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Fibril formation resulting from protein aggregation is a hallmark of a large group of neurodegener-
ative human diseases, including Alzheimer’s disease, type 2 diabetes, amyotrophic lateral sclerosis,
and Parkinson’s disease, among many others. Key factors governing protein fibril formation have been
identified over the past decades to elucidate various facets of misfolding and aggregation. However,
surprisingly little is known about how and why fibril structure is achieved, and it remains a fundamen-
tal problem in molecular biology. In this review, we discuss the relationship between fibril formation
kinetics and various characteristics, including sequence, mutations, monomer secondary structure, me-
chanical stability of the fibril state, aromaticity, hydrophobicity, charge, and population of fibril-prone
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conformations in the monomeric state.
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1. Introduction

The protein folding takes place in an environment
crowded with other biological macromolecules. As
a result, proteins are exposed to intermolecular in-
teractions that may lead to aggregation [1]. There
are about 50 human diseases characterized by ag-
gregation of proteins [2, 3]. A large number of dis-
eases that can be attributed to amyloidosis are due
to the fact that aggregation of pathogenic proteins
occurs both in the extracellular space and in the
cytoplasm and nucleus. The list of diseases asso-
ciated with protein aggregation continues to grow.
Recently, preeclampsia, a pregnancy-specific disor-
der, was shown to share pathophysiological fea-
tures with recognized protein aggregation disor-
ders [4, 5]. Although proteins may vary in sequence,
their disease-associated aggregates share a common
fibrillar structure known as amyloid fibrils, which
have a typical diameter of 7-10 nm and an X-ray
diffraction pattern of about 5 A on the meridian.
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Those diseases have common pathogenic pathways,
in which protein self-assembly results in irreversible
loss of normal structure and function along with the
gain of aberrant and debilitating functions.

A large body of evidence suggests that amy-
loid fibrils and associated oligomeric intermediates
are related to several neurodegenerative diseases,
including Alzheimer’s, Parkinson’s, Huntington’s,
prion diseases, type II diabetes, and amyotrophic
lateral sclerosis, among others [2, 6]. The most ex-
tensively studied case is Alzheimer’s disease, which
is thought to be associated with abnormal aggre-
gation of so-called beta-amyloid (AS3) peptides. AjS
peptides, cleaved from the amyloid precursor pro-
tein [7], mainly adopt two forms: AfBsy and Af4
peptides, containing 40 and 42 amino acids, respec-
tively. For illustration, in this review we will fo-
cus on the aggregation of AS peptides. However,
the key factors governing the kinetics of fibril for-
mation should be applied to any protein because
they are based on general principles. For example,
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hydrophobicity, which is one such factor, is clearly
universal since the stronger the hydrophobic inter-
actions, the faster protein folding and self-assembly
occurs.

Although many theoretical and experimental
studies have been carried out in recent decades,
our understanding of the protein aggregation pro-
cess remains incomplete. It is not clear why all
amyloid fibrils have the common structural fea-
ture that is a cross-g structure stabilized by back-
bone hydrogen bonds oriented parallel to the fibril
axis. An important question then arises: What fac-
tors play a decisive role in the formation of amy-
loid fibrils? Many review articles have been devoted
to this issue [6, 8-13], but none of them fully re-
flects the overall picture. The purpose of this re-
view is primarily to present the results achieved
over the years by our group, as well as the lat-
est achievements of other groups. There are many
factors that influence the aggregation process, and
they can be divided into two main groups: (i) in-
ternal factors related to the intrinsic characteristics
of proteins and (ii) external/environmental factors
(Fig. 1). The first group refers to the properties of
a polypeptide chain, including sequence, ability to
resist mechanical forces (mechanical stability), aro-
maticity, charge, hydrophobicity, and population of
the so-called fibril-prone conformation (N*) in a
monomeric state [14]. The second group involves
external conditions that cause aggregation, such as
temperature, pH, salt concentration, and crowd-
ing. Here, we focus on the first group of factors,
namely the role of mutations, mechanical stability,
secondary structures, population of fibril-prone con-
formations, etc.

2. Intrinsic factors

2.1. Impact of mutations on aggregation and
toxicity of AS

Alzheimer’s disease (AD) is a multifactorial dis-
ease with 70% genetic and 30% environmental
causes. Among genetic factors are genes associated
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with a family history of the disease: familial AD
(FAD) and sporadic AD (SAD). Amyloid precursor
protein (APP), presenilin 1 (PSEN1), and prese-
nilin 2 (PSEN2) genes are responsible for the occur-
rence of FAD, while the apolipoprotein E (APOE)
gene is responsible for SAD.

We focus on mutations of AS peptides, which are
related to FAD because these peptides are cleaved
from APP by (- and 7-secretases. Mutations can
change the morphology of aggregates and toxicity
(Table I [15-45]), and their study is, therefore, im-
portant for understanding the molecular mechanism
of AD.

