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Abstract 34 
Protein aggregation propensity is a pervasive and seemingly inescapable property of 35 
proteomes. Strikingly, a significant fraction of the proteome is supersaturated, meaning that 36 
for these proteins, the native conformation is less stable than the aggregated state. 37 
Maintaining the integrity of a proteome under such conditions is precarious and requires 38 
energy-consuming proteostatic regulation. Why then is aggregation propensity maintained at 39 
such high levels during long evolutionary timescales? We argue that the conformational 40 
stability of the native and aggregated states are correlated thermodynamically and that 41 
codon usage strengthens this correlation. As a result, the folding of stable proteins requires 42 
kinetic control to avoid aggregation, provided by aggregation gatekeepers. These unique 43 
residues are evolutionarily selected to kinetically favour native folding, either on their own or 44 
by co-opting chaperones. 45 
 46 

47 
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Protein aggregation propensity is a constant threat to cellular health  48 
The most widely studied aggregation mechanism is the formation of intermolecular b-sheets 49 
by short Aggregation-Prone Regions (APRs, see Glossary). Prediction software can detect 50 
APRs based on their physicochemical properties directly in primary protein sequences (more 51 
below). The assembly mechanism of APRs can give rise to highly structured amyloid fibrils or 52 
to more amorphous aggregates. The specific outcome of this process depends to a large 53 
extent on experimental and/or physiological conditions. As we have pointed out before, many 54 
amorphous aggregates still show an enrichment in b-sheet structure and are thus based on 55 
the same basic assembly mechanism, although such amorphous structures may also form in 56 
other ways [1]. In this Opinion, we focus on the cross-b aggregation mechanism, irrespective 57 
of whether it leads to higher order structure such as amyloid and we assume that b-sheet-58 
enriched amorphous aggregates consist of shorter stretches of b-sheets clustered into less 59 
defined entities. The combined output of the myriad of computational methods that are 60 
currently available for the prediction of APRs in entire proteomes [2] suggests that most likely 61 
less than 1% of proteins in any proteome have no APR and are hence unaffected by protein 62 
aggregation propensity (see Glossary). In fact, on average about 20% of residues in a protein 63 
sequence have tendency to misfold into b-structured aggregates [3]. The ensemble of APRs 64 
in a polypeptide have been called its intrinsic aggregation propensity (see Glossary). The 65 
intrinsic aggregation propensity of a protein sequence can further be modulated by other 66 
factors, such as conformation, concentration, and environmental conditions to result in its 67 
actual aggregation propensity (Box 1) [4-7]. In recent years, we have come to realize that 10% 68 
to 30% of proteins are supersaturated under physiological conditions meaning they are 69 
expressed at abundances exceeding their intrinsic solubility [8-10]. Hence, a significant 70 
amount of metabolic energy has to be invested in proteostatic control ensuring proteins get 71 
and remain properly folded [11]. The erosion of this proteostatic control is also why ageing 72 
organisms are increasingly at risk of aggregation-associated diseases [12].  73 
In this Opinion article, we discuss how this precarious situation came to be. Firstly, we argue 74 
that intrinsic aggregation propensity is directly correlated to globular fold stability. The 75 
intricate stereochemical packing of the hydrophobic core required for the thermodynamic 76 
stability of the native state severely limits the extent to which protein sequences can be 77 
optimized to avoid intrinsic aggregation propensity without critically destabilizing the native 78 
fold (Figure 1A). This thermodynamically imposes a solubility limit on most proteins, and 79 
causes a large fraction of the proteome to be metastable (see Glossary) at physiological 80 
concentrations. Secondly, we review mechanisms that help avoid this thermodynamic trap 81 
by kinetically partitioning (see Glossary) the native fold from the aggregated state [13], 82 
allowing proteins to be expressed for biologically relevant timescales at supersaturated 83 
concentrations.  84 
 85 
Widespread aggregation propensity causes proteome metastability 86 
The classical image of a folded protein is that of a chain of amino acids folded in on itself, 87 
forming local secondary structures such as  a-helices,  b-sheets, and loops, which arrange 88 
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further into a predefined three-dimensional structure, i.e. the functional form or native fold. 89 
It has long been clear that some proteins can also adopt a drastically different structure, 90 
known as the aggregated state. In this configuration, hydrophobic segments of the protein 91 
with a high propensity for  b-sheet formation and low net charge engage in extended 92 
intermolecular  b-sheets with identical counterparts in a sequence-specific manner [14] 93 
(Figure 1B). Multiple sheets can align length-wise and as such extensively interact through the 94 
interdigitation of their sidechains, perpendicularly to the  b-sheet axis. The resulting “cross-95 
 b” conformation is highly stable, both mechanically and physico-chemically. Indeed, the 96 
combination of the regular stacking of hydrophobic side chains in subsequent layers in the 97 
fibril core, combined with the extensive network of backbone hydrogen bonds connecting the 98 
layers renders the mature aggregate highly stable, certainly when compared to the well-99 
documented marginal stability of biologically functional native states, which often require 100 
flexibility for function. A more complete discussion on amyloid stability can be found 101 
elsewhere [15, 16], but one prominent difference is the fact that the polypeptide fulfils its full 102 
