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Editorial on the Research Topic
Insights in structural biology: 2021

The common theme of this Research Topic (RT) was to discuss examples of the most
recent achievements made by scientists in the fast-growing field of Structural Biology. In
particular, the goal of this special edition Research Topic was to shed light on the progress
made in the past decade in Structural Biology and to provide an overview of the state-of-
the-art of the field. We think that the articles received will inspire, inform and provide new
directions and guidance to researchers.

One of the fields in which Structural Biology has become mature in within the last few
years covers new approaches in computational methods.

Two of the papers accepted in the present research topic are those by the group of
Patrick Senet. Both papers use a new software that was developed in this laboratory to
extract conformational properties of proteins on the basis of the coordinates of a-carbons.
The program is called CUTABI (CUrvature and Torsion based Alpha-helix and Beta-
sheet Identification) and identifies residues in a-helices and -sheets using solely a-carbon
coordinates. This algorithm is ideal for the difficult cases in which the content of
secondary structure is not directly determined.

The first of these papers (RT_1) by Guzzo et al. (2021) deals with a-synuclein and
three single point mutations (A39P, A53T and E46K) of this protein related to familial
forms of Parkinson disease (PD). The authors addressed the problem of identifying
differences in conformational tendencies, possibly related to different tendencies to
aggregate in P-sheet structures, that is the hallmark of PD. They calculated two-
dimensional probability density maps and evaluated their differences by molecular
dynamics trajectories. In the observed conformational states, the authors found some
with a two-phase characteristics and a homogeneous (B, only p-sheets) and a
heterogenous phase (HB, a mixture of a-helices and p-sheets). The B state is
populated by 40% in the wild-type and in two mutants (A35T and A30P) whereas it
is present only as a 25% population in the A53T mutant. The A53T mutant has also a
rather larger propensity to forming helices than the wild-type and other mutants. The
authors concluded that the equilibrium between the different conformations of the a-
synuclein monomer is modified by the missense mutations in a subtle way. It is highly
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significant that these authors could reach this conclusion in the
case of an intrinsically unfolded protein because other
parameters, such as the average gyration radius, could not be
used to discriminate among conformational ensembles. The
introduction of the algorithm CUTABI is promising for
studies of intrinsically unfolded proteins.

The second paper by the same group (RT_9) focused on the
properties of dimers of a-synuclein and the three single point
mutations discussed in RT_1, i.e., A30P, A53T and E46K (Guzzo
et al.). The authors found that there are two main segments in the
sequence, with higher tendency to aggregate in the early stages of
dimerization. The main result is that dimers of a-synuclein and
of the three single point mutations do not adopt the same fold
motif in fibrils but form disordered aggregates and a minority of
prefibrillar dimers with intra- and inter-molecular p-sheets. This
second contribution reinforces the importance of the
development of CUTABI, an algorithm that could be useful in
the investigation of unfolded proteins.

Most of the other papers of this RT are based on traditional
spectroscopic methods. The paper presented by the Boeckmann’s
group (RT_2, Fogeron et al.) used mainly solution nuclear
magnetic resonance (NMR) but also circular dichroism
spectroscopy and mass spectrometry to investigate the
importance of phosphorylation sites in the large envelope
protein of human hepatitis virus (HBV). The large envelope
protein occupies a central role for interactions with the HBV
cellular receptor but also with the HBV capsid, the
Hsc70 chaperone and cellular membranes during fusion.
Using mass spectrometry and NMR, the authors established
the phosphorylation patterns of human HBV L protein.
Contrary to what was known for the analogous avian virus,
the locations identified for the human virus might play a
functional role because they were found at strategic sites
previously predicted to be crucial for interactions of the large
protein. Altogether, the paper by Fogeron et al. shows the impact
of spectroscopic methods in the study of even large proteins.

The paper presented by Ami et al. (RT_3) is a review of the use
of infrared (IR) spectroscopy to the study of aggregation phenomena
in complex biological systems, such as intact cells and tissues (Ami
et al.). IR spectroscopy has been regarded for many years as a
physicochemical technique mainly useful for small molecules, but
recently the use of this spectroscopy has been extended to in situ
characterization of the conformational properties of protein
aggregates and to the investigation of other biomolecules
surrounding aggregates, e.g., those surrounding amyloids. The
characterization of protein aggregates in their natural
environment may help to narrow the gap between the
knowledge of amyloid aggregation mechanisms in vitro and in vivo.

NMR spectroscopy is also the main technique used in the
paper (RT_7) by Spyroulias and coworkers (Birkou et al.). These
authors studied the impact of single nucleotide polymorphisms
on Arkadia (RNF111), an E3 ubiquitin ligase that enhances
transforming growth factor-beta (TGF-B) signalling by

Frontiers in Molecular Biosciences

10.3389/fmolb.2022.1020473

targeting negative regulators for degradation. In particular, a
single nucleotide polymorphism generated on the enzymatic ring
of Arkadia the substitution of Arginine 957 to cysteine. Detailed
NMR investigations showed that the R957C mutation changes
the electrostatic properties of the RING domain of Arkadia,
without significant effects on the structure of the region.
However, the R957C Arkadia mutant exhibits increased
enzymatic activity, in agreement with increased aggressive and
metastatic behaviour of Arkadia within tumor cells.

Several spectroscopic and computational methods are quoted
in the review (RT_4) by Fedeles et al. that describes the relevance
of tautomeric dynamics in nucleic acids and in antiviral
nucleoside analogs. The chemical versatility of nucleic acids is
due in part to the phenomenon of nucleobase tautomerism,
because the bases can adopt multiple isomeric forms, known
as tautomers. Tautomers of nucleobases refer to structural
isomers that differ from one another by the position of
protons. Thus, by altering the position of protons,
tautomerism has profound effects on the biochemical
processes involving nucleic acids. For instance, the transient
formation of minor tautomers during replication could
generate spontaneous mutations. In the review, the authors
discuss the consequences of tautomerism on the fidelity of
DNA replication but also on RNA systems such as
riboswitches and self-cleaving ribozymes.

NMR and other physico-chemical techniques are at the basis of
a paper (RT_8) by the Polshakov’s group (Mariasina et al.). These
authors tackled a complex problem related to a genetic disorder
(Williams-Beuren syndrome) associated with the hemizygous
deletion of several genes in chromosome 7. Malfunction of
26 proteins inducing multisystemic failure is well established for
most of them, but remains elusive for methyltransferase WBSCR27.
Considering the complexity of the problem, the authors tried several
approaches. They first tried to find a substrate of methylation
catalyzed by WBSCR27 by constructing mouse cell lines with a
WBSCR27 gene knockout and studied these cells by several
molecular biology and mass spectrometry techniques. In all cases,
neither a direct substrate was identified nor the protein partner was
detected. To reveal the nature of the putative methylation substrate,
the authors determined the solution structure of WBSCR27 in the
apo form and in a complex with Sadenosyl-L-homocysteine. The
protein core adopts a canonical Rossman fold with a disordered
N-terminus. Binding to S-adenosyl-L-homocysteine induces a
transition to a well-formed binding state. The structure of the
binding site suggests potential substrates of
WBSCR27 methylation to be probed in further studies.

The mini review (RT_6) by Garnett and Atherton, while still
quoting the importance of recent improvements in solid state
NMR, is centred on the spectacular advances in cryogenic electron
microscopy (cryo-EM) (Garnett and Atherton). The review deals
with the notoriously difficult study of proteins that form highly
polymeric and filamentous assemblies using high resolution
structural techniques. The study of eukaryotic microtubules and
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bacterial pili are good examples, and the review gives an overview
of the advances that have been made for these two systems.

Last but not least, the review (RT_5) by Bellotti’s
collaborators tackles a general problem of structural studies
on aggregation (Faravelli et al.). Their review focuses on the
need to narrow the gap between in vitro and in vivo mechanisms
when studying amyloid formation by globular proteins.
Although all systemic amyloidoses are characterized by
amyloid deposition, they are clinically heterogeneous because
they affect different organs. It is thus essential to elucidate the
structural events determining the protein metamorphosis from
their globular to fibrillar state. Many studies have shown how to
transform proteins into fibrillar polymers in vitro but the events
occurring in vivo are more complex. Reviewing the major
scientific  attempts to understand the amyloidogenic
metamorphosis of globular proteins in systems of increasing
complexity may help to bridge the gap between the experimental
models and the actual pathogenic events.

Overall, the nine papers of this exciting RT provide an up-to-
date view of the most recent achievements made by scientists in

the evergrowing field of Structural Biology.
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Missense Mutations Modify the
Conformational Ensemble of the
a-Synuclein Monomer Which Exhibits
a Two-Phase Characteristic

Adrien Guzzo', Patrice Delarue’, Ana Rojas?, Adrien Nicolai’, Gia G. Maisuradze® and
Patrick Senet'3*

"Laboratoire Interdisciplinaire Carnot de Bourgogne, UMR 6303 CNRS-Université de Bourgogne Franche-Comté, Djjon, France,
ZSchrédinger, Inc., New York, NY, United States, *Baker Laboratory of Chemistry and Chemical Biology, Cornell University,
Ithaca, NY, United States

a-Synuclein is an intrinsically disordered protein occurring in different conformations and prone
to aggregate in -sheet structures, which are the hallmark of the Parkinson disease. Missense
mutations are associated with familial forms of this neuropathy. How these single amino-acid
substitutions modify the conformations of wild-type a-synuclein is unclear. Here, using coarse-
grained molecular dynamics simulations, we sampled the conformational space of the wild type
and mutants (A30P, A53P, and E46K) of a-synuclein monomers for an effective time scale of
29.7 ms. To characterize the structures, we developed an algorithm, CUTABI (CUrvature and
Torsion based of Alpha-helix and Beta-sheet Identification), to identify residues in the a-helix and
B-sheet from C*-coordinates. CUTABI was built from the resuits of the analysis of 14,652
selected protein structures using the Dictionary of Secondary Structure of Proteins (DSSP)
algorithm. DSSP results are reproduced with 93% of success for 10 times lower computational
cost. A two-dimensional probability density map of a-synuclein as a function of the number of
residues in the a-helix and p-sheet is computed for wild-type and mutated proteins from
molecular dynamics trajectories. The density of conformational states reveals a two-phase
characteristic with a homogeneous phase (state B, -sheets) and a heterogeneous phase (state
HB, mixture of a-helices and 3-sheets). The B state represents 40% of the conformations for the
wild-type, A30P, and E46K and only 25% for A53T. The density of conformational states of the
B state for A5S3T and AS0P mutants differs from the wild-type one. In addition, the mutant AS3T
has a larger propensity to form helices than the others. These findings indicate that the
equilibrium between the different conformations of the a-synuclein monomer is modified by the
missense mutations in a subtle way. The a-helix and -sheet contents are promising order
parameters for intrinsically disordered proteins, whereas other structural properties such as
average gyration radius, Ry, or probability distribution of R, cannot discriminate significantly the
conformational ensembles of the wild type and mutants. When separated in states B and HB,
the distributions of Ry, are more significantly different, indicating that global structural parameters
alone are insufficient to characterize the conformational ensembles of the a-synuclein
monomer.

Keywords: a-synuclein, amyloid, Parkinson disease, molecular dynamics, dictionary of secondary structure of
proteins, CUrvature and Torsion based of Alpha-helix and Beta-sheet Identification, PSEA
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1 INTRODUCTION

a-helices and S-sheets are the two main secondary structures
stabilized by backbone hydrogen bonds in proteins. The
propensity of each residue to form an a-helix or a f-sheet
depends on the amino-acid sequence and on the fold (Chou
and Fasman, 1974; Smith et al., 1994; Pace and Scholtz, 1998;
Bhattacharjee and Biswas, 2010). The formation of long
B-sheets differs significantly from a-helices as the former
necessarily involves long-distance contacts in the sequence
and depends on the mean curvature of the fold (Koh et al,,
2006; Bhattacharjee and Biswas, 2010). The content of these
two secondary structure elements is a criterion for
classification  of  protein  native  structures  and
characterization of protein folding kinetics and pathways
(Konagurthu et al, 2020). In intrinsically disordered
proteins (IDPs) (Wright and Dyson, 1999; Uversky et al,
2000; Uversky, 2019; Deiana et al., 2019), a-helices and
B-sheets are metastable secondary structures. As for folded
proteins, a natural extension of protein classification of IDP
can be based on the content of these two secondary structural
elements in a statistical sense. As an IDP has no native state,
the relative content of a-helices (a) and of B-sheets (f)
possibly defines a fingerprint of each conformational state
in a two-dimensional (a, ) propensity map (Ullman et al,,
2011). Here, we aim to build such an (&, ) effective free-
energy map for a-synuclein (a-syn), wild-type (WT), and
A30P, A53T, and E46K mutants from first principles by
using coarse-grained molecular dynamics (MD) simulations
with the UNRES (UNited RESidue) force field (Liwo et al.,
2001; Maisuradze et al., 2010).

a-syn is a 140 amino-acid protein abundant in the brain
(Jakes et al., 1994; Mollenhauer et al., 2008). It plays a central
role in the onset of the Parkinson disease (PD) and other
neurological disorders, named synucleopathies (Soto, 2003;
Chiti and Dobson, 2006; Stefanis, 2012; Chiti and Dobson,
2017; Tanudjojo et al., 2021). In these diseases, a-syn is found
in high concentration, as filaments, in spherical inclusions
(Lewy bodies) located in the neuron cytoplasm (Spillantini
et al., 1997; Breydo et al., 2012; Lashuel, 2020; Trinkaus et al.,
2021). Familial cases of PD are induced either by an
overexpression of WT a-syn due to a-syn gene triplication
or by pathogenic mutations in a-syn gene corresponding to
single amino-acid substitution, namely, H50Q, G51D, A53E,
A30P, A53T, and E46K (Polymeropoulos et al., 1997; Kriiger
et al., 1998; Zarranz et al., 2004; Fuchs et al., 2008; Appel-
Cresswell et al., 2013; Pasanen et al.,, 2014; Petrucci et al.,,
2016). These inherited forms of PD have phenotypes that are
similar to the sporadic PD, but patients with the A53T mutant
exhibit an early onset of PD (Petrucci et al., 2016). The role of
a-syn in PD development and the mechanisms of its
aggregation and of the aggregate propagation are still
debatable (Henrich et al., 2020; Sang et al., 2021) and
involve a-syn-lipid interactions (Galvagnion et al., 2015;
Suzuki et al., 2018; Antonschmidt et al., 2021), a liquid-
liquid phase transition (Ray et al., 2020), and a secondary
nucleation and fibril fragmentation (Cremades et al., 2012;
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Cascella et al., 2021; Kumari et al., 2021). Moreover, a-syn
aggregation might disregulate the mitochondrial function,
and increasing the level of free radicals and alterations in
this pathway may be involved in the pathogenesis of PD (Hsu
et al., 2000; Devi et al., 2008).

From a structural point of view, a-syn is a chameleon
protein (Ullman et al., 2011; Mor et al., 2016): it is
disordered (IDP) in solution wunder physiological
conditions, in equilibrium with a minor a-helical
tetrameric form in the cytoplasm (Bartels et al., 2011;
Wang et al.,, 2011) and a-helical when bounded to a cell
membrane (Fusco et al, 2018). When incubated under
physiological conditions in vitro, a-syn aggregates into
fibrils with polymorphic cross-f-sheet conformations, in
which a core of S-strands is aligned perpendicular to the
fibril axis forming extended regular f-sheets with different
arrangements (Tuttle et al., 2016; Guerrero-Ferreira et al,,
2019; Guerrero-Ferreira et al., 2020). In addition to cylindrical
fibrils, ribbon aggregates have been also observed (Bousset
et al., 2013). The different polymorphs characterized in vitro
are believed to mimic the a-syn filament structures in
synucleopathies.

Three main regions were identified in the primary sequence
of a-syn regarding their role in a-syn conformational
dynamics and aggregation. The N-terminal region (residues
1-60) contains a number of imperfect repeats, with the
consensus motif KTKEGV, strongly similar to that found
in the amphipathic helices and responsible for membrane
binding (Perrin et al., 2000). High-resolution NMR structures
revealed a broken helix featuring two curved a-helices of
a-syn (residues 2—37 and 45—92) bound to micelles
(Ulmer et al, 2005), whereas electron paramagnetic
resonance characterizations feature an extended helix for
a-syn bound to a lipid membrane (first 97 residues)
(Cheng et al, 2013). In solution, exposure of this
N-terminal region to solvents is correlated to aggregation
propensity (Stephens et al., 2020). The central hydrophobic
region of a-syn (residues 61—95), called NAC (non-amyloid
component), contains a hydrophobic stretch of 12 residues
71VTGVTAVAQKTV82 necessary for the aggregation
(Giasson et al., 2001). Fibrils of the NAC region are also
found in plaques of Alzheimer’s disease (Uéda et al., 1993).
The flexible acidic C-terminal region regulates fibril
formation in vitro seeding experiments (Murray et al,
2003) and plays a role in the secondary nucleation process
of amyloids via electrostatic interactions with the lysine-rich
N-tail (Kumari et al., 2021). Transient, long-range
interactions between the negatively charged C-terminus
(residues 120—140) with the positively charged N-terminus
and NAC (residues 30—100) were observed by paramagnetic
relaxation enhancement (PRE) for WT a-syn (Dedmon et al.,
2005). It is hypothesized that these transient interactions are
responsible for the larger compactness of a-syn compared to a
disordered chain (Dedmon et al., 2005). Structures with long-
range contacts between the N-terminal and C-terminal
represent about 14% of the conformational ensemble, and
in a significant fraction of these structures, residues 68—78

Frontiers in Molecular Biosciences | www.frontiersin.org

November 2021 | Volume 8 | Article 786123


https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Guzzo et al.

(NAC) are exposed to a solvent, in contrast to the hypothesis
that such long-range transient interactions prevent
aggregation (Ullman et al.,, 2011).

Mutations affect the arrangement and growth of the fibrils
in vitro (Guerrero-Ferreira et al., 2020). Compared to WT, A53T
and E46K mutations aggregate faster, whereas A30P aggregates
more slowly than WT (Tosatto et al., 2015; Stephens et al., 2020).
In addition, WT, A53T, E46K, and A30P differ in the formation
of the different early oligomeric moieties (Tosatto et al., 2015).
The mutants A30P and A53T show a greater propensity to form
non-fibrillar aggregates than WT (Li et al, 2002), and A53T
promotes seeded aggregation in human neurons (Tanudjojo et al.,
2021). The rate of lipid-induced aggregation and secondary
nucleation have been found to differ by multiple orders of
magnitude depending on which missense mutation is involved
(Flagmeier et al., 2016). NMR studies have shown an increase
flexibility of a-syn in nanosecond-microsecond time scales and a
reduction of contacts between C- and N-terminals in mutants
(Bertoncini et al., 2005). All single amino-acid substitutions have
thus both a kinetic and structural effect on the formation of
oligomeric structures. The purpose of the present theoretical
study is the characterization of the differences between the
conformational ensembles of monomeric WT and mutants,
which may contribute to our understanding of the early steps
of the aggregation process in solution.

The majority of monomeric WT a-syn conformations have no
secondary structures (Ullman et al., 2011). The average helical
and S-strand contents of WT a-syn deduced from restrained MD
of a-syn fragments and NMR data are about 3 and 11%,
respectively (Ullman et al., 2011). The maximum fraction of
residues with helical and f-sheet secondary structures was found
to be 20% (28 residues) and 28% (39 residues), respectively
(Ullman et al,, 2011). Little is known on how the missense
mutations modify the propensity of a-syn to form secondary
structures. As the a-helical/f-sheet equilibrium is central to the
folding polymorphism of a-syn, we decided to characterize the
propensities of these two secondary structures in WT, A30P,
A53T, and E46K monomers using MD.

Because the huge conformational space of a-syn is out of range
for all-atom MD simulations in the explicit solvent, we applied
coarse-grained UNRES MD (Maisuradze et al., 2010) to sample
the structures of WT and the most studied A30P, A53T, and
E46K monomers. The effective time scale of UNRES is 3 orders of
magnitude larger than the all-atom time scale (Khalili et al,
2005). To ensure the convergence of the conformational sampling
of the monomeric states, we applied replica exchange MD (see the
Material and Methods section). The total effective time scale of
the present simulations is 29.7 ms (72 replicas of 412 us each) for
each protein studied. One of the gold standards to quantify the
secondary structure elements of a protein from its structure is the
Dictionary of Secondary Structure of Proteins (DSSP) (Kabsch
and Sander, 1983; Touw et al, 2015) algorithm based on a
simplified model of hydrogen bonds. Application of DSSP to
coarse-grained structures simulated by UNRES requires to build a
compatible all-atom structure from the C* coordinates of the
UNRES model using reconstruction programs (Feig et al., 2004;
Rotkiewicz and Skolnick, 2008). To avoid the high computational
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cost of all-atom reconstructions from coarse-grained coordinates,
we developed here an algorithm which assigns an a-helix or a
B-sheet secondary structure to each residue based on the C*-C*
distances and on the coarse-grained angles formed by C*-C*
pseudobonds, which correspond to the local curvature and
torsion of the protein main chain (Grassein et al., 2020). The
accuracy of the present algorithm, named CUTABI (CUrvature
and Torsion based of Alpha helix and Beta-sheet Identification),
to quantify the 3-sheet content of proteins is improved compared
to an existing algorithm based on C* coordinates [P-SEA (Labesse
et al,, 1997)] and is comparable to the accuracy of DSSP (see the
Material and Methods section). For each structure of the
conformational ensemble of WT and mutants monomers, the
number of residues in a-helix or in f3-sheet was computed with
CUTABIL The probability density of this two-dimensional
descriptor was computed by using the conformations at 300
and 310 K. Analysis of these maps and of the conformational
ensembles of the WT protein and mutants revealed subtle effects
of the single amino-acid substitutions which are possibly related
to the differences observed in oligomerization between WT and
mutants (see the Results and Discussion section).

2 MATERIALS AND METHODS

2.1 Coarse-Grained Molecular Dynamics

Simulations

Detailed descriptions of the UNRES force field and its
parameterization are available in the reference (Liwo et al,
2019) and at http://www.unres.pl. Therefore, it will be only
briefly outlined here. In the UNRES force field, a polypeptide
chain is represented as a sequence of C* atoms with united
peptide groups located halfway of the virtual C*-C* bonds and
united side chains (SCs) attached to the C* atoms. The force field
has been derived as the potential of mean force (PMF) of a system
of polypeptide chain(s) in the solvent, where all degrees of
freedom except the coordinates of the C* atoms and SC
centers have been averaged out. The effective energy function
contains local and site-site interactions as well as multibody
terms, which have been obtained by decomposing the PMF into
factors corresponding to clusters of interactions within and
between coarse-grained sites (Liwo et al, 2001). The SC-SC
interaction potentials implicitly include the contribution from
solvation (Liwo et al., 2001; Maisuradze et al., 2010). The force
field was calibrated to reproduce the structure and
thermodynamics of small model proteins and applied with
success to simulate protein folding (Maisuradze et al., 2010;
Zhou et al, 2014; Sieradzan et al, 2021) and large-scale
conformational dynamics (Gola$ et al., 2012).

All structures of a-syn (WT and mutants) were extracted from
replica exchange MD trajectories generated with the UNRES
force field. A total of 72 trajectories were computed for each
protein: 32 trajectories at 300 K and 8 trajectories at each of the
following temperatures, 310 K, 323 K, 337K, 353K, and 370 K.
Each trajectory was started with two fully unfolded monomers
separated by a distance of 25 A. The Cartesian coordinates of C*
and SC beads were saved every 1,000 integration steps. The
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integration time step in UNRES is 4.9 fs, corresponding to an
effective actual time step of about 4.9 ps. Due to the implicit
integration of fast motions, the time scale of UNRES compared to
the experimental time scale is indeed accelerated by a factor of
1,000 (Khalili et al., 2005). For each trajectory, the first 4 million
steps were discarded. After this relaxation period, 8 consecutive
runs of 10 million steps were used for the analysis of each
trajectory. Convergence of the conformational ensemble
simulated for each protein was monitored by the probability
densities of intra-chain and inter-chain contacts and of the radius
of gyration. For each trajectory, the convergence was achieved for
the last 3 runs of 10 million steps, i.e., for a statistics of 30 million
steps (an effective time scale of 147 microseconds) out of 84
million steps (an effective time scale of 412 microseconds). Only
structures at 300 and 310 K are reported here as they are close to
the physiological temperature. The structures were saved every
1,000 integration steps, leading to about 1 million of converged
conformations analyzed for each protein combining the results at
300 and 310 K.

Since the simulations are performed on two monomers, both
isolated non-interacting monomer conformations and aggregated
monomers were observed in the converged MD trajectories. The
analysis and description of the dimeric conformations are out of
the scope of the present paper, which is dedicated to isolated
monomers, and they will be described elsewhere. The monomeric
structures studied in the present work were extracted from the
converged replica exchange MD trajectories if they obey the
following condition: no residues at a distance smaller than
20 A from the other monomer. The fraction of monomers out
of all the conformers simulated at 300 and 310 K is 55% for WT,
65% for A30P, 50% for A53T, and 48% for E46K. The monomeric
state is finally described here by about 1 million of structures of
the converged production part of the MD trajectories at 300 and
310K, representing a sampling on an effective time scale of
4.9 ms.

2.2 Curvature and Torsion Based of a-Helix
and B-Sheet Identification: An Algorithm for
Secondary Structure Determination Based

on C* Coordinates

Secondary structure elements (SSEs) are important descriptors of
the native state of proteins (Konagurthu et al., 2020) and of the
conformational ensemble of IDP, as shown in the next section for
a-syn. The main local structures stabilized by backbone hydrogen
bonds are helices (a-, 319-, and m-helices) and pS-sheets.
Deviations from the canonical definitions of these secondary
structures based on Ramanchandran angles are common in
the Protein Data Bank. Therefore, a practical and widely used
method to assign an SSE to a residue is to apply the DSSP
algorithm which is based on the calculation of a simplified energy
function describing backbone hydrogen bonds (Kabsch and
Sander, 1983). Application of DSSP to a protein structure
requires the knowledge of the Cartesian coordinates of all
backbone atoms. For structures simulated by coarse-grained
force fields, like UNRES, only a subset of these coordinates is
known, those of the C* atoms. Assignment of the SSE based on C*
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coordinates can be performed using DSSP but at the extra
computational cost of the reconstruction of an all-atom
representation of the coarse-grained structure using software
like MMTSB (Feig et al., 2004) or PULCHRA (Rotkiewicz and
Skolnick, 2008). Alternatively, the SSE can be defined from the C*
coordinates only [P-SEA algorithm (Labesse et al., 1997)]. Here,
we have chosen the second faster option and have developed the
algorithm CUTABI by analyzing 14,652 experimental structures
with less than 40% of sequence identity extracted from the
ASTRAL database (Fox et al,, 2014; Chandonia et al., 2019).
The parameters of CUTABI were adjusted to reproduce the DSSP
assignment of helices and f3-sheets for the ASTRAL database. The
agreement between CUTABI and DSSP is 93% for the structures
in the database with 10 times (DSSP + PULCHRA) to 30 times
(DSSP + MMTSB) less computational cost.

