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discordant spherical micelle, F — amyloid form with linear propagation of bands of
different hydrophobicity level (low influence of water environment — path 2). Path
3 — possible transformation of globular form to amyloid form. Dashed line — path
not observed however the search of reverse transformation highly expected for therapy.

Schematic depiction of alternative folding pathways, depending on the influence of
the aqueous environment.

Path 1: transition between the unfolded structure (A) and an ordered form condi-
tioned by the influence of water (micelle-like structure; B)

Path 2: weak influence of the external force field results in the folding process being
dominated by the intrinsic properties of each residue, and — consequently — in linear
propagation of bands characterized by variable hydrophobicity (F)

Path 3: amyloid transformation resulting from a decrease in the influence of the
aqueous environment.

Path 3 (dashed line): hypothetical reverse transformation of an amyloid form into a
globular form.

C, D, E — various local deformations in the structure of a micellar hydrophobic
core.

G, H, I — various linear patterns depending on the sequence of the polypeptide.

This chapter discusses the potential for structural transformation represented by the
dashed line (reverse path 3).

Summarizing all the collected results, we can state that the spontaneous
process caused by the influence of the aqueous environment upon molecules
characterized by variable hydrophobicity produces a concentration of hy-
drophobic residues at the center of the protein body, along with the corre-
sponding exposure of hydrophilic residues on its surface (Chapters 1 and 2).
Using antifreeze and fast-folding proteins as examples, we provide evidence
of protein structures which resemble near-perfect spherical micelles. The
role of a prominent hydrophobic core is particularly evident in the case of
fast-folding proteins, which — when unfolded — are capable of near-
instantaneous reversion to their native form. It appears that this process is
driven mainly by hydrophobic interactions. The information content of
such proteins may be regarded as low, given their highly ordered, symmet-
rical structure (Chapters 3 and 4.). Recreating such a structure following dis-
ruptions should be relatively easy — this determinism is therefore important
for the proteins’ functional properties (Chapter 5).

Our analysis of lysozymes, ribonuclease and other proteins shows that a
hydrophilic sheath encapsulating a hydrophobic core is consistent with the
theoretical distribution of hydrophobicity, and also with the structure of a
spherical micelle. We may conclude that the sheath forms naturally, as a
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result of interaction between the polypeptide chain and the aqueous envi-
ronment. With regard to single-chain enzymes, we note that they also
resemble spherical micelles — at least to a substantial degree. The discussed
examples show that some polypeptide chain of certain amino acid sequence
are not able to generate the spherical micelle. This disability coded in amino
acids sequence appears to be responsible for specific discordance. This spe-
cific discordance appears to carry information determining the biological ac-
tivity of discussed protein (Chapter 6).

In the case of local deviations from the theoretical distribution of hydro-
phobicity, these may manifest either as deficiencies — typically correspond-
ing to binding cavities (e.g. in the case of enzymes, as discussed above) — or
local excess, which is particularly noteworthy if it occurs on the surface.
Both types of deviations encode information required to attract a bind a spe-
cific ligand (in the former case) or form a complex with another protein (in
the latter case).

The discordance appears to be coded in amino acid sequence.

Influence of protein on water environment

Encoding of information is also required in order to send signals out to
the environment. Variable properties of the protein surface — particularly
relation between polar and non-polar areas - may affect the structure of
the surrounding solvent, which differs (in subtle ways) depending on what
type of surface it remains in contact with. This effect can be observed on
the example of antifreeze proteins, which possess a wide range of signaling
capabilities — from a near-perfect micelle all the way to complex structures
which include solenoid fragments, representing ordered deviations from the
Gaussian distribution of hydrophobicity. The essential purpose of antifreeze
proteins is to dispatch signals to the environment in such a way as to prevent
formation of ice crystals. If the solenoid is capable of sending signals, why
wouldn’t other structures be able to do the same? (Chapter 7). Advantage
coming from fuzzy oil drop model is the possibility to measure all these ef-
fects in quantitative way.

The degree of complexity increases further when we consider proteins
which contain multiple discordant fragments (local excess or local defi-
ciencies). Many large proteins deviate from the monocentric distribution
of hydrophobicity because they consist of multiple domains. In such cases,
however, each domain, when analyzed on its own, is typically found to
adhere to the theoretical model, i.e. it resembles a spherical micelle with a
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prominent hydrophobic core. Assembling several domains produces a struc-
ture which — in its entirety — does not follow a Gaussian distribution of hy-
drophobicity. This effect is also a means of encoding information since the
placement of each component domain is precisely determined (Chapter 8).

