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Untangling the interaction of a-synuclein with DNA i-motifs
and hairpins by volume-sensitive single-molecule FRET
spectroscopy

The intrinsically disordered protein a-synuclein causes
Parkinson’s disease by forming toxic oligomeric aggregates
inside neurons. Single-molecule FRET experiments revealed
conformational changes of noncanonical DNA structures,
such as i-motifs and hairpins, in the presence of a-synuclein.
As its aggregates are responsible for different neurological
disorders, their interaction with noncanonical DNA structures
might help reveal hidden mechanisms of the associated
diseases.
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The intrinsically disordered protein a-synuclein causes Parkinson’s
disease by forming toxic oligomeric aggregates inside neurons.
Single-molecule FRET experiments revealed conformational
changes of noncanonical DNA structures, such as i-motifs and
hairpins, in the presence of a-synuclein. Volumetric analyses
revealed differences in binding mode, which is also affected by
cellular osmolytes.

a-Synuclein (o-Syn) is a small intrinsically disordered presynap-
tic protein which regulates neurotransmitter vesicle cycling, but
is, under pathological conditions, also closely associated with
Parkinson’s disease (PD). PD arises because of abnormal aggre-
gation of o-Syn, and these aggregates are dominantly found in
Lewy bodies as the hallmark of PD."~® The human o-Syn protein
has 140 amino acid residues and consists of three distinct
regions, which include an amphipathic N-terminal domain
(residues 1-60), a central hydrophobic region (the non-Af
component (NAC) region with residues 61-95), and a highly
negatively charged proline-rich C-terminal domain (residues
96-140). The conformation of the polypeptide has been found to
be markedly affected in the presence of lipid membranes and
cosolutes.”” The toxic aggregated form of a-Syn detected in PD
affected brain as well as other amyloidogenic proteins, such as
the prion protein (PrP), have a high propensity to interact also
with DNA.>®'? Therefore, studying the conformation of DNAs
in the presence of o-Syn has immense importance because the
interaction with o-Syn forms can significantly affect DNA
replication and transcription along with causing DNA damage.

Nucleic acids can fold into different noncanonical structures
besides the well-known double helix, which are particularly
prone to interact with amyloidogenic peptides. Noncanonical
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Untangling the interaction of a-synuclein with
DNA i-motifs and hairpins by volume-sensitive
single-molecule FRET spectroscopy

Sanjib K. Mukherjee, Jim-Marcel Knop,# Rosario Oliva, Simone M&bitz and

DNAs have been shown to play important roles in replication,
transcription and translation.”*™®* DNA hairpins (DNA-Hp,
Fig. 1A) regulate gene expression, act as target sites for protein
recognition and nucleation sites for higher order RNA
structures.’®*° On the other hand, cytosine-rich (C-rich) sequences
that form intercalated structures, known as i-motifs, which are
formed by a neutral and protonated cytosine (C-C") that bind
through three H-bonds (Fig. 1B), are often seen in connection with
cancer and tumor formation due to their role in promoter regions
of oncogenes.”*" Both, i-motif and G-quadruplexes (G4Qs) are also
found in the telomeric region of chromosomes.’® The i-motif is
folded at low pH of 5.0, while at neutral pH either random coil or
partially folded structures are found. Interestingly, macromolecular
crowding has been found to foster formation of the folded structure
of the i-motif."®

Many intracellular assemblies and processes rely on weak,
often also transient interactions, sometimes collectively termed
quinary interactions.””>*® They are generally highly susceptible
to variations in their environment and respond sensitively to
changes in temperature, pressure, pH, and the local concen-
tration of surrounding cosolutes. Perturbation of the volume of
the system, e.g. by applying osmotic or hydrostatic pressure, is
particularly suited to detect and measure such weak
interactions.”**® Volume changes are generally a very mild per-
turbation that happen, for example, during cell-cycle changes or