backbone hydrogen bonding potential in the amyloid state, where this is not true for globular 103 
proteins that typically contain a mix of secondary structure element and loops. However, this 104 
should be mitigated by the recent realisation that regions of suboptimal H-bond geometry 105 
and hence structural frustration also occur in the b-aggregated state [17]. 106 
The amyloid conformation is most well-known as the pathological hallmark of more than 30 107 
degenerative diseases, in which specific proteins adopt this intermolecular  b-conformation. 108 
As a result, amyloid formation is sometimes considered a rare off-pathway event affecting 109 
only a select group of proteins. However, intense research has made clear that most, if not 110 
all, proteins carry within them an inherent tendency to form amyloid – in the form of short 111 
segments with the right conjunction of physicochemical properties. The most important 112 
factors that keep these regions from actually initiating aggregation is native protein folding 113 
and the cellular proteostasis machinery (see Glossary) [18]. Many proteins are obligate 114 
chaperone (See Glossary) substrates and aggregate when translated in vitro in the absence 115 
of these factors [19-22]. Importantly, with some exceptions (discussed below) most 116 
chaperones are not classic catalysts that stabilize the transition state of the folding reaction. 117 
Rather by binding to APRs they prevent or reverse the interactions of exposed hydrophobic 118 
regions thereby inhibiting aggregation [23]. In doing so they not only increase folding yields 119 
but can also increase folding rates, which we believe they achieve by destabilizing local 120 
conformational minima resulting from erroneous hydrophobic collapse. Indeed, modern 121 
proteins are riddled with intrinsic aggregation propensity: over 90 % of globular proteins 122 
contain at least one region with a tendency to form b-structured intermolecular aggregates 123 
[3] making APRs universal handles to partition aggregation from folding and to regulate 124 
hydrophobic collapse. Moreover, aggregated states are generally more stable than their 125 
native counterparts, even at common cellular concentrations, effectively making the native 126 
fold a metastable conformation that is only kinetically protected from converting to the 127 
aggregated state [13, 24]. This situation imposes a thermodynamic limit on the concentration 128 
at which most proteins can be functionally expressed, as is seen from the relation between 129 
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protein aggregation and both mRNA levels [25-27] and cellular protein abundance [28]. The 130 
consequences for proteome stability are profound: in recent years, it has become clear that 131 
a large portion of the proteome exists in a supersaturated state under physiological 132 
conditions, meaning their abundance exceeds their intrinsic solubility, giving rise to a 133 
metastable sub-proteome that likely plays an important role in age-related disease [8-10].   134 
 135 
Why do high levels of intrinsic aggregation propensity persist during evolution?  136 
Following our recent work [18], we propose that the most straightforward explanation for the 137 
evolutionary persistence of protein aggregation propensity is that it is a co-evolutionary side-138 
effect of globular protein structure. Stable globular protein folds require both secondary 139 
structure propensity and extensive hydrophobic cores. Furthermore, proteins are synthesised 140 
as linear polymers, and globular folds require hydrophobic segments of sufficient length to 141 
traverse the core (Figure 1A). Sequence segments where hydrophobicity coincides with high 142 
b-sheet propensity have the emergent property of aggregation propensity (they are called 143 
Aggregation-Prone Regions or APRs [4, 6, 7, 29, 30]).  144 
Importantly, as long as the protein maintains its native state such APRs cannot engage in 145 
alternative interactions, which typically requires at least some degree of unfolding [18, 31]. 146 
However, there is a deeper link between native fold stability and aggregation propensity that 147 
is becoming clear: a survey of point mutations showed that mutations that decrease 148 
aggregation propensity tend to decrease native state stability and vice versa [32, 33]. The 149 
same concept was explored in a systematic computational mutational analysis of amyloid 150 
structures of proteins for which the structure of the native fold was also known: it was again 151 
found that mutations that disrupt the amyloid state also tend to decrease the stability of the 152 
native fold [34]. Moreover, the aggregation propensity of aggregation-prone segments 153 
correlates to their contribution to native state stability: the segments that make up the most 154 
stable parts of the native structure tend to have the highest aggregation propensity. 155 
Furthermore, aggregation propensity is higher in proteomes of extremophiles, whose 156 
proteins by definition require more thermodynamic stability [34]. And finally, at the other 157 
end of the spectrum, intrinsically disordered protein (IDP) domains, which are by definition 158 
devoid of stable three-dimensional structures, are the sole class of naturally occurring 159 
polypeptides that harbour significantly fewer predicted aggregation-prone regions [3, 33]. 160 
This suggests that the only evolutionary pathway to lower aggregation propensity is through 161 
the loss of globular protein structure. Of importance, there are two main sources of APRs: the 162 
majority stem from hydrophobic core formation as discussed above, but the second type finds 163 
its origins in functional sites, such as protein-protein interaction sites [35]. Whereas many 164 
disordered regions have successfully shed the APRs that arise as a result of globular structure, 165 
they do still contain the second class of APRs associated with functional interactions [36]. In 166 
IDPs however, these take their own more polar flavour and the aggregation propensity is 167 