One interesting example is provided by lyase, whose complex structure
appears to fulfill many conditions required for biological activity. In order to
support its mechanism of action, the protein generates an internal force field.
Which, when confronted with the surrounding environment, creates spe-
cific conditions facilitating the process of catalysis. The structure of this pro-
tein includes a fragment which guarantees solubility (parts of molecule
accordant with assumed model), despite the presence of fragments which
significantly deviate from the micelle-like conformation promoted by the
surrounding water (Chapter 8). The discordance versus the idealized 3D
Gauss distribution on the other hand influences the surrounded water
directing the water molecules ordering in a specific form. This influence ap-
pears to be quite complicated and differentiated in lyases (Chapter 7). The
force field present in protein molecule is not only influencing the water
environment. It is delivering the specific force field for catalytic reaction. So-
lenoid with linear order of hydrophobicity distribution in lyeases is isolated
from the water contact. Is seems to generate the specific local force field
which probably is necessary for catalytic reaction.

Information — regardless of quantity — encoded in each protein causes
fragments of the structure to deviate from the theoretical model while other
fragments remain consistent with the Gaussian distribution (and therefore
produce a micellar structure). It therefore seems more interesting to specu-
late about the structural properties of discordant fragments rather than of
fragments which conform to the model. The question of how a protein
chain reaches a conformation which includes discordant fragment may be
addressed in two ways: either the specific sequence of amino acids directly
encodes areas of discordance, or the discordance emerges as a result of infor-
mation coming from an external source. In either case, we may conclude
that no single, uniform and general method may be applied to all possible
protein structures to produce specialized, targeted biological activity. One
uniform procedure of optimization (energy minimization) seems not to be
sufficient to generate the order accordant with energy minimization on
one hand and local discordance on the other. The final structure seems to
be the result of specific consensus between internal force field (inter-
atomic interaction) with external force field (influence of environment)
(Chapter 2).
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The presented scale of structural complexity also includes molecular ro-
bots (Chapter 4). While no specific example is presented here, an analysis of
the GroEl chaperonin [1] is a very big construction with highly complex
structure may be found in Ref. [2]. The big amount of information neces-
sary in such case comes from — multi-chain (21 chains) and multi-domain
(14 chains — 3 domains each) construction. This “robot” is expected to
act as folding chamber. The structure of GroEl — highly symmetrical in
relaxed form — during performing its job looses its symmetry completely
[1]. The symmetry is necessary to find the way to return to the initial relaxed
form.

Some proteins — as shown in the Chapter 9 — require permanent pres-
ence of a complementary molecule which modulates the external force
field. In the absence of this chaperone (which provides additional external
information) the base structure reverts to an information-free state, i.e. to
a ribbonlike micelle. Ribbon-like structures may, in principle, be generated
for any sequence of amino acids in which strong fluctuations of hydropho-
bicity are confined to short fragments. Amyloid transformation may there-
fore be viewed as a process by which a structure which encodes information
converts to an information-free form. Analysis of amyloid structures listed in
PDB helps us establish specific criteria for identification of amyloids, as
explained in Chapter 10.

Solenoids, where bands of high and low hydrophobicity propagate in a
manner similar to amyloids, are found in biologically active proteins. In such
proteins, solenoids are typically equipped with additional structural elements
which counteract unchecked complexation and ensure solubility — these
“stop” fragments may be analyzed in order to devise new methods of pre-
venting formation of amyloid fibrils, as suggested in Chapter 11.

On the basis of the fuzzy oil drop model, we propose a set of criteria for
identifying amyloid structures — these include the presence of a linear
arrangement of alternating bands of high and low hydrophobicity, stretching
along the axis of the fibril. In terms of fuzzy oil drop model parameters, am-
yloid structures are characterized by high values of RD (for both: T-O-R as
well as for T-O-H) along with low (even negative) HvT and TvO correla-
tion coefficients and high HvO correlation coefficients. Altogether, these
values represent a specific type of discordance versus T, which may be
regarded as systemic — instead of the tendency to generate a hydrophobic
core, the polypeptide chain adopts an entirely different structural pattern.

If the above observations are correct, it becomes possible to identify frag-
ments which may promote amyloid transformation in properly folded
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proteins. In this publication, we focus on transthyretin, which is a known
amyloid precursor. Of course, the structure of transthyretin supplied by
PDB is not an amyloid — in order to become an amyloid, it must undergo
conformational rearrangement, which is a speculative process — however,
our point is that such rearrangement is not ruled out solely by the protein’s
structural properties (Chapter 12.).