Experimental [30, 46-49] and theoretical [50-57]
studies revealed that mutations in the turn region
such as Flemish (A21G), Dutch (E22Q), Italian
(E22K), Arctic (E22G), Iowa (D23N), and Osaka
(E22A, remove glutamic acid) mutants can change
aggregation properties. While most of them enhance
the toxicity and self-assembly of Aj3, the Flem-
ish mutant reduces not only the aggregation rate
but also toxicity of Afs and Afse [30, 31, 58].
AB40(A21G) behaves like the wild-type (WT), but
with a slower expansion phase [58]. In line with
the conclusion of Betts et al. [58], Murakami et
al. [31] observed that the aggregative potency of
the Flemish mutant was lowest among the mutants
at the 21-23 region, and the thioflavin (ThT) dye
fluorescence of this peptide was weaker than WT.
In contrast to A21G, Ap4(E22G) is more neuro-
toxic and aggregates faster than the wild-type dur-
ing both the lag phase and saturation phase. The
Arctic mutation also changes the formation of A 540
wild-type (AB40-WT) from network-like to annular
protofibrils [31, 59]. In AfB4, the E22G mutation
aggregates slightly slower than WT but increases
protofibril formation [31, 32, 59]. In addition, Lo et
al. [33] have shown that Arctic (E22G) mutation
increases the aggregation rate of AS in micelle so-
lution by decreasing helical structure in the 15-25
segment. Liang et al. [34] studied the three-point
mutation of Afs (L17A/F19A/E22G) and found
that AB4(E22G) can reduce the toxicity when com-
bined with L17A and F19A by reducing the 5-
content and by enhancing the a-helix structure.



Key Factors Controlling Fibril Formation of. ..

Mutations of AS peptides and their effect on aggregation rate, toxicity, and aggregate morphology. TABLE I
. Aggregation ..
Mutation Reference rate Toxicity Morphology
AB4o(D1Y) Maji et al. [15] reduce reduce oligomer long, unbranched
fibrils with smooth margin
AB42(D1Y) Maji et al. [15] reduce reduce oligomer long, unbranched
fibrils with smooth margin
AB4o(DIE-A2V) Qahwash et al. [16] reduce increase short protofibrils
(slightly)
AB42(A2F) Luheshi et al. [17] increase increase
AB(pE3-42) Jawhar et al. [18] increase increase
ABao(A2V) Di Fede et al. [19] increase increase straight, unbranched,s
8-nm-diameter fibril
ABa2(A2V) Di Fede et al. [19], increase increase annular oligomer
Messa et al [20]
AB10(A2T) Jonsson et al. [21], reduce reduce
De Strooper et al. [22]
ABa2(A2T) Jonsson et al. [21], reduce reduce
De Strooper et al. [22]
AB40(H6R) Janssen et al. [23], increase increase
Hori et al. [24]
AB42(H6R) Janssen et al. [23], increase increase
Hori et al. [24]
AB4o(D7H) Hori et al. [24] increase increase mature fibril
AB42(D7H) Hori et al. [24] increase increase oligomer
AB4o(DTN) Hori et al. [24], increase increase
Wakutani et al. [25],
Ono et al. [26]
AB42(DTN) Hori et al. [24], increase increase
Wakutani et al. [25],
Ono et al. [26]
AB42(E11K) Zhou et al. [27] increase increase
AB42(K16N) Kaden et al. [28] increase reduce random globular structures
AB4o(K16N) Kaden et al. [28] increase increase random globular structures
AB1o(K16A) Kaden et al. [28], reduce reduce long unbranched fibrils
Sinha et al. [29]
AB42(K16A) Kaden et al. [28], reduce reduce
Sinha et al. [29]
AB40(K28A) Sinha et al. [29] reduce reduce Long unbranched fibrils
AB42(K28A) Sinha et al. [29] reduce reduce
AB10(A21G) Hendricks et al. [30], reduce reduce
Murakami et al. [31]
ABa2(A21G) Hendricks et al. [30], reduce reduce
Murakami et al. [31]
AB40(E22Q) Murakami et al. [31] increase increase ribbon-like structure
AB42(E22Q) Murakami et al. [31] increase increase
AP0 (E22G) Murakami et al. [31], increase increase annular protofibril
Nilsberth et al. [32],
Lo et al. [33]
AB42(E22G) Murakami et al. [31], increase increase
Nilsberth et al. [32],
Lo et al. [33]
AB40(E22G-L17A-F19A) Liang et al. [34] reduce reduce
ABao(E22A) Ovchinnikova et al. [35], increase increase
Berhanu et al. [36]
ABa2(E22A) Ovchinnikova et al. [35], increase increase
Berhanu et al. [36]
ABa0(E22K) Murakami et al. [31] increase increase
ABa2(E22K) Murakami et al. [31] increase increase
AB40(D23N) Murakami et al. [31], NA increase
Qiang et al. [37]
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TABLE I cont.