driven more by b-sheet propensity and less by hydrophobicity with Tyr, Gln and Asn as typical 168 
enriched amino acids [37, 38]. The aggregation propensity of these regions is suppressed by 169 
being embedded in highly charged sequences that act as so-called entropic bristles (see 170 
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Glossary)[39], but can still lead to aggregation, often in an age-dependent manner. In fact, 171 
several of the most intensely studied amyloid-forming proteins, tau, Ab, TDP43 and a-172 
synuclein [40, 41], are disordered or have substantial intrinsically disordered regions [42].   173 
Intriguingly, aggregation propensity is conserved even down to the genetic level, as mutations 174 
that potentially abrogate amylogenic stretches are often inaccessible through single point 175 
mutations as a result of the genetic code [34]. Preservation of amyloid propensity thus 176 
appears to be deeply embedded within in the genetic code, most likely as a side effect of 177 
favouring the conservation of native protein structure. As a result, it is almost impossible to 178 
evolve globular structure without also increasing aggregation propensity: it appears as if 179 
globular protein structure is addicted to aggregation propensity and the strongest aggregate-180 
forming sequences are among the most deeply conserved in the core of globular protein 181 
structures. These considerations explain why so many proteins end up being supersaturated 182 
[8-10]. 183 
 184 
Kinetic partitioning of globular structure to the rescue of the Anfinsen hypothesis  185 
Anfinsen’s famous thermodynamic hypothesis stated that proteins fold spontaneously 186 
because the biologically active native state is the point of the lowest energy in the 187 
conformational landscape [43]. This concept was already put into perspective by the 188 
realisation that many proteins require chaperone intervention in order to fold, but the idea 189 
of a supersaturated sub-proteome puts even larger question marks by the Anfinsen postulate 190 
[44]. If, as we argue, most proteins are indeed aggregation-prone and thermodynamically 191 
fated to form aggregates, how is globular protein folding secured? To a large extent, this 192 
appears to be achieved through kinetic partitioning, in which the rate of protein folding is 193 
made to exceed that of aggregation at relevant concentrations, and the native state has a 194 
sufficiently long lifetime by virtue of a slow unfolding rate, so that even if proteins are 195 
destined to aggregate eventually, they are able to adopt and maintain their native fold for a 196 
physiologically relevant timespan. In fact, many proteins that are involved in aggregation 197 
pathologies have a shorter than average lifetime, suggesting they are protected from 198 
aggregation by a fast turnover (i.e. they are degraded before they can aggregate) [45], but 199 
this hinges on efficient protein degradation which notoriously declines during ageing [46]. 200 
The so-called kinetic partitioning, where the native state is metastably trapped for as long as 201 
it is required for function, is achieved through both protein-intrinsic features as well as 202 
protein-extrinsic factors (Figure 2). 203 
 204 
Protein-intrinsic kinetic partitioning by aggregation gatekeepers 205 
“Aggregation gatekeepers” (GKs; see Glossary and Figure 2B) are charged residues and b-206 
structure breakers that directly flank APRs, thereby reducing aggregation propensity [3]. Once 207 
again, this underpins the tight link between fold stability and aggregation propensity, and 208 
shows that evolution had to stop short of completely abrogating APRs since this would require 209 
introduction of charged residues or the disruption of secondary structure in the hydrophobic 210 
core of the protein. Instead, GKs are found at the first position where the polypeptide 211 
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emerges from hydrophobic core, often still at some depth from the protein surface. As a 212 
result, ‘aggregation gatekeeping’ comes at a significant cost to native state stability as each 213 
GK on average reduces the thermodynamic stability of the native fold by about 0.5 kcal/mol 214 
[47]. Moreover, the conservation of GKs scales to the aggregation propensity of the region 215 
they are flanking [48]. Such evolutionary conservation despite a negative effect on protein 216 
stability is typically seen in functionally important residues, such as in active sites, leading us 217 
to propose that GKs are functional class of residues unto themselves. Apart from their 218 
thermodynamic effects, GKs likely also slow down the kinetics of native protein folding, as 219 
removing charges altogether is known to increase protein folding rates [49]. However, GKs 220 
slow down the aggregation reaction more than they slow down native folding, making them 221 
a quintessential example of kinetic partitioning to circumvent the constraints that arise from 222 
the entanglement between aggregation propensity and fold stability.  223 
Interestingly, we recently demonstrated that even within the class of the charged GK 224 
residues, there is an important distinction between positively and negatively charged GKs 225 
[50]. The positively charged moieties on Lys and Arg are more readily dehydrated than their 226 
negatively charged counterparts Asp and Glu, and they have longer and more hydrophobic 227 
sidechains. As a result, positively charged GKs are more readily incorporated into a globular 228 
protein but unfortunately are also more compatible with amyloid structure and thus poorer 229 
aggregation breakers. In fact, positively charged GKs barely destabilize the aggregated state 230 
and only marginally slow down the aggregation process. As a compensatory mechanism, 231 
positively charged GKs are specifically recognized and assisted by molecular chaperones, 232 
which augment the kinetic partitioning capacity of the gatekeepers [51-60]. The positively 233 
charged GKs have therefore been referred to as “non-autonomous”. Negatively charged GKs, 234 