In the authors’ opinion the presented model meshes well with the
observed properties of protein folding, as well as with pathological changes
which lead to mistolded proteins. Further studies of amyloidosis should, first
and foremost, acknowledge the structural properties of the surrounding me-
dium (i.e. water), which determines the properties of the external force field
and provides a ubiquitous background for processes occurring in living
organisms.

Influence of water environment on amyloid
transformation

The view expressed in this work is that amyloidogenesis, which — as it
turns out — does not always require chemical changes in the protein, results
from abnormalities in protein-water interactions. The aqueous solvent en-
ables the protein to achieve the correct fold and therefore become biolog-
ically active. Thus, analyses of misfolding phenomena should focus on the
structural properties of the solvent and the external force field generated
by it.
Specific facets of the problem which, in our view, merit attention

include:

1. Structural properties of pure water — lack of universal water force field
definition

2. Structural effects caused by addition of 0.9% of NaCl

3. Causative link between increasing concentrations of NaCl and reversible
denaturation of proteins

4. Phase boundary effects — structural properties of water surfaces and their
interaction with ambient air — this is related to the widely used tech-
nique of producing amyloids by shaking (which increases the phase
boundary surface area)

5. Effect of SDS on the structural properties of water (as opposed to its ef-
fect on proteins)

6. Effect of DMSO on the structural properties of water (as opposed to its
effect on proteins)
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7. Effects caused by exposure of hydrophobic surfaces — this research is
ongoing, and the presented work cites some available results [3—6].
The notion of “structural properties” refers to specific arrangement of

water molecules which gives rise to a continuous force field. It would be
useful to investigate potential intermolecular communication channels
which rely on enforcing a certain structural order (or disorder) in the
aqueous medium. This has already been attempted in the so-called iceberg
model [7—9], however, in the Authors’ view, a more comprehensive
approach is required.

If the presented model is based on correct assumptions, it can be applied
to design structures capable of arresting unrestricted propagation of amyloid
fibrils. By analyzing fragments which appear to perform this function in
certain active proteins, we can propose artificial “caps” — amphipathic he-
lices — capable of binding to the tip of the fibril (with the required speci-
ficity) and exposing a hydrophilic surface, thus preventing unchecked
growth [10,11], (Chapter 11). The amphipatic character of stoppers is not
limited to helical forms. Any structure which satisfy the compatibility to
elongated fibril on one site and introducing hydrophilic part on the opposite
site may play a role of stoppers.

Regarding theoretical research (computerized simulations), the authors
are interested in simulating the folding process under variable external force
fields which can be modeled as dynamic changes in the structure of the
encapsulating 3D Gaussian. It seems that this process may produce condi-
tions which favor the production of spherical and/or ribbonlike micelles
devoid of biological information. The experiment would also enable us to
quantify the role of the environment in ensuring that proteins attain their
native forms. The presented research should be therefore considered pro-
spective in character (Chapter 9).

The influence of chemical and physical factors widely discussed in
Refs. [12,13]. The results of these experiment shall be consumed not only
as factors influencing structural changes in protein. They should be
consumed in form of water force field construction treated as continuous
medium sensitive to environmental factors (pH, presence of ions, tempera-
ture etc).

Protein is an intelligent micelle

In summary one shall conclude, that controlled local discordance (in
respect to spherical micelle hydrophobicity concentration in central part
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of protein molecule) is aim-oriented. The degree of his discordance is highly
differentiated. It encodes the specific biological activity of proteins. This
local doscordance is carrying information determining the biological activ-
ity. It seems to be reached as the effect of the consensus between external
force field (influence of environment) and internal force field (inter-
atomic interaction).

Bi-polar molecules — as all amino acids — in water environment tend to
minimize the disadvantageous entropic hydrophobic/hydrophilic effects. As
long as idealized spherical micelle can be generated it appears as the native
final structure. The determined neighborhood (peptide bonds) of differen-
tiated hydrophobicity/hydrophilicity obligates to generate more or less or-
dered micellar forms.

In case when the idealized spherical micelle is impossible to be generated
other form minimizing the unfavourable hydrophobicity-water contact the
ribbon-like micelle is constructed.

