 
and K28 lends stability to the interstrand interactions. 760 
Taking into account the measurements of mass-per-761 
length by scanning transmission electron spectroscopy, 762 
they proposed that individual Aβ1–40 peptides are 763 
juxtaposed to form a dimer, which serves as an 764 
elementary building block of parallel β sheets. Their 765 
structural model is based on the premise, which finds 766 
support in MD simulations of Aβ16–22 peptides [30••], 767 
that fibril structures form by maximizing favorable 768 
hydrophobic and electrostatic (salt bridge) interactions. 769 

The structural model for Aβ1–40 amyloids proposed by 770 
Tycko and co-workers was independently predicted by 771 
Ma and Nussinov [27•]. Using MD simulations, they 772 
probed the stabilities of various structural arrangements 773 
of Aβ10–35 peptides. Although the simulation results 774 
cannot be conclusive because of the short duration and 775 
the lack of equilibration of the initial structures, they 776 
provide valuable insights into the fibrillar architecture. 777 
Similar to the model of Tycko and co-workers, a turn (at 778 
positions 24–27) is proposed, which is reinforced by the 779 
intrapeptide salt bridge D23–K28. 780 

In contrast to Aβ1–40, a different structural organization is 781 
envisioned for Aβ10–35 fibrils. To maximize hydrophobic 782 
interactions, two Aβ10–35 peptides in turn conformations 783 
are docked end-to-end, locking unmatched residues 10–784 
16. A hydrophobic core is centered near position L34. 785 
Thus, both solid-state NMR measurements and MD 786 
simulations suggest that the parallel in-registry structure 787 
of Aβ peptides with a turn in the middle appears to be 788 
the most stable arrangement for long Aβ peptides. The 789 
proposed structure for Aβ10–35 fibrils [27•] is at variance 790 



with the structure suggested by Lynn and co-workers 791 
[21••,72]. In contrast to Aβ1–40 [71••] and Aβ10–35 [21••], the 792 
16–22 and 34–42 fragments have been shown to form 793 
antiparallel β sheets [20,73]. We found that Aβ16–22 forms 794 
an in-registry antiparallel organization, which is favored 795 
by interpeptide K16–D22 salt bridges and hydrophobic 796 
interactions between aromatic residues [30••]. 797 

Experiments so far have not probed the structural 798 
organization of short peptides in fibrils beyond single β 799 
sheets. Several MD simulations have been performed to 800 
examine the three-dimensional structures of amyloid 801 
fibrils [27•,74]. The interesting study of Ma and 802 
Nussinov [27•] found that Aβ16–22 forms the most stable 803 
fibril structure, which is arranged in antiparallel in-804 
registry β sheets that propagate parallel to each other. 805 
This structural organization provides close contacts 806 
between oppositely charged lysine and glutamic acid 807 
residues, and also establishes optimal (parallel) registry 808 
between phenylalanine residues in neighboring β 809 
sheets. Simulations of 24-mer fibril blocks revealed a 810 
significant twist angle of 15° per peptide. 811 

Structure of aggregates of tau protein  812 
Paired helical filaments (PHFs), which are primarily 813 
aggregates of the microtubule-associated tau protein, 814 
also accumulate in neurons of patients with Alzheimer’s 815 
disease. The prevailing view is that the insoluble 816 
filaments are composed of β sheets, giving credence to 817 
the notion that the formation of such structures is a 818 
universal characteristic of all disease-causing proteins. 819 
The soluble tau protein, in the monomeric form, is 820 
known to be unstructured [75]. Using far-UV circular 821 
dichroism (CD) and Fourier transform infrared (FTIR) 822 
spectroscopy, Sadqi et al. [55••] showed that the PHF, 823 
contrary to popular belief, is predominantly helical. In 824 
this case, there must be a structural transition in the 825 
major protein component of PHF, namely tau, from a 826 
random coil to α helix [55••,76•]. 827 