32 Adenine loop

Fig. 1 Schematic representation of the DNA Hp (A) and the hTel i-motif
construct (B). The C-C* H-bonds are shown in blue. The green and red
bulbs represent the donor dye ATTO 550 and the acceptor dye ATTO
647N used in the smFRET experiments.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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in response to deleterious pressure conditions, such as in the
deep sea where organisms have to cope with pressures up to the
1 kbar range.*® Volume modulation can also be employed to study
the binding affinity and stoichiometry of weakly bound
complexes.>*® As the conformational properties of intrinsically
disordered peptides, such as of o-Syn, are strongly influenced by
the solution and environmental conditions, such approach repre-
sents a valuable strategy to explore also the free-energy landscape
and disclose rare conformational substates of biomolecules.**
In fact, it has been found that o-Syn, insulin, lysozyme and PrP
aggregates are affected by high hydrostatic pressure (HHP).>*?'~%
NMR data by Roche et al®" suggested a slight increase in the
population of polyproline II regions and a slight decrease of
transient a-helical conformations of -Syn at about 2 kbar. Inter-
estingly, Silva, Foguel and coworkers showed that o-Syn fibrillar
structures, by perturbing the cavity-rich hydrophobic core of
the fibrils and pushing water inside, dissociate by pressures in
the 1-2 kbar pressure range.**** In addition, pressure-dependent
studies have shown that they can provide novel information about
the polymorphic states that fibrillar aggregates can adopt.>***%
Moreover, pressure-axis experiments have also been carried out to
explore the conformational landscape of DNA hairpins, G-
quadruplexes and i-motifs, and it has been found that, different
from the rather pressure-stable B-DNA, that noncanonical
DNA and RNA structures are more susceptible to pressure
modulation,'®>43%4

To gain a better molecular-level and mechanistic under-
standing of the interaction of «-Syn in its monomeric and
aggregated state with such noncanonical chromosomal DNA
sequences, we carried out conformation-sensitive single-
molecule Forster resonance energy transfer (sm-FRET) experi-
ments in concert with the pressure perturbation approach.
Pressure-dependent confocal sm-FRET experiments to explore
folding reactions and conformational transitions of nucleic
acids have been successfully introduced, recently.**™** This
method avoids ensemble averaging, which enables us to eluci-
date the conformational dynamics of the noncanonical DNA
structures and how they are affected by the interaction with
monomeric and aggregated o-Syn also in a pressure-dependent
manner, allowing us to extract volumetric changes accompany-
ing the structural conversions. As paradigmatic examples, we
utilized a DNA hairpin (DNA Hp) and a telomeric i-motif (hTel
i-motif) of sequence (CCCAAT);CCC with a double-strand part
for the second FRET label (for details, see the ESIT). To mimic
potential cellular osmolyte effects, measurements have also
been carried out in the presence of trimethylamine-N-oxide
(TMAO), one of the most potent organic cellular osmolytes,
which is also found in deep-sea organisms having to cope with
extreme temperatures and pressures.”>>%*34¢

The peaks in the FRET efficiency histograms are related to
conformations with different spatial separations, R, of the
two attached dyes and thus different FRET efficiencies, E, as
E = R-(R§ + R%)'. The Forster radius, R,, is the distance at
which 50% of the excited donor molecules will be deactivated;
here, Ry = 6.5 nm for the fluorophores used, Atto 550 and Atto
647N. The FRET efficiency distribution of the i-motif in buffer
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Fig. 2 Pressure dependent smFRET-histogram (A and C) and population
distribution (B and D) of the folded (red) and partially folded (blue)
conformation of the i-motif (~50 pM) in 20 mM Tris HCl, pH 7.5, at
25 °C. The samples for C and D contained additional 100 uM a-Syn
oligomers.

solution at pH 7.4 shows a single peak centered at £ ~ 0.65
(Fig. 2A), which represents a partially folded conformation of
the i-motif, while in acidic pH 5.0, this peak shifts towards a
higher efficiency of £ ~ 0.90, representing the fully folded
conformation. Upon pressure application up to 1.5 kbar, no
changes are observed in the E-histograms, i.e., no conforma-
tional change (e.g., complete unfolding) is observed (Fig. 2A
and B), indicating dense packing and a lack of cavities in the
partially folded state of the i-motif. In the presence of 1 M
TMAO, a similar observation was made (Fig. ESIT S1A and B).