on the other hand, both strongly disrupt amyloid structure and severely slow down its 235 
formation and were therefore termed “autonomous” GKs [50]. However, because of the 236 
entanglement between the stability of the native and aggregated states, the negatively 237 
charged GKs are less compatible with native protein structure and can hence not always be 238 
accommodated. 239 
 240 
Molecular chaperones: protein-extrinsic partitioners 241 
Molecular chaperones are a diverse group of major effectors of the Proteostasis Network 242 
(PN). Some, like the Proline-Prolyl isomerases catalyse protein folding, while others (such as 243 
the Hsp70 and chaperonin family members) prevent aggregation (e.g. the small heat shock 244 
proteins by virtue of their holdase activity), disaggregate aggregated species, or direct 245 
terminally misfolded proteins towards appropriate degradation pathways [61]. Other 246 
chaperones, like the Hsp90 family members, help maintain the integrity of the native state 247 
using extensive interaction surfaces. Although molecular chaperones come in many varieties 248 
with distinct modes of action, a recurring theme is that they recognize and bind their 249 
substrates through exposed hydrophobic regions [56, 62-73]. Not only is exposed 250 
hydrophobicity, and by extension APRs, a sign of incomplete folding or misfolding, but such 251 
regions are also at risk of engaging in aberrant intermolecular interactions. By engaging their 252 
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clients, chaperones shield these hydrophobic regions, thereby preventing aggregation. In 253 
effect, this mode of action is a form of kinetic partitioning, in which a large energetic barrier 254 
is maintained between the native fold and the aggregated state (Error! Reference source not 255 
found.C). Moreover, the interaction of chaperones with their clients results in an excluded 256 
volume, decreasing local protein concentration and favouring the formation of intramolecular 257 
interactions over intermolecular ones [74]. Finally, chaperones partially unfold their client 258 
proteins, potentially resolving kinetically trapped misfolded states and accelerating the 259 
folding process.  260 
In effect, molecular chaperones constitute the ultimate evolutionary measure that maintains 261 
modern proteomes in a metastable state in the face of widespread aggregation propensity. It 262 
could be argued that chaperones are folding catalysts, in that they are not a part of the final 263 
folded protein, and therefore do not affect the thermodynamics of protein folding. However, 264 
classic enzyme catalysts generally increase reaction rates by binding to and therefore 265 
stabilizing the rate-limiting transition state of a reaction. Except for the Proline-Prolyl 266 
isomerases, it is unlikely that most chaperones increase the kinetics of protein folding in the 267 
same manner by directly binding to and stabilizing the transition state of folding, given the 268 
diversity in protein topology and sequence. By binding to APRs however, we think that 269 
chaperones not only prohibit aggregate assembly (thereby increasing the folding yield) but 270 
can probably in some cases also increase folding rates by destabilizing the ground state of 271 
unfolded and partially (mis)folded conformations. Modifying the folding landscape in this 272 
manner equally results in a lower kinetic barrier and hence faster folding. By binding APRs 273 
and controlling hydrophobic surfaces chaperones are therefore not only the ultimate kinetic 274 
partitioners between native folding and amyloid-like aggregation but also by smoothing out 275 
the native folding landscape thereby both improving protein folding yields and rates. As a 276 
result, large portions of modern proteomes depend on them for their solubility [75, 76].  277 
As mentioned above, several classes of chaperones specifically prioritise hydrophobic 278 
segments when they are flanked by positively charged residues, such as APRs flanked by 279 
positive GKs [56, 63-73, 77]. We recently showed that because of this binding preference, 280 
chaperones are able to recognize APRs most at risk of aggregating because of poor 281 
gatekeeping [50]. This points towards a coevolution between GKs and molecular chaperones, 282 
allowing even proteins with insufficiently protected APRs to reach appropriate cellular 283 
concentrations through the concerted effects of positively charged GKs and molecular 284 
chaperones.  285 
 286 
Co-translational folding: temporal partitioning?  287 
For small proteins, folding in vitro takes place on the µsecond timescale. Translation of mRNA 288 
into protein at the ribosomes however, is a slower process, as the prokaryotic translation 289 
machinery produces 15-20 amino acids/s, and eukaryotic ribosomes work even slower, at 1-290 
5 amino acids/s on average [78]. This discrepancy in timing makes it highly likely that 291 
substantial protein folding occurs before a protein is fully translated and is therefore still 292 
physically attached to the ribosome, which has profound effects on the folding landscape 293 
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(Figure 2A and Error! Reference source not found.). Indeed, it has become abundantly clear 294 
that many  proteins do fold co-translationally, and that translational kinetics are optimized 295 
for this very purpose: translational pause sites were found to be enriched in interdomain 296 
regions over two decades ago, and, more recently, it was observed that pause sites are 297 
enriched 20-60 aa downstream of sequence segments predicted to form subdomain co-298 
translational folding intermediates [79]. Simulations confirm that such pause sites allow 299 
domains to fold more efficiently by preventing potential non-native interactions with not yet 300 
formed C-terminal regions [80]. Aggregation-prone segments on the other hand, tend to be 301 
enriched in optimal codons. Although not yet fully understood, this could suggest the 302 