Multiple routes to fibril formation 828 
Although significant progress has been made in the 829 
determination of low-resolution structures of fibrils, 830 
relatively little is known, at the molecular level, about 831 
the cascade of events that leads to aggregation. Several 832 
experimental studies suggest that, generically, fibril 833 
formation exhibits all the characteristics of a nucleation-834 
growth process [16]. The kinetics of fibril formation has 835 
a lag phase provided the protein concentration exceeds 836 
a critical value. The lag phase disappears if a seed or 837 
preformed nucleus is present in the supersaturated 838 
solution. The seeded growth of fibrils, which closely 839 
resembles the templated assembly envisioned by 840 
Griffith to explain self-replication of proteins [77], has 841 
been explicitly verified in simple lattice models 842 
[56••,78]. 843 

One of the most popular beliefs is that fibrillization 844 
requires partial unfolding of the native state or partial 845 
folding of the unfolded state [10,12–14]. Both events, 846 
which are likely to involve crossing free energy barriers 847 
(Figure 4), produce the assembly-competent structure 848 

N*N*N*N*. The N*N*N*N* state in TTR, which has a higher free 849 
energy than the native state NNNN, is formed upon the 850 
unraveling of edge strands C and D, thus exposing 851 
strand B [13,58••]. One can also envision a scenario in 852 
which N*N*N*N* has a lower free energy than NNNN, thus making 853 
the monomeric native state metastable (Figure 4). We 854 
conjecture that amyloidogenic proteins, in which nearly 855 
complete transformation of the structure takes place 856 
upon fibrillization, may follow the second scenario. 857 
Both of these possibilities follow from an energy 858 
landscape perspective of aggregation [79••]. In both 859 
cases (Figure 4), fibrillization kinetics should be 860 
determined by an ‘unfolding’ free energy barrier 861 
separating the NNNN and N*N*N*N* states. Recent studies of the 862 
fibrillization of PrPc and TTR provide experimental 863 
support for this concept [36••]. The perspective 864 
sketched in Figure 4 also suggests that the free energy 865 
of stability of NNNN may not be a good indicator of the rates 866 
of fibrillization. 867 

In scenario I, the amyloidogenic state N*N*N*N* is formed by 868 
denaturation stress. The production of N*N*N*N* in scenario II 869 
can occur by two distinct routes. If NNNN is metastable, as is 870 
apparently the case for PrPc [80•], then conformational 871 
fluctuations can lead to N*N*N*N*. Alternatively, formation of 872 
N*N*N*N* can also be triggered by intermolecular interactions 873 
(this possibility presumably applies for Aβ peptides). In 874 
the latter case, N*N*N*N* can only form when the protein 875 
concentration exceeds a threshold value. 876 

To better understand the kinetics of fibrillization, it is 877 
necessary to characterize the early events and pathways 878 
leading to the formation of the critical nucleus. In terms 879 
of the two scenarios outlined above, the structures of 880 
N*N*N*N*, the ensemble of transition state structures and the 881 
conformations of the critical nuclei must be known to 882 
fully understand the assembly kinetics. A significant 883 
step in this direction has been taken by Teplow and co-884 
workers [29••], who have followed the growth of fibrils 885 
for 18 peptides, including Aβ1–40 and Aβ1–42. In all cases, 886 
the formation of amyloids by Aβ1–40 and Aβ1–42 is 887 
preceded by the formation of the intermediate 888 
oligomeric state with high α-helical content. This is 889 
remarkable given that both the monomers and fibrils 890 
have little or no α-helical content. Therefore, the 891 
transient accumulation of α-helical structure represents 892 
an obligatory (on-pathway) intermediate state, which 893 
coincides with the onset of oligomerization. 894 

Because it is experimentally difficult to atomically map 895 
the events leading to fibrillization, we have carried out 896 
multiple long MD simulations to probe the 897 
oligomerization of Aβ16–22 peptides [30••]. This peptide, 898 
which is disordered in the monomeric form, assembles 899 
into an antiparallel β structure through interpeptide 900 
interactions. Even in the oligomerization of these small 901 
peptides from the Aβ family, the assembly was 902 
preceded by the formation of an on-pathway α-helical 903 
intermediate. Based on our findings and the work by 904 
Teplow and co-workers, we postulated that the 905 



formation of oligomers rich in α-helical structure may 906 
be a universal mechanism for Aβ peptides. 907 