Mutation Reference Aggi(;%:tlon Toxicity Morphology
AB42(D23N) Murakami et al. [31] reduce increase
AB42(G25L) Fonte et al. [38], NA reduce
Hung et al. [39]
AB42(G29L) Fonte et al. [38], NA reduce
Hung et al. [39]
AB42(G33L) Fonte et al. [38], increase reduce oligomer
Hung et al. [39],
Decock et al. [40]
AB42(G37L) Fonte et al. [38], NA reduce
Hung et al. [39]
AB(G33L-G38L) Decock et al. [40] increase oligomer NA oligomer
AB42(G33A) Hameier et al. [41] increase reduce
AB42(G33I) Hameier et al. [41] increase reduce
AB4o(A30W) Estrada-Rodriguez et al. [42] NA reduce
AB4a2(A30W) Estrada-Rodriguez et al. [42] NA reduce
AB40(M35C) Estrada-Rodriguez et al. [42] NA reduce
AB42(M35C) Estrada-Rodriguez et al. [42] NA reduce
AB42(G37V) Thu et al. [43] NA reduce ellipse-like
AB42(V36P-G37P) Roychaudhuri et al. [44] reduce reduce
AB40(G33V-V36P-G38V) Roychaudhuri et al. [44] increase increase
AB42(G33V-V36P-G38V) Roychaudhuri et al. [44] increase increase
141K, A42R, 141D-A42Q, Kim et al. [45] reduce NA
141D-A428S, 141H-A42D,
[41E-A42L, T41TH-A42N,
[41T-A42N, 141T-A42Q,
[411-A42N, T41Q-A42Y,
[41Q-A42L, T41T-A42M,
T41T-A421, T41K-A42L,
I41R-A42R

In experimental work on E22(Q) mutation, Miravalle
et al. [60] have shown that after 24 hours of incuba-
tion in ThS dye, only AB40(E22Q) peptide revealed
the presence of short filaments with a ribbon-like
structure, whereas WT and E22K peptides did not
show any presence of the fibrous state. In addition,
E22Q has the highest amount of S-structures with
the contribution of S-sheets and S-turns. Murakami
et al. [31] also revealed that AfB43(E22Q) has the
strongest aggregation in the 21-23 region in com-
parison to WT, Italian, Arctic, and Iowa mutants.
Thus, the Dutch (E22Q) mutation was considered
the most toxic in the 21-23 region [31, 60]. Sim-
ilarly to E22Q), Italian (E22K) mutant aggregates
faster than WT and has more toxicity for both A9
and Afys [31, 60]. These results support the clini-
cal evidence that patients with Dutch and Italian
mutations are diagnosed with hereditary cerebral
hemorrhage with amyloidosis (HCHWA). Another
D23N mutation in the turn region, studied by nu-
clear magnetic resonance (NMR) spectroscopy by
Qiang et al. [37], shows the fibril morphology with
the cross f structure. Murakami et al. [31] have
shown that AB42(D23N) (Iowa) mutant has a 2—
3-fold more potent cytotoxicity and slightly slower
aggregation rate than wild-type AfS4s. Deletion of
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glutamic acid at residue 22, i.e., E22A mutation,
increases the aggregation rate of AB4 and ApB4
peptides, and this mutation is also more toxic than
WT [35]. Berhanu et al. [36] have shown that the
fibril structure of E22A is more stable than WT.
Glutamic acid (E) is an important amino acid, be-
ing acidic polar with a negative charge. When E is
substituted by Q or G (neutral amino acids), the
primary structure of A changes and the secondary
structure also changes, resulting in the enhance-
ment of toxicity. Therefore, decreasing the negative
charge at residues 22, 23 of AJ can increase the ag-
gregation rate and toxicity of this peptide. Electro-
static interactions in this region play an important
role in the thermodynamic stability and neurotoxi-
city of Ag [61, 62].

Previous studies have shown that the N-terminus
region (residues 1-8 of Af4 and 1-16 of ABys) is
disordered in the fibril state [63-66]. NMR spec-
troscopy studies revealed that the fibril structure
of AfB4 forms the parallel [-sheet like a “hair-
pin” [63, 65, 67, 68], and the hydrophilic turn re-
gion bends to form the U-shape. Some simulations
ignored the N-terminus segment, considering only
the 17-42 segment of A5 or 9-40 of Ay [69, 70].
However, experimental studies of the whole
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structure of Af, including the N-terminus region,
concluded that residues at the N-terminus region
are ordered and play an important role in the whole
sequence of Af and its toxicity [71-73]. The fibril-
lar structure of Af consists of three S-sheets form-
ing the S-shape [74]. Antibodies bound at the N-
terminus interact well with soluble and insoluble A3
species [75]. Thus, the N-terminal region plays an
important role in the A assembly, suggesting that
the binding of small molecules in this region may
inhibit the AS-induced toxicity [76].

The H6R (English) [23, 24], D7H (Tai-
wanese) [77], and D7N (Tottori) [24-26] mutations
were found to stabilize the secondary structure
of Aj, which enhances the aggregation rate [24].
Besides, ApB4(D7H) has a propensity to form
mature fibrils, while AfS45(D7H) prefers to form
oligomers [77]. Experimental studies revealed that
the D1Y mutation of AB4/AB4 slows the assem-
bly process [15], while the A2F mutation increases
its toxicity [17]. The two-point mutation DIE-
A2V influences the fibril morphology of Ay [16].
While ABy WT forms long fibrillar aggregates,
AB4(D1E-A2V) develops only protofibrillar mor-
phologies. Cellular toxicity assays indicated that
AB4(D1E-A2V) was slightly more toxic than A B4
WT to human neuroblastoma SHEP cells and rat
primary cortical and hippocampal neurons. Dele-
tion of the two first residues of A4 and the sub-
stitution of glutamic acid at the 3" position by
pyroglutamic acid, i.e., AG(pE3-42), is considered
a key factor in the pathology of AD because of the
high aggregation propensity of the mutant, its abun-
dance in AD brain, and cellular toxicity [18].