necessity for the regions containing APRs to be rapidly translated, allowing for at least partial 303 
co-translational folding and descending into the native folding basin before aggregation has 304 
a chance to occur. In line with this, protein interaction sites, which are often hydrophobic and 305 
tend to contain APRs, are depleted near the N-terminus of proteins [81]. This allows protein 306 
domains to progress down the native folding funnel directly upon the emergence of an APR, 307 
temporally partitioning native folding from aggregation (Error! Reference source not found.). 308 
It is tempting to speculate that recent findings regarding the proximal translation of 309 
interacting proteins [82] fit into the same framework: since interaction sites often require 310 
exposed APRs in the monomeric subunits, coordinating the translation of the interacting 311 
proteins so that the time of APR exposure in the subunits is minimized could be another form 312 
of kinetic partitioning.  313 
Ribosome association has an added benefit: physical linkage to the large ribosomes creates 314 
an excluded volume around the nascent chain, effectively instituting a low local concentration 315 
of exposed aggregation-prone regions (which is why the nascent chains being translated by 316 
the ribosome are depicted on the “intramolecular” side of the folding landscape in Figure 2). 317 
Indeed, it was recently shown that interaction with any soluble protein can indirectly increase 318 
folding efficiency by preventing aggregation [74].  319 
These factors make the translation process an effective form of kinetic partitioning. By 320 
allowing folding to happen co-translationally, the chances of aberrant interactions and 321 
misfolding are reduced, increasing the rate of the native folding reaction. Concurrently, 322 
association with the ribosome creates an excluded volume which decreases the rate of 323 
intermolecular interactions and hence aggregate formation.  324 
 325 
When partitioning fails 326 
The efficacy of the proteostasis network declines with age. This has long been viewed as one 327 
of the major reasons why age is the predominant risk factor in many of the neurodegenerative 328 
amyloidoses plaguing modern society [12]. Given the proteome metastability discussed 329 
above, decreasing proteostasis logically results in aggregation of supersaturated proteins: 330 
indeed, proteins known to precipitate in protein misfolding disorders are significantly more 331 
supersaturated than the remainder of the proteome, and therefore more dependent on 332 
kinetic partitioning to remain soluble [44, 83]. Moreover, it has become abundantly clear that 333 
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chaperones have an important role in keeping misfolding-disease-associated proteins soluble, 334 
and ridding the cell of inadvertently aggregated material [84].   335 
As mentioned above, many of the proteins associated with aggregation-related diseases carry 336 
at least some degree of intrinsic disorder. Although intrinsically disordered protein domains 337 
have less aggregation propensity overall, the energetic basins associated with their native 338 
folds are relatively shallow at best [85, 86]. Lacking thermodynamic stabilization, these 339 
proteins are more reliant on kinetic partitioning by external factors (i.e. chaperones and 340 
proteases) for their solubility. Indeed, recent work shows how the so-called supersaturation 341 
barrier needs to be broken in order to induce aggregation of folded proteins  [87], and that 342 
this is easier in specific protein types, particularly short peptides and intrinsically disordered 343 
ones, both groups of proteins with a shallow native state energetic basin [88].  This might 344 
explain why many intrinsically disordered proteins are often stabilized by clusters of (often 345 
negative) non-neutralized charges [89]. Indeed, Ab, a-Synuclein and Tau are all stabilized by 346 
highly charged clusters, and the removal or neutralization thereof results in their aggregation 347 
[90-93].	Such charge clusters likely constitute a radical form of intrinsic kinetic partitioning, 348 
whereby strong charge repulsion prevents amyloid nucleation.  349 
Clearly, some proteins are intrinsically at risk of forming amyloid deposits because of their 350 
inherent characteristics and the specific tissues they are expressed in. This situation can be 351 
exacerbated by genetic alterations both in these proteins themselves, or in the PN that 352 
ensures their kinetic partitioning [94]. Some familial mutations associated with misfolding 353 
disorders even cause proteins to escape recognition by the PN, effectively removing kinetic 354 
partitioning and leading to aggregation, as is the case for the SOD1 A4V mutant [95].  355 
  356 
 357 
Concluding remarks 358 
The propensity to misfold and aggregate into amyloid-like assemblies is a universal property 359 
of proteins in all kingdoms of life. Protein aggregation is unfavourable, resulting in protein 360 
functional dysregulation and disease. Maintaining proteostasis under these conditions 361 
requires an extensive protein quality control machinery representing a high metabolic cost. 362 
It is therefore remarkable that the protein aggregation propensity of proteomes is maintained 363 
at such high levels.  364 
 365 
In this opinion piece we discussed how protein aggregation is under continuous selective 366 
pressure yet cannot be reduced below the levels observed in proteomes. While protein 367 
aggregation decreases the efficiency of protein folding it also favours protein stability. Even 368 
more, we argue it is almost impossible to increase the conformational stability of a protein 369 
without increasing its aggregation propensity and conversely reducing the aggregation 370 
propensity of proteins generally results in protein destabilisation. Remarkably, we found that 371 
the entanglement between protein stability and aggregation is further increased by the 372 
universal genetic code: protein sequence segments that both strongly contribute to protein 373 