The molecules which undergo the amyloid transformation appearing are
acting in vivo in form of complex (called here permanent chaperones —
Chapter 9). Deprivation of the permanent target with disability to generate
the spherical micelle directs these proteins to generate the only possible
structure minimizing the exposure of hydrophobic regions which is the
ribbon-like micelle.

Despite the larger than usual size of the publication it is impossible to
discuss other models of amyloidogenesis interpretation what has been the
subject of many publications over the years. Readers can familiarize
themselves with progress in this field by referring to comprehensive reviews
such as Chiti and Dobson [14—16] and two books edited by Prusiner
[17,18]. It is, however, difficult to compare the presented work with other
published studies given that other authors do not acknowledge the eftect of
hydrophobic interactions upon amyloid transformation. The influence of
water environment is widely discussed [3—6,19—39] as well as amyloids
are the objects of many papers which may be recognized as complementary
to the model presented in this work [40—64].

We hope that presented here discussion may introduce interpretation of
amyloidogenesis from the point of view of environment influence on pro-
tein structure and misfolding in particular.

We hope also that the interpretation of proteins as intelligent (spherical)
micelles and amyloids as ribbon-like micelles deprived of any form of infor-
mation carried appears legimited.



Summary: protein is an intelligent micelle 249

References

(1]

2]

3]

(4]

9]

(10]

(11]

(12]

[13]

[14]

(15]

[16]

(17]

Xu Z, Horwich AL, Sigler PB. The crystal structure of the asymmetric GroEL—
GroES—(ADP)7 chaperonin complex. Nature 1997;388(6644):741—50. https://
doi.org/10.1038/41944.

Banach M, Stapor K, Roterman I. Chaperonin structure — the large multi-subunit
protein complex. International Journal of Molecular Sciences 2009;10(3):844—61.
https://doi.org/10.3390/ijms10030844.

Panganiban B, Qiao B, Jiang T, DelRe C, Obadia MM, Nguyen TD, Xu T. Random
heteropolymers preserve protein function in foreign environments. Science 2018;
359(6381):1239—43. https://doi.org/10.1126/science.aa00335.

Lupi L, Hudait A, Peters B, Grunwald M, Gotchy Mullen R, Nguyen AH,
Molinero V. Role of stacking disorder in ice nucleation. Nature 2017;551(7679):
218—22. https://doi.org/10.1038/nature24279.

Schutzius TM, Jung S, Maitra T, Graeber G, Kohme M, Poulikakos D. Spontaneous
droplet trampolining on rigid superhydrophobic surfaces. Nature 2015;527(7576):
82—5. https://doi.org/10.1038/nature15738.

Macias-Romero C, Nahalka I, Okur HI, Roke S. Optical imaging of surface chemistry
and dynamics in confinement. Science 2017;357(6353):784—8. https://doi.org/
10.1126/science.aal4346.

Ben-Naim A. Myths and verities in protein folding theories: from Frank and Evans
iceberg-conjecture to explanation of the hydrophobic effect. The Journal of Chemical
Physics 2013;139(16):165105. https://doi.org/10.1063/1.4827086.

Ben-Naim A. Solvent-induced forces in protein folding reflections on the protein
folding problem. Current Opinion in Colloid and Interface Science 2013;18(6):
502—9. https://doi.org/10.1016/j.cocis.2013.11.001.

Naim AB. Myths and verities in protein folding theories Part II: from Kauzmann’s
conjecture to the dominance of the hydrophobic effect. Journal of Advances in Chem-
istry 2007;3(2):205—12. https://doi.org/10.24297/jac.v3i2.933.

Roterman I, Banach M, Konieczny L. Propagation of fibrillar structural forms in pro-
teins stopped by naturally occurring short polypeptide chain fragments. Pharmaceuti-
cals 2017;10(4):89. https://doi.org/10.3390/ph10040089.

Roterman I, Banach M, Konieczny L. Towards the design of anti-amyloid short pep-
tide helices. Bioinformation 2018;14(01):001—7.  https://doi.org/10.6026/
97320630014001.

Serpell LC. Alzheimer’s amyloid fibrils: structure and assembly. Biochimica et Bio-
physica Acta — Molecular Basis of Disease 2000;1502(1):16—30. https://doi.org/
10.1016/50925-4439(00)00029-6.

Al-Garawi ZS, McIntosh BA, Neill-Hall D, Hatimy AA, Sweet SM, Bagley MC,
Serpell LC. The amyloid architecture provides a scaftold for enzyme-like catalysts.
Nanoscale 2017;9(30):10773—83. https://doi.org/10.1039/c¢7nr02675g.