The FAD mutation AS40(A2V) causes an early
onset of AD [20]. It was revealed that A2V levels
up the aggregation kinetics of AfB49, but the mix-
ture of AfB,o wild-type and AB40(A2V) reduces the
toxicity of this mutation [19]. For the A S5 peptide,
the A2V mutation has a different fibril morphol-
ogy and increases the aggregation rate. The fibril
of AB42(A2V) has the prevalent content of annu-
lar structures with higher hydrophobicity and toxi-
city [20].

In contrast to A2V, the A2T mutation has a
strong protective effect, preventing cognitive decline
in the elderly without AD [21, 22]. The A2T mu-
tation is located at the second residue in the Af
peptide, corresponding to residue 673 in APP and
nearby [-secretase (residue 672 in APP, see Fig. 2).
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A2T, A2V, E11K mutations and secretase cleavage sites [27].

Zhou et al. [27] studied E682K mutation (site
of B’ enzyme in Fig. 2) on APP, corresponding
to E11K on Apfss. They showed that E11K en-
hances the formation of AS from APP by 3, 5,
and v enzymes [27] (Fig. 2). Therefore, individu-
als having this mutation can get AD at age 49-53,
i.e., earlier than others [27]. Kaden et al. [28] re-
ported that the K16N mutation (site of enzyme «
in Fig. 2) enhances the toxicity of A when mix-
ing K16N and WT. The aggregate of this mutation
has an oligomeric structure of various sizes. Replac-
ing K with A at residue 16, the K16A mutation
reduces the toxicity of AS by changing the mor-
phology of aggregates and increasing the content of
the a-structure [28, 29]. Sinha et al. [29] studied
the K28A mutation, showing that the substitution
of lysine by alanine inhibits A3 toxicity. In addition,
the K28A mutation reduces the process of conver-
sion in the secondary structure and enhances the
random coil structure. These observations support
the hypothesis that Lys28 stabilizes the nucleation
phase in the fibrillization process proposed by Lazo
et al. [78].

The C-terminus region (residues 31-40/31-42) of
Ap is stable and plays a key role in aggregation
and binding with other ligands [79, 80]. Thus, mu-
tations in this area are of great interest. The glycine
zipper motif at the C-terminus, including glycine at
residues 25, 29, 33, 37, can influence the transforma-
tion of a random helix or a-helical structure into a
[B-sheet and, therefore, fibril formation. Destabiliz-
ing this structure by mutations is an effective way to
study its role [38—41]. Mutants G25L, G29L, G33L,
and G37L, where glycine was replaced by leucine,
were shown to be less toxic than AS4 WT in mouse
primary cortical neurons [39]. Research by Fonte et
al. [38] supports this idea; in particular, G37L re-
duces the toxicity of A5 in all models tested. The
G33L mutation enhances the oligomer structure of
A [41], but when mixed with G38L, this effect be-
comes weaker [40]. Thu et al. [43] replaced glycine
with valine at residue 37 and found that the G37V
mutation did not change the rate of aggregation but
reduced the toxicity and changed the fibril morphol-
ogy from network to ellipse-like shape.

In witro and in vivo experiments showed that
ApB4o oligomers with the replacement of glycine
33 by isoleucine and alanine are much less toxic
than A4, WT [41]. In addition, mutations G33A
and G33I promoted aggregation by increasing the
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Fig. 3. Initial structure for MD simulation of

AB4o-WT and I41H-A42N mutation; mutated
residues are in red (panel a). Dependence of the
logarithm of the relative aggregation rate on [-
content; the red circle refers to WT. Linear fit is
y = —1.534+0.071z (R = 0.80) (panel b) [83]. Ref-
erences to experimental data shown in this figure
can be found in [83].

population of large oligomers (16- to 20-mers) at
the expense of small oligomers (2- to 4-mers). Re-
cently, Rodriguez et al. [42] have studied one-point
mutations K28A, A30W, and M35C on the 25-35
segment of AS. They have found that fibril forma-
tion was more dependent on the primary sequence
of peptides than on their length. Mutations A30W
and M35C reduced toxicity by the reducing pro-
duction of reactive oxygen species (ROS) but did
not affect the aggregation rate. Thus, the primary
sequence is most important for the cytotoxicity
of Ag.