TIBS opinion  Houben et al 

 Page 11|21 

stability and have a high aggregation propensity are also strongly conserved appearing as if 374 
proteins are addicted to those amyloidogenic sequences.  375 
 376 
The global result of coupling between protein stability and aggregation is that the Anfinsen 377 
postulate of thermodynamic determination is only a local property of the native folding basin 378 
and that globally protein folding requires mechanisms of kinetic control to ensure native 379 
protein folding is favoured over aggregation. The presence of such mechanisms also explains 380 
why a substantial fraction of proteins are in fact supersaturated under physiological 381 
conditions.  382 
 383 
Kinetic control of protein folding is enforced in two interdependent ways by gatekeeper 384 
residues and chaperones. Hydrophobic aggregation-prone protein segments are flanked by 385 
charged residues that function as aggregation gatekeepers: these residues disfavour protein 386 
aggregation by electrostatic repulsion, favouring kinetic partitioning towards the native state. 387 
Short, negatively charged residues such as Asp and Glu are particularly good at inhibiting 388 
aggregation, allowing protein folding without the help of chaperones. Due to their short side 389 
chains they are however difficult to incorporate into native protein structures. Positively 390 
charged residues Arg and Lys can be used instead but they are less efficient gatekeepers and 391 
are incapable of fully inhibiting aggregation. This is compensated by the fact that chaperones 392 
evolved to favour binding to aggregation-prone regions that are flanked by positive residues.  393 
 394 
The insights outlined in this Opinion of course raise additional question, which have been 395 
highlighted in the Open Questions section. 396 
 397 
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Glossary 630 
• Amyloid: a type of cross-b protein aggregation typified by a highly structured, elongated, 631 

fibrous nature.  632 
• Aggregation: the coagulation of proteins into mostly dysfunctional conglomerates. This 633 

process is mainly driven by Aggregation-Prone Regions that engage in intermolecular 634 
interactions in a sequence-specific manner.  635 

• Aggregation-prone region (APR): short (5-15 amino acids) stretches of “sticky”, usually 636 
hydrophobic amino acids with a strong tendency to form homomeric intermolecular b-637 
sheets, thereby driving protein aggregation.  638 

• Intrinsic Aggregation Propensity: The inherent propensity of a polypeptide to form 639 
aggregates irrespective of folding or external factors (e.g. at elevated temperatures). It 640 
has been shown that this is directly determined by the presence of APRs in the primary 641 
sequence. 642 

• Aggregation gatekeeper (GK): Aggregation-inhibiting residues that directly flank 643 
aggregation-prone regions, thereby reducing aggregation tendency. The most common 644 
GK types are the charged residues and Pro, and they function through charge repulsion 645 
and/or an incompatibility with b-structure. 646 

• Chaperone: A class of proteins dedicated to catalyzing folding, translocation and assembly 647 
of their substrate proteins. Chaperones are vital parts of the proteostasis network.   648 

• Proteostasis: short for protein homeostasis. This term encompasses all cellular factors 649 
and processes that maintain proteins in the proper functional states necessary for 650 
cellular health. The proteostasis network encompasses the translation machinery, 651 
molecular chaperones and degradation pathways. 652 

• Aggregation Propensity: The actual aggregation propensity of a protein is determined 653 
by the balance between its intrinsic aggregation propensity, its conformational stability 654 
and external factors, such as solution conditions, concentration and the state of the 655 
proteostasis network. 656 