2.2.1 Parameters of Curvature and Torsion Based of

a-Helix and -Sheet Identification

Assuming a constant virtual bond length between C* atoms of
successive residues, a chain of N amino acids is fully characterized
by N — 3 torsion angles y,,, built from the positions of C;_;, Cy,
Chi1and Gy, with n =2 to N— 2; and N — 2 bond angles 6,,, built
from C;,_;, C;, and Cj,,;, with n = 2 to N — 1. These angles have
clear geometrical meanings: they are respectively the discrete
version of the local curvature (6,,) and the local torsion (y,,) of the
chain formed by the successive C* — C* virtual bonds (Grassein
et al, 2020). From a mathematical point of view, the local
curvature and torsion fully describe the structure of a string
and form a complete set of local order parameters for protein
folding (Grassein et al., 2020). For proteins, the curvature has a
limited range with 6 varying between 80° and 160°, whereas y can
take nearly any value between -180" and +180°. The SSEs
correspond statistically to specific areas in the coarse-grained
(y, 0) maps. Supplementary Figure S1 shows the distribution of
(y, 0) angles computed by the DSSP algorithm for the 14,652
experimental structures extracted from the ASTRAL database for
helix (H + G + I) and -sheet (E) (in brackets the one-letter SSE
codes in DSSP). The areas corresponding to helix and S-sheet
identified by DSSP in the (y, ) map are nicely reproduced by the
CUTABI algorithm, as shown in Supplementary Figure S1,
using an identification of the SSE based on the coordinates of
the C* atoms as follows.

In CUTABI, the minimal size of a helix is set to 4 residues.
Helices with less than 3 residues, such as short 3, helices, are
thus not counted. Because helices involve short-range
interactions along the amino-acid sequence, the local
curvature 6 and torsion y parameters are sufficient to
characterize this SSE. To decide if a set of four residues k,
k+ 1,k +2,and k + 3 pertains to a helix, a combination of the
coarse-grained angles formed by residues (C* atoms) k— 1, k, k +
1,k +2,k+3,and k + 4 is considered, as shown in Figure 1.
Residues k, k + 1, k + 2, and k + 3 pertain to a helix if the angles
01> Ok+1> Ok+2> and Oy, 3 belong to an interval between 80° and 105°
and the angles yy,; and yy,, belong to an interval between 30°
and 80°. A window of 4 residues is slid along the sequence to
evaluate the residues pertaining to a helix in each a-syn
conformation.
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FIGURE 1 | Parameters defining residues pertaining to a helix and to a parallel or to an anti-parallel -sheet in CUTABI (see text). The spheres represent the
positions of C* atoms of the residues. Orange and dark-blue arrows show the 8 and y angles involved, respectively. For B-sheets, red and light-blue arrows point out the
distances between residues involved in their definitions.

In CUTABI, the minimal size of a 3-strand is set to 2 residues,  different in CUTABI compared to DSSP. This number is only
i.e,, a B-sheet cannot be smaller than 4 residues. The S-strandsof 1 3,084 (20% of the database) in P-SEA. In total, assignments of SSE
residue forming p-bridges (B code in DSSP) are thus not by CUTABI and DSSP agree for 84% of the structures studied
considered. To define parallel and anti-parallel p-sheets (5,739 + 6,628 = 12,367 structures) with a difference compared to
(Figure 1), both local curvature and torsion parameters as  DSSP of maximum 15% of the sequence length. The average of
well as distances between the two f-strands forming the sheet  the percentage of agreement over all the structures of the database
are necessary. If the four residues k, k + 1, 4, and i + 1 pertain to a (14,652) for all SSEs between CUTABI and DSSP is 93% for a
parallel B-sheet (Figure 1), then the angles 0y, 0,1, 0;, and 0,4, computational time at least 10 times smaller.
must be between 100° and 155° and the angles y, and y; must be As shown in Figure 2, one observes a large difference of
smaller than —80° or larger than 80°. In addition, the distances  secondary structure assignments between CUTABI and DSSP for
between kand iand k + 1 and i + 1 (Figure 1, red arrows) mustbe  a very small number of proteins. Most structures in this category
smaller than 5.5 A, and the distance between k + 1 and i + 2 were measured by X-ray diffraction but with a low resolution
(Figure 1, light blue arrows) must be smaller than 6.8 A. Similar (>3A). In addition, as hydrogen atom positions are not detected
conditions must be met for the anti-parallel 3-sheet, as shown in  in the X-ray (except for ultra-high resolution), the application of
Figure 1. DSSP to these structures may be less accurate as DSSP is based on

the calculation of hydrogen bond energy. To illustrate the precise
2.2.2 Performance of Curvature and Torsion Based of  origin of this finding, we examined the structures and selected

a-Helix and f-Sheet Identification Compared to two representative structures with 35% of difference in SSE: one
Dictionary of Secondary Structure of Proteins and for the helix (Figure 3, left blue panel) and another for the B-sheet
P-SEA (Figure 3, right red panel).

The SSEs computed with the parameters defined in Figure 1 were Figure 3 (left panel) represents the fragment (from residue 19

compared to the SSEs calculated with DSSP (based on all-atom  to 98) of a calcium-gated potasium channel (PDB ID: 1lnq and
coordinates) (Kabsch and Sander, 1983) and P-SEA (based on C* ASTRAL ID: d1lnga2). In this example, CUTABI detects a much
coordinates only) (Labesse et al., 1997). Figure 2 shows the larger number of residues in the helix than DSSP. However, the
percentage of difference, i.e., the number of residues having an 3D representation shows that although these extra residues
SSE different in the coarse-grained algorithms P-SEA and  missed by DSSP are not in a canonical helix, the overall shape
CUTABI compared to DSSP, divided by the sequence length.  of the main chain is indeed helical.

For helices, as shown in Figure 2 (left panel), 96% of structures Figure 3 (right panel) represents the fragment (from residue 1
(5,550 + 8,585 = 14,235 structures) do not have more than 15% of ~ to 90) of a glycosyltrehalose trehalohydrolase (PDB ID: 1eh9 and
residues with an SSE different in CUTABI and in DSSP. The =~ ASTRAL ID: dleh9al). The number of residues in the f3-sheet is
results of P-SEA are similar. Considering DSSP as a gold  much larger in CUTABI than in DSSP. As in the case of the helix,
standard, the CUTABI accuracy is improved compared with  the 3D representation indicates that the additional residues in the
P-SEA on the evaluation of residues in the S-sheet. As shown  fS-sheet in CUTABI are part of a main chain segment with the
in Figure 2 (right panel), 5,739 structures examined (40% of the ~ overall shape of the -sheet, although not canonical, due probably
database) have less than 5% of residues pertaining to an SSE  to the low experimental resolution.
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FIGURE 3 | Representative structures with a large discrepancy between the SSE assignment by DSSP and CUTABI for the helix (left, ASTRAL ID: d1Inga2) and for

the B-sheet (right, ASTRAL ID: d1eh9at). In the left (right) panel, each blue (red) bar represents a residue pertaining to the helix (to the g-sheet). The 3D main chain is
represented with a blue (red) tube for residues pertaining to the helix (to the -sheet) for CUTABI and with a blue (red) cartoon for DSSP. Residues not in the helix or in the
B-sheet are in gray. The 3D representations were made with the PyMOL software (Schrodinger, 2015).
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FIGURE 4 | Probability density of the number of residues in the a-helix and p-sheet for WT and mutants of a-syn. The probability density of state B (no helix) is
represented by a function (gray) (right vertical axis), and the probability density of state HB is represented by a two-dimensional map (right color bar).

3 RESULTS

3.1 a-Helix and -Sheet Propensities of
a-syn Divide the Conformations Into Two

Distinct States

The algorithm CUTABI was applied to the a-syn conformations
to compute the number of residues in the a-helix («) and -sheet
(B) of each structure for WT and mutants. Each conformation has
(o, B) coordinates. The resulting probability densities in the (a, f3)
space are represented in Figure 4. In these maps, only the residues
from the N-terminal and NAC regions were considered for the
calculations [as can be seen in the next section (Figure 8), the
C-terminal region does not contribute to SSE differences between
WT and mutants].

A major observation is that the conformations are divided into
two distinct states for the N-terminal + NAC region: an ensemble
of conformations with no residue in the helix (state B) and the
rest of conformations (state HB). The highest probability of
observing a conformation in state B is an order of magnitude

larger than that of state HB, as can be seen by comparing (the
scale of) two-dimensional and one-dimensional plots in Figure 4.
In addition, Figure 4 reveals clear differences between WT and
mutants.

First, we discuss the global differences between states B of WT
and mutants (one-dimensional functions in Figure 4). The
maximum of the distributions is at 50, 54, 53, and 40 for WT,
A30P, A53T, and E46K, respectively. The distribution is sharper
for A30P, which has the largest number of conformations with
the largest number of residues (between 60 and 70) in the S-sheet.
Clearly, A53T has the lowest number of conformations in state B.
This is even better seen in Figure 5, showing the fraction of
conformations within a free-energy difference cutoff from the
global minimum of state B for each protein. With P,,,, being the
maximum of probability at (0, ) (in the B state) and P being the
probability at («, ) (>0, in the B or HB states), the free-energy
cutoff is computed as —In (%) in kT units, where k is the
Boltzmann constant and T is the temperature. Within 1KkT,
there is 32% of the conformations found for WT, E46K, and
A30P and only 20% for A53T, as shown in Figure 5.
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FIGURE 5 | Cumulative fraction of the total number of conformations
simulated as a function of a free-energy cutoff (in KT units) from the global
minimum of the B state (see text) represented in Figure 4. Curves are for WT
(black), A30P (purple), E46K (turquoise), and A53T (orange).

The results illustrated in Figure 5 emphasize the two-state
behavior. For A30P, there is even a third state below 1 kT. By
definition, the derivative of the curves represented in Figure 5
represents the Density Of conformations or micro-States (DOS).
The nearly linear behavior of the curves for WT and E46K up to
2 kT means a rather constant DOS corresponding to state B (one-
dimensional probability densities in Figure 4). The change of
slope at 2 kT for these proteins points up the separation between
the states, i.e., the onset of state HB, i.e., a state with a mixture of
a-helices and f-sheets. State B represents thus 40% of the
conformations for WT and E46K. Between 2KkT and about
3 kT, the curves for WT and E46K in Figure 5 are linear with
a slope larger than that in the B state, which corresponds to a
larger DOS in state HB. Beyond 3 kT, the DOS decreases and
reaches a plateau for all proteins. For A53T, state B contains less
conformations and the onset of the state HB occurs at about
1.5 KT. State B represents only about 25% of the conformations
for A53T. The DOS of the HB state for A53T is higher than that in
its B state, and it is also higher than the DOS of the HB state for
WT and E46K. The case of A30P is special. State B has the highest
DOS up to 1 kT, and it becomes similar to the DOS for WT and
E46K up to 2.5 kT. The third state below 1 kT is clearly visible as a
shoulder with a large proportion of conformations with 60—70
residues in the p-sheet in the one-dimensional probability
distribution, shown in Figure 4. Finally, state B in A30P also
concerns 40% of the structures. The DOS in the HB state for A30P
is similar to the one of A53T.

Figure 5 shows that state HB encompasses about 60% of the
conformations for WT, A30P, and E46K (all conformations
beyond 2 kT for WT and E46K and beyond 2.5KkT for A30P)

a-Synuclein Conformational Ensembles

and 75% of the conformations for A53T (all conformations
beyond 1.5 kT). Although the DOS is relatively constant, local
maxima occur in the HB two-dimensional maps (Figure 4). The
most probable (@, ) conformations occur at (7,44), (13,53),
(13,18), and (7,35) for WT, A30P, A53T, and E46K. There is a
significant difference between A53T and WT, A30P, and E46K.
For each protein, selected structures for the maximum of
probability of the B state and for the local maxima of the
probability of the HB state are represented in Figure 6. They
illustrate the expected diversity of conformations of an IDP. It is,
however, important to emphasize that each («, §) pair represents
an ensemble of conformations. It is impossible to represent the
entire diversity of these sub-ensembles. For example, for the WT
protein, the maximum of the B state at (0,50) corresponds to
19,901 structures, and the maximum of the HB state at (7,44)
corresponds to 3,569 structures. In Figure 6, the structures with a
maximum of residues in the helix or in the $-sheet are shown. The
maximum number of residues in the helix is 50 for A53T
compared to 46 for the other proteins and compared to the 82
(Ulmer et al., 2005) and 97 residues (Cheng et al., 2013) in helices
when a-syn is bound to membranes.

The average radius of gyration R, is a common global
structural parameter in polymer science, and it is interesting
to relate this property to states B and HB. For a random coil
represented by a self-avoiding walk in a good solvent (i.e., for
which interactions between monomers and solvent molecules are
energetically favorable), R, = 0.367bN", where b is the length of
the so-called statistical segment and v is a fractal exponent. In
three dimensions, we take b = 7.6 A (twice the distance between
two C%), R, = 54 A for the size of a-syn (N = 140) (Victor et al.,
1994). The average radius of gyration R, computed from the
UNRES trajectories is 24.7, 25.1, 26.0, and 25.2 A for WT, A30P,
A53T, and E46K, respectively. Only A53T has a significantly
larger R, than WT. Other authors reported an average radius of
gyration of R, = 23 A for WT and a distribution of R, narrower
than the distribution of a random coil of a similar sequence length
(Dedmon et al., 2005; Allison et al., 2009).

The distributions of R, of the conformational ensemble
simulated with UNRES for WT and mutants are very similar
to each other, as shown in Figure 7. The peak of the probability
density is lower for A30P. When the global distribution is
divided into states B and HB, one reaches the same
conclusion for state HB (Figure 7, middle panel), but one
observes more significant differences between the proteins for
state B (Figure 7, bottom panel). For state B, the peak of A53T is
the highest and a sub-population appears clearly on the left side
of the distribution for A30P and E46K. This sub-population is
hardly visible in the global probability distribution (Figure 7, top
panel) as a shoulder. Examination of the structures
corresponding to this sub-state of the B state reveals that the
structures of A30P and E46K have a large proportion of contacts
between regions 1—20 and 96—140. The average number of
contacts of the structures with 17.9A < R, <181 Ais 5.2, 14.9,
0.1, and 9.0 for WT, A30P, A53T, and E46K, respectively. The
large number of contacts between the two extremities of the
protein for A30P and E46K mutants compared to WT and A53T
explains the peak at 18 A.
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FIGURE 6 | Selected representative structures for WT and mutants extracted from the conformational sub-ensembles corresponding to the maximum fraction in
the helix (first column), the maximum fraction in the -sheet (second column), the most probable sub-state of state B (third column), and the most probable sub-state of
state HB (last column). The coordinates correspond to the position in («, 8) maps of Figure 4. Orange spheres represent backbone atoms at the mutation location. The
3D representations were made with the PyMOL software (Schrodinger, 2015).

3.2 Secondary Structure Element
Propensities as a Function of the Position in
the Amino-Acid Sequence: Differences and
Similarities Between the Wild Type and

Mutants

As shown in Figure 8, helices are found in four main regions: two
in the C-terminal region (residues 119—125 and 127—130), one
in the NAC region (residues 75—82), and one overlapping the
N-terminal and NAC regions (residues 53—65) for both WT and
mutants. As claimed in the previous section, there are no
significant differences between the propensities of SSE for WT
and mutants in the C-terminal region. The major differences
between WT and mutants occur in the region 53—65, which has a
peak for the helix propensity at residue K58. For all mutants, the
probability to form an a-helix in this region is larger than that for
WT. For A53T, the probability of residue K58 to pertain to a helix
is more than twice higher than one for the WT protein (Py =
0.25 compared to Pus3r = 0.56). Mutation 53 occurs in the
N-terminal part of a helical region of WT, but its effect is not
trivial as the mutation could be naively expected to decrease the
helicity. Indeed, the propensity to be part of a helix is 1.45 for

alanine and 0.82 for threonine according to the empirical helix
propensity scale (Chou and Fasman, 1974). The increase of
helicity observed in the 53—65 region of the sequence upon
single mutation is clearly not a local effect. Similarly, single
amino-acid substitutions, A30P and E46K, also increase
significantly the helicity in the region of 53—65.

Compared to other proteins, another significant difference is
observed for A53T in the helical region located at residues
18—22, where the probability to form an a-helix is significantly
larger for this mutant. For example, the peak at E20
corresponds to the following probabilities: Py = 0.07, Pa3op
=0.04, Pps3r = 0.14, and Pgyex = 0.05. The significant increase
of helicity in the 18—22 and 53—65 regions explains why state
B of A53T is less populated, as shown in Figures 4, 5 and
discussed in the previous section. The presence of an a-helix in
the 18—22 region might explain why mutation A18T induces
significant modification of the a-syn polymerization (Kumar
et al., 2018). Simulations of this mutant are scheduled in the
future. For A30P, the probability to observe a helix in the NAC
region is slightly lower than for other proteins: the probabilities
at A78 are Py = 0.37, Pasop = 0.32, Pas3r = 0.40, and
PE46K = 0.38.
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FIGURE 7 | Probability density of gyration radius computed for WT and
mutants of a-syn for the complete conformational ensemble (top panel), the
ensemble of state HB (middle panel), and the ensemble of state B (bottom
panel). The color code is WT (black), A30P (purple), E46K (turquoise),

and AS3T (orange). State B represents 40% of conformations for WT, A30P,
and E46K and 25% for AS3T (see text).

As shown in Figure 8, the probabilities to find residues in the
B-sheet are significantly high in the N-terminal and NAC regions
up to about residue 100 at the same locations for WT and
mutants. For WT, the maximum of the peaks observed in
Figure 8 are Ppy = 0.57, Pxy9 = 0.61, P41; = 0.87, Py = 0.76,
Prrg = 0.65, Pxsq = 0.61, Pyzg = 0.69, Px43 = 0.50, Pyyg = 0.4, Pyss
= 0.69, Pye; = 0.64, Pyg = 0.32, Prgo = 0.41, Pyop = 0.58, and
Pyos = 0.35.

As shown in Figure 8, the 8-sheet probabilities are very similar
for WT and E46K along the sequence and differ significantly for
A30P in the region 26—80 and for A53T in the region 35—65.

a-Synuclein Conformational Ensembles

The mutation A30P has a huge local impact on the probability of
residue 30 to pertain to a f3-sheet, Pyyr.430 = 0.49 and Pp3, = 0.03.
This induces an unexpected increase of the probability to occur in
the f-sheet for the neighboring residues: P = 0.85 for residues
26—29 and 32—35. Long-range effects of A30P mutation on the
propensities of other residues are observed by an increase of the
peaks at Py3g = 0.76, Pgy3 = 0.57, Py = 0.42, P15 = 0.46, and
Pyygs = 0.46 and by a decrease of the peaks at Pyss = 0.53 and Pysg;
= 0.54, compared to WT. The decrease in f3-sheet propensity in
this region compared to WT agrees with their larger helical
propensity in this region for the A30P mutant (Figure 8). For
A53T, the most drastic effect of the single amino-acid
substitution occurs in the region 53—65, where the probability
to form f3-sheets is significantly reduced compared to WT, Pyss5 =
0.32 and Pys; = 0.40, in agreement with their high probabilities to
be in a helix (Figure 8). Other significant long-range effects of the
amino-acid substitution are observed at peaks Py39 = 0.55, Pryq =
0.37, and Py, = 0.18, where the mutation A53T decreases the
probability to form a f-sheet compared to WT. Overall, two
crucial regions of the amino-acid sequence are affected by the
mutations: the region 26—35, where the A30P mutation increases
mainly the S-sheet formation, and the region 53—65, where the
A53T mutation mainly decreases the f3-sheet formation.

Finally, as shown in Figure 9 for all proteins, the statistics of
B-sheet propensity of state B differs from the global statistics (B +
HB) in the region 50—100, which encompasses the two major
helical regions centered at K58 and A78 (Figure 9, top panel).
The most significant differences are observed for A53T, for which
the probability to form a f3-sheet is significantly lower in the HB
state in the region 50—70, where the probability to form an helix
is very high (Figure 9).

4 DISCUSSION

The present analysis is based on a first-principle (no bias or
constraints applied) very large conformational sampling of the
WT a-syn and mutants. As in any MD simulations, the sampling
is never complete and each force-field has some bias. Next, we
compare the predictions of UNRES for WT and mutants to
available experimental data and previous theoretical studies.

To illustrate the difficulties of producing a conformational
ensemble of a-syn, we compared (see Figure 10) the helix and
B-sheet probabilities computed in four different works using
MD simulations for WT a-syn (Ullman et al., 2011; Yu et al,,
2015; Ramis et al.,, 2019; Coskuner and Wise-Scira, 2013).
Compared to the UNRES simulations and Ref. Ullman et al.,
2011, the calculations of Ref. Yu et al, 2015 largely
overestimate the helical properties of a-syn, whereas the
simulations of Ref. Ramis et al., 2019 largely underestimate
them. The simulations of Ref. Coskuner and Wise-Scira, 2013
also predict a larger helical propensity than the one found in
the present work (Figure 8) and in Ref. Ullman et al., 2011
(Figure 10). It is worth noting that the helical region nearby
residue 60 is found in the UNRES simulations (Figure 8) and
in Refs. Ullman et al., 2011; Coskuner and Wise-Scira, 2013
(Figure 10).
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FIGURE 8 | Probability of each residue to pertain to an a-helix (top panel) and a g-sheet (other panels) for WT (gray), A30P (purple), A53T (orange), and E46K
(turquoise) as a function of the residue position in the sequence. For the g-sheet, each mutant is compared to WT (gray) with labels pointing out residues at local maxima
of the WT probability densities.
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FIGURE 9 | Probability of each residue to pertain to a -sheet for WT (black), A30P (purple), E46K (turquoise), and A53T (orange) in the B state compared to the
probability in the corresponding entire (B + HB) ensemble of conformations for each protein (gray) as a function of the residue position in the sequence.

Comparison with our predictions shown in Figure 8 indicates ~ WT a-syn tetramer in Ref. Wang et al., 2011 between residues
better agreement with Ref. Ullman et al., 2011 for the helical part, =~ 4—43 and 50—103. Larger probabilities of helical tendency were
except that UNRES predicts a larger probability to form an  found experimentally in regions 20—23 and 48—90 (Wang et al.,
a-helix at residue A78. In the present work, MD simulations ~ 2011). These findings are rather in good agreement with the
are performed for the entire protein. In contrast, the method of  transient existence of helices in the a-syn monomer, as shown in
Ref. Ullman et al., 2011 consists of a combination of MD  Figure 8 (top panel), including the peak at A78. The stability of
simulations of peptides of a-syn with sequences which overlap  the tetrameric form is supported by previous all-atom MD
each other and are extracted from the a-syn sequence. The  simulations showing that the stability of this helical oligomer
conformation of the protein is rebuilt by a combination of is due to a hydrophobic core formed by non-polar residues
these fragments with weights using NMR data. The formation  pertaining to the second a-helix of each chain, along with salt
of transient helical segments was observed experimentally in the ~ bridges formed by positively charged lysine residues and
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FIGURE 10 | Probability of each residue of WT to pertain to an a-helix (top panel) and a -sheet (bottom panel) as a function of its position in the sequence from

MD simulations according to four different works: Ulman et al., 2011 (orange), Yu et al., 2015 (blue), Ramis et al., 2019 (red), and Coskuner and Wise-Scira, 2013 (green).
The thickness of the orange lines corresponds to the 95% confidence interval. Excerpted of the published figures of the works cited are reproduced with permissions.
Further permissions related to the material excerpted should be directed to the corresponding publishers.

negatively charged aspartate and glutamate residues (Cote et al.,
2018).

A detailed quantitative comparison between the UNRES f3-sheet
propensities (Figure 8) and those predicted in Refs. Ullman et al.,
2011; Coskuner and Wise-Scira, 2013; Yu et al,, 2015; Ramis et al.,
2019 is difficult. However, we observe that there is a significant
tendency to form f3-sheet conformations over the entire sequence in
Refs. Ullman et al, 2011; Ramis et al., 2019. On the contrary,
simulations of Refs. Coskuner and Wise-Scira, 2013; Yu et al., 2015
predicted much localized and lower f3-sheet probabilities.

Although the probabilities represented in Figure 8 for intra-
molecular f-sheets of an isolated monomer cannot be simply
compared to the formation of intra-molecular contacts in fibrils,
the peaks in UNRES predictions for the f3-sheet propensities
(Figure 8) agree with the pairs of residues forming intra-
molecular contacts in protofilaments, ie., 47-79, 48—78,
92—71, 93—70, 94—69, 95—68 (PDB ID: 2n0a), and 47—79,
48—78, 92—69, 93—68 (PDB ID 6h6b). In addition, the maxima
in Figure 8 for f3-sheet propensity are located at or close to valine
residues [Pv3 =0.52, PV26 = 0.46, Pv40 =0.57, Pv49 =04, PV55 =
0.69, Pygs = 0.64, Py = 0.32, Pyg, = 0.31, Pygs = 0.35], which is
the most frequently found amino acid in S-sheets (Chou and
Fasman, 1974). The peak at A90 is in the hydrophobic stretch
88IAAAII. Present simulations show a significant propensity to
form a f-sheet in the region 71—83 necessary for aggregation
(Giasson et al., 2001). Except for G73, the probability is indeed
about 40% in this region (Figure 8, bottom panel). However, as
mentioned above, in the present simulations, the probability of
helical tendency at A78 is also about 40%. The results shown in
Figure 8 are thus compatible with the probability to form both
the f-sheet and helix in the region 71—83. The helix can be
stabilized in the tetrameric oligomer (Bartels et al., 2011; Wang
et al,, 2011; Cote et al., 2018).

Although the propensities along the sequence are difficult to
compare to experimental data, more global metrics can be used.
Indeed, an interesting experimental parameter is the average
content in helix and f-sheet conformations of WT a-syn in
solution. Circular dichroism (CD) data reported an average of
2 £ 3% and 11 + 7% for helix and -sheet contents, respectively
(Rekas et al., 2010). It is worth noting that the algorithms to
extract f-sheet conformations from CD spectra are not as
accurate as those for helices (Micsonai et al., 2015) and, as
shown for a-syn, the CD spectrum is also dependent on the
buffer and concentration (Araki et al., 2016). Other experimental
values extracted from CD for the SSE content of WT monomers
were reported: < 2% for the helix and 30% for f3-sheet contents in
Ref. Weinreb et al., 1996 and 3 + 1% for the helix and 23 + 8% for
p-sheet fractions in Ref. Davidson et al, 1998. In their
construction of the WT conformational ensemble based on
MD simulations of a-syn fragments using the CHARMM
force field constrained by NMR data, Ullman et al. reported
the values 2% for the helix and 11% for -sheet fractions (Ullman
etal., 2011) (orange curve in Figure 10). In the present work, the
global proportions of residues in the helix and -sheet computed
from the complete converged conformational WT ensemble are
10 and 31%, respectively. There are about 3 times more residues
in the 8-sheet than in the helix, a ratio which is in agreement with
the one estimated from CD in Ref. Rekas et al, 2010.
Interestingly, the theoretical values reported by coarse-grained
simulations of WT a-syn with a different force field (red curve in
Figure 10) are 20 + 4% and 26.8 + 6.8% for helix and S-sheet
fractions, respectively (Ramis et al, 2019). In the present
simulations, one notes that half of the helix fraction arises
from the short helices located in the C-terminal region. The
helix fraction without the C-terminal region is only 5% here. The
fractions of the helix and S-sheet are on the same order of
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magnitude for the mutants and WT: A30P (helix = 10%, S-sheet =
34%), A53T (helix = 13%, 3-sheet = 26%), and E46K (helix = 10%,
B-sheet = 29%). Again, A53T shows a larger deviation compared
to WT in agreement with a less populated B state (Figures 4 and
5). Most likely, the present force field overestimates the formation
of SSE but predicts the correct equilibrium between the two
main SSEs.

Another global structural parameter is R,. The average radius of
gyration R, measured by small-angle X-ray scattering for WT a-syn
in solution depends on the protein concentration, the presence of
dimers or trimers, buffer type, pH, acetylation, and the source of
proteins (Araki et al, 2016). For recombinant «a-syn in 10 mM
ammonium acetate pH 7.4, R, = 27.2 + 044 A extrapolated at
infinite dilution, which is comparable to the average computed value
(Rg =247 A, Figure 7). Addition of HCI and/or NaCl increases R,
significantly to 33—40 A (Li et al,, 2002; Allison et al., 2009; Araki
etal,, 2016), but these effects cannot be tested with the present model.
It is interesting to note that R, for dimers in the present simulations
are about 10 A larger than that of monomers, as will be discussed
elsewhere. Therefore, any mixture of monomers and dimers
increases the effective radius of gyration of the solution.