In another study, Roychaudhuri et al. [44] found
that the S-hairpin motif with a g-turn at residues
Val36-Gly37 is highly populated in ApB3;_4o but
does not exist in AfB31_40. In addition, the three-
point mutation G33V-V36P-G38V (VPV) levels up
the S-turn and S-hairpin content at the C-terminus,
increases cytotoxicity, and alters the aggregate mor-
phology. The VPV mutation makes A B4 oligomer-
ization as fast as AfB4o, while AB4s becomes “su-
per AB4o”. In contrast to VPV, the V36P-G37P
two-point mutation of AfS4s produces ApB4o-like
oligomers instead of forming hexamers and dode-
camers. This study showed that the V36P-G37P
mutation leads to the abolishment of S-turn for-
mation at residues 36-37 and reduces the -content
and toxicity of AB4s [79]. Linh et al. [81] performed
all-atom molecular dynamics (MD) simulations of
the full-length A5y and AS, and obtained results
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different from those of Roychaudhuri et al. [44],
indicating that the VPV mutation promotes the
S-turn structure at residues 36-37 but is insuffi-
cient to make A4 (VPV) oligomerization to be-
come like AB42 WT [81]. Besides, the S-hairpin mo-
tif at residues 36-37 present in AB4 WT does not
appear in AB4(VPV).

Kim et al. [45] synthesized mutants by replac-
ing 141 and A42 with less hydrophobic amino acids.
They showed that substitution of these residues
with negatively charged hydrophilic amino acids
(141D-A42Q, 141D-A42S, 141H-A42D, 141E-A42L),
neutral hydrophilic amino acids (HN, TN, TQ,
LN, QY, QL, TM, TI), or positively charged
residues (I41K, KL, RR, A42R), slows aggrega-
tion. Thus, the last two residues, namely 141 and
A42) play an important role in the aggregation
process and toxicity of AfBss. Table I shows muta-
tions in AS peptides and their impact on various
properties.

2.2. Beta-content in monomeric state

The influence of secondary structure on the ag-
gregation rate of protein was studied indirectly by
Chiti et al. [82] by finding the effect of the free
energy change in conversion from the a-helix to
B-sheet conformation (AAG). The equation repre-
senting the correlation between the combination of
AAG, the change in hydrophobicity (AHydr), and
the change in charge (ACharge) with the aggrega-
tion rates for the mutant k,,,; and the wild-type

Kt 18 [82]
) = AAAG + BAHydr + C ACharge.

i -

By choosing the appropriate fit parameters A, B,
and C, a high correlation between these quantities
was found. Recently, Thu et al. [83] have calculated
the S-content of 19 mutations of A4 using replica
exchange molecular dynamics simulation in implicit
water. They showed that the experimentally mea-
sured aggregation rate x depends on the calcu-
lated S-content in monomeric state kK = kg exp(cf),
¢ = 0.071 with the correlation level R = 0.80
(Fig. 3b). Thus, the higher the S-propensity, the
faster formation of fibrils. It would be interesting to
test this conclusion on other systems.

Rmut
Rat

2.3. Population of fibril-prone state
in monomeric state

It is known that in the monomeric native state,
the protein is compact, and in the fibrillar state,
it forms an expanded [-structure, which is called
the fibril-prone state IN*. Consequently, N* is
an excited state in the energy spectrum of the
monomer [84]. In lattice models, for a chain with
a sufficiently small number of beads, it is possible



Key Factors Controlling Fibril Formation of. ..

(@)

/_\

Fast Aggregation <> High Kinetic Stability <= High Mechanical Stability

(b)

Fig. 4.

Rupture Force

>

Extension

(a) Relationship between aggregation rate, kinetic stability, and mechanical stability of the fibril state.

(b) Pulling a chain from the fibrillar structure to probe its mechanical stability. (c) Force-extension profile

with the rupture force defined as Fiax.

to perform an exact search of all possible conforma-
tions and find the full energy spectrum. The fibril-
prone state population is then defined as

1 (_EN*),

Py- = —
N FPNTILT
N
2= e BT,
i=1

y 2)

3)

where Z is the partition function, Fy~ is the en-
ergy of the N* state, F; is the energy of the i-th
state, and NN is the total number of states. How-
ever, in most cases (continuum models or lattice
models with long chains), the exact energy spec-
trum cannot be found, and (2) cannot be used to
calculate Pp-. In this situation the population of
fibril-prone state is approximately estimated using
simulations. Namely, Py~ is defined as the time of
the appearance of the N* state during the entire
simulation divided by the total simulation time.

Li et al. [14] proposed that the higher the pop-
ulation, the faster the rate of fibril formation. The
rationale for this hypothesis is that the N * state can
serve as a template for fibril formation, and its high
population will promote this process. Using the toy
lattice model [84], it was shown that the fibril for-
mation rate decreases exponentially with increasing
PN*7

i ~ exp(—cPy.),

(4)
where the constant ¢ depends on the studied models
and systems. The validity of the N*-theory (see (4))
has been confirmed for all-atom [85] and off-lattice
coarse-grained models [86]. Recently, using the
coarse-grained self-organized polymer-intrinsically
disordered protein (SOP-IDP) model [87] and MD
simulations, Chakraborty et al. [88] have shown that
P+ of ABys is larger than that of AB4g, which indi-
cates that, in agreement with experiment [89], the
former aggregates faster than the latter due to the
two terminal hydrophobic residues. It was shown
that the population of the IN* state depends on
the morphology of fibrils, implying that the shape
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of the aggregate depends on the time of its forma-
tion. In other words, the IN*-theory ascertains that
fibrillar polymorphism is time-dependent or under
kinetic control [90]. Assuming that the fibril for-
mation obeys Ostwald’s rule, which states that the
least stable polymorph would form first, followed
by a subsequent transition to a more stable form,
Chakraborty et al. [88] predicted that the S-bend
A 349 fibril is more stable than the U-bend form, as
the latter forms faster.