• Supersaturation: Many proteins solubly accumulate at levels above their intrinsic 657 
solubility, and these proteins are hence said to be supersaturated. Supersaturation is a 658 
metastable state maintained through kinetic partitioning.  so that in contradiction to the 659 
Anfinsen postulate, the thermodynamically most stable state of these protein is not 660 
their biologically active native state, but their aggregated state. 661 

• Proteome metastability: Denotes the fact that many proteins in any given cell are 662 
supersatured. 663 

• Kinetic Partitioning: Denotes the fact that for supersaturated proteins, for which the 664 
native state is metastable, the lifetime of the native state is determined by the kinetic 665 
barriers separating that state from the unfolded and aggregated states. The higher the 666 
energy barrier for unfolding and aggregation, the better the kinetic entrapment of the 667 
native state. Molecular chaperones are extrinsic factors acting directly on this, whereas 668 
aggregation gatekeepers are a protein-intrinsic factor that shapes kinetic partitioning. 669 

• Entropic bristle: Intrinsically disordered regions are enriched in charged residues and 670 
the disordered chain is highly flexible, creating large excluded volume effect for 671 
intermolecular interactions, as well as a high degree of solvent interactions. This has a 672 
strong solubilizing effect on sequences fused to these ‘entropic bristles’ [39].  673 
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Elements  675 
 676 
Text Box 1: The difference between Intrinsic and Actual Aggregation Propensity 677 
 678 
In order to be able to form amyloid-like aggregates, proteins require short polypeptide 679 
segments capable of nucleating the formation of intermolecular  b-sheet structures, called 680 
APRs. Despite the fact that the amyloid fibrils of full-length proteins contain much longer 681 
stretches of the sequence in the amyloid conformation, the importance of APRs for the 682 
formation of amyloids is beyond doubt:  683 

- Isolated as peptides, these regions are capable of independently forming amyloid-684 
like aggregates with similar properties as those formed by the full-length proteins 685 
[96].  686 

- Mutational suppression or deletion of these regions strongly reduces the 687 
aggregation propensity of a protein [97, 98]. 688 

- Grafting of an APR from one protein to another is sufficient to render the chimera 689 
aggregation-prone [99, 100].  690 

- Computational analysis of the architecture of the high resolution structures of 691 
amyloid fibrils of full length proteins shows the APRs to be the most stable regions in 692 
the amyloid, acting as a framework that compensates for the poor fit of the rest of 693 
the sequence [17]. 694 

APRs can be distinguished from non-aggregation-prone sequences through the 695 
physicochemical properties of their constituting residues. These properties are mainly high 696 
b-sheet propensity and hydrophobicity and low net charge. As these properties are readily 697 
quantifiable,  it is possible to computationally identify APRs based on primary sequence 698 
alone [30]. The ensemble of APRs in a polypeptide has been called its ‘intrinsic aggregation 699 
propensity’. The intrinsic aggregation propensity of a protein sequence can further be 700 
modulated by environmental conditions, concentration and, importantly, the 701 
conformational landscape of the protein, resulting in an ‘actual aggregation propensity’: 702 
Protein conformations that bury the APRs away from the solvent (folding, binding) are 703 
aggregation-resistant, whereas those that expose APRs are aggregation-prone. It is for this 704 
reason that destabilisation of the native state of a protein by e.g. mutation or heat exposure 705 
increases its aggregation propensity: the APRs are neatly buried inside the hydrophobic core 706 
of the native state of the protein, rendering it aggregation-resistant, but in the (partially) 707 
denatured state, the APRs come to the surface and start the aggregation process. The 708 
equivalent for intrinsically disordered protein is the entropic bristle effect of the rest of the 709 
sequence. This can potentially lead to confusion, as a protein with a high intrinsic 710 
aggregation propensity that buries its APRs because of its high conformational stability or 711 
tight binding to an interaction partner, may be aggregation-resistant in conditions where a 712 
protein with much lower intrinsic aggregation propensity may aggregate due to the absence 713 
of such protective interactions.  714 
 715 
 716 
 717 