The effects of the missense mutations on the structural
properties can be summarized as follows: for the SSE tendency
(Figure 8), the most significant effects of the single mutations are
for A30P and A53T. Residue P30 has a huge effect on neighboring
residues for the formation of the -sheet. Residue T53 has a great
influence on the helical region centered at K58. For the B state,
structures with low R, (around 18 A) are more compact for A30P
and E46K due to the large average number of contacts between
the residues 1—20 and 96—140. For the entire ensemble of
conformations, the average number of contacts between these
two regions is rather similar for WT (1.84), A30P (2.12), and
E46K (1.61) but significantly less for A53T (0.75). The mutant
A53T is thus expected to be more flexible and less compact as
shown by its larger R,. The analysis is slightly different if the
average number of contacts is computed between the entire
N-terminal (1—60) and C-terminal (96—140) regions for
which the average number of contacts is 4.54 (WT), 4.22
(A30P), 2.71 (E46K), and 2.61 (A53T). One finds that both
E46K and A53T are much more flexible than WT. NMR
studies of mutants A30P and A53T showed a reduction of
contacts between C- and N-terminals for both mutants
compared to WT (Bertoncini et al, 2005). The present MD
results fully agree with these data for A53T.

A major finding in the present work is that an isolated
a-synuclein in solution occurs in two phases, which are clearly
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Historically proteins that form highly polymeric and filamentous assemblies have been
notoriously difficult to study using high resolution structural techniques. This has been due
to several factors that include structural heterogeneity, their large molecular mass, and
available yields. However, over the past decade we are now seeing a major shift towards
atomic resolution insight and the study of more complex heterogenous samples and in
situ/ex vivo examination of multi-subunit complexes. Although supported by
developments in solid state nuclear magnetic resonance spectroscopy (SsSNMR) and
computational approaches, this has primarily been due to advances in cryogenic electron
microscopy (cryo-EM). The study of eukaryotic microtubules and bacterial pili are good
examples, and in this review, we will give an overview of the technical innovations that have
enabled this transition and highlight the advancements that have been made for these two
systems. Looking to the future we will also describe systems that remain difficult to study
and where further technical breakthroughs are required.

Keywords: cryo-EM, ssNMR, filament, fibre, microtubule, pilus

INTRODUCTION

In the 1930s-1950s, X-ray fibre diffraction studies of filamentous proteins by pioneers such as
William Astbury, Francis Crick and Linus Pauling, laid the foundation for modern structural biology
(Astbury and Street, 1932; Pauling and Corey, 1951a; Pauling and Corey, 1951b; Crick, 1952). These
early studies provided new insights into the structural properties of fibrous substances such as keratin
and collagen, however, they could only offer global information. With the advent of single crystal
X-ray diffraction (Kendrew et al., 1958), from the 1960s structural studies of soluble proteins became
the principal focus due to the delivery of atomic/subatomic resolutions. In the 1980s the first soluble
protein was determined by solution state nuclear magnetic resonance (NMR) spectroscopy
(Williamson et al., 1985) and with the development of recombinant protein expression systems
(Itakura et al., 1977; Smith et al., 1983; Cregg et al., 1993), by the mid-1990s there became a clear
exponential rise in soluble/globular macromolecular structures being deposited in the protein data
bank (Berman et al, 2000). Likewise, new methods for isolating and reconstituting membrane
proteins has led to significant numbers of these structures (Vinothkumar and Henderson, 2010),
primarily elucidated by crystallographic methods, being deposited in the PDB since the 2000s.
Using solution NMR and X-ray crystallography we have gained significant understanding of
filamentous systems through studying their lower-order subunits, however, due to technical
limitations of these techniques, there has been a lack in our understanding of how these
components interact and how this relates to their function. For example, there is a requirement
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2015 2018 2021

for sample homogeneity (purity and molecular mass), high
amounts of material, and for crystallography the sample must
form highly ordered and relatively large crystals (generally
>20-50 um’). Early advancements in the determination of
high-resolution filamentous protein structures include the
crystal structure of a synthetic peptide based collagen-like
fragment with a defined length, published in 1994 (Bella et al.,
1994). In the late 1990s the first proteinaceous structures were
determined using solid state NMR (ssNMR) spectroscopy: the
helical antibiotic peptide gramicidin, integrated within a lipid
bilayer (Ketchem et al., 1996), and a peptide-based pentameric
transmembrane helical bundle of the acetyl choline receptor
(Opella et al., 1999). This ushered in a new direction for
studying highly polymeric solids and by 2003 ssNMR had
been successfully implemented to determine the structure of
the fd filamentous bacteriophage particle coat protein (Zeri
et al., 2003). Since then, the development of smaller magic
angle spinning (MAS) sample rotors that spin at higher
frequencies and require less sample, advances in isotopic
labelling and partial deuteration of samples, and general
enhancements of signal sensitivity (Ashbrook and
Hodgkinson, 2018), has led to ~140 ssNMR-derived models
being deposited in the PDB (Berman et al., 2000). Of these,
~20% are of filamentous proteins. Furthermore, in the last

10 years, hybrid approaches incorporating ssNMR, Rosetta-
based in silico modelling and/or electron microscopy has
provided atomic structures for the bacterial type III secretion
system needle (Loquet et al., 2012; Demers et al., 2014), the M13
bacteriophage capsid (Morag et al., 2015) and AP amyloid fibrils
(Sgourakis et al., 2015). However, over the past decade, cryo-
electron microscopy (cryo-EM) has transformed all aspects of
structural biology and has become the primary driving force in
providing major advancements towards routine structure
determination of filamentous protein assemblies (Figure 1).

The Cryo-EM Revolution

Pre-revolution, cryo-EM produced near-atomic resolutions only
in ideal sample cases; usually large macromolecules with high
symmetry such as particular viral capsids. In additional preferable
cases, sub-nanometer resolutions allowing secondary structure
visualisation were possible, but for most targets, particularly those
of low symmetry and/or small size (<200 kDa), cryo-EM was
most-often limited to nm resolutions. Now, cryo-EM can
routinely produce near-atomic resolution structures of even
asymmetrical macromolecules of small size (currently down to
around ~50 kDa in ideal cases without a scaffold (Fan et al., 2019;
Herzik et al., 2019)), with the first true atomic resolutions being
reached in the last few years (Nakane et al., 2020; Yip et al., 2020).
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Furthermore, a significant amount of sample heterogeneity can
also now be tolerated and even utilised, with snapshots of
different conformational states and multimeric arrangements
revealing the dynamics of macromolecular machines. Whilst
remaining more challenging than single-particle cryo-EM, in
the last 5 years or so cryo-electron tomography (cryo-ET) with
sub-tomogram averaging has become more capable of achieving
sub-nanometer resolutions in situ and near-atomic resolutions
with purified macromolecular preparations (Schur, 2019; Turk
and Baumeister, 2020; Pyle and Zanetti, 2021).

Core to cryo-EM’s transformation has been the introduction
of direct electron detectors to replace charge-coupled devices and
film, improving how faithfully transmitted electrons are recorded
and allowing correction of global sample drift and local beam-
induced motion (Li al, 2013; Kuhlbrandt, 2014).
Improvements to electron microscope hardware (including
electron sources, stability, and energy filtration) and software
(particularly increased automation in data collection) but also
data processing hardware (increased computing power and
improved storage) and software (in particular new Bayesian
and artificial intelligence-based approaches) have also made
significant contributions. The bottleneck to high-resolution
cryo-EM is most often now the sample itself or the way it
behaves during vitrification, however, innovation in sample
preparation and data collection techniques are addressing
these challenges.

In this review, we provide several examples of filamentous
systems and show how our understanding has developed over the
past decade due to these advances in structural biology
techniques. We first discuss advancements our
understanding of microtubules (MTs) and MT complexes and
then describe bacterial pili, primarily involved in adhesion.
Looking to the future, we also highlight aspects that remain
difficult to study and suggest where further advancements may
be made.

et

in

Microtubules and Associated Proteins

MTs are tubular polymers of around 25 nm diameter built from
longitudinally and laterally associated af-tubulin heterodimers
and are a key component of the eukaryotic cytoskeleton. MTs
display dynamic instability, in that they switch between
polymerisation and depolymerisation phases modulated by p-
tubulin’s GTPase activity, post-translational modifications and
the interaction of microtubule-binding proteins. MT dynamics
generate forces vital to cell division, serve as intracellular
signalling platforms and provide the tracks for intracellular
transport and force generation by kinesin and dynein family
motor proteins (Vale, 2003; Goodson and Jonasson, 2018). While
MTs can form into a number of different architectures built from
10-16 protofilaments, 3-start 13-protofilament pseudo-helices
are the most commonly observed in nature (Tilney et al,
1973; Pierson et al., 1978; Wade et al., 1990). Pseudo-helical
MTs are those with a discontinuity in the helical lattice known as
the seam that has heterotypic (a0 to (-tubulin) rather than
homotypic (a to a/p to B) lateral interactions between tubulin
dimers.

Microtubule and Pili Structures

High-Resolution Studies of MTs Using
Cryo-EM

MTs were amongst the first targets to be studied by cryo-EM
(Mandelkow and Mandelkow, 1985) following its development
(Lepault et al., 1983; McDowall et al., 1983). Cryo-EM at this early
stage already provided key advantages over EM with heavy metal
stains, enabled by rapid sample vitrification in near-native
conditions, yet was chiefly limited to theoretical extrapolation
of 3D MT lattice architectures via analysis of real and reciprocal
space patterns from 2D projections (Chretien and Wade, 1991).
In the late 90s and early 2000s, 3D reconstructions of MTs with or
without associated motor proteins via helical and pseudo-
tomographic  back-projection methods limited to
nanometre resolutions (e.g. (Arnal et al., 1996; Hoenger et al,,
1998; Kikkawa et al., 2000; Kikkawa et al., 2001; Metoz et al., 1997;
Nogales et al., 1999; Sosa et al, 1997a; Sosa et al., 1997b))
(Figure 1). This work gave information on the MT polymer
not available from emerging crystallographic structures of af-
tubulin or protofilament subunits (Nogales et al., 1995; Nogales
etal., 1998; Lowe et al., 2001). An important and lasting shift was
treating MT segments as single-particles in reference-matching
approaches (Li et al., 2002). This, often combined with refinement
of helical symmetrisation parameters during iterative rounds of
reference-based alignment (Egelman, 2000), helped move some
MT reconstructions into the sub-nanometre range allowing
secondary structure identifications (Bodey et al., 2009; Sui and
Downing, 2010; Alushin et al., 2012) (Figure 1).

A major challenge is differentiating between highly similar a
and B-tubulin monomers during MT image processing, resulting
in significant blurring of a and B-tubulin and a failure to resolve
the seam in more physiologically relevant pseudo-symmetric
MTs (Figure 2A). This issue was particularly prominent in
studies of MTs alone, while the presence of MT-bound
proteins demarcating tubulin dimers would act as fiducials
during processing, alleviating the severity of the artefact,
particularly  for  pseudo-symmetric = MT  architectures.
Combining statistical methods for seam-finding with pseudo-
symmetrical averaging approaches efficiently identified o and p-
tubulin register and seam-location with MT-binding proteins
acting as fiducials (Sindelar and Downing, 2007). Nevertheless,
CCD and film-derived reconstructions of pseudo-helical MTs
and associated proteins could not break the ~4.5 A resolution
barrier required for visualisation of the peptide backbone and side
chains (Alushin et al., 2014; Atherton et al., 2014; Fourniol et al.,
2010; Maurer et al., 2012; Redwine et al., 2012; Sindelar and
Downing, 2010). The introduction of direct electron detectors
was central to MT reconstructions achieving near-atomic
resolutions (<4.5 A) (Figure 1). Ground-breaking work from
the Nogales group, combining direct electron detector data
with refined pseudo-helical processing methods achieved
resolutions around 3.4 A, allowing the authors to propose that
small local nucleotide-dependent conformational changes
leading to global changes in lattice compaction and twist
govern dynamic instability (Zhang et al, 2015; Zhang and
Nogales, 2015). This and later work to near-atomic resolutions
continued to use MT binding proteins as fiducials for

were
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EMDB:22677 (Rao et al., 2021).
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L Surface/ )
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FIGURE 2 | Cryo-electron microscopy of MTs (A) Images of the lumenal face of undecorated MTs, centred on an inter-dimer interface, but also showing intra-dimer
interfaces and lateral interfaces between protofilaments. Grey density is shown for reconstructions of the MT alone; top, EMDB:5193 at ~8 A resolution (Sui and
Downing, 2010); and bottom; EMDB:7973 at 3.1 A resolution (Zhang et al., 2018), with the atomic model for the undecorated GMPCPP MT PDB:6dpu (Zhang et al.,
2018)fitted into each reconstruction (a-tubulin light blue, B-tubulin dark blue). Failure to resolve differences between a and p-tubulinis a symptom of the earlier study
(top), but not the more recent study (bottom), as illustrated by poor (top) or good (top) density differentiation between a and B-tubulin’s S9-S10 loop (within red dashed
oval) (B) Left; exemplar cryo-EM structures from single MTs. Coloured cryo-EM densities for MT-binding proteins are shown as indicated on the single MT alone cryo-EM
density map EMDB:7973 (Zhang et al., 2018) coloured grey; CAMSAP1 CKK domain (Atherton et al., 2019), MT-binding repeat (MTBR) of Tau (Kellogg et al., 2018) and
the motor domain (MD) of kinesin-13 (Benoit et al., 2018). Right; exemplar cryo-EM structures from axonemal doublet MTs. Coloured cryo-EM density for MT-binding
proteins are shown as indicated on the bovine tracheal cilia doublet-MT cryo-EM density map EMDB:24664 (Gui et al., 2021); bovine tracheal cilia MT inner proteins
(MIPs), surface and innter junction proteins and outer-dynein arm docking complex EMDB:24664 (Gui et al., 2021) and outer-arm dynein from Tetrahymena thermophila

dyneins

docking complex

differentiation of a and B-tubulin in processing when working on
tubulin isoforms or nucleotide or drug-induced conformational
changes in the MT lattice; (Howes et al., 2018; Kellogg et al., 2017;
Manka and Moores, 2018; Vemu et al., 2017; Vemu et al., 2016).
However, this need for fiducials was overcome with additional
image processing techniques, when near-atomic structural
determination of pseudo-symmetric MTs without binding
proteins in different nucleotide states was demonstrated

(Zhang et al,, 2018) (Figure 2A). Nevertheless, in many cases
the MT-binding protein itself was the subject of structural
interest, with notable examples solved near-atomic resolutions
including the MT-binding regions of disease-related proteins tau
(Kellogg et al., 2018) and doublecortin (Manka and Moores,
2020), minus-end binding CAMSAP (Atherton et al., 2019), MT-
nucleator TPX2 (Zhang et al., 2017) and the MT-depolymerising
kinesin-13 (Benoit et al., 2018) (Figure 2A).
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In recent years, cryo-EM of MTs and binding partners has
continued to develop (Figure 1). Near-atomic resolutions are
being more readily achieved with accelerated automated and
semi-automated data collection approaches (Tan et al., 2016)
being adopted, allowing large amounts of data to be collected.
Pipelines and methods for image processing of pseudo-
symmetric MTs with or without MT-binding protein
fiducials in the popular GUI-based program RELION have
been introduced (Adib et al., 2019; Lacey et al., 2019; Cook
et al., 2020). One challenge has been MT surface-binding
proteins commonly being resolved at lower resolutions than
the MT scaffold because heterogeneity in MT shape is
generally amplified away from the centre of reconstructions,
but also because of sample-dependent sub-stoichiometric
occupancies and flexibility in the binder. In response to
these challenges, new techniques have been developed to
essentially subdivide MTs and bound proteins into sub-
regions during processing, for example by using symmetry
expansion and/or focused classification and refinement of
individual MT subunits or binder sites to improve their
quality (Liu et al, 2017; Debs et al., 2020; Cook et al,
2021). A recent stand-out study used focused classification
methods to resolve MT inner proteins (MIPs) in the lumen of
MTs extracted from Toxoplasma gondii to near-atomic
resolution (Wang et al., 2021).

Although generally lagging-behind single-particle cryo-EM in
resolution (Figure 1), cryo-ET can reveal 3D information on
structurally heterogenous MT regions, such as lattice breaks and
MT ends (Guesdon et al., 2016; Atherton et al., 2017; Gudimchuk
et al.,, 2020). Furthermore, cryo-ET can be used to study MT
architecture and organisation either in situ or in isolated ex-vivo
preparations, where crowded overlapping environments render
single-particle cryo-EM unsuitable (Atherton et al, 2018;
MclIntosh et al., 2018; Chakraborty et al., 2020). In particular
cases where there are suitable repeating MT-associated sub-
structures, sub-tomogram averaging (STA) can be employed to
yield isotropic 3D reconstructions and improve resolution. For
example, recently cryo-ET has resolved ex-vivo cytoplasmic
dynein-dynactin transport teams on MTs (Chowdhury et al,
2015; Grotjahn et al., 2018), Parkinson’s disease related LRRK2-
decorated MTs in cells (Watanabe et al., 2020), EB-decorated
singlet MTs inside primary cilia (Kiesel et al., 2020) and revealed
MT intra-lumenal F-actin in kinesore-induced cell projections
(Paul et al., 2020).

Finally, alongside work on single MTs and their binding
proteins, there has been a recent flurry of exciting cryo-ET/
STA (Jordan et al., 2018; Zabeo et al., 2018; Owa et al., 2019;
Greenan et al., 2020) and single-particle cryo-EM (Ma et al., 2019;
Khalifa et al., 2020; Gui et al., 2021; Rao et al., 2021; Walton et al.,
2021) work on the axonemal MT doublet structures of primary
and motile cilia (Figure 2B). These studies have utilised both
intact in situ and reduced membranated or de-membranated ex
vivo preparations and have revealed a wealth of information on
gross cilia architecture and the organisation, identities, and
structure of axonemal MIPs, dynein complexes and
intraflagellar transport trains (IFTs).
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Studying Dynamic Interactions of

Microtubules and Associated Proteins

Prior to cryo-EM’s revolution, ssNMR had provided a method of
obtaining high-resolution information on drug-binding to MTs
(Kumar et al., 2010). Nowadays, cryo-EM has become the tool of
choice for studying the rigid interactions between MTs and their
binding partners including small-molecules. However, cryo-EM
struggles to resolve significant dynamics and flexible interactions
due to the requirement for particle averaging and therefore
ssNMR provides an ideal high-resolution method for studying
the nature of these more dynamic interactions. Recent studies
with labelled MT-binding domains of CAMSAPs, dynactin CAP-
Gly, tau and plant companion of cellulose synthase 1 (CC1) have
revealed atomic-level information on the dynamicity of their M T
interfaces (Yan et al., 2015; Kadavath et al., 2018; Atherton et al.,
2019; Kesten et al., 2019).

An exciting new development has been the purification of
suitable amounts of isotopically labelled tubulin to produce MTs
suitable for NMR studies, allowing labelled MTs and MT-binding
proteins to be studied in parallel (Luo et al., 2021). In particular,
this has enabled the study of the flexible and isoform-variable
C-terminal tails of a and P tubulin involved in a plethora of
interactions with MT-binding proteins within intact MTs (Janke,
2014; Roll-Mecak, 2020). This technical advance has now
revealed the dynamic involvement of these C-terminal tails in
CAMSAP-CKK domain and MAP7 MT binding at both slow and
fast timescales (Luo et al., 2020) and has opened the door to
further studies with a range of binding proteins.

Adhesive Bacterial Pili

The extracellular surfaces of bacteria are decorated with hair-like
projections called pili or fimbriae, that are composed of smaller
pilin subunits (Thanassi et al., 2012; Hospenthal et al., 2017a).
Different types of pili range in their length and thickness and
often have dedicated export and assembly systems that allow
them to form on the bacterial surface. These include type IV-like
and type V, chaperone-usher, amyloid-based, conjugative, type
IV secretion, and sortase-mediated pili (Lukaszczyk et al., 2019).
These pili have diverse functions including interacting with host
cells during colonisation, promoting bacterial aggregation in
biofilm formation, motility, conjugation, and secretion of
proteins (Garnett and Matthews, 2012; Thanassi et al., 2012;
Arutyunov and Frost, 2013; Berry and Pelicic, 2015). As such,
these filamentous structures are often major virulence factors that
drive the establishment of bacterial infection and the progression
of disease. A decade ago, our primary understanding of pilus
architectures was through crystallographic and solution NMR
studies of monomeric pilin domains and the modelling of intact
pili using low resolution (>10 A) negative-stain and cryo-EM
data (Craig et al., 2006; Salih et al., 2008; Garnett et al., 2012;
Galkin et al., 2013). However, in the past 5 years ~15 intact pilus
structures have now been deposited in the PDB derived using
cryo-EM data at near near-atomic resolutions (<4.5 A) (Costa
et al., 2016; Hospenthal et al., 2016; Hospenthal et al., 2017b;
Spaulding et al.,, 2018; Filman et al., 2019; Wang et al., 2019;
Zheng et al., 2019; Neuhaus et al., 2020; Shibata et al., 2020; Zheng
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N. gonorrhoeae T4P at 12.5 A

I Craig et al, 2006

PilA4 T4P

~6 nm

First pilus by SP

General domain
organization determined

T. thermophilus T4P (PilA4) at 3.2 A

Backbone & sidechains resolved

~3nm

T. thermophilus T4P (PilA5) at 32 A

Gold et al, 2015

FIGURE 3 | Cryo-electron microscopy of type IV pili. Images of T4P models derived from different resolutions of SP data STA data. Structures providing resolution
breakthroughs are shown as example. SP Cryo-EM density and models of “thick” pili (N. meningitidis T4P at 12.5 A (EMDB 1236; PDBID 2hil) (Craig et al., 2006), T.
gonorrhoeae T4P at 6.0 A (EMDB 8287; PDBID 5kua) (Kolappan et al., 2016) and the T. thermophilus PilA4 T4P at 3.2 A (EMDB 10647; PDBID 6xxd) (Neuhaus et al.,
2020)) and a thin “pilus” (T. thermophilus PIIAS T4P at 3.5 A (EMDB 10648; PDBID 6xxe) (Neuhaus et al., 2020)) are shown. Cryo-EM density for the thinner T.
thermophilus PilA5 T4P derived by STA at 32 Aisalso presented (EMDB 3024) (Gold et al., 2015). Cartoon representation of the T. thermophilus PilA4 and PilA5 are also
given as the first Cryo-EM backbone/sidechain resolved T4P structures (Neuhaus et al., 2020).

pilus form identified

N. meningitidis T4P at 6 A

First T4P by STA

New thinner

PilAS T4P

Improved placement

T. thermophilus T4P (PilA5) at 3.5 A
Neuhaus et al, 2020

Backbone & sidechains resolved

etal., 2020; Gu et al., 2021; Pradhan et al., 2021). There has been a
clear advancement in our ability to resolve high-resolution
features of intact bacterial pili and this is well aligned with the
introduction of direct electron detectors and processing
techniques developed for filamentous helices (Figure 1). Here
we will now discuss progress made in our understanding of two
major classes of adhesive pili.

Type IV-like Pili

The first pilin structure was published in 1995 by John Tainer’s
group; the crystal structure of an intact type IV pilus (T4P) major
subunit, PilE, from Neisseria gonorrhoeae (Parge et al., 1995). In
N. gonorrhea this pilus is the only known virulence factor
required for infection (Kellogg et al, 1963; Swanson et al,
1987) and is important for binding host cells, other bacteria
and delivering antigenic variation (Quillin and Seifert, 2018).
Furthermore, the ability of the T4P to both extend and retract,
coupled with its adhesive properties, provide bacteria with

twitching motility and the ability to conjugate genomic
material (Pelicic, 2008). The structure of PilE indicated that a
long N-terminal helix could mediate pilus assembly, and the
globular C-terminal region may decorate the pilus and provide
specific function. In 2006 this was realised using 12.5 A cryo-EM
data to model the intact pilus (Craig et al., 2006) which displayed
a tight helical packing of N-terminal helices and with a width of
~6 nm (Figure 3). Then in 2015, cryo-ET was used to resolve the
overall features of the PilA5 T4P isolated from Thermus
thermophilus at 32 A by STA (Figure 3). Strikingly, this pilus
displayed a pronounced groove running along the fibre length
and was much thinner at ~3 nm (Gold et al., 2015). Over the past
5 years we have seen significant improvements in resolution first
with the Neisseria meningitidis T4P using cryo-EM maps
reconstructed at 6 A (Kolappan et al., 2016) and then several
other T4P models published guided by sub-nanometre resolution
data from Escherichia coli, N. gonorrhoeae and Pseudomonas
aeruginosa PAK (Bardiaux et al, 2019; Wang et al, 2017)
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(Figure 3). All these pili formed structures with widths of
~5-6 nm. However, in the last year Vicki Gold’s group has
now broken the ~4.5 A barrier, with cryo-EM maps for the
Thermus thermophilus PilA4 and PilA5 pili at 3.2A and
3.5 A, respectively, allowing backbone and sidechain details to
be resolved as well as sites of glycosylation (Neuhaus et al., 2020)
(Figure 3). Similar to the Neisseria-like pili, the PilA4 pilus has a
width of ~6 nm, while PilA5 is in line with the previous cryo-ET
study with a width of ~4 nm. This study has provided a clear
atomic rational for the differences in overall appearance of these
two classes of pili, which likely reflects their specific functions in
natural transformation and twitching motility, respectively, and is
based on unique inter-subunit interactions, helical parameters,
and surface charge.

Related to the T4P, pseudo-pili have similar structures but
different functions. For example, components that form the T4P
system and are essential for pilus assembly are related to the type
II secretion system (T2SS) which transport substrates and
effectors, many of which are virulence factors, from the Gram-
negative bacterial periplasm into the extracellular space (Gu et al.,
2017). While the T4P system utilise ATPases that can both drive
the formation and retraction of the pilus, the T2SS only contains
expresses the extension ATPase, which it uses to push cargo
across the bacterial outer membrane via polymerisation of the
pilus via a syringe-like mechanism. In 2017 the structure of the
Klebsiella oxytoca T2SS pseudo-pilus, PulG, was resolved using
solution NMR and cryo-EM maps at 5.0 A resolution, and this
study has revealed that this pilus is stabilised by calcium ions and
disassembles in their absence (Lopez-Castilla et al., 2017; Naskar
et al, 2021). Geobacter sulfurreducens is a Gram-negative
bacterium that uses surface nanowires for extracellular
electron transfer. A recent cryo-EM structure of the
copolymerised PilA-N/C pseudo-pilus at 3.8 A now indicates
that like the T2SS, this structure is used to push nanowires
out of the bacterium (Gu et al, 2021). Furthermore, cryo-EM
structures of the OmcS nanowire at 3.7A and 3.4 A has
uncovered a new pilus type formed through the
polymerisation of OmcS hexaheme cytochromes, with hemes
packed within 3.5-6.0 A of each other to allow electron
transport (Filman et al., 2019; Wang et al., 2019).