Chiti F, Dobson CM. Protein misfolding, amyloid formation, and human disease: a
summary of progress over the last decade. Annual Review of Biochemistry 2017;
86(1):27—68. https://doi.org/10.1146/annurev-biochem-061516-045115.

Chiti F, Dobson CM. Amyloid formation by globular proteins under native
conditions. Nature Chemical Biology 2009;5(1):15—22. https://doi.org/10.1038/
nchembio.131.

Chiti F, Dobson CM. Protein misfolding, functional amyloid, and human disease.
Annual Review of Biochemistry 2006;75(1):333—66. https://doi.org/10.1146/
annurev.biochem.75.101304.123901.

Prusiner S. Prion diseases. In: Prusiner SB, editor. Cold spring harbor perspectives in
medicine; 2017.


https://doi.org/10.1038/41944
https://doi.org/10.1038/41944
https://doi.org/10.3390/ijms10030844
https://doi.org/10.1126/science.aao0335
https://doi.org/10.1038/nature24279
https://doi.org/10.1038/nature15738
https://doi.org/10.1126/science.aal4346
https://doi.org/10.1126/science.aal4346
https://doi.org/10.1063/1.4827086
https://doi.org/10.1016/j.cocis.2013.11.001
https://doi.org/10.24297/jac.v3i2.933
https://doi.org/10.3390/ph10040089
https://doi.org/10.6026/97320630014001
https://doi.org/10.6026/97320630014001
https://doi.org/10.1016/s0925-4439(00)00029-6
https://doi.org/10.1016/s0925-4439(00)00029-6
https://doi.org/10.1039/c7nr02675g
https://doi.org/10.1146/annurev-biochem-061516-045115
https://doi.org/10.1038/nchembio.131
https://doi.org/10.1038/nchembio.131
https://doi.org/10.1146/annurev.biochem.75.101304.123901
https://doi.org/10.1146/annurev.biochem.75.101304.123901

250

Leszek Konieczny and Irena Roterman

(18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

(29]

[30]

(31]

[32]

[33]

[34]

[35]

Prusiner S. Prion biology. In: Prusiner SB, editor. Cold spring harbor perspectives in
medicine; 2017.

Borgia A, Borgia MB, Bugge K, Kissling VM, Heidarsson PO, Fernandes CB,
Schuler B. Extreme disorder in an ultrahigh-affinity protein complex. Nature 2018;
555(7694):61—6. https://doi.org/10.1038/nature25762.

Kim KH, Spah A, Pathak H, Perakis F, Mariedahl D, Amann-Winkel K, Nilsson A.
Response to Comment on ‘“Maxima in the thermodynamic response and correlation
functions of deeply supercooled water. Science 2018;360(6390). https://doi.org/
10.1126/science.aat1729. eaat1729.

Gallo P, Stanley HE. Supercooled water reveals its secrets. Science 2017;358(6370):
1543—4. https://doi.org/10.1126/science.aar3575.

Palmer JC, Martelli F, Liu Y, Car R, Panagiotopoulos AZ, Debenedetti PG. Meta-
stable liquid—liquid transition in a molecular model of water. Nature 2014;
510(7505):385—8. https://doi.org/10.1038/nature13405.

Tanaka H. A self-consistent phase diagram for supercooled water. Nature 1996;
380(6572):328—30. https://doi.org/10.1038/380328a0.

Biancalana M, Makabe K, Koide S. Minimalist design of water-soluble cross-f3
architecture. Proceedings of the National Academy of Sciences 2010;107(8):
3469—74. https://doi.org/10.1073/pnas.0912654107.

Biedermann F, Nau WM, Schneider H-J. The hydrophobic eftect revisited-studies
with supramolecular complexes imply high-energy water as a noncovalent driving
force. Angewandte Chemie International Edition 2014;53(42):11158—71. https://
doi.org/10.1002/anie.201310958.

Chandler D. Interfaces and the driving force of hydrophobic assembly. Nature 2005;
437(7059):640—7. https://doi.org/10.1038/nature04162.

Clary DC. Quantum dynamics in the smallest water droplet. Science 2016;351(6279):
1267—8. https://doi.org/10.1126/science.aat3061.

Corradini D, Strekalova EG, Stanley HE, Gallo P. Microscopic mechanism of protein
cryopreservation in an aqueous solution with trehalose. Scientific Reports 2013;3(1).
https://doi.org/10.1038/srep01218.