Formation of the on-pathway α-helical intermediate 908 
may be rationalized using the following arguments. The 909 
initial events involve the formation of ‘disordered’ 910 
oligomers, driven by hydrophobic interactions that 911 
reduce the effective volume available to each Aβ 912 
peptide. In the confined space, peptides adopt α-helical 913 
structure. Further structural changes are determined by 914 
the requirement of maximizing the number of favorable 915 
hydrophobic and electrostatic interactions. This can be 916 
achieved if Aβ peptides adopt ordered extended β-like 917 
conformations provided that oligomers contain a 918 
sufficiently large number of peptides. 919 

There is some similarity between the aggregation 920 
mechanism postulated for Aβ peptides and the 921 
nucleated conformational conversion (NCC) model 922 
envisioned for the conversion of Sup35 to [PSI+] in 923 
Saccharomyces cerevisiae. By studying the assembly 924 
kinetics of Sup35, Serio et al. [81••] proposed the NCC 925 
model, which combines parts of the templated assembly 926 
and nucleation-growth mechanisms. The hallmark of 927 
the NCC model is the formation of a critical-sized 928 
mobile oligomer, in which Sup35 adopts a conformation 929 
that may be distinct from its monomeric random coil or 930 
the conformation it adopts in the aggregated state. The 931 
formation of a critical nucleus, to which other Sup35 can 932 
assemble, involves a conformational change to the state 933 
that it adopts in self-propagating [PSI+]. The α-helical 934 
intermediate seen in Aβ peptides may well correspond 935 
to the mobile oligomer that has the ‘wrong’ 936 
conformation to induce further assembly. Thus, as 937 
noted by Lindquist and co-workers [81••], NCC may 938 
serve as a unifying model for protein aggregation. 939 

Conclusions 940 
The development of methods to envision the structure 941 
of amyloid fibrils has enabled us to obtain molecular 942 
insights into the assembly process itself. Computational 943 
and experimental studies are beginning to provide 944 
detailed information, at the residue level, about the 945 
regions in a given protein that harbor amyloidogenic 946 
tendencies. We have harnessed these developments to 947 
propose tentative ideas on the molecular basis of 948 
protein aggregation. These principles (or, more 949 
precisely, rules of thumb) may be useful in the 950 
interpretation and design of new experiments. 951 

Despite the great progress that has been made in the 952 
past few years, several outstanding issues still require 953 
clarification. Are there common pathways involved in 954 
the self-assembly of fibrils? Because of the paucity of 955 
the structural description of the intermediates involved 956 
in the aggregation process, a definitive answer cannot 957 
be currently provided. The energy landscape 958 
perspective, summarized briefly in Figure 4, suggests 959 
that multiple scenarios for assembly exist. Although the 960 
generic nucleation-growth mechanism governs fibril 961 
formation, the details can vary considerably. A complete 962 
understanding will require experiments along the lines 963 

initiated by Teplow and co-workers [29••]. The 964 
microscopic basis for the formation of distinct strains in 965 
mammalian prions and in yeast prions remains a 966 
mystery. Are these merely associated with the 967 
heterogeneous seeds or are there unidentified 968 
mechanisms that lead to their formation? What are the 969 
factors that determine the variations in the fibrillization 970 
kinetics for the wild type and the mutants? A tentative 971 
proposal is that the kinetics of polymerization is 972 
determined by the rate of production of N*N*N*N* (Figure 4) 973 
[82], which in turn is controlled by barriers separating NNNN 974 
and N*N*N*N* [32••,36••]. In this scenario, the stability of NNNN 975 
plays a secondary role. The generality of this 976 
observation has not yet been established. Finally, how 977 
can one design better therapeutic agents based on 978 
enhanced knowledge of the assembly mechanism? 979 
Even in the case of sickle cell disease, viable therapies 980 
began to emerge only long after the biophysical aspects 981 
of gelation were understood [83]. 982 