Donor-Strand Exchanged Pili

The chaperone-usher (CU) pilus assembly pathway is another
well characterised system in Gram-negative bacteria with the first
structure, the uropathogenic E. coli (UPEC) type 1 pilus minor
FimC-FimH chaperone-adhesin complex, published at the end of
the 1990s by Stefan Knight’s group. In CU systems, pilin domains
consist of an incomplete Ig-like fold which lack the C-terminal
strand, forming an acceptor groove, but have an additional
unstructured extension at their N-terminus (Hospenthal et al,,
2017a). Polymerisation proceeds through this N-terminal
extension packing along the acceptor groove of an adjacent
pilin subunit, which then stabilises and completes the Ig-like
fold; a process called donor strand exchange. CU pili are highly
variable but many consist of a major pilin subunit that makes up
the majority of the fibre and then a minor pilin subunit (one or a
few) at the tip, which is often an adhesin that binds carbohydrates

Microtubule and Pili Structures

or other receptors on the surface of host cells (e.g. E. coli type 1, P
and common pili) (Garnett et al., 2012; Hospenthal et al., 2017a).
However, in other CU systems, the major pilin domains that form
the fibre shaft instead act as adhesive elements while the minor tip
domain functions as an invasin that mediates invasion of host
cells (e.g. E. coli AAF pili) (Berry et al., 2014); other arrangements
also exist. Additionally, some CU pili are relatively thin
(~2-3nm) and exist with an extended ‘beads on a string’
architecture that are relatively dynamic, with others being
much thicker (~10nm) and forming rigid and more
compacted helical arrangements.

A decade ago our understanding of CU pilus structures was
primarily driven by crystallographic and NMR studies of
generally monomeric or small engineered tandem subunits,
however, again due to advances in cryo-EM we are now able
to appreciate the functions of pilus packing through near-atomic
resolution insights (Hospenthal et al., 2016; Hospenthal et al,,
2017b; Spaulding et al., 2018; Zheng et al., 2019). In 2013 Lisa
Craig’s group determined the global features of the
enterotoxigenic E. coli (ETEC) CS1 pilus at 20 A resolution by
cryo-EM  and the major CS1 pilin subunit CooA by
crystallography at 1.6 A resolution (Galkin et al, 2013).
Modelling the CooA subunits into different cryo-EM maps
revealed that pilins could adopt multiple orientations and
structural states, resulting in different pilin packing and a
dynamic pilus structure. They proposed that CS1 and other
thicker class of pili may stretch in response to shear forces
that they experience during colonisation. In 2015 Adam
Lange’s group combined solution state NMR, ssNMR and
scanning transmission electron microscopy (STEM) and
determined the first atomic model of an intact UPEC type 1
pilus (Habenstein et al., 2015) while the following year, Gabriel
Waksman’s group published the first near-atomic resolution
structure of an intact UPEC P-pilus by cryo-EM at 3.8 A
(Hospenthal et al, 2016). This structure along with a
subsequent structure of the UPEC type 1 pilus by cryo-EM at
4.2 A was able to explain precisely how changing inter-subunit
interactions within these pili can mediate spring-like properties
(Hospenthal et al., 2017b; Spaulding et al., 2018). Another recent
study of the ETEC CFA/I pilus by cryo-EM at 4 A has again
shown that the helical quaternary structure of the pilus is
influenced by shear forces and this is likely a common
function of wound CU pili (Miller et al., 2006; Zheng et al., 2019).

Within the past 5 years a new type of adhesive fibre has also
been discovered in Bacteroidales, named the type V pilus (T5P)
(Xu et al., 2016). These are composed of an anchor, a stalk, an
adapter and a tip pilin (Hospenthal et al., 2017a). Last year the
first structure of an intact T5P was determined by cryo-EM at
3.6 A, which consisted of the polymerised FimA pilin stalk
subunit from the bacterium Porphromonas gingivalis (Shibata
etal,, 2020). This has revealed not just a new pilus architecture but
also a new mode of pilus formation. Unlike the CU pathway, T5P
pilin domains contain a C-terminal extended region and when
they are exported to the bacterial surface, the N-terminal strand is
cleaved by the protease RgpB and released. This forms an
acceptor groove that can then accept a C-terminal extension
via strand exchange with an adjacent pilin subunit.

Frontiers in Molecular Biosciences | www.frontiersin.org

29

January 2022 | Volume 8 | Article 830304


https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Garnett and Atherton

CONCLUSIONS AND PERSPECTIVES

As has been discussed, structural biology of MTs and their
binding proteins has advanced dramatically over the last
decade, yet a number of samples and technical goals remain
challenging, representing frontiers in the field. In single-particle
cryo-EM of single MTs, an intriguing question is whether atomic
resolutions are achievable. MTs include some intrinsic flexibility
and heterogeneity, including bending and in some cases lattice
breaks and even multiple seams (Cross, 2019; Debs et al., 2020).
Future sample preparation, data collection and processing
methods will have to reduce these variances, whilst essentially
eliminating blurring of a and p-tubulin register (particularly
challenging in the absence of fiducial binding proteins) in
order to reach atomic resolutions. Resolving MT binding
proteins with partial occupancy on the MT, or those adopting
a mix of conformers remains difficult, although processing
strategies  including  symmetry  expansion,  focused
classifications and refinements and signal subtraction are
proving fruitful (Liu et al., 2017; Debs et al., 2020; Cook et al.,
2021). In some cases, rather than using the standard heterogenous
tubulin purified from the brains of livestock, more homogenous
sources such as purified single-isoform tubulins or tubulin from
particular cell types can help improve resolve regions of tubulin
isoform heterogeneity, such as the C-terminal tails and their
interactions (Atherton et al., 2019; Li et al., 2020). Additionally,
ssNMR is becoming a useful tool for particular cases where
flexible interactions between MT-binding proteins and the MT
are to be investigated.

As discussed, exciting recent data has also emerged from
studies of cilia MTs that demonstrates the ability of cryo-EM
to identify macromolecules de novo within in situ or ex vivo
preparations (Gui et al., 2021; Kiesel et al., 2020; Wang et al.,
2021). The ability to faithfully localise and identify
macromolecules on MTs in situ is likely to be a prominent
target in the future direction of the field. With the advent of a
revolution in macromolecular structure prediction (Jumper et al.,
2021) combined with expanding dataset sizes and increasing sub-
tomogram averaging resolutions due to steady improvements in
cryo-ET sample preparation (FIB), data-collection and image
processing (Figure 1) (Turk and Baumeister, 2020; Hylton and
Swulius, 2021; Pyle and Zanetti, 2021), this goal is looking more
and more plausible.

On the back of cryo-EM method developments, primarily
through the study of other filamentous systems such as MTs,
there has also been a substantial increase in our understanding
of bacterial pilus structures in recent years. This is highlighted
by work shown here on type I'V-like pili, CU pili and the newly
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DNA (2'-deoxyribonucleic acid) and RNA (ribonucleic acid) play diverse functional roles in
biology and disease. Despite being comprised primarily of only four cognate nucleobases,
nucleic acids can adopt complex three-dimensional structures, and RNA in particular, can
catalyze biochemical reactions to regulate a wide variety of biological processes. Such
chemical versatility is due in part to the phenomenon of nucleobase tautomerism, whereby
the bases can adopt multiple, yet distinct isomeric forms, known as tautomers. For
nucleobases, tautomers refer to structural isomers that differ from one another by the
position of protons. By altering the position of protons on nucleobases, many of which play
critical roles for hydrogen bonding and base pairing interactions, tautomerism has
profound effects on the biochemical processes involving nucleic acids. For example,
the transient formation of minor tautomers during replication could generate spontaneous
mutations. These mutations could arise from the stabilization of mismatches, in the active
site of polymerases, in conformations involving minor tautomers that are indistinguishable
from canonical base pairs. In this review, we discuss the evidence for tautomerism in DNA,
and its consequences to the fidelity of DNA replication. Also reviewed are RNA systems,
such as the riboswitches and self-cleaving ribozymes, in which tautomerism plays a
functional role in ligand recognition and catalysis, respectively. We also discuss tautomeric
nucleoside analogs that are efficacious as antiviral drug candidates such as molnupiravir
for coronaviruses and KP1212 for HIV. The antiviral efficacy of these analogs is due, in part,
to their ability to exist in multiple tautomeric forms and induce mutations in the replicating
viral genomes. From a technical standpoint, minor tautomers of nucleobases are
challenging to identify directly because they are rare and interconvert on a fast,
millisecond to nanosecond, time scale. Nevertheless, many approaches including
biochemical, structural, computational and spectroscopic methods have been
developed to study tautomeric dynamics in RNA and DNA systems, and in antiviral
nucleoside analogs. An overview of these methods and their applications is included here.

Keywords: Tautomerism, ribozymes, riboswitches, mutagenesis, COVID-19, antivirals, nucleoside analogs therapy,
spontaenous mutations
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INTRODUCTION

Nucleic acid bases exhibit keto-enol and amino-imino
prototropic tautomerism due to the presence of multiple
solvent-exchangeable protons (Figure 1) (Watson and Crick,
1953; Topal and Fresco, 1976; Brown et al., 1989; Colominas
et al., 1996; Mons et al., 2002). The formation of minor tautomers
can increase the overall structural and chemical diversity of
nucleic acids, which enables their diverse functions in biology
(Topal and Fresco, 1976; Cochrane and Strobel, 2008a; Singh
et al., 2015). For example, many self-cleaving ribozymes (RNA
enzymes) and some riboswitches (RNA aptamers) are proposed
to utilize tautomerism to perform their biological function
(Figure 2, Figure 3) (Singh et al, 2015; Singh et al, 2014).
Formation of minor tautomers in DNA, at low frequency, is
proposed to contribute to the phenomenon of ‘spontaneous
mutagenesis’, which denotes the background level of
mutations that appear during the replication of undamaged
DNA (Watson and Crick, 1953; Topal and Fresco, 1976;
Wang et al,, 2011; Rangadurai et al, 2020). These mutations
are thought to arise due, in part, to the altered base pairing
properties of minor tautomers (Figure 4) (Watson and Crick,
1953; Topal and Fresco, 1976; Wang et al,, 2011).

Therapeutics based on tautomeric nucleoside analogs have
proven effective as antiviral agents against a range of retro- and
ribo-viruses, including influenza (Delang et al., 2018), hepatitis-
C-virus (HCV) (Crotty et al., 2001), human immunodeficiency
virus (HIV) (Li et al, 2014) and coronaviruses, including
COVID-19 (Figure 5) (Shannon et al, 2020; Kabinger et al.,
2021). The antiviral efficacy of these analogs stems from their
ability to exist in multiple tautomeric or rotameric states, which
help mutagenize the viral genomes to error catastrophe and even
to viral population extinction. The formation of minor tautomers
in nucleic acids is a rare event, and their dynamics of
interconversion is fast, on a millisecond to nanosecond time
scale (Peng et al., 2013; Rangadurai et al., 2019). Recent
developments in methods have allowed direct identification
and quantification of minor tautomers in nucleic acid bases
and in nucleoside/nucleotide analogs (Peng et al, 2011; Li
et al., 2014; Singh et al., 2014; Peng et al.,, 2015; Rangadurai
et al.,, 2019).

Small self-cleaving ribozymes and many riboswitches are
proposed to utilize minor tautomeric forms of catalytic
residues and ligands to perform their biological functions
(Figure 2, Figure 3) (Cochrane et al, 2007; Cochrane and
Strobel, 2008a; Cochrane and Strobel, 2008b; Thore et al,
2008; Gilbert et al., 2009; Wilcox and Bevilacqua, 2013; Singh
et al, 2014; Singh et al, 2015). Among riboswitches,
crystallographic evidence shows that the purine and the
thiamine pyrophosphate riboswitches recognize the minor
tautomeric forms of their non-natural ligands xanthine and
oxythiamine pyrophosphate (OxyTPP), respectively (Figure 2)
(Thore et al., 2008; Gilbert et al., 2009; Singh et al., 2015; Singh
et al, 2014). Self-cleaving ribozymes such as hammerhead,
hairpin, glmS, varkud satellite (VS), hepatitis delta virus
(HDV), and twister catalyze nucleolytic intramolecular self-
scission reactions (Figure 3) (Rupert and Ferré-D’Amaré,

Tautomerism in Nucleic Acids and Antivirals

2001; Martick and Scott, 2006; Cochrane et al., 2007;
Cochrane and Strobel, 2008a; Suslov et al., 2015). In these
ribozymes, it is proposed that the tautomeric forms of their
catalytic guanosines act as a general base to activate the 2'-
hydroxyl nucleophile to initiate the cleavage reactions (Klein
et al., 2007; Cochrane and Strobel, 2008a).

During DNA replication, formation of minor tautomeric
forms of nucleobases could lead to mispairing that generates
mutations in the absence of any DNA lesion or other form of
DNA damage (Watson and Crick, 1953; Lowdin, 1963; Topal and
Fresco, 1976; Wang et al., 2011; Bebenek et al., 2011; Rangadurai
etal,, 2019; Rangadurai et al., 2020). This phenomenon is thought
to explain the appearance of spontaneous mutations during the
replication of undamaged DNA. The transient generation of
minor tautomers in DNA allows stabilization of mismatches,
in the polymerase active site, in conformations that are
indistinguishable from the structures of canonical base pairs
(Figure 4) (Watson and Crick, 1953; Topal and Fresco, 1976;
Wang et al.,, 2011; Rangadurai et al., 2020).

While assembling their double-helix model of DNA, James
Watson and Francis Crick stumbled over the phenomenon of
base tautomerism; in fact, their model required that the bases
adopt specific tautomeric forms in order to base-pair, with the
suggestion that alternate tautomers would lead to mispairing and
spontaneous mutations. (Watson and Crick, 1953). These ideas
were later formalized by Michael Topal and Jacques Fresco, who
described in 1976 the specific pairings between the minor
tautomeric forms of canonical nucleic acid bases during
replication that are likely to lead to mutations (Topal and
Fresco, 1976). Since then, structural studies have shown that
the formation of minor tautomers in DNA could allow wobble
mismatches, such as the A-C and G-T base pairs, to adopt a
geometry similar to that of canonical base pairs in Watson and
Crick (W-C) conformations (Figure 4) (Wang et al., 2011;
Szymanski et al, 2017). These studies provided structural
evidence in support of the rare tautomer hypothesis for
spontaneous mutations (Wang et al, 2011). Furthermore,
tautomeric dynamics occur on a time scale that is similar to
that of DNA replication, suggesting that the rate of rare tautomer
formation could determine the probability of base
misincorporation during replication (Rangadurai et al, 2019;
Rangadurai et al., 2020).

In this review, we will discuss mechanisms involving
tautomerism in RNA biology and in the generation of
spontaneous mutations during DNA replication. We will also
discuss the role of tautomerism in the development of nucleoside/
nucleotide analogs based antiviral therapeutics. Specifically, we
will focus on tautomerism in the catalysis of small self-cleaving
ribozymes and in ligands recognition by riboswitches. We will
discuss evidence of tautomerism in DNA and the associated
mechanisms that contribute to the generation of spontaneous
mutations. We will also review the role of tautomerism in the
mechanism by which antiviral drug candidates based on
nucleoside analogs, such as molnupiravir (isopropyl ester
prodrug of the ribonucleoside analog B-D-N*-hydroxycytidine)
and KP1212 (5-aza-5,6-dihydro-2'-deoxycytidine), induce lethal
mutagenesis in the genomes of SARS-CoV-2 and HIV,
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FIGURE 1 | Prototropic tautomerism in cytosine. Nucleic acid bases
contain keto, amino, or both functional groups. These groups often participate
in keto-enol and amino-imino tautomerism as shown here for the native base
cytosine.

respectively. Minor tautomers are rare and their dynamics of
interconversion is fast, which makes them challenging to identify
in complex macromolecular systems, such as DNA and RNA. In
the last section, we will summarize the current, state-of-the-art
methods for studying tautomerism in nucleic acids and in
antiviral nucleoside analogs, and discuss the future directions
of the field.

Tautomerism in Nucleic Acids

Nucleic acids display keto-enol and amino-imino types of
tautomerism (Singh et al.,, 2015), as shown in Figure 1 using
cytosine as an example. This type of tautomerism, called
prototropic tautomerism (Laar, 1886; Antonov, 2013) involves
the movement of protons in the form of deprotonation at one site
and protonation at another site, which is accompanied by a
rearrangement of the double bonds in between the two sites.
The base pairing complementarity in nucleic acids depends on

Tautomerism in Nucleic Acids and Antivirals

the position of protons on the Watson-Crick (W-C) interface
(Watson and Crick, 1953; Wang et al., 2011). As the positions of
protons change between different tautomers (Figure 1) (Singh
etal,, 2015), the distribution of hydrogen donor and acceptor sites
is altered on the W-C face of each base. Therefore, certain minor
tautomeric forms of canonical nucleic acid bases can engage in
alternative base pairings (Watson and Crick, 1953; Topal and
Fresco, 1976; Wang et al.,, 2011; Singh et al., 2015; Rangadurai
et al, 2019; Rangadurai et al, 2020). Since base pairing
interactions are predominantly responsible for the biological
functions performed by nucleic acids, prototropic tautomerism
is expected to influence the biology of both DNA and RNA (Singh
et al., 2015). Below we discuss a few notable examples where
nucleobase tautomerism is a key contributor or otherwise
modulates the biological functions performed by nucleic acids.

Tautomerism in RNA Riboswitches

The ligand recognition by the purine and thiamine
pyrophosphate riboswitches binding to minor
tautomeric forms of their non-natural ligands (Figure 2)
(Thore et al., 2008; Gilbert et al., 2009; Singh et al., 2014). The
purine riboswitch regulates expression of genes involved in the
metabolism of adenine and guanine. The regulation is mediated
by the conformational change in response to binding to purine
ligands (Gilbert et al., 2009; Gilbert et al., 2006). In addition to
recognizing adenine and guanine, the purine riboswitch can also
bind to metabolites of purines such as xanthine, hypoxanthine
and 2,6-diaminopurine (Gilbert et al., 2009; Gilbert et al., 2006).
Crystal structures of these ligands bound to the purine riboswitch
show that the cytosine at the 74 position (C74) is critical for
determining substrate specificity (Figure 2A) (Gilbert et al,

involves

A Purine Riboswitch B TPP riboswitch
Purine riboswitch:xanthine TPP::G28 (TPP Riboswitch)  OxyTPP::G28(TPP Riboswitch)
C74
Xanthine
&Ly
S L _U51
ml{ Water
Tautomers of xanthosine (X) Tautomers of oxythiamine (OxyT)
sodes .
R
SN N&&R
| J\
<NIL/J§O <N )\OH N J\OH H3CJ\\N G H CJ\
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2,6-diketo-X 6-Enol-2-Keto-X 6-Keto-2-Enol-X  2,6-dienol-X 4'-enol- 4-keto-N1H-  4'-keto-N3'H-
OxyT OxyT OxyT
FIGURE 2 | Tautomerism in riboswitches. (A) Top left, crystal structure of the purine riboswitch with xanthine in its binding pocket interacting with carbonyl oxygens
of C74,U47 and U51, and a water molecule. Bottom left, all possible tautomeric forms of xanthosine. (B) Crystal structures of the TPP riboswitch showing interactions of
its binding site G28 (guanosine at the 28th position) with the thiamine pyrophosphate (TPP) and oxythiamine pyrophosphate (OxyTPP) ligands. Bottom, tautomeric forms
of oxythiamine identified by NMR and vibrational spectroscopy (Singh et al., 2014). The figure is adapted from reference (Singh et al., 2014) (CC BY 4.0).
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A Mechanism of ribozyme catalysis
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FIGURE 3 | Mechanism of the nucleolytic reaction catalyzed by small self-cleaving ribozymes. (A) Acid-base catalytic mechanism of small self-cleaving ribozymes
and the positions of participating catalytic guanosines in the active sites of the respective ribozymes. (B) Catalytic guanosine (G33) in the active site of the gimS ribozyme,
in close proximity to the 2’-hydroxyl of the A-1 nucleotide adjacent to the scissile phosphodiester bond. (C) The N1 of catalytic guanosine (G8) in the hairpin ribozyme in
close proximity to the 2'-hydroxyl of the A-1 nucleotide. (D) The N1 of catalytic guanosine (G12) in the hammerhead ribozyme in close proximity to the 2'-hydroxyl of
the A-1 nucleotide. (E) The N1 of the catalytic guanosine (G698) in the Varkud Satellite ribozyme in close proximity the 2'-hydroxyl of A-1 nucleotide. Figure 3E was
shared by Joe Piccirilli’s laboratory at the University of Chicago (Suslov et al., 2015), and parts of the figure are adapted from reference (Singh et al., 2014) (CC BY 4.0).
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2009). The carbonyl oxygen (02) of C74 and U51 form hydrogen
bonds with the 2-amino functional group of the native ligand
guanine (Gilbert et al, 2009), which explain the riboswitch
preference for ligands that have a hydrogen bond donor at the
2-position of purines such as guanine and 2,6-diaminopurine
(Gilbert et al., 2009; Gilbert et al., 2006). However, the riboswitch
can also bind to xanthine, which has a carbonyl group at the 2-
position, and hypoxanthine, which lacks any functional group at
that positon, albeit with a weaker affinity (Figure 2A) (Gilbert
et al., 2009). Xanthine binding has a dissociation constant (Kp) of
32 pM, three orders of magnitude higher than the nanomolar Kps
for guanine and 2,6-diaminopurine (Gilbert et al., 2009).
Hypoxanthine has 200-fold less affinity compared to guanine
(Gilbert et al., 2009). However, the crystal structures of the
riboswitch bound to xanthine or guanine ligands reveal no
significant structural differences (Gilbert et al, 2009). To
rationalize their identical structures, it was proposed that the
2-enol form of xanthine would alleviate the repulsive interactions
that exist due to the presence of three negatively charged oxygens
in close proximity (Figure 2A) (Singh et al., 2015). This proposal
was also consistent with the biochemical observation that
xanthine binds the riboswitch at a pH of 6 (Kp = 33 uM), but
no binding is detected at a higher pH of 8.5 (Gilbert et al., 2009).
The enol tautomers are expected to be more stable at lower pH
(Gilbert et al., 2009). Despite the observed crystallographic and
biochemical evidence in support of the minor 2-enol tautomer,
the direct existence of 2-enol xanthine has not been established.
This is due, in part, to the lack of sensitive methods for

distinguishing keto and enol forms of xanthine in the
background overlapping signals from polymeric RNA (Gilbert
et al., 2009; Singh et al., 2014).

Tautomerism is also suggested to influence oxythiamine
pyrophosphate (OxyTPP) binding to the thiamine
pyrophosphate (TPP) riboswitch (Thore et al., 2006; Thore
et al., 2008). The TPP riboswitch binds to its natural ligand,
TPP, to negatively regulate the expression of genes involved
in the biosynthesis and transport of thiamine (Thore et al,,
2006). The X-ray structure of the riboswitch with the TPP
ligand shows that the amino group at the 4’-position of TPP
acts as a hydrogen bond donor to the N3 position of G28
(Figure 2B) (Thore et al., 2006; Thore et al., 2008). The
OxyTPP has a carbonyl group at the 4'-position. Yet, under
crystalline conditions, its hydrogen bonding interactions to
G28 are almost identical to those of TPP (Figure 2B) (Thore
et al., 2008). The 4’- position of OxyTPP can only act as a
hydrogen bond donor in its enol form, leading to the
hypothesis that OxyTPP binds to the riboswitch as an enol
tautomer (Thore et al, 2008). The Oxythiamine (Oxy)
portion of OxyTPP exists in three tautomeric forms
including the proposed 4’-enol tautomer (Singh et al,
2014). Biochemical binding isotope effect (BIE)
experiments combined with density functional theory
(DFT) calculations performed using O-18 labelled OxyTPP
could not unambiguously identify the tautomer of OxyTPP in
the binding pocket of the TPP riboswitch (Singh et al., 2014).
More sensitive methods, such as NMR relaxation dispersion,
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low temperature NMR, FTIR (Fourier Transform Infrared
Spectroscopy) and 2D-IR  (2-Dimentional Infrared
Spectroscopy) (discussed in the Methods overview) are
needed to unambiguously characterize the tautomeric form
of OxyTPP or its binding partner G28 on the TPP riboswitch.

Tautomerism in Self-Cleaving Ribozymes

Small self-cleaving ribozymes are proposed to utilize the
minor tautomeric form(s) of catalytic guanosines to
execute the first step of the self-cleavage reactions
(Figure 3) (Cochrane and Strobel, 2008a). As mentioned
above, the hammerhead, hairpin, glmS, VS, HDV, and the
twister ribozymes are examples of small self-cleaving
ribozymes that catalyze the nucleolytic intramolecular self-

scission reactions (Figure 3) (reviewed in (Cochrane and
Strobel, 2008a)). Their reaction mechanism are very similar,
and they typically involve base catalyzed activation of the
site-specific 2’-hydroxyl that acts as a nucleophile to attack
the adjacent scissile 3'-phosphate. This reaction yields two
RNA products: one containing the 2’,3'-cyclic phosphate and
the other the 5'-hydroxyl functional group (Figure 3A). The
only exception to this mechanism is the glmS ribozyme,
which requires an external cofactor in the self-cleavage
reaction (Cochrane et al., 2007).

The self-scission reactions catalyzed by these ribozymes
are proposed to utilize the minor tautomeric form of catalytic
guanosines, in which the N1 is not protonated, to act as a
general base in the 2’-hydroxyl activation step of the reaction
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FIGURE 5 | Proposed tautomeric structures of antiviral drugs molnupiravir and KP1212, and base pairing properties during replication in SARS-CoV-2 and HIV
viruses, respectively (Li et al., 2014; Kabinger et al., 2021).

(Singh et al., 2015) (Figure 3A). Structural studies of  nucleophilic at N1, and thus could extract the proton from
hammerhead (Martick and Scott, 2006), hairpin (Rupert the 2'-hydroxyl groups (Singh et al., 2015). Generation of N1
and Ferré-D’Amaré, 2001), VS (Suslov et al., 2015) and the  unprotonated guanosine would require perturbation of its

glmS (Cochrane et al., 2007; Klein and Ferre’-D’Amare’,  pK, towards neutrality. Significant perturbations in pK,, by
2006) ribozymes identified the N1 of catalytic guanosines in ~ as much as four units, have been reported in RNA systems,
close proximity, within hydrogen bonding distance, to the 2'-  including ribozymes and riboswitches (Legault and Pardi,

hydroxyl nucleophile. These studies established that the N1 1997; Wilcox and Bevilacqua, 2013). Perturbation of pK,
of G33 in gimS (Figure 3B) (Cochrane et al., 2007; Klein and towards neutrality would facilitate deprotonation at the N1
Ferre’-D’Amare’, 2006), G8 in hairpin (Figure 3C) (Fedor,  site of catalytic guanosines because prototropic tautomerism
2000; Pinard et al., 2001; Rupert and Ferré-D’Amaré, 2001;  involves the deprotonation and the protonation steps, and is
Kuzmin et al., 2004; Bevilacqua and Yajima, 2006), G12 in  optimal in functional groups whose pK,’s are close to neutral
hammerhead (Figure 3D) (McKay, 1996; Han and Burke, (Singh et al., 2015).
2005; Martick and Scott, 2006; Thomas and Perrin, 2008), Despite significant structural and biochemical evidence in
and G638 in VS (Figure 3E) (Lafontaine et al., 2001; Hiley =~ support for the presence minor tautomeric forms of catalytic
et al., 2002; Sood and Collins, 2002; Suslov et al., 2015) play =~ guanosines in small self-cleaving ribozymes, their direct
the role of a general base in the self-cleavage reactions  identification has proven challenging, owing to the lack of
catalyzed by these ribozymes. sensitive methods (Singh et al., 2015).