2.4. Mechanical stability of the fibril state

Kouza and co-workers [91] proposed a new defi-
nition of the kinetic stability (Gy;p) of the fibrillar
state based on the probability (Py;) of reaching the
fibrillar configuration, i.e.,

Gfib = —kBTln(Pfib), (5)

Trib = exp (a Grp) - (6)
Their computational study also indicated that the
fibril formation time (7y;) showed no clear correla-
tion with the fibril state energy (Ey;) or the free
energy of the system. Instead, 7y; displayed an ex-
ponential dependence on G;, (see (6)). This rela-
tionship between G ; and ¢4 can be interpreted
as evidence that the kinetic stability of the fibril-
lar state correlates with the rate of fibril formation.
Moreover, this relationship can be qualitatively un-
derstood using the framework shown in Fig. 4a. On
the one hand, the higher the mechanical stability,
the higher the kinetic stability, determined by (5).
On the other hand, the higher the kinetic stability,
the faster the aggregation occurs. Consequently, the
higher the mechanical stability of the fibrillar state,
the faster the fibril formation.

The mechanical stability of the fibril can be ac-
cessed using steered molecular dynamics (SMD)
simulations [91]. Namely, this mechanical stability
can be characterized by the rupture force or the
maximum force in the force-extension/time profile
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obtained by pulling a single chain from the fibril
structure (Fig. 4b and c). Using all-atom models
to calculate mechanical stability and fibril forma-
tion time for short peptides such as KLVFF and
FVFLM, the relationship between these two quan-
tities was confirmed [91]. AS42 has been experimen-
tally shown to form fibril faster than AS40 [71, 89],
which is consistent with SMD simulations that the
former is mechanically more stable than the lat-
ter [91]. By performing all-atom SMD simulations
for 20 ApBs mutants whose aggregation rates are
known from experiments, Thu and Li [92] obtained
clear evidence that the aggregation rate correlates
with the mechanical stability of the fibrillar struc-
ture. Since calculating fibril formation times for rel-
atively large proteins using all-atom models is com-
putationally prohibitive, this relationship is very
useful as it allows us to estimate 7¢;; from the rup-
ture force, which can be easily obtained from SMD
simulations.

3. External factors

The process of protein folding, which involves
the transformation of proteins into their three-
dimensional functional conformations or native
states, serves as a core principle in structure bi-
ology. However, proteins are also prone to adopt-
ing energetically preferential aggregated configura-
tions, a phenomenon known as protein misfolding
or aggregation. Numerous variables, including the
inherent characteristics of the proteins, the envi-
ronmental physical conditions, or the overcapacity
of the regulatory systems, potentially influence this
process. Figure 1 illustrates the standard external
factors that contribute to the protein aggregation
process.

3.1. Temperature

Thermal variations have a significant impact on
the process of associating monomers into higher-
ordered structures [9, 93, 94]. A significant enhance-
ment in the aggregation rate of A-lactoglobulin
was observed as the temperature shifted from 30
to 50°C [95]. The temperature range of 29-45°C and
4-40°C was reported to elicit an acceleration in the
nucleation and elongation phases of self-assembly
for AB peptides [96, 97]. Elevated temperatures can
cause the protein to deviate from its native con-
formation, resulting in partially or fully denatured
states in which hydrophobic regions are exposed to
the solvent environment. The presence of such hy-
drophobic cores, as a result of thermal denatura-
tion, increases the likelihood of intermolecular in-
teractions between proteins, leading to the acceler-
ation of the aggregation process [98, 99]. It is note-
worthy that a specific subset of proteins exhibits a
phenomenon known as cold-induced denaturation,
where the stability of the native structure is lost at
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Fig. 5. U-shape dependence of aggregation time
on temperature (a) and confined volume (b). The
fastest aggregation occurs at Tmin and Viin.

low temperatures, resulting in the acceleration of
the condensation process [100, 101]. Self-assembly
of ribosomal protein L9 occurs faster at 4°C than
at 25°C [101]. The reduction of temperature from 37
to 5°C catalyzed the monoclonal antibody aggrega-
tion [102]. The adherence of temperature-dependent
rate of aggregation of certain proteins to the tradi-
tional Arrhenius law was observed within a narrow
temperature range [103-105]. Nevertheless, the Ar-
rhenius law may not govern the behavior of proteins
within a wider temperature range [94, 106-109].
The complex effect of temperature on pro-
teins, both direct and indirect, influences the self-
assembly process in multiple ways. However, in gen-
eral, the temporal dependence of aggregation on
temperature can be understood as the trade-off be-
tween the entropy and energy of the studied sys-
tem, which is typically characterized by a U-shaped
form (Fig. 5a). The minimum aggregation time is
attained at the optimal temperature (Ti,i,) that
corresponds to the highest rate of aggregation [110].