Corradini D, Su Z, Stanley HE, Gallo P. A molecular dynamics study of the equation
of state and the structure of supercooled aqueous solutions of methanol. The Journal of
Chemical Physics 2012;137(18):184503. https://doi.org/10.1063/1.4767060.
Corradini D, Gallo P, Buldyrev SV, Stanley HE. Fragile-to-strong crossover coupled
to the liquid-liquid transition in hydrophobic solutions. Physical Review 2012;85(5).
https://doi.org/10.1103/physreve.85.051503.

Corradini D, Buldyrev SV, Gallo P, Stanley HE. Eftect of hydrophobic solutes on the
liquid-liquid critical point. Physical Review 2010;81(6). https://doi.org/10.1103/
physreve.81.061504.

Ding F, Dokholyan NV, Buldyrev SV, Stanley HE, Shakhnovich EI. Direct molecular
dynamics observation of protein folding transition state ensemble. Biophysical Journal
2002;83(6):3525—32. https://doi.org/10.1016/50006-3495(02)75352-6.

Gallo P, Amann-Winkel K, Angell CA, Anisimov MA, Caupin F, Chakravarty C,
Pettersson LGM. Water: a tale of two liquids. Chemical Reviews 2016;116(13):
7463—500. https://doi.org/10.1021/acs.chemrev.5b00750.

Harpham MR, Levinger NE, Ladanyi BM. An investigation of water dynamics in bi-
nary mixtures of water and dimethyl sulfoxidet. The Journal of Physical Chemistry B
2008;112(2):283—93. https://doi.org/10.1021/jp074985].

Laage D. A molecular jump mechanism of water reorientation. Science 2006;
311(5762):832—5. https://doi.org/10.1126/science.1122154.


https://doi.org/10.1038/nature25762
https://doi.org/10.1126/science.aat1729
https://doi.org/10.1126/science.aat1729
https://doi.org/10.1126/science.aar3575
https://doi.org/10.1038/nature13405
https://doi.org/10.1038/380328a0
https://doi.org/10.1073/pnas.0912654107
https://doi.org/10.1002/anie.201310958
https://doi.org/10.1002/anie.201310958
https://doi.org/10.1038/nature04162
https://doi.org/10.1126/science.aaf3061
https://doi.org/10.1038/srep01218
https://doi.org/10.1063/1.4767060
https://doi.org/10.1103/physreve.85.051503
https://doi.org/10.1103/physreve.81.061504
https://doi.org/10.1103/physreve.81.061504
https://doi.org/10.1016/s0006-3495(02)75352-6
https://doi.org/10.1021/acs.chemrev.5b00750
https://doi.org/10.1021/jp074985j
https://doi.org/10.1126/science.1122154

Summary: protein is an intelligent micelle 251

[36]

(37]

[38]

(39]

[40]

[41]

(42]

[43]

[44]

[45]

[46]

[47]

(48]

(49]

[50]

(51]

Ma CD, Wang C, Acevedo-Vélez C, Gellman SH, Abbott NL. Modulation of hydro-
phobic interactions by proximally immobilized ions. Nature 2015;517(7534):347—50.
https://doi.org/10.1038/nature14018.

Pettitt BM, Makarov VA, Andrews BK. Protein hydration density: theory, simulations
and crystallography. Current Opinion in Structural Biology 1998;8(2):218—21.
https://doi.org/10.1016/50959-440x(98)80042-0.

Richardson JO, Perez C, Lobsiger S, Reid AA, Temelso B, Shields GC, Althorpe SC.
Concerted hydrogen-bond breaking by quantum tunneling in the water hexamer
prism. Science 2016;351(6279):1310—3. https://doi.org/10.1126/science.aac0012.
Strekalova EG, Corradini D, Mazza MG, Buldyrev SV, Gallo P, Franzese G,
Stanley HE. Eftect of hydrophobic environments on the hypothesized liquid-liquid
critical point of water. Journal of Biological Physics 2011;38(1):97—111. https://
doi.org/10.1007/s10867-011-9241-9.

Bruinsma IB, Bruggink KA, Kinast K, Versleijen AAM, Segers-Nolten IM],
Subramaniam V, Verbeek MM. Inhibition of a-synuclein aggregation by small heat
shock proteins. Proteins: Structure, Function, and Bioinformatics 2011;79(10):
2956—67. https://doi.org/10.1002/prot.23152.

Jucker M, Walker LC. Self-propagation of pathogenic protein aggregates in neurode-
generative  diseases. Nature 2013;501(7465):45—51.  https://doi.org/10.1038/
nature12481.