However, the N1 of guanosine has a pK, of ~10 and is
protonated at the physiological pH of ~7.4 (Singh et al.,  Tautomerism in DNA and its Role in Replication
2015). The protonated N1 of guanosine is a poor base to  Fidelity
abstract a proton from the 2'-hydroxyl, which has a pK, of =~ The genetic integrity of genomic DNA relies on adenine,
~13 (Velikyan et al., 2001). Therefore, tautomeric or ionic  guanine, cytosine and thymine existing predominantly in
forms of the catalytic guanosines in which the N1 is not  their keto and amino tautomeric forms during replication
protonated are expected to form transiently during the  and transcription (Watson and Crick, 1953; Topal and
catalysis. These minor tautomers are likely more  Fresco, 1976; Wang et al, 2011; Rangadurai et al., 2020).
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Therefore, replication fidelity is expected to be influenced by
the formation of minor tautomers (Watson and Crick, 1953;
Topal and Fresco, 1976; Wang et al., 2011; Rangadurai et al,,
2019; Rangadurai et al., 2020). In their work on the structure
of DNA, Watson and Crick did appreciate that the formation
of minor tautomeric forms would alter the base pairing
properties of nucleic acid bases, potentially with mutagenic
consequences (Watson and Crick, 1953). These minor
tautomeric forms could arise from inter-helical transfer of
protons in a DNA duplex (Figure 4) (Lowdin, 1963; Sevilla
et al., 1995). Transient formation of minor tautomeric forms
of DNA bases, and their stabilization in the active site of DNA
polymerases during replication, could lead to incorporation
of mismatched base pairs (Topal and Fresco, 1976; Watson
and Crick, 1953; Wang et al., 2011). This phenomenon is
plausible considering that the kinetics of minor tautomer
formation and their lifetime in the active site is comparable
with the kinetics of nucleotide incorporation by the
polymerase.  Therefore, the probability of base
misincorporation during DNA replication may be
correlated with the probability of rare tautomer formation
(Figure 4A) (Topal and Fresco, 1976; Wang et al., 2011; Peng
et al., 2015; Rangadurai et al., 2019).

Structural evidence for the rare tautomer hypothesis for
spontaneous mutation came from the high-resolution crystal
structure of a DNA polymerase that catalyzes replication in
crystals (Figure 4B) (Wang et al., 2011). It was observed that
a CeA mismatch mimics the shape of the cognate CeG base pair
in the crystal (Wang et al., 2011). The movement of protons in the
mismatched bases alter the hydrogen-bonding pattern such that
the base pairs involving the minor tautomeric forms adopt an
overall shape that is virtually indistinguishable from the canonical
W-C base pair in DNA (Wang et al., 2011). This “shape mimicry”
allows the mismatch to evade error detection mechanisms of
human polymerases (Figure 4B). These observations provided
structural support for the rare tautomer hypothesis of
spontaneous mutagenesis.

NMR dispersion methods have allowed us to gain better
understanding of tautomeric dynamics in DNA, and in RNA
duplexes (Kimsey et al., 2018; Rangadurai et al., 2019; Rangadurai
et al.,, 2020). Using W-C mismatches such as G-T or G-U, these
studies established that GeT/U wobble mismatches exist in
dynamic equilibrium between three distinct W-C mismatched
base pairs within the DNA and RNA duplexes (Kimsey et al.,
2018; Rangadurai et al., 2019; Rangadurai et al., 2020). The three
distinct W-C mismatches include two tautomeric and one
anionic species (Kimsey et al, 2018; Rangadurai et al, 2019;
Rangadurai et al., 2020). The tautomeric forms were established
using the chemical shifts of guanine N1 and thymidine/uridine
N3. The chemical shifts, although consistent with G™*'¢T/U base
pair (minor enol tautomer of G paired with the dominant keto
tautomeric form of T or U) were partially skewed toward GeT®"*/
U™ pairs (keto-amino tautomer of G paired with enol tautomer
of T or U) (Kimsey et al., 2018). This skewness was interpreted as
evidence for a rapid equilibrium between the major G T/U
and the minor GeT*"'/U*™' tautomeric base pairs (Kimsey et al.,
2018). The two rapidly exchanging tautomeric species (G'oT/
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U = GeT*™/U™!) were also quantitated and found to be around
0.4% of the total population at neutral pH. Increased
understanding of base pairing mismatches like GeT, GeU, and
AeC that nevertheless adopt W-C like geometry through either
tautomerization or ionization allowed us to appreciate that these
mismatches appear to be more common (Kimsey et al., 2018;
Rangadurai et al., 2019; Rangadurai et al., 2020). Stabilization of
W-C mismatches through tautomerization, either in the template
strand or in the incoming nucleotide, could allow the
incorporation of mismatches during replication (Topal and
Fresco, 1976; Wang et al.,, 2011; Rangadurai et al., 2020), and
remains a compelling mechanistic explanation for spontaneous
mutagenesis.

Therapeutic Implications of Tautomeric

Nucleosides

Nucleoside/nucleotide analogs enriched in minor tautomers are
effective as antiviral agents against many viruses (Crotty et al.,
2001; Baranovich et al., 2013; Li et al., 2014; Singh et al., 2015;
Delang et al., 2018; Kabinger et al., 2021). The antiviral property
of these analogs stem from their ability to induce mutations in
viral genomes (Li et al., 2014; Delang et al., 2018; Gordon et al.,
2021; Kabinger et al, 2021). Such nucleoside analogs are
mutagenic, in part, because they form significant amounts of
minor tautomeric forms, which enables them to engage in
ambiguous base pairing, i.e., paring with more than one base
(Li et al,, 2014; Delang et al., 2018; Kabinger et al., 2021). The
concept of specifically increasing the mutation rates of pathogens
to drive their population collapse is particularly effective against
retroviruses and riboviruses (Crotty et al., 2001; Anderson et al,,
2004; Domingo et al., 2008; Manrubia et al., 2010; Domingo et al.,
2012). These viruses have high mutation rates and their
population lives close to the mutational threshold called the
error catastrophe limit (ECL), a theoretical mutational rate
above which producing viable viral progeny becomes
impossible and leads to viral population collapse (Eigen,
2002). This phenomenon is called lethal mutagenesis.
Additionally, unlike the human replicative polymerases that
feature both high selectivity and high fidelity, the replication
machinery of retroviruses is both promiscuous and error prone
and thus, it can readily incorporate mutagenic nucleoside analogs
(Anderson et al,, 2004; Li et al., 2014; Kabinger et al., 2021).
Therefore, these nucleoside analogs selectively mutagenize the
viral genomes, while leaving the host (human) genome essentially
untouched (Crotty et al,, 2001; Anderson et al.,, 2004; Delang
et al., 2018; Kabinger et al., 2021).

Nucleoside analogs that induce lethal mutagenesis are effective
as antiviral drugs against many retroviruses and riboviruses, such
as HIV, HCV, influenza virus and coronaviruses (Anderson et al.,
2004; Baranovich et al.,, 2013; Li et al., 2014; Delang et al., 2018;
Gordon et al., 2021 Kabinger et al., 2021). These viruses have high
mutation rates and their replication machinery is error-prone
(Watson and Crick, 1953; Crotty et al., 2001; Wang et al., 2011; Li
et al,, 2014; Rangadurai et al., 2020; Kabinger et al.,, 2021). The
error prone nature of some viral polymerases allows
incorporation of modified nucleosides (Crotty et al., 2001; Li
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etal., 2014; Peng et al., 2015; Kabinger et al., 2021). The 5-aza-5,6-
dihydro-2'-deoxycytidine (KP1212) is an experimental drug
candidate that targets HIV by increasing the mutation rate of
the virus (Figure 5) (Harris et al., 2005; Mullins et al., 2011; Li
etal,, 2014). The antiviral efficacy of KP1212 stems from its ability
to exist in multiple tautomeric states (Li et al., 2014; Peng et al.,
2015). These tautomers can engage in ambiguous base pairings to
induce mutagenesis in HIV (Li et al., 2014; Peng et al,, 2015).
Other antiviral drugs such as ribavirin for HCV (Crotty et al,,
2001; Li et al., 2014), and favipiravir for influenza (Baranovich
etal., 2013; Delang et al., 2018) are also efficacious due, in part, to
their ability to exist in multiple tautomeric or rotameric forms
and induce mutagenesis in viral genomes. Lethal mutagenesis has
also been implicated as the main mechanism of action for the
recently developed small-molecule therapeutics, such as
molnupiravir from Merck, for acute respiratory
syndrome coronavirus (SARS-CoV-2, the virus that causes
Covid-19) (Kabinger et al., 2021; Zhou, 2021).

The mechanism by which KP1212 induces lethal mutagenesis
in HIV has been studied extensively (Li et al., 2014; Peng et al,,
2015). KP1212 is mutagenic, inducing G to A and A to G
transition mutations (Figure 5) (Harris et al., 2005; Li et al,
2014). The mutagenicity of KP1212 is due, in part, to its ability to
exist in multiple tautomeric or rotameric forms (Peng et al., 2013;
Lietal, 2014; Peng et al., 2015). While KP1212 is considered a dC
(deoxycytidine) analog, because it features the functional groups
and the W-C face of dC, it has a near neutral pKa of ~7, compared
to pK, of ~4 for dC. As a consequence, KP1212 in solution exists
in multiple tautomeric states (Li et al., 2014; Peng et al., 2015).
These include keto-amino, keto-imino and its rotameric form,
enol-amino and enol-imino and its rotameric form (Li et al,,
2014). The enol-amino and enol-imino are the dominant
tautomeric forms of KP1212, in contrast to the dominant
keto-amino form observed for dC (Li et al., 2014; Peng et al,,
2015). The alternative tautomeric forms of KP1212 are expected
to have perturbed base pairing properties (Li et al., 2014), and
thus contribute to the mutagenic properties of the base. KP1212
was shown to induce G to A and A to G mutations in the HIV
genomes in cellular models, in preclinical rodents studies and in
HIV patients who participated in the clinical trials for KP1212
(Harris et al., 2005; Mullins et al., 2011; Li et al., 2014). However,
these studies also revealed that KP1212 is not mutagenic to
human cells. Lack of mutagenicity in humans is likely due to
the higher fidelity and selectivity of human DNA replicative
polymerases (Mullins et al., 2011). Unlike dC, KP1212 has a
saturated carbon center at the 6-position, which causes the base
ring to be puckered (Li et al., 2014). This geometric distortion is
significant enough to be selected against by the human
polymerases. KP1212, therefore, exemplifies the features of an
ideal lethal mutagen because it specifically induces mutations in
HIV, driving viral population collapse, while sparing the human
genome.

Molnupiravir is a broad-spectrum nucleoside analog drug
that is efficacious against many viruses including the
proofreading-intact SARS-CoV-2 coronavirus with a high
genetic barrier to resistance (Gordon et al., 2021; Agostini
et al., 2019). Its efficacy stems from its ability to induce lethal

severe
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mutagenesis in SARS-CoV-2, during the early stages of
Covid-19 (Figure 5) (Agostini et al., 2019; Kabinger et al.,

2021; Gordon et al, 2021; Menéndez-Arias, 2021).
Molnupiravir is an isopropyl ester prodrug of the
ribonucleoside analog B-D-N*-hydroxycytidine (NHC)

(Kabinger et al., 2021). It is currently in the phase-III
clinical trial for Covid-19 (Kabinger et al., 2021).
Biochemical studies using SARS-CoV-2 RNA-dependent-
RNA polymerase (SARS-CoV-2 RdRp) have shown that
the triphosphate form of NHC can be incorporated into
RNA, albeit at a lower frequency compared to canonical
nucleosides (Gordon et al., 2021; Menéndez-Arias, 2021).
Once incorporated into the growing strand, it can be
extended at its 3’-end. When present in the template
strand it can form base pairs with G (NHC:G) or A (NHC:
A) to induce G to A or A to G mutations (Figure 5) (Gordon
et al, 2021). The NHC:A base pairs is more efficiently
extended compared to NHC:G (Kabinger et al., 2021).
Cellular studies have shown that NHC is 100-fold more
active than ribavirin and favipiravir against SARS-CoV-2
(Zhou, 2021). The higher activity molnupiravir also
induces a higher mutation frequency in the viral RNA
(Menéndez-Arias, 2021; Zhou, 2021). Structural analysis of
RdARp-RNA complexes containing mutagenesis products
revealed that the NHC moiety can form stable base pairs
with either G or A in the active site of RARp (Kabinger et al.,
2021). The formation of stable base mispairs with G or A, in
W-C conformations, allow molnupiravir to escape the
proofreading mechanism of the SARS-CoV-2 RdRp
polymerase (Agostini et al, 2019; Gordon et al.,, 2021;
Kabinger et al, 2021; Menéndez-Arias, 2021). The
accumulation of mutations with each round of viral
multiplication would lead to weakening of the virus
(Kabinger et al., 2021; Menéndez-Arias, 2021). Similar to
molnupiravir against SARS-CoV-2, ribavirin and favipiravir
target HCV, and influenza, respectively, in part by the lethal
mutagenesis mechanism (Crotty et al, 2001; Baranovich
et al, 2013). Taken together, all the above studies
underscore the importance of better understanding the
mechanisms by which nucleoside analogs are incorporated
and lead to mispaired bases in viral genomes.

Methods for Studying Tautomerism in

Nucleic Acids and in Nucleoside Analogs

Minor tautomers of canonical nucleic acid bases and their analogs
are rare, transient, and interconvert on a fast time scale (Topal
and Fresco, 1976; Rangadurai et al., 2019; Peng et al., 2015).
Recent developments of spectroscopic methods have allowed
their direct identification in nucleic acids and in nucleoside
analogs (Figure 6) (Wang et al, 2011; Peng and Tokmakoff,
2012; Pengetal., 2013; Singh et al., 2014; Li et al., 2014; Peng et al.,
2015; Szymanski et al., 2017; Rangadurai et al., 2019; Rangadurai
et al,, 2020; Kabinger et al., 2021). Prototropic tautomers differ
from one another based on the position of protons, and the
position of double bonds. Therefore, methods that are capable of
detecting and distinguishing protons in different chemical
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FIGURE 6 | Methods for studying tautomerism in nucleoside analogs and nucleic acids. (A) Left side: The Fourier-Transform Infrared (FTIR) spectra for 2'-
deoxycytidine (dC) at room temperature, and the temperature dependence of vibrational frequencies in the. FTIR spectra for KP1212. Right side: The 2-Dimensional
Infrared (2D-IR) spectroscopic data for KP1212, in agueous solution at room temperature (Li et al., 2014). (B) Variable temperature 1H-NMR data for KP1212 (Liet al.,
2014). Figures 6A,B are adapted from (Li et al., 2014). (C) Binding isotope effects combined with Density Functional theory (DFT) calculations used in the
characterization of the tautomeric form of OxyTPP bound to the TPP riboswitch (Singh et al., 2015). Reprinted (adapted) with permission from (Singh et al., 2014)
Copyright © 2014, American Chemical Society. (D) NMR relaxation dispersion methods used to identify and quantitate rare tautomers in a G®T mismatch in DNA/RNA
duplexes in W-C conformations (Rangadurai et al., 2019). Figure courtesy of Hashim Al-Hashimi Duke University.

environment (for example, NMR) are useful for the direct
identification of tautomeric forms (Singh et al., 2014; Li et al,,
2014; Peng et al,, 2013) in both nucleic acids and nucleoside
analogs (Figures 6B,C) (Li et al, 2014; Peng et al, 2015;
Rangadurai et al, 2019; Rangadurai et al, 2020). Similarly,
methods that provide information on the bond order and
strength of a specific chemical bond (such as IR and Raman
spectroscopy) are useful for distinguishing between keto-enol or
amino-imino tautomeric forms, because the functional groups in
each tautomeric pair have very different and characteristic
vibrational properties. In addition, biochemical binding isotope
effects and their interpretation using computational DFT have
been used for characterizing tautomeric forms of a ligand in the
binding pocket of an RNA aptamer (Figure 6C) (Singh et al,,
2014).

NMR measures the chemical shift of individual protons, a
property that depends on the chemical environment of the
proton. Since the protons in tautomeric pairs are attached to
different heteroatoms, their NMR chemical shifts are very
different and thus distinguishable. Often, because the
tautomeric equilibria are faster than the NMR acquisition time
scale, broader peaks are observed, that span areas of multiple
tautomeric forms. However, by substantially lowering the
temperature of the sample (a method called variable

temperature NMR), the tautomeric equilibria can be slowed
down sufficiently to resolve the individual tautomeric forms.

Infrared spectroscopy (IR) measures the vibrational properties
of the chemical bonds. Depending on their chemical makeup and
bond order, different bonds absorb infrared radiation at different
wavelengths. IR spectra provide direct information on the types
of bonds present in a molecule, and therefore can easily
distinguish between keto-enol or amino-imino tautomeric
forms. Two-dimensional IR (2D-IR), an advanced version of
IR, uses the same principle but provides, in addition, information
on bond connectivity. Bonds in the same molecule vibrate
together, and thus give a characteristic cross peak in the
spectrum, which allows the distinction between the individual
tautomeric forms present at equilibrium.

In addition to the direct detection of rare tautomers in nucleic
acids, which is very challenging, indirect approaches, based on
binding isotope effects (BIEs), exist that allow inference of minor
tautomer formation. Theoretically, BIEs report on changes in
vibrational frequencies of a ligand upon binding to its target.
Experimentally, they are estimated using the binding affinities of
ligands carrying either light or heavy isotopes of atoms directly
involved in the binding interaction. The experimental BIEs are
then compared to BIEs calculated, using the Density Functional
Theory (DFT), from frequencies of optimized tautomeric forms.

Frontiers in Molecular Biosciences | www.frontiersin.org

January 2022 | Volume 8 | Article 823253


https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Fedeles et al.

The exact characterization is completed by identifying a
tautomeric structure whose calculated BIEs closely match the
experimental BIEs. A good example of this approach is the
identification of tautomeric form of OxyTPP recognized by
the TPP riboswitch (Figure 6C), where spectroscopic
observations indicated that each tautomer has a unique
vibrational frequency pattern. This approach was used to
study OxyTPP bound to the TPP riboswitch (Figure 6C),
using '"*O and **P/*’P labeled OxyTPP (Singh et al, 2014;
Singh et al,, 2015). Although the calculated BIEs are different
for the keto and enol forms of OxyTPP, the magnitude of the
difference between the BIEs corresponding to various tautomers
of OxyTPP was too small to yield a definite conclusion. More
precise measurements of BIEs are nevertheless expected to
provide clarity on the tautomeric form of OxyTPP bound to
the TPP riboswitch (Sood and Collins, 2002; Singh et al., 2014).
These studies also underscore the potential of indirect
measurements like BIEs and kinetic isotope effects (KIEs) to
increase our understanding of tautomerism in nucleic acids and
base analogs.

The variable temperature NMR, FT-IR (Fourier Transform
Infrared) and 2D-IR (2-dimensional Infrared) methods were used
to identify the tautomers of KP1212 and oxythiamine (Singh
etal,2014; Lietal., 2014; Peng et al., 2015). Tautomeric dynamics
of these nucleoside analogs are fast, typically on the nanosecond
timescale (Peng et al., 2013; Peng et al., 2015). Therefore, attempts
to distinguish between the multiple tautomers of KP1212 at room
temperature using NMR were not successful. Lowering the
temperature to -20°C allowed identification of individual
tautomers of KP1212 and oxythiamine by I1-dimentional
proton NMR (*H-NMR) in the dimethylformamide (DMF)
solvent (Figure 6B) (Singh et al., 2014; Li et al, 2014; Peng
et al., 2015). While the characterization and distribution of
tautomers of KP1212 and oxythiamine by "H-NMR utilized
non-physiological conditions with low temperature and an
aprotic solvent (DMF) (Li et al, 2014), these experiments
clearly outlined the chemical plausibility of the tautomeric
forms of these compounds. For detecting multiple tautomers
under physiologically relevant aqueous conditions at room
temperature, IR-based methods have proven to be more
effective (Singh et al., 2014; Li et al., 2014; Peng et al., 2015).
The temperature dependence of change in amplitude of
vibrational frequencies in the 1D-FTIR spectrum confirmed
the presence of multiple tautomers for KP1212 and
oxythiamine (Figure 6C) (Li et al., 2014). To directly identify
minor tautomers based on altered vibrational frequency of minor
tautomers, 2D-IR data was combined with DFT calculations
(Figure 6A) (Peng et al, 2015). The 2D IR spectrum has a
greater spatial and temporal resolution than FTIR, and thus
allows direct identification of multiple fast interconverting
tautomers (Peng et al., 2013; Li et al., 2014; Peng et al., 2015).
These studies established that KP1212 exists in seven different
tautomeric or rotameric forms and oxythiamine exists in three
different tautomeric forms (Li et al., 2014; Singh et al.,, 2014).
Furthermore, the biochemical observations that KP1212 is 10%
mutagenic when replicated in vitro and in living cells, and induces
G to A mutations, can be rationalized by the tautomeric
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distribution identified from these spectroscopic studies (Li
et al,, 2014; Peng et al.,, 2015).

By contrast with the nucleoside analogs described above, the
minor tautomers of the canonical DNA bases are significantly less
abundant, shorter lived and more challenging to detect (Peng
et al,, 2013; Rangadurai et al, 2019; Peng et al,, 2015). NMR
relaxation dispersion (RD) methods allow identification of low-
abundance short-lived conformational states in biomolecules
(Figure 6D) (Mulder et al., 2001; Rangadurai et al, 2019;
Rangadurai et al., 2020). NMR relaxation dispersion (RD) has
been used to characterize rare tautomers in Hoogsteen base pairs
versus Watson-Crick base pairs in different types of DNA/RNA,
such as A or B type of DNA/RNA (Nikolova et al., 2011; Alvey
et al,, 2014; Zhou et al.,, 2016; Rangadurai et al., 2018). These
results offer understandings into differences between A-RNA and
B-DNA duplexes and provide possible explanations for how they
respond to damage and modifications.

Using NMR RD, it has been shown that the GeT/U
mismatches exist in dynamic equilibrium between tautomeric
and anionic W-C conformations within the DNA and RNA
duplexes. These studies also provided insights into the kinetics
of rare tautomer formation in nucleic acids, and the probability of
base misincorporation due to the formation of minor tautomers
(Rangadurai et al., 2019; Rangadurai et al., 2020). These methods
continue to enhance our understanding of the mechanisms by
which the formation of minor tautomers contribute to the
generation of spontaneous mutations.

Structural methods based on X-ray crystallography and Cryo-
EM (Cryogenic electron microscopy) have proven effective in
studying mismatched base pairs that potentially involve minor
tautomers. While protons are very difficult to visualize directly by
X-ray crystallography and Cryo-EM, the overall geometry of base
pairs and the inter-heteroatom distances can be accurately
measured, and thus allow to infer the presence of protons and
hydrogen bonding interactions. Specifically, crystallographic
studies have shown that mismatches in high fidelity DNA
polymerases can adopt structures that closely mimic the W-C
base pairing geometry (Wang et al., 2011; Kabinger et al., 2021).
The existence of mismatches in conformations that are identical
to W-C shapes may allow them to evade the polymerase proof
reading mechanisms and lead to mutagenesis (Figure 4B,
Figure 5A) (Bebenek et al., 2011; Wang et al., 2011; Fedeles
et al., 2015; Kabinger et al., 2021). In sum, these studies have
provided convincing structural evidence in support of rare
tautomer hypothesis for the generation of spontaneous
mutations that arise during nucleic acid replication.

FUTURE DIRECTIONS

The last decade has seen significant progress in our
understanding of tautomerism in DNA and RNA. Despite the
early realization that tautomerism could influence nucleic acid
biology, directly identifying rare tautomers of nucleic acid bases
proved very challenging. The minor tautomers of DNA bases are
present at equilibrium in minute amounts (< 0.1%) and their
dynamics of interconversion is generally very fast. Until recently,
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little progress was made in directly visualizing minor tautomers of
DNA bases. The NMR RD allowed direct detection of rare
tautomers and characterized the dynamics of their formation
in short DNA sequences. Structurally establishing that
mismatches can be stabilized in W-C conformation by high
fidelity DNA polymerases, provided crystallographic support
for the rare tautomer hypothesis of spontaneous mutations.
Advancement in methods based on BIEs, high-resolution
crystallography, NMR and IR significantly enhanced our
mechanistic understanding of mutagenesis from nucleoside
analogs based antiviral drugs. While all these advancements
are notable, they only reflect special cases of tautomerism in a
limited set of experimental conditions. Much work remains to
develop more broadly applicable methods that enable the direct
visualization and identification of minor tautomers of canonical
bases in complex biological systems, such as genomic DNA, and
in the binding pocket of polymerases, under physiological
conditions. Sensitivity improvements in all the methods
summarized above are all expected to improve
understanding of tautomerism. In the case of BIEs, more
precise measurements are expected to help identify minor
tautomers in the context of RNA systems and may provide
further insights into the role of tautomerism in RNA biology,
including catalytic processes and ribozymes. More work is also
needed to bridge the knowledge gap between the in-solution
tautomeric equilibria and dynamics of nucleobases and
analogs, and their biological consequences. In the case of
antiviral nucleoside analogs, such as KP1212 and
molnupiravir, there is great interest to understand how
tautomeric equilibria translate into mutagenic potential

our
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The globular to fibrillar transition of proteins represents a key pathogenic event in the
development of amyloid diseases. Although systemic amyloidoses share the common
characteristic of amyloid deposition in the extracellular matrix, they are clinically
heterogeneous as the affected organs may vary. The observation that precursors of
amyloid fibrils derived from circulating globular plasma proteins led to huge efforts in trying
to elucidate the structural events determining the protein metamorphosis from their
globular to fibrillar state. Whereas the process of metamorphosis has inspired poets
and writers from Ovid to Kafka, protein metamorphism is a more recent concept. It is an
ideal metaphor in biochemistry for studying the protein folding paradigm and investigating
determinants of folding dynamics. Although we have learned how to transform both normal
and pathogenic globular proteins into fibrillar polymers in vitro, the events occurring in vivo,
are far more complex and yet to be explained. A major gap still exists between in vivo and
in vitro models of fibrillogenesis as the biological complexity of the disease in living
organisms cannot be reproduced at the same extent in the test tube. Reviewing the
major scientific attempts to monitor the amyloidogenic metamorphosis of globular proteins
in systems of increasing complexity, from cell culture to human tissues, may help to bridge
the gap between the experimental models and the actual pathological events in patients.

Keywords: amyloidosis, transthyretin, p2-microglobulin, metamorphosis, amyloid

INTRODUCTION

Metamorphosis is a process of transformation of an entity into a different form, acquiring a different
identity. Although the two entities are different, their basic substance is identical: the caterpillar and
butterfly have the same genome, and the humanity of “Gregor Samsa” is unchanged whether caged in
human form or in the semblance of a beetle. In the same way, proteins with the same primary
sequence (substance) can assume two completely different shapes. Metamorphosis is an intrinsic
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property of living creatures. It represents a fascinating
phenomenon that has extraordinary evolutionary implications
which increase the adaptation of living organisms to different
environments and reduce competition for resources (Laudet,
2011). Entire generations of biologists have investigated this
phenomenon which has, at the same time, stimulated
imagination, dreams and artistic creativity. Metamorphosis has
always inspired human imagination raising ambivalent
sentiments from fear to amazement. Humankind have viewed
the metamorphosis as an awe-inspiring biologic phenomenon
(from the caterpillar to butterfly) (Figure 1A) or as a terrible
nightmare (in the dream of being transformed into a horrible
insect) (Figure 1B). More recently, the terms metamorphosis or
metamorphism have been associated to the properties of
particular proteins that may acquire multiple functions, such
as moonlighting proteins (Dishman and Volkman, 2018) (http://
www.moonlightingproteins.org), or exhibit different
physiological and pathologic roles (Figure 1C). The prion
protein represents an example of protein metamorphism in
which the same protein sequence can adopt both a native
globular fold (PrP®) and a self-propagating infectious one
(PrP%) which is responsible for transmissible spongiform
encephalopathies. The first structure of PrP© was obtained by
NMR (Riek et al., 1996) and shows a predominant alpha helical
content (Figure 2). A model based on molecular dynamics
simulations suggests that a high proportion of beta structures
may characterize the conformation of the infectious prion. The
mechanism by which the contact between the two isoforms
triggers the conformational shift PrP“ to PrP*C is not fully
clarified yet, however specific contact sites suitable for
triggering such a transition have been extensively studied
(Brunori, 2021). A recent cryo-EM structure of a patient-
derived amyloid fibril of PrP has provided highly resolved
constraints that may shed light on a future structure-based
understanding of prion biology (Kraus et al., 2021).