Remarkably, a conformational transition of the i-motif was
observed in the presence of both monomeric (Fig. ESIT S1C and
D) and oligomeric (Fig. 2C and D) o-Syn, i.e. the interaction with
the polypeptide promotes complete folding of the i-motif which
is otherwise seen in acid pH, only. In the FRET histograms, two
separate peaks emerged, with efficiencies E ~ 0.9 (25%) and
E ~ 0.6 (75%) upon addition of the monomeric o-Syn, and with
E ~ 0.9 (50%) and E = 0.6 (50%) after adding oligomeric a-Syn.
In the presence of 1 M TMAO and monomeric o-Syn, the
fraction of folded conformations of the i-motif increases
further, from 25% (peptide only) to about 40% (peptide +
TMAO). This can be rationalized by the chaperone activity of
TMAO, which promotes compact conformational states®>** and
acts synergistically in stabilizing the folded structure of the
i-motif. Both conformations of the i-motif remain essentially
unaffected by pressure, pointing to the formation of a compact,
void-free and hence pressure-stable i-motif-a-Syn complex (Fig.
ESIt S1E and F). Complementary circular dichroism (CD)
spectroscopic measurements confirmed the absence of a con-
formational change of monomeric o-Syn in the presence of
TMAO (Fig. ESIt S5A). Differently, a drastic pressure effect on
the conformation of the i-motif was observed in the presence of
aggregated o-Syn. The fraction of the folded i-motif

RSC Chem. Biol., 2021, 2, 1196-1200 | 1197
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conformation decreased significantly (from 50% to 10%) with a
concomitant increase of the partially folded conformation of
the i-motif (Fig. 2C and D). We may assume that HHP dis-
sociates the aggregates, leading to monomeric o-Syn with
increasing pressure amplitude due to a weakening of hydro-
phobic interactions, loosening of intermolecular packing, and
rupture of intermolecular salt bridges resulting in electro-
striction.?*** As HHP favors lower volume states, destabiliza-
tion of the a-Syn aggregates toward states with less void volume
and packing defects can be expected.*””** This scenario would
also be in agreement with own ThT fluorescence spectroscopic
measurements on aggregated o-Syn solutions, revealing
pressure-induced dissociation of the aggregated a-Syn species
(Fig. ESIT S5B). From the pressure dependence of the popula-
tion distribution, a volume change of AV = —54 ¢cm® mol "
could be determined. Of note, similar AV values were found for
the dissociation of lysozme (AV = —52.7 cm® mol ") and o-Syn
(AV = =65 cm® mol™') amyloid.***” In the presence of the
cosolute TMAO, a stabilization of the folded conformation
(from 50% to 80%) was observed.

The DNA Hp is about 60% folded (E ~ 0.9) and 40%
unfolded (E ~ 0.3) at ambient conditions, in good agreement
with literature data (Fig. 3A and B).** The population of the
unfolded state increases up to 60% upon pressurization to
1 kbar, which corresponds to a volume change upon unfolding
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Fig. 3 Pressure dependent smFRET E-histogram and population distribu-
tion of the open (E ~0.9) and closed (E ~ 0.3) conformation of the DNA
Hp (~50 pM) in 20 mM Tris HCL, pH 7.5, and 15 mM NaCl at 25 °C (A and B).
The samples further contained (C) 100 uM a-Syn monomers, (D) 100 uM
a-Syn monomers + 1 M TMAO, (E) 100 uM a-Syn aggregates, and (F) 100
uM a-Syn aggregates + 1 M TMAO.
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Table 1 Pressure-induced volume change of the conformational transi-
tions of the hTel i-motif and DNA Hp under different solution conditions.
AV was calculated from the pressure dependence of the equilibrium
constant, dinK/dp = —AV/(RT), of the relative population distributions via
linear regression