Hartl FU. Protein misfolding diseases. Annual Review of Biochemistry 2017;86(1):
21—6. https://doi.org/10.1146/annurev-biochem-061516-044518.

Sandberg A, Luheshi LM, Sollvander S, Pereira de Barros T, Macao B, Knowles TPJ,
Hard T. Stabilization of neurotoxic Alzheimer amyloid- oligomers by protein
engineering. Proceedings of the National Academy of Sciences 2010;107(35):
15595—600. https://doi.org/10.1073/pnas.1001740107.

Bouma B, Kroon-Batenburg LMJ, Wu Y-P, Brunjes B, Posthuma G, Kranenburg O,
Gebbink MFBG. Glycation induces formation of amyloid cross-p structure in
albumin. Journal of Biological Chemistry 2003;278(43):41810—9. https://doi.org/
10.1074/jbc.m303925200.

Porat Y, Abramowitz A, Gazit E. Inhibition of amyloid fibril formation by polyphe-
nols: structural similarity and aromatic interactions as a common inhibition
mechanism. Chemical Biology & Drug Design 2006;67(1):27—37. https://doi.org/
10.1111/3.1747-0285.2005.00318 .x.

Lazo ND, Downing DT. Fibril formation by amyloid-beta proteins may involve beta-
helical protofibrils. Journal of Peptide Research 1999;53(6):633—40. https://doi.org/
10.1034/j.1399-3011.1999.00057 x.

Ferrao-Gonzales AD, Robbs BK, Moreau VH, Ferreira A, Juliano L, Valente AP,
Foguel D. Controlling P-amyloid oligomerization by the use of naphthalene
sulfonates. Journal of Biological Chemistry 2005;280(41):34747—54. https://
doi.org/10.1074/jbc.m501651200.

Nguyen KV, Gendrault J-L, Wolft C-M. Poly-I-lysine dissolves fibrillar aggregation of
the alzheimer B-amyloid peptide in vitro. Biochemical and Biophysical Research
Communications 2002;291(4):764—8. https://doi.org/10.1006/bbrc.2002.6514.

Liu L, Murphy RM. Kinetics of inhibition of B-amyloid aggregation by transthyretinf.
Biochemistry 2006;45(51):15702—9. https://doi.org/10.1021/bi0618520.
Schmittschmitt JP, Scholtz JM. The role of protein stability, solubility, and net charge
in amyloid fibril formation. Protein Science 2009;12(10):2374—8. https://doi.org/
10.1110/ps.03152903.

Hayward S, James Milner-White E. Simulation of the B- to a-sheet transition results in
a twisted sheet for antiparallel and an a-nanotube for parallel strands: implications for


https://doi.org/10.1038/nature14018
https://doi.org/10.1016/s0959-440x(98)80042-0
https://doi.org/10.1126/science.aae0012
https://doi.org/10.1007/s10867-011-9241-9
https://doi.org/10.1007/s10867-011-9241-9
https://doi.org/10.1002/prot.23152
https://doi.org/10.1038/nature12481
https://doi.org/10.1038/nature12481
https://doi.org/10.1146/annurev-biochem-061516-044518
https://doi.org/10.1073/pnas.1001740107
https://doi.org/10.1074/jbc.m303925200
https://doi.org/10.1074/jbc.m303925200
https://doi.org/10.1111/j.1747-0285.2005.00318.x
https://doi.org/10.1111/j.1747-0285.2005.00318.x
https://doi.org/10.1034/j.1399-3011.1999.00057.x
https://doi.org/10.1034/j.1399-3011.1999.00057.x
https://doi.org/10.1074/jbc.m501651200
https://doi.org/10.1074/jbc.m501651200
https://doi.org/10.1006/bbrc.2002.6514
https://doi.org/10.1021/bi0618520
https://doi.org/10.1110/ps.03152903
https://doi.org/10.1110/ps.03152903

252

Leszek Konieczny and Irena Roterman

[52]

[53]

[54]

[55]

[56]

(571

58]

[59]

[60]

[61]

[62]

[63]

[64]

amyloid formation. Proteins: Structure, Function, and Bioinformatics 2011;79(11):
3193—207. https://doi.org/10.1002/prot.23154.

Baiesi M, Seno F, Trovato A. Fibril elongation mechanisms of HET-s prion-forming
domain: topological evidence for growth polarity. Proteins: Structure, Function, and
Bioinformatics 2011;79(11):3067—81. https://doi.org/10.1002/prot.23133.