AMYLOIDOSIS IS AN AGING ASSOCIATED
DISEASE

Whilst systemic amyloidosis has traditionally been associated
with the presence of destabilized protein variants, such as
lysozyme or transthyretin (TTR), or markedly increased
plasma protein concentrations (SAA) (Merlini and Bellotti,
2003), epidemiological studies have shown that there is also an
association of amyloid with aging (Blumenthal, 2004; Trigo et al.,
2019; Tasaki et al., 2021) (Table 1). This is particularly true for
amyloid diseases caused by normal circulating levels of wild type
proteins such as TTR (Nativi-Nicolau et al., 2021). In the last
decade, the comparative analysis of hereditary versus non-
hereditary amyloidosis has represented an extraordinary
source of information for the intrinsic amyloidogenic
properties of these proteins. The age of onset of the genetic
forms is, most often, much earlier compared with those caused by
wild type proteins thus revealing that single residue changes, even
if hidden within the protein structure, can strongly enhance the
amyloidogenic propensity of the protein (Table 1). The

Metamorphosis of Amyloid Proteins

metamorphic  property of some globular proteins is
particularly intriguing in cases where the whole protein can be
converted into the amyloid fibrils, presenting two totally different
shapes despite a completely identical sequence. Among globular
proteins, investigated for their metamorphic and pathogenic
behavior, we have extensively studied human p2-microglobulin
(B2-m) and TTR. We believe that the wealth of information
acquired on structure and folding dynamics of both proteins is
extremely informative on the generic molecular basis of protein
amyloidogenesis. Both proteins are assembled in the early phase
of their life into their quaternary structure: p2-m as a light chain
of the major antigen of histocompatibility type I (MHCI) and
TTR as a homotetramer which forms a complex with the retinol
binding protein (RBP). Both proteins can cause amyloid in either
their wild type form or in their genetic variants associated with
the familial forms of the disease.

GENETIC VERSUS ACQUIRED B2-M
RELATED AMYLOIDOSIS

In 1985 the Japanese group of Prof Gejyo identified f2-m as the
protein responsible for a peculiar form of amyloidosis (Gejyo
et al., 1985) observed in the musculoskeletal system of patients
under long term haemodialysis (Assenat et al., 1980). In patients
under chronic haemodialysis, 2-m circulates at a concentration
5-20 fold higher that in normal subjects due to the limited
efficacy of dialytic membranes to efficiently remove [B2-m
which, upon dissociation of MHCI, is continuously released
from the surface of cells into circulation. The persistently high
concentration of plasma 2-m is an essential requirement for the
formation of amyloid in vivo, but other factors can modulate
individual susceptibility to form amyloid deposits. Improved
biocompatibility of dialytic membranes can reduce the
inflammatory response and delay the onset of amyloid
deposition. The physiological state of patients, and particularly
their age, can affect their individual susceptibility to amyloid
complication in hemodialysis. Van Ipersele de Strihou and his
group has clearly shown that the risk of developing amyloid
complications exponentially increases with the age of the patient
at the onset of the dialysis treatment (Figure 3) (de Strihou et al,,
1991). This finding is important because Dialysis Related
Amyloidosis (DRA) is probably the only amyloid disease in
which we can exactly establish the time (the first day of
haemodialysis) in which a pro-amyloidogenic phase is
triggered by simply increasing the concentration of plasma p2-
m. In the last few decades, the intermediate steps along the
pathway of P2-m amyloid formation in vitro have been
identified (Michaels et al., 2018). It is plausible that primary
nucleation,  fragmentation,  surface-catalyzed  secondary
nucleation, elongation and dissociation of fibrils can determine
the rate of amyloid growth in vivo, but it is not known how the
particular biological environment, within a living organism,
could affect these intermediate steps. Even more challenging is
to elucidate how aging can influence the rate of the intermediate
steps of fibrillogenesis in vivo. There are several working
hypotheses on the role of aging in amyloidogenesis:
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FIGURE 1 | Methamorphosis in nature and literature. (A) The
caterpillar and butterfly captured by the scientific illustrator and naturalist
Maria Sibylla Merian (1647-1717). (B) Representation of the nightmare in
which Gregory Samsa is being transformed from human to a beetle.

(C) The conversion of native tetrameric TTR into amyloid fibrillar
structures marks the protein transition from a physiological to a
pathologic role. Both artworks in (A,B) are in the public domain.
Structure of amyloid fibrils from (Chiti and Dobson, 2017) are reprinted
with permission from Annual Reviews, Copyright (2017).

Metamorphosis of Amyloid Proteins

malfunction of proteostasis (Trigo et al., 2019), modification of
the extracellular matrix (Morawski et al., 2014) and, impairment
in the bio-energetic efficiency (Swerdlow, 2018) are among the
most accredited theories. The molecular transition of f2-m from
its native to fibrillar conformation suggests that partial unfolding
is required to prime aggregation. Early studies were carried out
in vitro at a low pH revealing that fibrillogenesis of B2-m requires
the unfolding of a large portion of the protein. Conditions used in
the early studies to generate in vitro amyloid fibrils, both in the
case of f2-m and, in general, for almost all the globular proteins
including lysozyme, the archetypal protein of these studies (Booth
et al,, 1997), were not compatible with the physicochemical
characteristics of the biologic environment even those of an
aged organism. However, there was evidence that natural
fibrils contained not only the full length B2-m, but also a
significant proportion of a truncated species lacking 6 residues
at N-terminal end (Bellotti et al., 1998). Further studies confirmed
that the N-terminal truncation reduced the f2-m folding stability
and generated fibrils even under a more physiological
environment (Esposito et al., 2000). The metamorphism of the
protein was somehow triggered by a selective proteolytic cleavage.
This suggests that proteolysis-mediated remodeling may either be
a physiological mechanism for priming f2-m degradation, or a
purely a pathologic processing event enhanced in hemodialysis
and, in particular, in elderly patients. The question remains
unanswered due to the complexity of the system. Indeed, to
prevent the adverse effects of dialysis related amyloidosis, more
efforts have been devoted to ameliorate hemodialytic procedures
rather than to discover drugs targeting the key steps of fibril
formation. Our experience suggests that curiosity-driven
programs in the biomedical field, more and more often,
compete with translational projects that aim to solve medical
needs diminishing the resources and efforts to elucidate the
biological mechanisms underlying the disease and discover
new therapeutic targets. Nevertheless, seminal observations
have enabled advances in the field.

The observation that minimal truncation of B2-m is sufficient
to prime 2-m fibrillogenesis in bio-compatible conditions was
further strengthened by the demonstration that, in a physiological
environment, truncated $2-m can play a prion like effect on full
length B2 (Karamanos et al., 2014). The mechanism requires the
formation of fibrillar seeds by the truncated species thus
generating a suitable fibrillar template which triggers a chain
polymerization mix of non-covalently linked oligomers of full
length and truncated species, both acquiring an “amyloid
conformation” (Natalello et al., 2016). Discovery of the first
genetic variant of P2-microglobulin (Valleix et al, 2012)
confirmed that destabilization of the tertiary structure is a
generic prerequisite for amyloid transformation and that
fibrillar seeds have a potent, potential, role in the propagation
of amyloid formation. We say “potential role” because, although
D76N variant was clearly shown to be a potent driver for the
conversion of wild type p2-m into an amyloid conformation
(Mangione et al., 2013), we were unable to demonstrate the co-
deposition of the wild type within the natural D76N fibrils
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FIGURE 2| Simulated conversion of Syrian hamster D147N PrPC to PrPS° at low pH levels. The wild-type NMR structure is shown (A) with the helices and strands
labeled. A representative PrPSC-like structure is shown (B). Adapted from (DeMarco and Daggett, 2004), Copyright (2004) National Academy of Sciences, U.S.A.

TABLE 1 | Proteins that can cause amyloid deposits in humans either in their wild type form or in presence of mutations.

Fibril
protein

References Precursor protein

(Merlini et al., 2018; Muchtar et al., AL
2019; Benson et al., 2020; Muchtar
et al., 2021)

Immunoglobulin light
chain, monoclonal

Age at onset

Median 63 years A

Acquired (A) or
hereditary (H)

Target organs (clinically
manifested)

All organs, except CNS

Benson et al. (2015) Immunoglobulin x light n.a. (median age of end-stage H Kidney
chain (C_ domain) renal disease 60 years)
(Grogan et al., 2016; Muchtar etal., ATTR TTR, wild type Median age 70 years A Heart mainly in males, lung, ligaments,
2021; Nativi-Nicolau et al., 2021) tenosynovium
Barroso et al. (2015) TTR, variants Mutation-dependent (median H PNS, ANS, heart, eye, leptomeninges
39 years)
(Gejyo et al., 1985; Stoppini and p2-m B2-m, wild type n.a. (depending on dialysis A Musculoskeletal system
Bellotti, 2015) onset)
(Valleix et al., 2012; Mizuno et al., B2-m, variant(s) Median age 50 years H Gl, ANS, tongue, salivary glands
2021)
Koedam et al., (2010) AB AB protein precursor, >65 years A CNS
wild type
Latimer et al. (2021) AB protein precursor, <B5 years H CNS
variant (80 years—40 years)
Puoti et al. (2012) APrP Prion protein, wild type ~ 55-75 years A CJD, fatal insomnia
Schmitz et al. (2017) Prion protein variants mutation-dependent H CJD, GSS syndrome, fatal insomnia
(80-70 years)
(Mucchiano et al., 2001; Tasaki AApPOAI ApoAl, wild type® Aging-associated A Aortic intima, carotid artery, meniscus
et al., 2021) with knee osteoarthritis, lumbar
ligamentum flavum
Muchtar et al. (2021) ApoAl, variants Mutation-dependent H Heart, liver, kidney, PNS, testis, larynx

(20-70 years)

(C terminal variants), skin (C terminal
variants)

C,, light chain’s constant domain; ApoAl, Apolipoprotein Al; G, Gastrointestinal Tract; CNS, Central Nervous System; PNS, Peripheral Nervous System; ANS, Autonomic Nervous
System; CJD, Creutzfeldt Jakob Disease; GSS, Gerstmann-Strdussler-Scheinker syndrome; n.a. not available.
3ApoAl WT is not listed as an amyloidogenic protein in the Amyloid nomenclature 2020 (Benson et al., 2020).

extracted from the spleen of one patient. A second genetically
transmitted amyloidogenic variant of p2-m (V27M) has been
recently described (Mizuno et al., 2021). In this case, the in vitro
studies suggest a striking similarity with the biophysical
properties of the D76N variant, both showing a similar level
of destabilization in comparison to the wild type, and both
forming amyloid fibrils in physiological buffer and with
similar morphology when analyzed by electron microscopy.

However, the natural fibrils extracted from the hip joint
synovium contained a combination of 25% wild type and 75%
V27M variant. This suggests that the “prion like” effect, in which
the variant acts as primer to convert the wild type protein into
fibrils, might be different, depending on the specific isoform and
type of tissue that may offer more or less protection to co-
propagate heterogeneous isoforms. Characterization of natural
fibrils derived from amyloidogenic B2-m variants with similar
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FIGURE 3 | Relative risk of bone lesions by amyloid deposition as a
function of age at the initiation of dialysis either on ANG9 or a cellulosic
membrane. The risk of developing the lesion with ANG9 for patients starting at
age 20 is assumed to be one. Data are based on the best fitted model
provided by Van Ypersele de Strihou work (de Strihou et al., 1991). Reprinted
from (de Strihou et al., 1991) with permission from Elsevier, Copyright (1991).

biophysical properties, isolated in subjects with different ethnicity
and, affected by two different types of syndromes, dramatically
reveal the complexity of the phenomenon in which multiple
factors play a pathogenic role.

ANIMAL MODELS OF B2-M

Several experimental models have been developed to investigate
the molecular mechanisms of amyloidogenesis by human
proteins in vivo, ranging from simple organisms such as C.
elegans, to mammalians, such as mice and, even primates in
rare cases. Our capacity to reproduce the clinical effects of f2-m
in animal models, remains still a challenging task.

Particularly informative is the failure to create a mouse model
of f2-m amyloidosis which was reported by Higuchi’s group
(Zhang et al., 2010) in 2010. Despite an overexpression of human
B2-m in a murine f2-m knockout background, no f2-m related
amyloid was formed in those mice even at their later stage.
Finally, the amyloid observed was caused by Apolipoprotein
A2 (ApoA2) which spontaneously forms amyloid in the
specific strains of mice used in that laboratory. Even the
attempt to induce amyloid deposition by injecting seeds of
natural human fibrils failed. Failure to induce p2-m
amyloidosis in transgenic mice expressing the D76N p2-m
variant (Halabelian et al., 2014) was even more surprising and,
very informative at the same time, as this protein is highly
amyloidogenic both in vivo and in vitro (Valleix et al., 2012).
The use of strains knocked out for murine 2-m excludes a
protective role of the endogenous 2-m that otherwise is known to
interfere with the aggregation of the human counterpart (Eichner and
Radford, 2011; Karamanos et al., 2014; Achour et al, 2020). The
specific protection of rodents against 32-m related amyloidosis is due

Metamorphosis of Amyloid Proteins

to unidentified factors. Although mice can develop some specific
forms of murine amyloidosis (such as AAPOA2), either
spontaneously or upon stimulation, they are extremely resistant to
other types of systemic amyloidosis, and in particular, to the type
caused by immunoglobulin light chains. The only mouse models in
which amyloid deposition is easily and consistently achieved, under
experimental conditions, are those related to HDL related lipoproteins.
Persistently high concentration of serum Amyloid A (SAA), in the
presence (McAdam and Sipe, 1976) or even in the absence of chronic
inflammation (Simons et al., 2013), cause AA amyloidosis. On the
other hand, ApoA?2 causes a senescence-accelerated and spontaneous
form of amyloidosis in which the rate of deposition depends on
specific polymorphisms of the protein (Higuchi et al, 1991). Why
mice are susceptible to some types of systemic amyloidosis and totally
resistant to others is not understood, and highlights the complexity of
the mechanism of systemic deposition of amyloid in a living organism
and, in particular, in vertebrates. Regarding systems of amyloidosis in
invertebrates, C. elegans is an extremely interesting and versatile model
for the study of natural aging in a living organism (Mack et al., 2018).
Pathogenic effects of human soluble and oligomeric species of f2-m
have extensively reported for wild type species as well as for the
clinically pathogenic variants. Although worm models cannot
recapitulate the clinical and pathologic complexity of the human
disease, they can certainly highlight and single out specific steps within
the process. C. elegans was specifically chosen to represent the
pathophysiology of p2-m related amyloidosis because, as with all
the invertebrates, it lacks the MHCI complex and therefore 2-m is
expressed and secreted as free monomer. In the first models of C.
elegans expressing human (2-m, effects of different isoforms of the
protein on survival and performance of different transgenic strains
were described (Diomede et al, 2012). At a time in which the
pathogenic variants of P2-m were not known yet, worms
expressing the natural truncated form of wild type P2-m
(AN6P2-m), were generated. It was shown that AN6B2-m was
not only highly amyloidogenic in vitro (Esposito et al., 2000), but it
had also a strong tendency to form oligomers in the worms affecting
both their survival and movement performance.

It was not possible to demonstrate the formation of genuine
amyloid fibrils, but the evidence of a pathologic phenotype
associated to P2-m aggregation and toxicity, made the C.
elegans model the only available in vivo system to study the
putative pathogenic property of f2-m. The discovery of the first
natural amyloidogenic variant of f2-m in members of a French
family (Valleix et al., 2012) and, the demonstration of its higher
propensity to make fibrils in vitro compared to the wild type,
inspired the generation of a C. elegans strain expressing the D76N
B2-m variant. Interestingly, the protein appeared to be highly
toxic for the worms which died before reaching their first larval
stage. The only way for them to reach adulthood was achieved by
using a temperature-inducible system to switch-on the D76N (2-
m expression only at their larval phase. The reason of such a high
toxicity, incompatible with the worm survival in the larval phase
is unknown; it represents a paradox in the context of a disease
which is known to be strictly associated to aging, rather than to a
very early phase of development.

A nematode model, established in another laboratory has fully
validated previous data and further demonstrated that the

Frontiers in Molecular Biosciences | www.frontiersin.org

February 2022 | Volume 9 | Article 830006


https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Faravelli et al.

expression of the highly amyloidogenic D76N 2-m and ANG6 {32-
m variants can cause global aggregation of endogenous C. elegans
proteins at an advanced stage (Good et al., 2021). Disrupted ER
homeostasis, combined with increased endogenous protein
aggregation, were identified as drivers of B2-m associated
toxicity in vivo. All the C. elegans B2-m models so far
established display a reduced lifespan, impaired motility and
developmental delays. Studies on the nematode models have
also highlighted their importance as drug search tools. Use of
a generic inhibitor of aggregation of amyloidogenic proteins,
doxycycline, in the C. elegans strain expressing D76N (2m
showed that the drug was able to rescue the adverse
phenotype most likely by interfering with the formation of
oligomeric conformers (Faravelli et al., 2019).

GENETIC VERSUS ACQUIRED TTR
AMYLOIDOSIS

In 1978 the Portuguese group led by Pedro Costa demonstrated
that Familial Amyloid Polyneuropathy (Andrade, 1952) was
caused by the protein transthyretin (Costa et al, 1978)
through a classical mechanism of autosomal dominant
transmission (Saraiva, 2015). Histologically, TTR amyloid has
been detected in all organs with the exception of brain
parenchyma. After the discovery of the first amyloid associated
mutation (V30M), more than one hundred amyloidogenic
mutations have been identified (http://amyloidosismutations.
com). Clinical pathologic features are well described with
regard to the prominent involvement of one or multiple
organs. Often the disease begins apparently with a single
organ involvement and, in most cases, a systemic deposition
of amyloid can further be observed. For example, following initial
infiltration in the peripheral nerves with consequent
polyneuropathy, amyloid deposition is frequently observed in
the heart. There is a correlation between the type of single amino
acid varjant and the clinical phenotype. Some mutations cause a
prominently or even an exclusively cardiac amyloidosis, whilst
other mutations are primarily responsible for a polyneuropathic
syndrome (Figure 4). Tissue specificity in systemic TTR
amyloidosis sounds like a contradiction since it would be
more appropriate to say that amyloid accumulates
preferentially in some organs. In 1980 Sletten and Swedish
colleagues (Sletten et al., 1980) showed that wild type
transthyretin was also amyloidogenic and responsible for an
already known non-familial form of cardiac amyloidosis
mostly affecting the elderly population. Development of
modern imaging techniques (Jurcut et al, 2020) has enabled
accurate and early identification of cardiac TTR amyloid leading
to a highly significant increase in the diagnosis of this disease. It is
estimated that 25% of people over 75 are likely to have cardiac
deposition of TTR amyloid with a consequent high probability of
developing heart failure with preserved ejection fraction (HFpEF)
(Grogan et al., 2016). The number of elderly patients affected by
wild type TTR amyloidosis (Figure 5) suggests that the category
of TTR amyloidosis is moving from a rare to a common disease.
The urgent need to understand the pathogenic mechanism and
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FIGURE 4 | Genotype-phenotype correlation in ATTR amyloidosis.
Adapted from Figure 2 in a previous publication by Rapezzi and collaborators
(Rapezzi et al., 2013). Phenotypic expression of transthyretin-related
amyloidosis varies widely from an aimost exclusively neurological
involvement (V30OM mutation with early-onset disease) to a predominant or
exclusively cardiac involvement (TBOA, L111M, I168L, and V22| mutations and
wild type). In between, several transthyretin-related amyloidosis mutations are
associated with variable degrees of neurological and cardiac involvement,
including V30M with late-onset disease. Adapted with permission by Oxford
University Press, Copyright (2012).

establish effective therapies can now benefit from the extensive
investigation carried out in the last decades on the rare
amyloidogenic variants associated to the familial forms of the
disease. In the early nineties, the Kelly’s group made the seminal
observation that tetramer stability of TTR was impaired by the
amyloidogenic mutations (Hammarstrom et al., 2002) and that
the tetramer disassembly was a perquisite for the aggregation of
TTR into an amyloid-like aggregates (Colon and Kelly, 1992).
These observations were consistent with those made by the
Wetzel’s group on amyloidogenic immunoglobulin light chain
(Hurle et al, 1994), and the Pepys’s team on amyloidogenic
lysozyme (Booth et al.,, 1997). The latter study highlighted the
possibility of identifying a conformational intermediate along the
folding pathway which was particularly susceptible to
polymerization into a well-ordered cross-beta structure
(Figure 6). After many decades of studies on the structural
intermediates of the amyloidogenic pathway of TTR, we are
still debating on the structure of misfolded monomers which
lead to TTR fibrillogenesis. Nature offered an additional
extraordinary tool for proving the causative role of folding
destabilization in protein amyloidogenesis. Clinicians in
Portugal observed that a small proportion of carriers of the
amyloidogenic V30M mutation were protected from the
disease and that the protection was provided by the
concomitant T119M mutation in the TTR gene so that the
resulting tetrameric protein was a mix of protomers presenting
both the amyloidogenic V30M variant as well as the protective
T119M. Demonstration that the presence of protomers with
T119M has a stabilizing effect on the tetramer is a strong
evidence in favor of the hypothesis that misfolding is at the
basis of the disease. This widely accepted concept strongly
encouraged the therapeutic strategy to stabilize TTR by small
molecules. Colin Blake first showed that halogenated aromatic
hydrocarbon can bind with high affinity to the thyroxine (T4)
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FIGURE 5 | Number of patients diagnosed, ante mortem, for wild type
ATTR. Data shown are based on a retrospective review of patients diagnosed
with wild type ATTR at the Mayo Clinic through 2013 with the purpose of
studying the natural history of the disease (Grogan et al., 2016).

binding pocket of TTR thus designing the first study of the
structurally-based design of TTR ligands (Rickenbacher et al.,
1986). T4 and analogues became instrumental to the discovery of
druggable stabilizers of the native tetrameric structure (Connelly
et al., 2010) thus mimicking the enhanced stability observed in
the presence of the T119M mutation. After almost 30 years, the
approach of stabilizing the tetramer by a ligand has become a
clinical reality. Tafamidis is now in the market for the treatment
of TTR related amyloidoses and other compounds are in clinical
trials such as acoramidis (Judge et al., 2019) or in the pipeline for
being tested in clinical studies (Corazza et al., 2019). In the field of
amyloidoses, it represents the most advanced experience of
tackling disease by directly interfering with the misfolding
mechanism. The discovery of drugs improving the stability of
TTR highlights the importance of understanding more about the
forces that can determine the TTR tetramer disassembly in vivo.
Although it is well-known that destabilization is a pre-requisite
for priming the amyloid pathway, little is known about the TTR
misfolding energy landscape (Hartl and Hayer-Hartl, 2009)
(Figure 7). Our efforts in looking for this source of energy
were rewarded when we found out that biomechanical forces
can provide sufficient energy to unfold the amyloidogenic
proteins. Interestingly, these results represent a typical case of
cross-fertilization between studies carried out in parallel on f2-m
and TTR. The first observation on the capacity of biomechanical
forces to misfold an amyloidogenic protein was reported for the
characterization of the first pathogenic variant of 32-m. Later, this
concept was applied to TTR amyloidogenesis, and, in this case, we
discovered that local destabilization makes the protein more
susceptible to cleavage by specific proteases. Proteolytic
remodeling of protein exposed to biomechanical forces is a
well-established process of great functional impact. The best
example of mechano-enzymatic mechanism was described for
the Von Willebrand factor (Zhang et al., 2009), where altering the
protein structure in vivo can lead to both a positive and negative

—
—

P -

. NN\
>
e A A A
WV AN
NN
W
P J NN
g . K
I.é * FYL

Further assembly of protofilaments

FIGURE 6 | Proposed mechanism for lysozyme amyloid fibril formation.

A molten globule form of the protein (B), distinct from the native (A) and
denatured (C) states, self-associates through the f-domain (D) to initiate fibril
formation and form the core structure of the fibril (E). The scheme was
included in a previous manuscript published in Nature, 1997 (Booth et al.,
1997).

effect. Indeed, a specific genetic mutation either of the von
Willebrand gene or of its specific protease, ADAMTSI3
(Crawley et al., 2011), can respectively reduce or enhance the
proteolytic activity. The system shifts from a sophisticated
physiological control of hemostasis into a thrombotic or
hemorrhagic syndrome. The mechano-enzymatic mechanism
of TTR cleavage that our group has characterized in an
in vitro and in an in vivo model of amyloidogenesis may be
crucial in the pathogenesis of TTR related amyloidosis and, in
particular, for the deposition of amyloid in organs where the
biomechanical forces are particularly intense such as the heart
and carpal tunnel. However, it is not known if it may have any
physiologic role in the normal TTR catabolism.

ANIMAL MODELS OF TTR

More than 10 years after the discovery that the V30M variant
TTR was the causative protein of familial amyloid
polyneuropathy, the first mouse model of TTR amyloidosis
was published by the Araki’s group (Yi et al, 1991). Despite
the presence of amyloid in the very old mice, the attempt to
reproduce the clinical and pathologic features of amyloid
polyneuropathy similar to the human counterpart was
unsuccessful. This first model was followed by many other
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transgenic strains extensively reviewed by Buxbaum in 2009
(Buxbaum, 2009). Mice expressing other human TTR variants
were explored and, in particular, the highly unstable and clinically
very aggressive L55P, and the I84S in which the mutation
prevents the formation of the complex TTR-RBP. It is worth
noting that only one third of mice expressing the L55P variant in
a null-TTR background presented amyloid deposition (Sousa
et al,, 2002). When mice expressing V30M were crossed with

Metamorphosis of Amyloid Proteins

those lacking the main heat shock transcription factor (Hsfl),
Santos and collaborators observed amyloid deposits in mice at
younger age with TTR deposits in sciatic nerve and dorsal root
ganglia thus showing a striking similarity with the human disease
(Santos et al., 2010). The mechanism by which Hsfl can protect
from amyloid deposition is still uncertain because this
transcription factor has multiple beneficial effect on
proteostasis, either directly inhibiting the TTR aggregation
through specific chaperones or protecting the target tissue
from amyloid toxicity. This mouse model, however, represents
the first successful example of the in vivo multifactorial
modulation of TTR amyloidosis. The complexity of the
process of in vivo amyloidogenesis is highlighted by other two
mouse models more recently described. Li and colleagues (Li
etal., 2018) have successfully produced humanized mouse strains
at both the Ttr and Rbp4 loci, allowing human TTR (hTTR) to
associate with human retinol binding protein 4 (hRPP4).
Remarkably, these animals develop age-related amyloid
deposits mainly in the peripheral nerves and gastro-intestinal
tract. This model narrows the gap between experimental and
clinical neuropathology since the deposition of amyloid affects
the perineurium of sciatic nerve that was only previously achieved
in TTR transgenic mice which did not express Hsfl (Santos et al.,
2010). The role of the V30M pathogenic mutation on amyloid
formation was not so remarkable. In fact, apparently the onset of
amyloid deposition was more anticipated in the wild type (V30)
than in the variant (M30) strain, however, it was more abundant
in elderly mice carrying the TTR variant (M30). All those mouse
models developed a very limited amount of amyloid in the heart
in which non-fibrillar amorphous aggregates of TTR were mostly
observed. The deposition in the heart has been very recently
obtained in a new transgenic mouse strain expressing the human
S52P TTR variant in which the formation of amyloid requires
pre-inoculation with seeds of natural amyloid fibrils (Slamova

Yi et al.,1991
Sousa et al, 2002

Pokrzywa et al., 2007
Berg et al., 2009

Santos et al., 2010
Lietal., 2018

et al., 2021).