Update 983 
Recently, Bitan et al. [86] showed that Aβ1–40 and Aβ1–42 984 
oligomerize by distinct pathways. The oligomerization 985 
of this class of peptides follows scenario II in Figure 4. 986 
The distinct rates of fibril formation of Aβ1–40 and Aβ1–42 987 
can be rationalized in terms of the variations in the free 988 
energy barrier heights separating U and N****. A 989 
quantitative assessment of this proposal will require 990 
temperature-dependent measurements of 991 
oligomerization rates. 992 

The scenarios for fibrillization shown in Figure 4 imply 993 
that aggregation may be prevented by destabilizing N****. 994 
Hammarstrom et al. [87] have recently used this strategy 995 
to devise a way to prevent transthyretin amyloidosis by 996 
having inhibitors increase the kinetic barrier separating 997 
N and N****. Based on this study, they propose that using 998 
the small-molecule binding strategy is an effective way 999 
of treating a number of amyloid diseases. This study 1000 
also highlights the use of biophysical methods in 1001 
coming up with plausible therapies for this class of 1002 
amyloid disease.  1003 
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Figure 1 1446 
(a) NMR structure of mouse PrPc (PDB code 1ag2). Various measures of frustration (see text) between the sequence and its native three-1447 
dimensional structure show that at least the second half of helix 2 (H2) and part of the first half of helix 3 (H3) (colored in blue) are frustrated in the 1448 
helical state. These regions, together with the disordered N-terminal segments, are implicated in the transition from PrPc to the assembly-1449 
competent structure PrPc*. (b) Solution structure of mouse Dpl (PDB code 1i17). Despite the similarity of the two structures, no frustrated region 1450 
is found in Dpl. This may explain the absence of the scrapie form in Doppel. The figures were produced with the program Molscript [84]. 1451 
 1452 
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Figure 2 1454 
Ribbon diagram of the native structure of S6 (PDB code 1lou), which contains a single β sheet and two α helices. According to the OR2 rule, β2, 1455 
which is the edge strand (shown in blue), is protected against fibrillization by a combination of two mechanisms. The first one, based on 1456 
electrostatic considerations, is enabled by the presence of two pairs of consecutive like charges (E41/E42 and R46/R47). Protection against 1457 
aggregation in the second mechanism is afforded by the presence of a sharp twist and bend near the second pair of charged residues. Deletion of 1458 
the pairs of charged residues by the double mutations E41A/E42A and R46M/R47M creates the mutant S6-Alz, which is prone to tetramerization. 1459 
The figure was produced using MolMol [85]. 1460 
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Figure 3 1463 
The native dimeric assembly of TTR protein, which consists of β sheets CBEFF′E′B′C′ and DAGHH′G′A′D′. Experiments by Yeates and co-1464 
workers [58••] suggest that the first β sheet in the dimer turns into the elementary building block of the fibril by unfolding strands C and D (C′ and 1465 
D′), and exposing the amyloidogenic strands B and B′. We also argue that the second β sheet (except D,D′) is likely to be preserved in fibrils 1466 
because of the strong interactions within the HH′ interface. Protection of the strand B by short and twisted edge strands C and D is achieved by 1467 
one of the aggregation-blocking mechanisms envisioned by R2. The figure was produced using MolMol [85]. 1468 
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Figure 4 1471 
Schematic diagram of the two plausible scenarios of fibrillization based on the free energy landscape perspective. According to scenario I, the 1472 
assembly-competent state N* is metastable with respect to the monomeric native state N and is formed through partial unfolding. In scenario II, N* 1473 
is formed upon structural conversion either of the native state N (as in prions) or directly from the unfolded state U (as in Aβ amyloid peptides). In 1474 
both cases, proteins (or peptides) in N* states must coalescence into larger oligomers capable of growth into fibrils. 1475 