3.2. Protein concentration

The concentration of proteins plays a pivotal role
in modulating protein aggregation propensity be-
cause it significantly influences both the intermolec-
ular distances and the interaction among protein
molecules. The critical concentration is defined as
the concentration above which protein self-assembly
occurs. This concentration depends on the spe-
cific type of protein and typically fluctuates within
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the micro-molar to nano-molar range in biophys-
ical conditions. Polyglutamine (polyQ) [111], -
ovalbumin [112], and a-synuclein [113] initiate their
self-assembly at respective concentrations approxi-
mating 3 uM, 7 uM, and 0.7 uM. For AB45 and AfByg
peptides, their assembly thresholds are in the pyM
range [114, 115] and could potentially reach nM lev-
els [116]. Furthermore, an increase in monomer con-
centration results in a decrease in both the lag time
as well as the overall time required for aggregation
owing to the intensification of collision frequencies
among the monomers [113]. Nevertheless, high pro-
tein concentration can result in the retardation of
aggregation [117, 118] due to the trade-off between
on-pathway and off-pathway oligomers [119].

In the case of protein self-assembly via the pri-
mary nucleation mechanism, the relation between
characteristic times 77 (for instance, lag time or
half time) and the concentration c is represented by
T & ¢~ (Met1)/2 120, where n,. is the size of the
critical nucleus. It is worth noting that a distinct
dependence on concentration has been discerned in
the scenario of secondary nucleation [121].

3.3. Pressure

High hydrostatic pressure exerts influences on the
conformation of proteins, the interactions between
proteins, and the formation of polymers or aggre-
gates through volume modifications [122]. Some
studies suggested that the volumetric fluctuation
arising from the exclusion of water from internal
cavities [123, 124], the hydration of hydrophobic
surfaces [125], the dissociation, and the rupture of
associated ion-pair interactions [126] are the un-
derlying causes of pressure-induced protein unfold-
ing and may have a consequential impact on pro-
tein aggregation rates under high-pressure condi-
tions [127-129].

3.4.pH

The acidity of a solution (pH) plays a role in the
charge density of the protein surface. A highly acidic
pH environment causes a concentration of similar
charges on the surface of peptides, leading to strong
repulsion and hindering the self-assembling of pep-
tide molecules. For instance, the formation of salt
bridges between Lys28 and Asp23 is prevented due
to the neutralization of residue Lys28 at pH levels
greater than 9.5, resulting in the inhibition of the
self-assembly of peptides AfB4o [130]. Generally, the
tendency for protein to aggregate increases at pH
values near the isoelectric point of the protein [131].

3.5. Ionic strength

The kinetics of protein aggregation, as well
as the morphological characteristics of aggregated
products, are significantly influenced by the ionic

S29

strength of the surrounding medium. Multiple de-
position forms of a-synuclein were noted by Hoyer
et al. [132] within NaCl and MgCly solutions.
Amyloid fibrillogenesis of B-microglobulin was af-
fected by the addition of anions SO?[, Cl—, I,
ClO; to the solution [133]. Other investigations
have explored the impacts of ionic strength on
the propensity for aggregation in proteins such
as S-lactoglobulin [134], islet amyloid polypeptide
(TAPP) [135], AB4o [136], or AB4o [137].

3.6. Salts

In solution, the binding of unpaired charged
residues or backbones of proteins with the cations
and anions generated from salt dissolution can lead
to alterations in protein structures and protein dis-
solution capacity or affect inter-protein interactions,
thereby influencing the propensity for protein self-
assembly [138-140]. Adding salt ions to the solu-
tion of HCA II at temperature 328 K switched
HCA 1I aggregation behavior from a monophasic to
a biphasic mechanism [141]. The competitive for-
mation of amyloids versus amorphous aggregates
was observed by Adachi et al. [142] as they were
studying the effect of varying NaCl concentration on
the aggregation rate of fSs-microglobulin — bovine
serum albumin kinetics changed from downhill to
nucleation-dependent kinetics in the presence of
guanidinium hydrochloride (GdmCl) and CaCls in
the studied solution [143]. NaCl can increase the
rhGCSF aggregation rate [144], yet it can also im-
pede the self-assembly capacity of the recombinant
factor VIII SQ [145].

3.7. Crowding and confinement

Protein misfolding and aggregation occur in an
environment that includes a variety of components
called crowders. In biological organisms, crowders,
including proteins, sugars, lipid membranes, chap-
erones, nucleic acids, collagen, and others, can ac-
count for up to 40% of living matter [146-148].
In witro settings, crowders can be artificially in-
troduced substances such as nanoparticles [149] or
polymers [150]. Crowders can speed up the self-
assembly process of proteins, which is primarily ex-
plained by their volume exclusion effect, which nar-
rows the spatial region available to proteins and
thereby reduces their entropic cost [151-155]. In
contrast, in a densely populated environment with
sufficiently small particles, the aggregation process
may be slowed due to diffusion restrictions imposed
on peptides by crowders [149, 156, 157] or the poten-
tial deformation of proteins from their aggregation-
prone states [158].