FIGURE 8 | Development of animal models for ATTR in humans. From the first mouse model (Yiet al., 1991), several attempts were made to reproduce the disease
in invertebrates (i.e., C. elegans, Drosophila melanogaster) before developing a novel transgenic mouse model reproducing amyloid in the heart and tongue (Slamova

Slamova et al., 2022

/ Madhivanan et al., 2018
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et al, 2021). Here, the time frame of the onset of amyloid
deposition and the amount of deposits are strictly dependent
on the plasma concentration of TTR and, the amyloid mainly
affects the heart and tongue. Interestingly, inhibition of the
expression of o2-antiplasmin significantly anticipates the
amyloid formation and aggravates the amyloid load, thus
highlighting the possible pathogenic role of plasmin
(Mangione et al., 2018).

In parallel to the development of disease models in mice,
other interesting systems of TTR expression have been
recently generated using C. elegans and Drosophila
melanogaster. Nematode strains expressing wild type TTR,
V30M TTR, D18G TTR and the non-aggregation-prone
T119M TTR in the body-wall muscle have been generated
(Madhivanan et al., 2018); among these, the ATTR V30M and
D18G mutants displayed the accumulation of insoluble forms
of TTR. Proteotoxicity, caused by each of the pathogenic TTR
mutations, was monitored in the very short time frame of the
worm’s life (3 weeks). In particular, the expression of TTR
variants resulted in defects in neuronal morphology,
nociceptive response and locomotion of the nematodes.
Tsuda et al. (2018) have confirmed that C. elegans is an
excellent tool to investigate toxicity of TTR conformers
with particular regard to truncated species which are
abundant in natural fibrils (Bergstrom et al., 2005; Ihse
et al, 2013) and highly fibrillogenic in vitro (Mangione
et al., 2014). The transgenic strains expressing the 49-127
and 81-127 TTR fragments showed a reduced motility and a
significantly shortened lifespan compared with those
expressing the full-length protein.

Transgenic flies have been wused to study familial
amyloidotic polyneuropathy. Drosophila expressing the
amyloidogenic L55P TTR and the engineered variant TTR-
A (V14N/V16E TTR) have been generated and compared with
flies expressing wild type TTR. Both variants exhibited time-
dependent aggregation of misfolded TTR, neurodegeneration,
shortened lifespan, and compromised flying ability (Pokrzywa
etal., 2007). In contrast, flies expressing wild type TTR did not
show any effect on either longevity or behavior. Expression of
the V30M TTR variant in flies led to similar outcomes
associated to neurological impairment with evidence of
Congo red positive deposits in the brain of the aged
transgenic flies (Berg et al, 2009). Studies conducted on
transgenic strains of drosophila led also to the identification
of peptides as potential inhibitors of TTR aggregation as they
were able to delay ATTR progression in the flies whilst
decreasing TTR deposition (Saelices et al., 2018).

Looking at the development of animal models for TTR related
amyloidosis over the years, (Figure 8) it appears that we moved from
complicated living organisms (i.e., mice) to quite simpler invertebrate
models, such as C. elegans and Drosophila and, finally back to mice.

Nevertheless, we must also mention the extraordinarily
informative primate counterpart of human disease, that cannot
be considered a model. It is actually a disease that affects other
species very close to humans in which aging and individual
susceptibility play similar roles (Nakamura et al, 2008;
Chambers et al., 2010; Ueda et al., 2012).

Metamorphosis of Amyloid Proteins

CONCLUSION

Despite extraordinary progress made in the last 3 decades on the
theoretical and experimental elucidation of the molecular basis of
metamorphogenesis of amyloidogenic proteins, we still do not
understand which are the major molecular events that in vivo
dictate the transformation of globular proteins into fibrils. The
progress in the field has resulted in a challenge to Anfinsen’s
paradigm that, under physiological conditions, a protein’s final
structure is only determined by its primary sequence.

B2-m and TTR (Figure 9) exemplify the need for new paradigms.
Along their folding pathway, both these proteins may generate
globular or fibrillar structures. Despite their substantial differences
in both their primary structure and native state conformation, they
reach a similar fibrillar structure at the end of their pathologic
transformation. We do not know when the different conformers
start moving towards a common [-sheet pathological organization.
Elucidation of structure and dynamics of the intermediate states
populating the globular-fibrillar transition is of great value. Work on
highly amyloidogenic truncated isoforms of f2-m and TTR is very
promising and potentially supported by new systems of 3D
prediction. However, the attempt to model the conformation of
amyloidogenic fragments using AlphaFold2 leads to structures that
differ from those based on molecular dynamics or experimental
NMR restraints. In the predicted models, a higher proportion of the
full-length parent protein is retained possibly because of the use of co-
evolutionary methods in AlphaFold2 that may represent a major
limitation in predicting the structure of protein aggregation
intermediates (Pinheiro et al, 2021). Many proteins can be
transformed into amyloid fibrils in vitro, but only a few make
deposits in vivo causing amyloid disease (Chiti and Dobson,
2017). We must recognize that there is still a large gap between
what we know about protein amyloidogenesis in experimental
models and what happens in patients. Clinical, pathologic studies
mirrored by the study of experimental models, which here we have
summarized for f2-m and TTR-related amyloidosis, suggest that the
disease is multifactorial and occurs only when the amyloidogenic
protein acquires a conformation prone to form fibrils under
conditions yet to clarify. However, the development of the final
quaternary structure of amyloid fibrils is affected, apparently, not only
by the protein primary structure but also by the tissue
microenvironment that may influence which pathway the protein
takes during its fibrillar conversion. Indeed, the recent work using
cryo-EM has highlighted differences in the types of filament assembly
on TTR fibrils isolated from the heart and vitreous body of the eye in
carriers of the same amyloidogenic V30M TTR (Schmidt et al., 2019;
Takovleva et al, 2021).

A better understanding of the effects of the environmental
determinants on the conformational dynamics of the protein may
provide clues on the structural basis of the intrinsic amyloidogenic
property of every specific protein. The complexity of this pathologic
process arises through the effect of two dynamic entities. On one
hand, we have proteins that can acquire different conformations
and, on the other, we have a biological environment under dynamic
transformation. In the field of amyloid disease, we are dealing with
the very challenging interplay of two entities: protein
metamorphosis linked to the organism’s physiology which is
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FIGURE 9 | TTR and p2m amyloid formation pathway. Both native proteins may undergo selective proteolytic cleavage generating misfolded amyloidogenic
intermediates whose structures still remain elusive even applying advanced structure prediction software such as AlphaFold2. However, despite their different native
structure, when misfolded, both TTR and p2-m convert into fibrillar structures that are morphologically similar as shown by negatively stained transmission electron
microscopy (scale bar = 100 nm). (*) = structures predicted using the AlphaFold2 software; (**) = conformations predicted using molecular dynamics simulation
(Marcoux et al., 2015); (**) = structures derived from NMR spectroscopy measurements (Esposito et al., 2000).
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influenced by pathological features of environment, disease and age.
An amyloidogenic protein and its environment are both in dynamic
transformation and we cannot imagine to understand better the one
without elucidate the role of the other in the time frame in which we
develop the disease.
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Imperial College London, Hammersmith Hospital Campus, Burlington Danes, London, United Kingdom

Single nucleotide polymorphisms (SNPs) are genetic variations which can play a vital role in
the study of human health. SNP studies are often used to identify point mutations that are
associated with diseases. Arkadia (RNF111) is an E3 ubiquitin ligase that enhances
transforming growth factor-beta (TGF-f) signaling by targeting negative regulators for
degradation. Dysregulation of the TGF-f pathway is implicated in cancer because it
exhibits tumor suppressive activity in normal cells while in tumor cells it promotes
invasiveness and metastasis. The SNP CGT > TGT generated an amino-acid (aa)
substitution of Arginine 957 to Cysteine on the enzymatic RING domain of Arkadia.
This was more prevalent in a tumor than in a normal tissue sample of a patient with
colorectal cancer. This prompted us to investigate the effect of this mutation in the
structure and activity of Arkadia RING. We used nuclear magnetic resonance (NMR) to
analyze at an atomic-level the structural and dynamic properties of the R957C Arkadia
RING domain, while ubiquitination and luciferase assays provided information about its
enzymatic functionality. Our study showed that the R957C mutation changed the
electrostatic properties of the RING domain however, without significant effects on the
structure of its core region. However, the functional studies revealed that the R957C
Arkadia exhibits significantly increased enzymatic activity supporting literature data that
Arkadia within tumor cells promotes aggressive and metastatic behavior.

Keywords: Arkadia, snps, NMR, RING, E3 ligase

INTRODUCTION

Ubiquitination is a three-step enzymatic reaction catalyzed by the action of three key-enzymes.
Initially, ubiquitin is activated in an ATP-dependent manner by the E1 activating enzyme. Activated
ubiquitin afterwards is transferred to E2 conjugating enzyme. In the last step of the enzymatic
reaction ubiquitin is covalently attached to the target protein, through an isopeptide bond between its
G76 and the e-amino group of a lysine residue of the target protein. The attachment of ubiquitin to
substrate is catalyzed by the E3 ubiquitin ligase. The E3 ubiquitin ligases are considered crucial
partners of the ubiquitination machinery because they act as specific substrate recognition elements.
The ubiquitin ligases are characterized by the presence of either a HECT (Homologous to E6-AP
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Carboxyl Terminus) or a RING (Really Interesting New Gene)
domain (Hershkos et al, 1983; Pickart, 2001). RING-type E3
ligases constitutes the largest class of E3 ligases and they are
characterized by the following amino acids sequence: Cys-X,-
Cys-Xo.39-Cys-X;3-His-X;-Cys/His-X,-Cys-X4.45-Cys-X;-Cys,
wherein X represents any amino acid. The RING domain motif is
constructed by Cys2His2, Cys3His or Cys4 metal binding sites
which coordinate two zinc ions in a “cross-brace” arrangement
(Freemont, 1993; Saurin et al., 1996).

Ubiquitination is a signaling pathway that regulates a broad
spectrum of biochemical processes, e.g., it enhances the tumor
suppression activity of some proteins or the oncogenic and
metastatic properties of others and has a significant role in the
life cycle of cells. Thus, many studies have shown that mutations
in E3 ligases are implicated in cancer (Shangary and Wang, 2008;
Nelson and Holt, 2010; Sharma et al., 2011; Chan et al., 2013;
Wang et al, 2017) and other diseases (Kumar et al., 2017). Two of
the thoroughly studied and well characterized RING E3 ligases
are BRCA1 and HDM2. Tumor suppressor BRCALI is a RING E3
ligase whose mutations lead to a high predisposition of breast and
ovarian cancers (Brzovic et al., 2001; Rosen, 2013). Mutations
observed in the RING sequence are now considered as significant
markers for these types of cancer. Similarly, Hdm2 is a RING E3
ligase whose overexpression associates with many human tumor
types (breast, esophageal, lung carcinomas etc.,), whereas its
binding and degradation of p53 suppressor is
inactivated in more than 50% of human cancers (Moll and
Petrenko, 2003; Sun, 2006). Targeting specific E3 ligases, that
play a significant role in cancer, may contribute to the
development of therapeutic strategies (Lakshmanan et al., 2008).

Arkadia (RNF111) is a RING ubiquitin ligase that positively
regulates the TGF-f pathway by targeting its negative regulator
SKI and its close homologue SKIL (SNON), as well as the
inhibitory SMAD7 for ubiquitin-dependent proteasomal
degradation. Arkadia functions as E3 ligase through its
C-terminal RING-H2 domain (amino acids 942-983) (Levy
et al, 2007; Mavrakis et al, 2007; Nagano et al., 2007).
Arkadia was shown to enhance and support TGF-f tumor
suppressing function in colorectal cancer (CRC) (Sharma
et al., 2011). Furthermore, Le Scolan, et al., 2008 and Briones-
Orta et al,, 2013, using tumor cell lines driven by the TGF-f
pathway, demonstrated that Arkadia has a potent tumor-
promoting activity. These data indicate that Arkadia supports
both properties of the TGF-f pathway, i.e., tumor suppression in
normal cells and metastasis in tumor cells. Moreover, deep
sequencing studies of the mRNA from tumors of CRC
patients (Bravou et al., 2009; Sharma et al., 2011), led to the
identification of somatic mutations that diminish Arkadia’s
function (Sharma et al, 2011). They were listed in the
COSMIC database of somatic mutations in cancer (Bravou
et al., 2009; Sharma et al., 2011).

In the present study the single nucleotide polymorphism
(SNP) of arginine (R) 957 (rs780099637, CGT > TGT, allele
frequency = 0.000004 in gnomAD) enriched in CRC was studied.
SNPs are genetic variations that are associated with individual
susceptibility to diseases (Shastry, 2007). The R957C SNP was
identified both in CRC and adjacent normal tissue samples

tumor
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(Supplementary Table S1). Existence of mutations in normal
tissues adjacent to tumors is frequently observed and their
association with cancer is under investigation (Risques and
Kennedy 2018; Fiala and Diamandis, 2020; Oh and Sung,
2020). SNP studies are crucial to identify amino acids
substitutions; in the protein coding regions that potentially
alter the function or structure of a protein (Bhattacharya et al.,
2017). Herein, we present a thorough overview about the effects
of the R957C point mutation. Replacement of the positively
charged arginine with cysteine affects the electrostatic
properties of the protein, which may lead to alterations of
structure, stability, and function of the enzymatic RING
domain of the E3 ubiquitin ligase Arkadia. To predict the
effect of the R957C mutation on Arkadia protein, the SNPs
and GO and I-Mutant pathogenicity prediction servers were
used (Capriotti et al., 2005; Capriotti et al., 2013). In order to
investigate the impact of this mutation on the conformational
dynamics and the function of the Arkadia RING domain, we
prepared the recombinant polypeptide bearing a cysteine residue
instead of arginine in position 957 of the human sequence and we
conducted a structural and functional study to obtain an atomic-
level insight into its conformational dynamics and activity in
comparison with the native Arkadia RING domain.

MATERIALS AND METHODS

Prediction of Single Nucleotide

Polymorphism Impact

The effect of the R957C substitution was analyzed using
SNPs and GO and I-Mutant tools. SNPs and GO is a tool
which predicts disease associated amino acid substitution at a
single position in a specific protein including functional
classifications with >82% prediction accuracy. I-Mutant
predicts the effects of single point mutation with 80%
accuracy. A probability score higher than 0.5 reveals a
disease related effect of the mutation on protein function.
The input given to the SNPs and GO and I-Mutant tools
was the UniProt accession number (Q6ZNA4) of Arkadia
isoform-1 protein, the sequence position of the wild type
amino acid and the mutated amino acid.

Protein Expression and Purification

A human RNF111 gene encoding amino acids 927-994 of the full
length Arkadia was sub-cloned in a pGEX-4T-1 vector and
transformed in Escherichia coli (E. cloni®) EXPRESS BL21
(DE3) cells (Lucigen). Cells were grown at 37°C in minimal
medium (M9) supplemented with 1g/L"’N ammonium
chloride, 4 g/L glucose or *C-glucose and 1 ml/L'>N or "°N/
3C Bioxpress™ (CIL) for single or double labeled samples,
respectively. Cell cultures were induced at an optical
absorption of 0.6-0.9 with 1 mM IPTG (final concentration).
After 4 h incubation at 37°C cells were harvested and the resulting
pellet was lysed by sonication in PBS (Phosphate Buffered Saline)
pH 7.4 £ 0.2 containing a protease inhibitor cocktail (Sigma) and
DNAase 1. The cell lysate was cleared by centrifugation at
20.000rpm (rounds per minute) for 30 min. For protein
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purification the supernatant was loaded onto a GST-trap 5 ml
column (GE Healthcare). The GST-tag and Arkadia®®”*** were
separated after overnight incubation with the protease thrombin
(Merck Millipore) at 4°C. Arkadia®®”®** was eluted in PBS pH
7.4 + 0.2 and concentrated using Amicon® Ultra centrifugal filter
units (3 kDa cutoff) (Merck Millipore). The protein was further
purified by size exclusion chromatography on a Superdex75
column (GE Healthcare).

The E2 enzyme UBCHS5B (UBE2D2) was expressed and
purified as described elsewhere (Birkou et al., 2017) and
ubiquitin was expressed in E. coli (E. cloni®) EXPRESS BL21
(DE3) cells (Lucigen). Cells were grown at 37°C in minimal
medium (M9) supplemented with 4 g/L glucose and 1g/L
NH,CIl and induced with 1 mM (final concentration) IPTG.
After 4h of incubation at 37°C cells were harvested and lysed
by sonication in PBS pH 7.4. The cell lysate was cleared by
centrifugation at 20.000 rpm for 30 min. The supernatant was
heated at 85°C for 15min and centrifuged at 10.000 rpm for
20 min. For further purification ubiquitin was passed through a
Superdex75 column (GE Healthcare).

Nuclear Magnetic Resonance Data and

Structure Calculation

NMR spectra were recorded on a Bruker Avance 600 MHz
spectrometer equipped with a TXI cryoprobe and Bruker
Avance III 700 MHz spectrometer equipped with a four-
channel 5mm cryogenically cooled TCI gradient probe.
Protein samples were prepared in a mixed solvent of 90% H,0
(50 mM K,HPO,, 50 mM KH,PO, pH 7), 10% D,0, 1 mM NaNj
and 0.25mM DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid)
as internal chemical shift standard. All NMR experiments are
included in the Bruker pulse program library. Data were
processed with Topspin 3.5 pl5 software and analyzed with
CARA (Keller, 2004) and XEASY (Bartels et al., 1995). The
sequence specific assignment of R957C Arkadia®*’~*** domain
was obtained using conventional backbone and side chain
assignment methods (Wiithrich, 1986; Ferentz and Wagner,
2000) and were deposited in the BioMagResBank (BMRB;
accession no: 50,985). The NMR solution structure of the
R957C mutant was determined with DYANA (Giintert et al,
1997) and the ensemble of 30 models with the lowest RMSD and
target function values was deposited in the ProteinDataBank after
energy minimization with AMBER (Pearlman et al., 1995) (PDB,
accession no: 7P2K; statistical analysis is reported in
Supplementary Table S2). The assignment of the backbone
"H-">N resonances of all non-proline residues of E2 enzyme
UBCHS5B was obtained from the BMRB database (accession no:
6,277).

>N Relaxation Data

The backbone mobility of the R957C Arkadia®*’"*** mutant on
the ps-ns time scale was investigated through "N relaxation
measurements ("°N T, and T,, {{HY}-'°N NOE at 298 K) on
Bruker Avance 600 and Avance III 700 spectrometers
(experiments are reported in Supplementary Table S3).
Standard pulse programs of the Bruker library were used. The

Studying R957C SNP of Arkadia

overall delays between scans were 1.8s for the T, and T,
measurements and 4s for the interleaved heteronuclear NOE
experiment, respectively. The delays used for the T; experiments
were 7, 18, 40, 85, 150, 230, 350, 500, 680, and 900 ms, whereas
delays of 17, 34, 51, 68, 85, 102, 136, 187, and 221 ms were used
for the T, experiments. '°N relaxation data were analyzed
according to the model-free approach as implemented in the
Tensor 2 program (Dosset et al., 2000) (R;, R, and (*H) '>N NOE
diagrams are shown in Supplementary Figure S2).

Atomic Absorption Spectroscopy

To identify whether two zinc ions are bound to the R957C
mutant, atomic absorption spectroscopy was performed
(Perkin Elmer AAnalyst 700). For the zinc concentration
determination proteins were purified as described above. Zinc
ions standards of 0.1-1 ppm (Zinc Pure Standard, 1000 pg/ml,
2% HNO;, Perkin Elmer) were used and an appropriate
calibration curve was constructed (Supplementary Figure S1).
The concentration of zinc in the protein samples was determined
dividing the intercept by the slope of calibration curve.

Metal-Chelation Experiments

To evaluate the stability of the R957C Arkadia®’~** domain
metal-chelation experiments were performed with the
ethylenediaminetetraacetic acid (EDTA). 'H- >N HSQC
spectrums were recorded after each EDTA addition at a ratio
1:0.5, 1:1, 1:1.5 and 1:2 (Zn: EDTA).

Titration Experiments Monitored by Nuclear

Magnetic Resonance

In order to identify the interaction interface between E3 R957C
Arkadia®’~*** and E2 UBCHS5B, titration experiments were
monitored by '"H-'"N HSQC spectra of labeled "N R957C
Arkadia®’™** or "N UBCHS5B after each addition of the
unlabeled protein partner. The unlabeled protein was added in
eight steps in order to reach the following ratios and saturation of
labeled/unlabeled protein: 1:0.25, 1:0.5, 1:0.75, 1:1, 1:1.25, 1:1.5, 1:
1.75, 1:2. Combined chemical shift perturbations (CSPs) after
binding were calculated using the equation: Ay, =
[ (A8yN)? + (%)2 (Garrett et al., 1997; Baker et al., 2006;

Marousis et al., 2018).

Ubiquitination Assay

For the ubiquitination assays the Arkadia polypeptide
bearing the R957C mutation was used. Briefly, ubiquitination
assay was performed by incubating 0.5pM hUbel enzyme
(Boston Biochem), 5 uM UBCH5B, 100-150 uM ubiquitin and
15uM wt/R957C Arkadia®®®** in 20 mM Tris-HCI pH 7.5,
50 mM NaCl, 5mM ATP, 2mM MgCl, and 2mM DTT at
37°C for 0-60 min. Time points were collected after the
addition of ATP and the reactions were stopped by addition
of SDS loading buffer. Samples were resolved by 15% SDS-
PAGE and visualized by western blotting for ubiquitin using
the anti-Ub antibody P4D1 (Santa Cruz Biotechnologies,
SCBT) and the goat anti-mouse m-IgGk BP-HRP sc-516102
(SCBT).

876-994
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Luciferase Assays
Luciferase assays were conducted in HEK293T cells (Cancer

Research UK). using the Dual Luciferase reporter system
(Promega), as previously described by Levy at al. 2007. Briefly,
cells were transfected with the appropriate combination of
promoter-reporter constructs and expression plasmids using
FuGENE transfection reagent (Promega) and were cultured for
24 h after transfection. Luciferase activities in the cell lysates were
measured following the manufacturer’s protocol. The
experiments were repeated at least three times.

RESULTS

The SNP and GO and I-Mutant pathogenicity prediction tools
indicated, with high probability, that the R957C mutation in the

Arkadia RING domain (Figure 1) is a disease-causing mutation
(Supplementary Table S1). To determine the effect of the R957C
mutation on Arkadia’s RING domain structure, stability and
interaction properties NMR studies were performed. In addition,
auto-ubiquitination and luciferase assays were carried out to
investigate the biochemical activity of the R957C mutant.

Determination of R957C Arkadia®?"~%°* Zinc
lons Content and Stability Upon Addition of
Ethylenediaminetetraacetic Acid.

Atomic absorption spectroscopy was performed on R957C
mutant to measure the Zn (II) content. A protein sample of
0.3mM gave zinc concentration of 0.71mM. These
concentrations correspond to two zinc ions per protein
molecule.
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FIGURE 3 | Solution structure of the R957C RING domain as represented by the final family of 30 energy minimized models.

According to the structural role of the Zn (II) in RING 5N relaxation studies of R957C Arkadia®?’~*** revealed that
domains, addition of the metal-chelating agent EDTA to a  mutant is a monomer in solution since the correlation time for
final ratio 1:2 (Zn: EDTA) led to the complete unfolding of  isotropic tumbling measured based on the R,/R, ratio is 4.69 ns
the protein after 48 h as indicated by the loss of chemical shift  corresponding to a MW of ~7.81 kDa (theoretical MW of R957C
dispersion in the 'H-'>N HSQC spectra (Figure 2A). Similarly, RING is 7767 Da). In addition, model-free analysis of SN
addition of EDTA to the wt RING domain caused complete  relaxation data as implemented in the Tensor2 program
unfolding of the protein after 48h of incubation with the  showed that the core exhibited a rather rigid structure
chelating agent (Figure 2B). These results suggest that the  (Figure 5). The order parameters of the region Lys941-11e986
addition of one more Cys residue in the RING domain of  (averageS® = 0.77) are higher than those of the N- and C-terminal
Arkadia has not affected the zinc ions binding and the  residues (Lys927-Glu940 and Glu987-Ser994, respectively)
stability of the mutated protein. According to the C, (56 ppm) closely resembling the '°N-relaxation properties of the wt
and Cg (27 ppm) chemical shifts Cys957 in reduced state and does Arkadia RING (Chasapis et al., 2012; Birkou et al, 2017)
not participate in zinc ions binding or in disulfide bond  (Figure 5). The above data clearly support that there are no
formations (Sharma and Rajarathnam, 2000). significant differences in the structure and dynamic properties

between wt and R957C Arkadia RING domain.

Solution Structure and '°N Relaxation
Studies of the R957C Arkadia®2’-°** RING  Interaction Studies of R957C Arkadia®*"—%%*

Domain Really Interesting New Gene Domain and
The NMR solution structure of the R957C mutant was UBCH5B
determined based on a total of 906 NOEs distance constraints. To determine whether the R957C mutation affects the interaction

The final family energy minimized NMR models contains two 8- of the RING with E2 we used NMR driven interaction studies of
strands, namely B1 (Val955-Leu958) and 2 (His962-His965)  '°N R957C with the E2 enzyme UBCHS5B, which functions as a
forming an antiparallel S-sheet, two zinc binding loops and a 3-  partner of Arkadia in vitro (Mavrakis et al., 2007). The analysis
turn a-helix encompassing the residues GIn966-Thr975  showed that the resonances exhibit either fast or intermediate
(Figure 3). The two f-strands of the R957C mutant are one  exchange behavior, suggesting a moderate affinity for the two
amino acid longer compared to wt RING Val955-Arg957 and  proteins. The largest chemical shift changes were observed for the
Leu963-His965 f-strands. The a-helix observed in the R957C  sequential stretches Cys942-Thr943, Cys945-11e947, Val955-
mutant is identical to the wt Arkadia RING helix in length and ~ Leu958, Phe964-His965, Val967-Asp970 and Trp972-Asn976
sequence position (Chasapis et al., 2012). The secondary structure ~ and for residue Ile981 (Figure 6A). The first three sequential
elements of the R957C RING domain exhibit a 3« topology as  stretches comprise the first and the third Zn(II)-binding motif,
observed in the wt Arkadia, RNF24 (PDB: 2EP4) and RNF168 while the fourth and fifth are located at the C-end of the a-helix
RING domains (Zhang et al., 2013). The average distance  GIn966-Thr975. The above regions are essentially identical with
between the two metal centers in the final 30 NMR models is  those exhibiting the largest chemical shift changes upon
13.8+04 A (Figure 3). A detailed view of the coordination of the interaction with UBCH5B in the native RING (Chasapis et al.,
two Zn (II) ions is shown in Figure 4. The overall backbone and 2012; Birkou et al., 2017).

heavy atom RMSDs of the 30 energy-minimized models of R957C The addition of unlabeled R957C RING to '°N-labeled
are 1.22 + 0.48 A and 2.08 + 0.45 A, respectively, for the core ~ UBCHS5B resulted in the loss of four UBCHS5B amide
region between Glu939 and I1e986. Quality assessment of the final resonances (Ser94, I1e99, Serl00 and Leul03) in the 'H-'°N
models reveals that 100% of the non-glycine/non-proline residues ~ HSQC spectra during the titration. The largest CSPs in
fall into favorable or allowed regions of the @/y dihedral angle = UBCH5B were observed for residues Ala2-Leu3, Ile6-Glu9,
space in the Ramachandran plot (Supplementary Table S2). Asnll-Aspl2, Argl5-Aspl6é (N-terminal helix «ol) Alal9,

Frontiers in Molecular Biosciences | www.frontiersin.org 65 February 2022 | Volume 9 | Article 844129


https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Birkou et al.