Doran TM, Kamens AJ, Byrnes NK, Nilsson BL. Role of amino acid hydrophobicity,
aromaticity, and molecular volume on IAPP(20-29) amyloid self-assembly. Proteins:
Structure, Function, and Bioinformatics 2012;80(4):1053—65. https://doi.org/
10.1002/prot.24007.

Lai Z, Colén W, Kelly JW. The acid-mediated denaturation pathway of transthyretin
yields a conformational intermediate that can self-assemble into amyloidf. Biochem-
istry 1996;35(20):6470—82. https://doi.org/10.1021/b1952501g.

Potrzebowski W, André I. Automated determination of fibrillar structures by simulta-
neous model building and fiber diffraction refinement. Nature Methods 2015;12(7):
679—84. https://doi.org/10.1038/nmeth.3399.

Dhulesia A, Cremades N, Kumita JR, Hsu S-TD, Mossuto MF, Dumoulin M,
Dobson CM. Local cooperativity in an amyloidogenic state of human lysozyme
observed at atomic resolution. Journal of the American Chemical Society 2010;
132(44):15580—8. https://doi.org/10.1021/ja103524m.

Wu H, Fuxreiter M. The structure and dynamics of higher-order assemblies: amyloids,
signalosomes, and granules. Cell 2016;165(5):1055—66. https://doi.org/10.1016/
3.cell.2016.05.004.

Hughes MP, Sawaya MR, Boyer DR, Goldschmidt L, Rodriguez JA, Cascio D,
Eisenberg DS. Atomic structures of low-complexity protein segments reveal kinked
B sheets that assemble networks. Science 2018;359(6376):698—701. https://doi.org/
10.1126/science.aan6398.

Gremer L, Scholzel D, Schenk C, Reinartz E, Labahn J, Ravelli RBG, Schroder GF.
Fibril structure of amyloid-B(1—42) by cryo—electron microscopy. Science 2017;
358(6359):116—9. https://doi.org/10.1126/science.aa02825.

Goyal P, Krasteva PV, Van Gerven N, Gubellini F, Van den Broeck I, Troupiotis-
Tsailaki A, Remaut H. Structural and mechanistic insights into the bacterial amyloid
secretion channel CsgG. Nature 2014;516(7530):250—3. https://doi.org/10.1038/
nature13768.

Huang K, Maiti NC, Phillips NB, Carey PR, Weiss MA. Structure-specific effects of
protein topology on cross-B assembly: studies of insulin fibrillation. Biochemistry
2006;45(34):10278—93. https://doi.org/10.1021/bi060879¢.

Cruz SD, Cleveland DW. Disrupted nuclear import-export in neurodegeneration.
Science 2016;351(6269):125—6. https://doi.org/10.1126/science.aad9872.

Tomski SJ, Murphy RM. Kinetics of aggregation of synthetic B-amyloid peptide. Ar-
chives of Biochemistry and Biophysics 1992;294(2):630—8. https://doi.org/10.1016/
0003-9861(92)90735-f.

Fowler DM, Koulov AV, Balch WE, Kelly JW. Functional amyloid — from bacteria to
humans. Trends in Biochemical Sciences 2007;32(5):217—24. https://doi.org/
10.1016/j.tibs.2007.03.003.


https://doi.org/10.1002/prot.23154
https://doi.org/10.1002/prot.23133
https://doi.org/10.1002/prot.24007
https://doi.org/10.1002/prot.24007
https://doi.org/10.1021/bi952501g
https://doi.org/10.1038/nmeth.3399
https://doi.org/10.1021/ja103524m
https://doi.org/10.1016/j.cell.2016.05.004
https://doi.org/10.1016/j.cell.2016.05.004
https://doi.org/10.1126/science.aan6398
https://doi.org/10.1126/science.aan6398
https://doi.org/10.1126/science.aao2825
https://doi.org/10.1038/nature13768
https://doi.org/10.1038/nature13768
https://doi.org/10.1021/bi060879g
https://doi.org/10.1126/science.aad9872
https://doi.org/10.1016/0003-9861(92)90735-f
https://doi.org/10.1016/0003-9861(92)90735-f
https://doi.org/10.1016/j.tibs.2007.03.003
https://doi.org/10.1016/j.tibs.2007.03.003

	. Summary: protein is an intelligent micelle
	Influence of protein on water environment
	Influence of water environment on amyloid transformation
	Protein is an intelligent micelle
	References