Sample AV/em® mol
hTel i-motif in 100 uM o-Syn aggregate —54 £ 10
DNA Hp in buffer —26 £ 2

DNA Hp in 1 M TMAO -12£3

DNA Hp in 100 pM monomeric o-Syn —-18 £ 1

DNA Hp in 100 pM monomeric ¢-Syn + 1 M TMAO -19+3

DNA Hp in 100 pM aggregated o-Syn —-14+2

DNA Hp in 100 pM aggregated a-Syn + 1 M TMAO ~0

of the DNA Hp of AV = —26 cm® mol ™" (Table 1 summarizes all
volumetric data). TMAO leads to an increase of its pressure
stability (Fig. ESIT S3), which is reflected in a smaller volume
change of AV =—12 cm® mol ™, and, again, is most likely due to
the preferential exclusion of the TMAO from the hydrated
surface of the hairpin’s backbone. Similarly, in the presence
of monomeric o-Syn, the population of folded conformers of
the DNA Hp increases by ~10% (Fig. 3D and ESI{ Fig. S4A),
and the pressure stability of the folded conformer has
increased as well (AV = —18 cm® mol %), it is less than in 1 M
TMAO (AV = —12 cm® mol '), however (Fig. ESIt S3C and D).
Similar to the i-motif, the population of the folded conformer
increases also in the presence of aggregated o-Syn, and increas-
ing pressure leads to a destabilization of the folded state
(AV = —12 em® mol ™ *). No such pressure-induced destabiliza-
tion was observed in the presence of both aggregated o-Syn and
1 M TMAO (AV ~ 0 cm® mol™ ).

Altogether, significant effects on the conformational land-
scape of the noncanonical DNA structures were observed upon
addition of monomeric and aggregated o-Syn, and compatible
osmolytes such as TMAO impose an additional effect on the
population distribution of the conformational states of the
i-motif and DNA Hp. Marked effects have previously also been
observed for G4Qs.*® Although the mode of interaction between
a-Syn and the different noncanonical DNA structures looks
similar, the specificity and the strength of such interactions
depend on the internal architecture and solvent-exposed sur-
face of the DNA structures. Of note, several earlier studies also
found that DNA (via electrostatic and hydrophobic interactions,
showing also some specificity for GC nucleotide sequences in
its binding ability), osmolytes such as TMAO, glycerol, betaine,
and taurine as well as crowding agents can have significant
effects on the conformational landscape of o-Syn, which might
alter its affinity towards other biomolecules and its aggregation
and fibrillation propensity.**>> Generally, DNA-protein inter-
actions depend on electrostatic and non-specific interactions
between the amino acid residues and the DNA backbone and its
bases. Interactions with a-Syn can be envisioned to take place
via its positively charged N-terminus and the phosphate back-
bone of the DNA, and via hydrogen bonds and hydrophobic
interactions of amino acid residues and the DNA bases. As the
i-motif is comprised of a cytosine-rich sequence and the DNA
Hp contains 32 largely exposed adenine residues in the loop

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cb00108f

Open Access Article. Published on 02 July 2021. Downloaded on 11/11/2025 11:27:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Communication

region, differences of the interaction strength with o-Syn can be
expected. a-Syn has 17 glutamate residues along with 3 aspar-
agines and 6 glutamines. Earlier reports suggested that gluta-
mine and asparagine amino acid residues form a large number
of hydrogen bonds with adenine bases, and glutamate is
responsible for a maximum number of hydrogen bonds with
cytosine,® which might help stabilize the folded state of the
i-motif in the presence of o-Syn. Further stabilization is
observed by the osmolyte TMAO owing to its excluded volume
effect, which is similar to what has been observed in the
presence of crowding agents, which tend to stabilize the more
compact folded state as well.*® Based on the same mechanism,
TMAO also suppresses pressure-induced dissociation of the
oligomeric a-Syn. The volumetric data reveal that different from
the oligomeric case, where pressure leads to dissociation of
a-Syn aggregates, the monomeric o-Syn-i-motif complex is
densely packed and pressure stable. Formation of a cavity-
rich aggregated o-Syn-i-motif complex can be deduced from
the volume change of —54 cm® mol ' upon pressure perturba-
tion. Pressure-insensitivity of the monomeric o-Syn-i-motif
complex suggests binding largely though H-bonds, which are
known to be even strengthened at HHP.>* Different from the
pressure-stable partially folded state of the i-motif, the folded
state of the DNA Hp is rather pressure sensitive, indicting less
dense packing of the bases, i.e. the existence of void volume in
the folded state. Both, monomeric and oligomeric o-Syn lead to
a significant stabilization of the folded state of the DNA Hp.
Additional stabilization of the folded state is achieved by the
excluded volume effect imposed by TMAO, which renders the
polypeptide-DNA Hp complex cavity-free and pressure stable up
to at least 1 kbar.