718 
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 Figure captions 719 
 720 
Figure 1: Aggregation propensity is a consequence of the dependence of protein core 721 
stability on core-spanning hydrophobic stretches. (A) Proteins are linear concatenations of 722 
amino acids that must adopt a predefined shape in order to be functional. In the aqueous 723 
cellular environment, this folding process is driven by the tight packing of hydrophobic amino 724 
acids into protein cores. To achieve this, proteins contain extended stretches of hydrophobic 725 
amino acids capable of spanning the hydrophobic core. Some of these stretches have a 726 

tendency to adopt non-native, intermolecular b-sheet conformations, causing their parent 727 
proteins to aggregate. These stretches are commonly known as Aggregation-Prone Regions 728 
(APRs). APRs are systematically flanked by Gatekeeper residues (GKs), charged residues and 729 

b-breakers which slow down the aggregation process while leaving core-spanning 730 
hydrophobic stretches intact. (B) Protein aggregates share a common core structure, 731 
comprised of elongated intermolecular b-sheets with interdigitating sidechains that form an 732 
expansive hydrophobic core known as a “dry steric zipper”. The structure is further stabilized 733 
by the precise stacking of amino acids in consecutive b-strands, making this process highly 734 

sequence-specific. Its repetitiveness gives this structure its typical “cross-b” X-ray diffraction 735 
pattern. Amyloid structure depicted here is based on PDB structure 2M5N [101].  736 

 737 
Figure 2: Kinetic partitioning by GKs and molecular chaperones allows supersaturated 738 
proteins to fold. (A) 2D representation of a generic folding landscape. Each point on the 739 
funnel-shaped surface represents a specific conformation, the energy of which is represented 740 
by the landscape depth, while the width of the funnel represents the entropy – i.e. the 741 
number of possible conformations – at each energetic level. The folding landscape for 742 
globular proteins is typically dominated by two separate basins: a native fold basin that can 743 
be navigated down by individual molecules through intramolecular interactions (indicated by 744 
the green shaded area), and an aggregation basin, in which multiple molecules engage in 745 
intermolecular interactions (indicated by the red shaded area) through their Aggregation-746 

Prone regions (APRs; red stretches in both the native fold and b-aggregated state). Since their 747 
association with the ribosome places nascent chains in an excluded volume with a low local 748 
protein concentration, the ribosome is depicted towards the intramolecular end of the 749 
landscape. This is in fact a method of temporal kinetic partitioning discussed in more detail in 750 
the main text and in Figure 3.  For many globular proteins at their physiological expression 751 
levels, the thermodynamic stability of the aggregated state exceeds that of the native fold, 752 
creating a deeper and virtually inescapable basin. Potential pathways proteins can take down 753 
the folding landscape are indicated by arrows. Green arrows indicate folding reactions in 754 
diluted conditions, while red arrows indicate folding in (super)saturated conditions. In the 755 
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latter case, proteins are more likely to engage in APR-driven intermolecular interactions, 756 
causing them to descend the aggregate basin. The chain-linked weight in the folding 757 
landscape indicates the link between native fold stability and aggregation propensity, both of 758 
which are stabilized by APRs and therefore interdependent. (B) Given its stability, the 759 
aggregated state is thermodynamically favoured, especially at concentrations close to or 760 
exceeding the critical concentration. The only way for proteins to be stably expressed at such 761 
concentrations, is therefore to kinetically separate the native and aggregation basins by way 762 
of an energetic barrier. This is partially achieved through Gatekeepers (GKs; indicated in 763 

green), charged residues and b-breakers that directly flank APRs. GKs decrease the APR 764 
burden, thereby destabilizing the aggregated state, but also the native fold (as indicated by 765 
their increased energies). However, GKs also increase the energetic barrier between folding 766 
and aggregation, slowing down the latter process and favouring the native folding reaction. 767 
In doing so, GKs allow for higher concentrations of proteins to be stably expressed, at least 768 
temporarily. (C) Another powerful method of kinetic partitioning is interaction with molecular 769 
chaperones. These engage APRs or even entire proteins, creating a huge energetic barrier as 770 
these contacts would need to be broken for aggregation to ensue. Most chaperones consume 771 
ATP and hence cellular energy for their functional cycle. For most chaperones, ATP 772 
consumption results in substrate binding-release cycles, each cycle giving proteins another 773 
chance at obtaining the native fold. As is the case for ribosome attachment, chaperone 774 
binding and release results in an excluded volume, in which chances for a protein to descend 775 
the native funnel are increased.  776 
 777 
Figure 3: Co-translational folding temporally partitions the native from the aggregated 778 
state. The rates of protein translation are slow enough to allow for co-translational folding to 779 
occur. This means the folding landscape, i.e. the conformations available to a nascent protein 780 
chain, expands as translation progresses, depicted here for 5 distinct timepoints i – v.  In the 781 
initial stages of translation, the folding landscape is rather shallow because of the limited 782 
number of native stabilizing interactions available. As translation progresses, the landscape 783 
deepens, and co-translational folding allows proteins to start descending the native funnel, 784 
before APR-driven intermolecular interactions become available (stages i – iii). Placement of 785 
an Aggregation-Prone Region (APR; indicated in red) towards the C-terminus of an emerging 786 
domain means it can be instantly buried upon its emergence from the ribosome (stages iv 787 
and v). In this way the kinetics of translation combined with proper placement of APRs can 788 
effectively partition protein folding from aggregation and increase the probability of the 789 
former, even though the latter is thermodynamically favored.  790 
 791 
 792 
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