Often intertwined in discussions due to their
strong correlation, crowding and confinement are
distinct yet related concepts in protein aggregation.
Crowding refers to the densely populated milieu
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in which the aggregation occurs, whereas confine-
ment addresses the association of proteins within
the fixed or rigid structures, which may include
chaperones, ribosome exit tunnels, or cytoskele-
ton [159]. The interplay between entropy and energy
in proteins manifests as a U-shaped curve repre-
senting the dependence of protein aggregation rate
on confined volume (Fig. 5b). In highly confined
spaces, the restriction of the conformational entropy
of proteins prevents them from reaching an optimal
energy state, hence significantly elongating the ag-
gregation time. Conversely, as the volume of con-
finement increases, the protein conformational en-
tropy experiences a sharp increase, which in turn
leads to a slowdown in the aggregation process [156].

3.8. Foreign surfaces

The phenomena of protein aggregation are not
limited to solution environments but are also ob-
served under various surface conditions. Although
the presence of foreign surfaces can be perceived as
crowding agents, their role extends beyond the tra-
ditional crowding concept, which primarily captures
the global effects of the environment on protein self-
assembly. Indeed, the influence of foreign surfaces
on protein aggregation has received considerable
attention due to their wide range of applications

spanning drug discovery, new materials develop-
ment, and polymer science [160-162]. Foreign sur-
faces can potentially expedite the aggregation pro-
cess; numerous lipid membranes, for instance, have
been observed to catalyze fibril growth [163-165].
Other examples include mica and glass surfaces,
which have been reported to act as catalysts in the
fibrillation of a-synuclein [166] and ASig_22 [167].
Conversely, certain external surfaces may have a
suppressive influence on the assembly of amyloid
fibrils; in particular, the deposition of TAPP was
notably inhibited in a milieu containing surfaces
coated with polymeric nanoparticles [149], as well
as the self-assembly of AfBys into fibril-like struc-
tures was slowed down by protein-coated surfaces of
graphene oxide [168]. Additionally, the interaction
between proteins and surfaces could extend to the
modification of fibril morphology [169, 170], some-
times up to the complete alternation of their fibril-
lar structures [171]. Furthermore, the aggregation
propensity of proteins has been demonstrated to
be sensitive to changes in surface topography [172]
and the degree of surface roughness [173, 174], high-
lighting the intricate and subtle nature of protein—
surface interactions.

Applying a simple lattice model for investigating
the aggregation of 8-bead chains on both smooth
and rough surfaces (Fig. 6a), Co and Li [174]
proposed a general scheme for understanding the

S30



Key Factors Controlling Fibril Formation of. ..

self-assembly in the presence of foreign surfaces.
They found that due to the trade-off between en-
tropy and energy, a moderately absorbing smooth
surface promoted protein aggregation, while weakly
and strongly absorbing surfaces hindered the pro-
cess (Fig. 6b). For rough surfaces, both weakly and
highly absorbent surfaces tended to increase the du-
ration of the aggregation process (Fig. 6¢). However,
moderately absorbent surfaces showed a dual effect,
i.e., at higher roughness levels, these surfaces in-
hibited protein deposition, whereas at lower rough-
ness levels, they catalyzed the aggregation process
(Fig. 6d).

3.9. Other external factors

Here we list other external factors that are not
discussed in this review: oxidative stress [175, 176],
organic solvent [177], ligands [178], freezing [179],
thawing [180], metal ions [181, 182], UV illumi-
nation [183], drying [184], pumping [185], sur-
factants [186], biopolymer [187], interface- and
mechanical-force-mediated amyloid formation [188].

4. Conclusions

In this review, we have focused on new devel-
opments related to intrinsic and external factors
that can influence protein aggregation. For many
decades, protein folding research has been domi-
nated by the assumption that thermodynamics de-
termines protein structure and function. However,
recent experimental evidence supports the newly
emerging paradigm of non-equilibrium control of
protein behavior [189]. Specifically, the speed of
synthesis of proteins in the ribosome greatly influ-
ences their properties, mRNA sequence evolution,
and disease. Consequently, studying the effect of
translation kinetics on protein misfolding, aggrega-
tion [190], and related diseases will be of great in-
terest in the near future.

The relationship between viruses and amyloids is
attracting more attention. A aggregation, for ex-
ample, was found to be promoted by the HSV-1
viral corona both in vitro and in vivo [191]. The
SARS-CoV-2 nucleocapsid protein (N protein) ac-
celerates S fibrillation through electrostatic inter-
actions, inducing cell death [192]. It has been shown
that SARS-CoV-2 proteins can also form aggregates
in isolation [193, 194], and similar results have been
obtained for other virus species, such as the Hendra
and Nipah viruses [195]. Based on the observation
that human amyloids can interact with viruses, in-
terfering with their replication, protein aggregation
has been proposed as a strategy to discover new an-
tiviral agents [196]. Thus, identification of the un-
derlying factors that control virus—amyloid interac-
tions is an important research direction in life sci-
ences.
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Finally, the main topic of this review resonates
with the work of Professor Marek Cieplak on pro-
tein droplets, amyloid glass phase in systems of dis-
ordered homopeptides [197], and liquid-liquid phase
separation [198]. The mechanical stability of fibrils
discussed here is related to the protein and capsid
stability studied by M. Cieplak et al. [199, 200] us-
ing simple Go models. His work in this direction had
a high impact on the computational community be-
cause it showed that many important results could
be obtained with simple models that did not require
time-consuming simulations. In particular, his con-
tributions influenced the development of some of the
ideas presented in this article.
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