To conclude, depending on the surrounding cellular com-
ponents, the intrinsically disordered o-Syn molecule can adopt
various conformations and several aggregation states.>>>> As its
aggregates are responsible for different neurological disorders,
their interaction with noncanonical DNA structures as studied
here might help reveal hidden mechanisms of the associated
diseases. Further, high hydrostatic pressure can significantly
impact noncanonical DNA inside living cells and thus affect
genetic profiles in deep-sea organisms. Hence, next to the
potential to help detect conformational substates and classify
weak interactions, pressure studies on DNA-protein interac-
tions can provide additional mechanistic information to under-
stand the physico-chemical properties of these biomolecules
under such harsh environmental conditions.>**

Conflicts of interest

The authors declare no competing financial interests.

Acknowledgements

This project received funding from the European Union’s Horizon
2020 research and innovation programme under the Marie Sklo-
dowska-Curie grant agreement No 801459-FP-RESOMUS and was

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Chemical Biology

funded by the Deutsche Forschungsgemeinschaft (DFG) under
Germany’s Excellence Strategy-EXC 2033-390677874-RESOLV.

Notes and references

1 C. A. Ross and M. A. Poirier, Nat. Med., 2004, 10, 10-17.

2 H. A. Lashuel, C. R. Overk, A. Oueslati and E. Masliah,
Nat. Rev. Neurosci., 2013, 14, 38-48.

3 A.]. Schaser, V. R. Osterberg, S. E. Dent, T. L. Stackhouse,
C. M. Wakeham, S. W. Boutros, L. J. Weston, N. Owen,
T. A. Weissman, E. Luna, ]J. Raber, K. C. Luk,
A. K. McCullough, R. L. Woltjer and V. K. Unni, Sci. Rep.,
2019, 9, 10919.

4 C. Galvagnion, D. Topgaard, K. Makasewicz, A. K. Buell,
S. Linse, E. Sparr and C. M. Dobson, J. Phys. Chem. Lett.,
2019, 10, 7872-7877.

5 J. K. Hannestad, S. Rocha, B. Agnarsson, V. P. Zhdanov,
P. Wittung-Stafshede and F. HO0k, Proc. Natl Acad. Sci.
U. S. A., 2020, 117, 14178-14186.

6 C. R. Bodner, C. M. Dobson and A. Bax, J. Mol. Biol., 2009,
390, 775-790.

7 1.Jahan and S. M. Nayeem, Biophys. J., 2019, 117,1922-1934.

8 D. Cherny, W. Hoyer, V. Subramaniam and T. M. Jovin,
J. Mol. Biol., 2004, 344, 929-938.

9 M. L. Hegde, P. Vasudevaraju and K. J. Rao, Front. Biosci.,
Landmark Ed., 2010, 15, 418-436.

10 A. Louka, E. Zacco, P. A. Temussi, G. G. Tartaglia and
A. Pastore, Nucleic Acids Res., 2020, 48, 11880-11889.

11 B. Macedo, T. A. Millen, C. A. Braga, M. P. Gomes,
P. S. Ferreira, J. Kraineva, R. Winter, J. L. Silva and
Y. Cordeiro, Biochemistry, 2012, 51, 5402-5413.

12 K. Jiang, S. Rocha, A. Westling, S. Kesarimangalam,
K. D. Dorfman, P. Wittung-Stafshede and F. Westerlund,
Chem. - Eur. J., 2018, 24, 15685-15690.

13 D. Rhodes and H. ]J. Lipps, Nucleic Acids Res., 2015, 43,
8627-8637.

14 R. Héansel-Hertsch and M. D. Antonio, Nat. Rev. Mol. Cell
Biol., 2017, 18, 279-284.

15 M. Di Antonio, A. Ponjavic, A. Radzevicius,
R. T. Ranasinghe, M. Catalano, X. Zhang, ]. Shen,
L. M. Needham, S. F. Lee, D. Klenerman
S. Balasubramanian, Nat. Chem., 2020, 12, 282-837.

16 H. A. Assi, M. Garav, C. Gonzalez and M. J. Damha, Nucleic
Acids Res., 2018, 46, 8038-8056.

17 T. V. Chalikian, L. Liu and R. B. Macgregor Jr, Biophys.
Chem., 2020, 267, 106473.

18 S. Takahashi, S. Bhattacharjee, S. Ghosh, N. Sugimoto and
S. Bhowmik, Sci. Rep., 2020, 10, 2504.

19 D. B. Roth, J. P. Menetski, P. B. Nakajima, M. J. Bosma and
M. Gellert, Cell, 1992, 70, 983-991.

20 D. Bikard, C. Loot, Z. Baharoglu and D. Mazel, Microbiol.
Mol. Biol. Rev., 2010, 74, 570-588.

21 S. L. Brown and S. Kendrick, Pharmaceuticals, 2021, 14, 96.

22 S. Sukenik, P. Ren and M. Gruebele, Proc. Natl. Acad. Sci.
U S. A., 2017, 114, 6776-6781.

and

RSC Chem. Biol., 2021, 2,1196-1200 | 1199


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cb00108f

Open Access Article. Published on 02 July 2021. Downloaded on 11/11/2025 11:27:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Chemical Biology

23 M. Gao, C. Held, S. Patra, L. Arns, G. Sadowski and
R. Winter, Chem. Phys. Chem., 2017, 18, 2951-2972.

24 High Pressure Bioscience: Basic Concepts, Applications and
Frontiers, In Subcellular biochemistry, ed. K. Akasaka and
H. Matsuki, Springer, Dordrecht, 2015.

25 R. Winter, Annu. Rev. Biophys., 2019, 48, 441-463.

26 J. Roche, J. A. Caro, D. R. Norberto, P. Barthe, C. Roumestand,
J. L. Schlessman, A. E. Garcia, B. E. Garcia-Moreno and
C. A. Royer, Proc. Natl. Acad. Sci. U. S. A., 2012, 109, 6945-6950.

27 H. R. Kalbitzer, Subcell. Biochem., 2015, 72, 179-197.

28 F. Piccirilli, S. Mangialardo, P. Postorino, L. Baldassarre,
S. Lupi and A. Perucchi, Soft Matter, 2012, 8, 11863-11870.

29 I. Daniel, P. Oger and R. Winter, Chem. Soc. Rev., 2006,
35, 858.

30 R. Oliva, S. Banerjee, H. Cinar, C. Ehrt and R. Winter,
Sci. Rep., 2020, 10, 8074.

31 J. Roche, J. Ying, A. S. Maltsev and A. Bax, ChemBioChem,
2013, 14, 1754-1761.

32 G. A. P. de Oliveira, M. A. Marques, C. Cruzeiro-Silva,
Y. Cordeiro, C. Schuabb, A. H. Moraes, R. Winter,
H. Oschkinat, D. Foguel, M. S. Freitas and ]. L. Silva, Sci.
Rep., 2016, 6, 37990.

33 D. Foguel, M. C. Suarez, A. D. Ferrdo-Gonzales,
T. C. R. Porto, L. Palmieri, C. M. Einsiedler, L. R. Andrade,
H. A. Lashuel, P. T. Lansbury, J. W. Kelly and J. L. Silva,
Proc. Natl. Acad. Sci. U. S. A., 2003, 100, 9831-9836.

34 F. Piccirilli, N. Plotegher, M. G. Ortore, I. Tessari,
M. Brucale, F. Spinozzi, M. Beltramini, P. Mariani,
V. Militello, S. Lupi, A. Perucchi and L. Bubacco, Biophys.
J., 2017, 113, 1685-1696.

35 L. Ostermeier, G. A. P. de Oliveira, W. Dzwolak, J. L. Silva
and R. Winter, Biophys. Chem., 2021, 268, 106506.

36 R. Mishra and R. Winter, Angew. Chem., Int. Ed., 2008, 47,
6518-6521.

37 J. Torrent, D. Martin, S. Noinville, Y. Yin, M. Doumic,
M. Moudjou, V. Béringue and H. Rezaei, Sci. Rep., 2019, 9, 2802.

38 S. Grudzielanek, V. Smirnovas and R. Winter, J. Mol. Biol.,
2006, 356, 497-509.

1200 | RSC Chem. Biol., 2021, 2, 1196-1200

View Article Online

Communication

39 S. Takahashi and N. Sugimoto, Angew. Chem., Int. Ed., 2013,
52, 13774-13778.

40 S. Ghosh, S. Takahashi, T. Ohyama, T. Endoh, H. Tateishi-
Karimata and N. Sugimoto, Proc. Natl. Acad. Sci. U. S. A.,
2020, 117, 14194-14201.

41 M. Gao, D. Gnutt, A. Orban, B. Appel, F. Righetti, R. Winter,
F. Narberhaus, S. Miiller and S. Ebbinghaus, Angew. Chem.,
Int. Ed., 2016, 55, 3224-3228.

42 S. Patra, V. Schuabb, I. Kiesel, J. M. Knop, R. Oliva and
R. Winter, Nucleic Acids Res., 2019, 47, 981-996.

43 J.-M. Knop, S. Patra, B. Harish, C. A. Royer and R. Winter,
Chem. - Eur. J., 2018, 24, 14346-14351.

44 H. L. Sung and D. J. Nesbitt, Phys. Chem. Chem. Phys., 2020,
22, 15853-15866.

45 D. R. Canchi and A. E. Garcia, Annu. Rev. Phys. Chem., 2013,
64, 273-293.

46 J.-M. Knop, S. K. Mukherjee, R. Oliva, S. Mobitz and
R. Winter, J. Am. Chem. Soc., 2020, 142, 18299-18303.

47 T. N. Nirauler, T. Konno, H. Li, H. Yamada, K. Akasaka and
H. Tachibana, Proc. Natl. Acad. Sci. U. S. A., 2004, 101,
4089-4093.

48 M. L. Hegde and K. S. J. Rao, Arch. Biochem. Biophys., 2007,
464, 57-69.

49 V. N. Uversky, J. Li and A. L. Fink, FEBS Lett., 2001, 509,
31-35.

50 L. A. Munishkina, A. L. Fink and V. N. Uversky,
Curr. Alzheimer Res., 2009, 6, 252-260.

51 A. C. M. Ferreon, M. M. Moosa, Y. Gambin and A. A. Deniz,
Proc. Natl. Acad. Sci. U. S. A., 2012, 109, 17826-17831.

52 S. Jamal, A. Kumari, A. Singh, S. Goyal and A. Grover,
Front. Neurosci., 2017, 11, 1-11.

53 N. M. Luscombe, R. A. Laskowski and ]J. M. Thornton,
Nucleic Acid Res., 2001, 29, 2860-2874.

54 M. J. Volles and P. T. Lansbury, Jr., Biochemistry, 2003, 42,
7871-7878.

55 D. Eliezer, E. Kutluay, R. Bussell Jr. and G. Browne, J. Mol
Biol., 2001, 307, 1061-1073.

56 P. H. Yancey, J. Exp. Biol., 2005, 208, 2819-2830.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cb00108f