Studying R957C SNP of Arkadia

(@

FIGURE 4 | lllustration of the zinc ions binding sites and the Zn ions distance in the R957C RING domain as appeared in the first model of the family.
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FIGURE 5 | Order parameters (S%) derived from '®N-relaxation
measurements [R;, R» and heteronuclear ("H™)- "®N NOE] for R957C
Arkadia®*"~*°* domain at 600 MHz and 298 K.

Ser22 (B1 strand), Ile37 (B2 strand), Phe62-Lys63 (loop L1
between the 3 and p4 strands), Ser91-Glu92, Ala96-Thr98
(loop L2b), Lys101, and LeulO4 (the first half of helix a2)
(Figure 6B). All these residues were also found to participate
in wt Arkadia RING-UBCHS5B interactions (Chasapis et al., 2012;
Birkou et al., 2017), strongly suggesting that UBCH5B utilizes the
same interface for its interaction with the Arkadia RING mutant
R957C.

The above data show that R957C Arkadia mutant and
UBCH5B E2 enzyme interact via the surfaces that are
expected to be ivolved in a canonical E2-E3 RING interaction
(Chasapis et al., 2012; Gundogdu and Walden, 2019). However, it
seems that the CSPs observed for the mutant are somewhat larger
compared with those observed for the wt-E2 interaction [0.09/
0.06 ppm for the R957C and wt RING, respectively and 0.042/

0.038 ppm for the interacting UBCH5B with R957C and wt
RING, respectively (Figure 5 and Birkou et al., 2017)].

Effect of the R957C Mutation on Arkadia’s

Function

To examine the actual activity of the mutant protein we
developed an in vitro ubiquitination assay. For the auto-
ubiquitination assays, wt or mutated polypeptides containing
NRG and TIER segments along with the RING domain
(Arkadia®”®*) were used, because the RING domain alone
does not auto-ubiquitinate. We performed the assay in the
presence of E2 UBCHS5B and ubiquitin. Immunoblot analysis
of these reactions, with anti-ubiquitin antibodies, showed that
both wt and R957C Arkadia ¥¢~°** were functional in this in vitro
auto-ubiquitination assay, as indicated from the ladder-like bands
that appeared after addition of ATP to the reaction mixture
(Figure 7) due to the formation of a polyubiquitin chain on the
substrates wt or R957C Arkadia *"°~***, We found that the R957C
Arkadia®®*** exhibit significantly rapid and enhanced
autoubiquitination (Figure 7), indicating a gain of function
and not loss of function.

Moreover, R957C Arkadia’s functionality was tested in vivo by
luciferase assays. Luciferase experiments were carried out in
HEK293T cells using the TGF-f SMAD-dependent reporter
CAGA»-Luc, empty plasmid, the full length wt, C937A and
R957C Arkadia proteins as described in Birkou et al.,, 2017.
Overexpression of the R957C Arkadia protein enhanced
reporter expression a slightly higher than that of the wt
Arkadia, however, this was not statistical significant in this
assay (Figure 8). These in vitro and in vivo results show that
the R957C mutation on the RING domain does not reduce the
activity of Arkadia as E3 ubiquitin ligase.
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DISCUSSION

Mutations within the RING domain of E3 ligases such as BRCA1
are correlated with high risk of cancer (Ruffner et al, 2001).
Usually, most of the SNPs cause missense mutations that are
neutral or deleterious and unclassified variants. Deleterious
SNPs/mutations cause phenotypic differences leading to
various types of cancer (Ramensky et al, 2002). Here, we
study the structural and functional consequences of the R957C
SNP in the RING domain of Arkadia that was identified in
normal and tumor tissues of a colorectal cancer patient.

Does the R957C mutation affect the solution structure and
dynamics of Arkadia?

The NMR structure of the R957C mutant of Arkadia closely
agrees with the NMR structure of the native RING domain (PDB:
2KIZ). Overlay of the first model of R957C RING domain with
the first model of wt RING domain shows that there is no
significant difference in the overall topology (Figure 9). Both
contain a 3-turn a-helix, although in the final family of the R957C

mutant 10 out of 30 models show a shightly distorted third turn of
the a-helix due to the lack of helix-diagnostic NOEs. Replacement
of Arg957 with Cys results in a slight bending of the SI-strand
which is slightly bended, affecting the conformation of a loop that
comprises the acidic residues Glu936 and Asp937. In wt, the
positively charged NH; and NH, atoms of Arg957 interact
electrostatically with the carboxyl groups of Glu936 and
Asp937, respectively, leading to a compact and less flexible
N-terminus (Figure 10). This electrostatic interaction is
abolished in the R957C mutant resulting in an increased
flexibility of the N-terminus as indicated by the backbone
mobility data (Figure 5) and by the distances between the
carboxyl groups of Glu936 and Asp937 and the sulfur atom of
Cys957. As far as the mobility of the RING core is concerned, the
N relaxation measurements show that the replacement of
Arg957 with Cys has essentially no effects on the ps-ns time
scale (Supplementary Figure S2).

Comparison of the NMR structure of the R957C mutant with
the RING domains of RNF24 (PDB: 2EP4) and RNF168 (PDB:
4GBO0) that exhibit a fBa topology reveals the similarity of the
Arkadia mutant with the RING domain of RNF24 (Figure 11).
Interestingly, both domains have 3-strands, that are four residues
long and adopt the same orientation (Figures 11A,B). Moreover,
their B-strands do not exhibit sequence homology but rather
physicochemical similarity in their amino acids composition
(Figure 12).

How does the R957C mutation affects Arkadia’s interaction
properties and function?

The R957C Arkadia mutant is capable to interact with the E2
enzyme UBCHS5B as shown by titration experiments monitored
through 'H-""N HSQC spectra and auto-ubiquitination assays
(Figure 6 and Figure 7). Interestingly, the observed CSPs suggest
a native-like interaction, involving the two metal-binding loops
and parts of the a-helix of the mutated RING (Figure 6). A
similar surface, formed by the same RING structural elements
participates in the E2-E3 interaction of BRCA1 (Brzovik et al,
2003), c-Cbl (Zheng et al., 2000) and RNF38 (Buetow et al., 2015)
RING domains. Additionally, the UBCH5B regions that
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participate in the E2-E3 interaction are the same as those
observed in the vast majority of E2-E3 pairs (Gundogdu and
Walden, 2019).

Thus, the R957 mutation which is located on the 1-strand,
does not seem to have an impact on the RING domain interaction
properties. Since R957 is not considered as a residue that is crucial
for E2-E3 interaction (Chasapis et al, 2012) its mutation to

cysteine is not expected to disrupt the interaction with the E2
enzyme UBCHS5B. Generally, it is well established that mutations
of conserved residues in RING domains disrupt E2 interaction
and result in the loss of E3 ligase enzymatic activity (Deshaies and
Joazeiro et al., 2009). For example, mutation of the conserved
tryptophan (Trp) in the a-helix of most RING domains disrupts
the recruitment of E2 and this is sufficient to abolish the ligase
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activity. A recent study on Arkadia’s RING domain revealed that
mutation of Trp972 to arginine affected Arkadia’s interaction
interface and abolished the E3 ligase function (Birkou et al,
2017). Another example is the mutation of Phe964 in the Arkadia
RING domain. This phenylalanine is conserved in RING-H2
ligases and precedes the fifth zinc binding residue. Mutation of
F964 to alanine (Ala, A) changed the folding of the RING domain
(Figure 13A), which resulted in the disruption of E2-E3
interaction (Figure 13B).

The auto-ubiquitination assay revealed R957C mutation is a
gain of function mutation that enhances the enzymatic activity of
the RING (Figure 7), and consistent to this, the luciferase assays
shows that the R957C mutation exhibits slightly increased activity
of Arkadia although it is not statistically significant here
(Figure 8). The TGF-f pathway has tumor suppressive
properties in normal tissues and promotes metastasis within
tumors. Similarly, Arkadia enhances TGF-f signaling and
exhibit the same bidiretional properties (Sharma et al,, 2011;
Briones-Orta et al., 2013). Indeed, Sharma et al., 2011 has shown
that reduction of Arkadia in normal cells increases significantly
the susceptibility to cancer. Furthermore, Le Scolan et al., 2008
and Briones-Orta et al, 2013 performing loss of function
experiments in tumor cell lines have shown that Arkadia
supports metastatic phenotypes via a TGF- dependent
manner. Our data presented here support the pro-tumorigenic
functions of Arkadia in a context-cell type-dependent manner
because it was found enriched in tumor compared to the adjacent
normal tissue. However, it is possible that the presence of the
R957C mutation in the adjacent normal cells represent
infiltration of a metastatic tumor cells and not a
polymorphism. More experiments are necessary to verify the
role of this hyperactive mutant Arkadia within tumor cells.

CONCLUSION

Analysis of the consequences of SNPs on the 3D protein structure
is beneficial in understanding both their function and their role in
diseases. SNPs at the level of proteins usually affect their activity,

binding/association, assembly, and rearrangement and promote
their aggregation (Bhattacharya et al., 2017). Most studies
analyzing the effects of SNPs on the 3D protein structure are
restricted to specific diseases. The goal of this study is to provide
experimental data about an SNP that was found in CRC and
adjacent normal tissue samples of a patient and its effects on
structure, stability, binding properties, and function of the
Arkadia RING domain. Our NMR structural data show that
the R957C mutation, in the 1 strand of this domain is located far
away from the two Zn (II) binding motifs. It does not interfere
with the metal binding and does not alter the geometry of the
cross-brace metal coordination; moreover, it does not change the
conformation of the E2 docking surface of the RING domain. The
R957C mutation does not lead to conformational change in the
B1-B2 surface, so no significant change of the overall
conformational features of the RING domain is observed, and
the same holds for the backbone dynamics of the RING core.
Finally, the functional assays (Figures 7, 8) also showed that
Arkadia does not lose its E3 ligase activity, despite the R957C
mutation. It is worth mentioning that auto-ubiquitination assays
indicated a gain of function effect of the R957C mutation of
Arkadia, while the luciferase functional assay showed milder
hyperactivity. The finding that this SNP was present in normal
tissue and enriched within the tumor, suggests that it segrates
with the tumor and possibly with infiltration of adjacent tissue by
metastatic tumor cells.
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We here establish the phosphorylation sites in the human hepatitis B virus (HBV) large
envelope protein (L). Lis involved in several functionally important interactions in the viral life
cycle, including with the HBV cellular receptor, HBV capsid, Hsc70 chaperone, and cellular
membranes during fusion. We have recently shown that cell-free synthesis of the
homologous L protein of duck HBV in wheat germ extract results in very similar
phosphorylation events to those previously observed in animal cells. Here, we used
mass spectrometry and NMR to establish the phosphorylation patterns of human HBV L
protein produced by both in vitro cell-free synthesis and in E. coli with the co-expression of
the human MAPK14 kinase. While in the avian virus the phosphorylation of L has been
shown to be dispensable for infectivity, the identified locations in the human virus protein,
both in the PreS1 and PreS2 domains, raise the intriguing possibility that they might play a
functional role, since they are found at strategic sites predicted to be involved in L
interactions. This would warrant the further investigation of a possible function in virion
formation or cell entry.

Keywords: hepatitis B, L HBsAg, phosphorylation, NMR, cell-free (CF) protein synthesis, mass spectrometry

INTRODUCTION

The three hepatitis B virus (HBV) envelope proteins L, M, and S [large, middle and small hepatitis B
surface antigen (HBsAg)] form the viral envelope. S is an integral membrane protein for which
structural models predict four transmembrane-spanning helices, interrupted by an N-proximal
cytosolic loop and, after the second helix, the antigenic loop, which presents a complex yet poorly
defined structure stabilized by multiple disulfide bridges. M and L share their C-termini with S but
carry in addition the PreS1 plus PreS2 (for L) and PreS2 (for M) domains. PreS1 and PreS2 together,
collectively termed PreS, are suspected to represent an intrinsically disordered protein domain. This
was experimentally supported for the avian (duck) homolog, DHBV PreS (Urban et al., 2000), while
the corresponding data for PreS from human HBV lacked.

The PreS part of L plays a central role in a variety of interactions with viral and cellular proteins.
The very N-terminal residues of PreS represent a first important site, with the first 48 amino acids
involved in binding to the HBV receptor (Glebe et al., 2005; Gripon et al., 2005), the sodium
taurocholate co-transporting polypeptide (NTCP) (Yan et al., 2012). N-terminal myristoylation is
central in this context (Persing et al., 1987). Further down the PreS sequence, several hydrophobic
stretches can be identified that are concentrated between residues 50-70. Most models favor that
different residues distributed along preS are responsible for membrane interaction, hinting at a
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possible fusion mechanism (Nufiez et al., 2009; Delgado et al.,
2015), but a recent proposal locates the fusion peptide exactly to
this hydrophobic region (Pérez-Vargas et al, 2021). A third
region of interest is localized at the PreS1/PreS2 border,
comprising residues between approximately amino acids
90-120, which is believed to be involved in interactions with
the viral capsid during particle formation (Gudima et al., 2007; Xi
et al., 2021). Finally, another site in PreS1 is involved in the
interaction with the Hsc70 chaperone, reported to be a
determinant in the i-PreS orientation observed in immature
viral particles (Prange et al, 1999; Prange, 2012). In sum,
several specific sites in preS have been identified to be
involved in the important functional interactions of L.

Post-translational modifications have been shown to play a
central role in the HBV life cycle (Heger-Stevic et al., 2018; Yang,
2018). The phosphorylation of PreS has been thoroughly
investigated in the DHBV L variant (Grgacic and Anderson,
1994; Grgacic et al., 1998). Metabolic labeling with 32p and
digestion with residue-specific phosphatases (Grgacic and
Anderson, 1994) have identified several phosphorylation sites,
whose functional importance has, in part, been assessed by the
mutational analysis of Ser and Thr residues (Grgacic et al., 1998).
Mutations  mimicking absent or constitutive = PreS
phosphorylation had no detectable effect on DHBV replication
(Grgacic et al,, 1998), although DHBV L phosphorylation was
found important in host cell-virus cross talk (Rothmann et al,,
1998).

We have recently found, during the wheat-germ cell-free
protein synthesis of DHBs proteins for structural studies, that
the DHBV L protein is phosphorylated in this system (David
et al., 2018; David et al., 2019). While it was known that the cell-
free extract indeed contains kinases, allowing post-translational
phosphorylation (Badillo et al., 2017), our analysis of the DHBV L
protein confirmed that the phosphorylation sites are the same as
in animal cells (Grgacic et al., 1998) and identified two additional
sites (David et al., 2019).

As an important step in the ongoing studies in our group on
HBV preS-capsid interactions, we here investigate preS
phosphorylation, in the protein, from the human virus, as
obtained in recombinant systems, and apply a similar analysis
to the HBV L protein and PreS fragments thereof. Based on the
results, we designed a bacterial kinase co-expression system able
to phosphorylate PreS, which we show to reproduce the results
obtained in the acellular system. In addition, we used NMR to
structurally analyze the PreS protein and to confirm major
phosphorylation sites by NMR chemical-shifts. Our approach
confirmed the disordered nature of the protein, and identified
four consensus sites as well as several additional potential PreS
phosphorylation sites.

MATERIALS AND METHODS

Plasmids

For cell-free expression, PreS1, PreS, and full-length HBV L
sequences were amplified by PCR from the HBV isolate
H2815 (genotype D5, GenBank Accession Number

HBV L Phosphorylation

KP322603.1), and cloned into a pEU-E01-MCS vector
(CellFree Sciences, Matsuyama, Japan). A Strep-tag II, shortly
named “tag” in the following, was fused either to the N- or
C-terminal end for purification (Schmidt and Skerra, 2007),
resulting in the four constructs PreSli,, gPreS, PreS.g, and
tagl- The plasmids were amplified in Escherichia coli TOP10 cells
(Life Technologies, Carlsbad, CA, USA). DNA was isolated using
a NucleoBond Xtra Maxi kit (Macherey-Nagel). Plasmids were
further purified by phenol/chloroform extraction, according to
CellFree Sciences recommendations.

For the bacterial expression of PreS (E'COIiPreStag), cDNA-
encoding PreS was cloned into a pRSF-T7 vector and into an
analogous pRSF-T7 vector carrying a MAPK14 gene under a Tet
promotor in order to promote PreS phosphorylation. A
solubility-enhancing fusion protein, GBI, with an N-terminal
His-Tag, was fused at the N-terminus of PreS and a Strep-tag II to
its C-terminus. A TEV protease cleavage site was inserted
between GB1 and PreS, resulting in the following constructs:
pRSE_T7-H6-GB1-ENLYFQG-preS-Strep-tag-1I and pRSF_Tet-
H6MAPK14_T7-H6-GB1-ENLYFQG-preS-Strep-tag-I1.
Plasmids were amplified in E. coli TOP10 cells (Life
Technologies). DNA was isolated using QIAprep Spin
Miniprep Kit (Qiagen, Hilden, Germany).

Wheat Germ Cell-free Expression and
Purification of PreS and L

Homemade wheat germ extract was prepared using non-treated
durum wheat seeds (Semences du Sud, Vic-Fezensac, France), as
described in Fogeron et al. (2017). Protein synthesis was
performed with uncoupled transcription and translation.
Transcription was performed using 100 pg/ml plasmid,
2.5mM NTP mix (Promega, Charbonniéres-les-Bains, France),
1 U/ul RNase inhibitor (CellFree Sciences, Matsuyama, Japan),
and 1 U/ul SP6 RNA polymerase (CellFree Sciences, Matsuyama,
Japan) in transcription buffer (CellFree Sciences, Matsuyama,
Japan) composed of 80 mM HEPES-KOH pH 7.6, 16 mM
magnesium acetate, 10 mM DTT, and 2mM spermidine in
nuclease-free water. The solution was incubated for 6h at
37°C; the produced mRNA solution was then used directly for
translation. Translation was performed using the bilayer method
(Takai et al., 2010; Fogeron et al., 2015), either at a small scale
with the one well of a 6-well plate (6 ml total reaction volume), or
at a large scale with two 6-well plates (2 x 36 ml total reaction
volume) in order to obtain a sufficient amount of protein to
perform NMR experiments. The feeding buffer composition was
30 mM HEPES-KOH pH 7.6, 100 mM potassium acetate, 2.7 mM
magnesium acetate, 16 mM creatine phosphate, 0.4 mM
spermidine, 1.2mM ATP, 0.25mM GTP, and 4mM DTT
supplemented with 6 mM amino acid mix (0.3 mM average
concentration per amino acid). The translation mix was
prepared with the mRNA solution, wheat germ extract (250 ul
for each well of a 6-well plate), 6 mM amino acid mix, and 40 pg/
ml creatine kinase. On the bottom of the each well, the translation
mix (518 pl for each well) was then deposited under the feeding
buffer (5.5ml for each well), allowing for the formation of a
bilayer. The plate was incubated overnight at 22°C without
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shaking. For NMR sample preparation, large-scale production
was performed in presence of a mixture of (**N) or (*H-*C-'*N)-
labeled amino acids (Cambridge Isotope Laboratories) added to
the reaction solution and the feeding buffer. A summary of the
different sample preparations is given in Supplementary
Table S1.

For Strep-Tactin affinity chromatography, the total cell-free
reaction was incubated with homemade benzonase 250 U/pl
(50l per well) on a rolling wheel for 30 min at room
temperature. This solution was then centrifuged at 20,000 g,
4°C for 30 min. The supernatant obtained was loaded either
on a 200-pl (small-scale production) or on two 1-ml (large-
scale production) Strep-Tactin Superflow® gravity flow columns
(IBA Lifesciences, Gottingen, Germany). Purification was
performed as described previously (Fogeron et al, 2015;
Fogeron et al., 2016). The protein of interest was eluted in
100 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, and
2.5 mM D-desthiobiotin (IBA Lifesciences, Gottingen, Germany).

All experiments were assessed using 15% polyacrylamide SDS-
PAGE gels. Samples were resuspended in a loading buffer
containing 62.5 mM Tris-HCI pH 6.8, 10% glycerol (v/v), 2%
SDS (w/v), 5% B-mercaptoethanol (v/v), and 0.01% bromophenol
blue (w/v).

Bacterial Expression and Purification of

E.collPreStag

E. coli BL21 (DE3) or E. coli BL21*CP (DE3) cells were
transformed with the plasmids for PreS expression or PreS
plus MAPK14 co-expression, respectively, and grown at 37°C,
either in LB (Lysogeny Broth) for purification setup and mass
spectrometry or in M9 minimal medium containing 2 g/L of
C-labeled glucose and '°N-labeled ammonium chloride for
NMR spectroscopy. T7 promoter-controlled protein expression
was induced at an ODgggpnpm, Of 1.2 using 1 mM of isopropyl-3-D-
1-thiogalactopyranoside (IPTG) for 17 h at 30°C and cells were
harvested (6,000 g, 20 min, 4°C). Purification procedures were the
same for labeled and unlabeled samples. Cells were resuspended
in 4ml/g of cell pellet lysis buffer (20 mM NaPO,, pH 7.5,
500 mM NaCl, 40 mM imidazole) supplemented with EDTA-
free protease inhibitor (Roche). Cell lysis was performed by
incubating with 1 mg/ml of lysozyme (Sigma) for 50 min at
4°C under rotation, and nucleic acids were digested with
Benzonase nuclease 250 U/pl (6 pl/L of culture) supplemented
with 2mM MgCl,, for 30 min at room temperature. Cellular
membranes were broken by passing three times through a
microfluidizer (Microfluidics M-110P) at 15,000 psi. Soluble
proteins were isolated by centrifugation (25,000 g, 30 min, 4°C)
and filtrated using a 0.45 pm filter, before being loaded into a 5 ml
HisTrap (GE Healthcare) affinity column, connected to a Biorad
NGC chromatography system. The HisTrap column was washed
with lysis buffer until Ago,n, returned to baseline, and His-tagged
proteins were eluted through a one-step elution with elution
buffer (20 mM NaPO, pH 7.5, 500 mM NaCl, 1 M imidazole).
The eluted proteins were dialyzed using a 3.5kDa cut-off
membrane (Spectrum labs) in TEV protease reaction buffer
(50 mM Tris-HCl pH 7.5, 1 mM EDTA, 5mM DTT), at 4°C

HBV L Phosphorylation

under slow stirring. GB1 fusion proteins were cleaved using
homemade TEV protease 10 U/ul (0.2ml or 2,000 U per
milligram of PreS protein) by incubating overnight at 4°C
under rotation. Cleaved PreS protein was recovered using
Strep-Tactin resin (IBA Lifesciences), in batch mode, following
the manufacturer’s recommendations. EDTA-free protease
inhibitor (Roche) 1X was added to the eluted protein.

PreS was dialyzed using a 3.5kDa cut-off membrane
(spectrum labs) overnight in final NMR buffer (20 mM NaPO,
pH 6, 50 mM NaCl). Protein concentration was determined using
a Nanodrop instrument (Thermo Fisher) and the absorbance at
280 nm. Subsequently, the protein solution was concentrated by
immerging the dialysis bag containing the protein and protease
inhibitor into Sephadex G-25 powder at 4°C. Concentration was
followed by weighing the dialysis bag before adding the powder
and every 12-20 h thereafter. This approach was used to avoid
PreS sticking to cellulose membranes used in concentrators as
Amicon (Merck) or Vivaspin (Sartorius). The protein
concentration was measured by Nanodrop before storage at
—80°C. Protein solutions in all purification steps were analyzed
using 15% polyacrylamide SDS-PAGE gels. The typical yields of
PreS and PreS-MAPK14 co-expressed protein were around 30 mg
in LB and 10 mg per liter of M9 medium culture.

Solution-State NMR Spectroscopy

Isotopically labeled samples were dialyzed in 20 mM HEPES-
KOH pH 7.5 containing 50 mM NaCl for '*N- and *H-"C-
15N—PreSlmg, in 20-50 mM phosphate buffer pH 6.0 containing
50 mM NaCl for *H-'? C-ISN-PreStag and (gPreS produced in
cell-free, and "*C-""N-F**"PreS, . proteins + MAPK14 produced
in the bacterial expression system. A pH of 6.0 could not be used
for PreSl,, due to its close theoretical isoelectric point of 6.37,
which could result in protein aggregation. D,O was added to a
final volume of 7%, and protein concentration was quantified by
NanoDrop. Concentrations were estimated for cell-free samples
at 150 uM for PreSl,g, 60 uM for PreS,, and 120 uM for (,4PreS,
and 50 uM for both bacterial samples MAPK14—E‘C“”‘PreStag and
B ©lipreS,e About 1pl of 2,2-dimethyl-2-silapentane-5-
sulfonate (DSS) was added to each sample for chemical-shift
referencing. NMR experiments were recorded at 298 K (25°C) on
Bruker Avance II spectrometers operating at 600 MHz (,zPreS
and ¥ COIfPreStag samples) and 950 MHz (PreSl,, and PreS,,).
Backbone resonances were assigned using two-dimensional (2D)
BEST-TROSY spectra and three-dimensional (3D) BEST-TROSY
versions of HNCA, HNcaCO, as well as HNCACB_2H,
HNcoCACB_2H, and HncaCO_2H optimized for deuterated
proteins (cell-free samples) (Solyom et al, 2013) and
HNCACB, HNcoCACB, and HncaCO for non-deuterated
proteins (‘E'C"l"PreStag samples). Pulse sequences were installed
on the 600 MHz using the NMRIib tool (Favier and Brutscher,
2019). For details on NMR samples, NMR experiments, and
assignment, see Supplementary Table S2. All PreS samples
started to show degradation products in the NMR spectra
after 1week, even in the presence of a protease inhibitor.
NMR data were processed using TopSpin 4.0.7 (Bruker) and
analyzed with CcpNmr Analysis 2.4.2 (Vranken et al, 2005;
Stevens et al., 2011).

Frontiers in Molecular Biosciences | www.frontiersin.org

75

February 2022 | Volume 8 | Article 821755


https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Fogeron et al.

For the secondary chemical shifts, the Ca and CP chemical
shifts of each residue for PreS1 and both PreS constructs were
compared to their random coil shift taken from Wang and
Jardetzky (2002). The difference between ACa and ACP were
calculated, where positive values indicate the tendency to form an
a-helix and negative values indicate the tendency to form a p-
strand.

MALDI-TOF Mass Spectrometry
Mass spectra were acquired with a Voyager-DE PRO (Sciex,

Framingham, MA, USA) equipped with a nitrogen laser
emitting at 337 nm. Ions were accelerated to a final potential
of 20 kV, and the mass spectrum was the sum of 300 laser shots.
An external mass calibration was used (a mixture of peptides
from the Sequazyme™ standards kit, AB Sciex). The analysis was
performed in linear mode (instrumental mass accuracy is 0.05%).
Samples were prepared by diluting 10-fold the protein solution
(0.2 mg/ml) in the matrix sinapinic acid (Sigma-Aldrich, St.
Louis, MI, USA), used without further purification and
dissolved in 0.1%TFA/acetonitrile (70/30 v/v). About 1l of
the mixture was deposited onto the MALDI sample plate and
let dried to complete co-crystallization.

Nano LC-MS/MS Analysis

The solutions of all purified PreS1 and PreS samples were
digested overnight at 37°C with 1/100 the amount (w/w) of
trypsin (trypsin porcine; Promega, Charbonniéres-les-Bains,
France). (L. protein solution was reduced with 5mM TCEP
for 45 min at 57°C, then alkylated with 10 mM iodoacetamide for
30 min in the dark at room temperature and under agitation
(850 rpm) and digested overnight at 25°C with chymotrypsin 1/
100 ratio (bovine pancreas chymotrypsin; Promega,
Charbonniéres-les-Bains, France). Peptide digests were desalted
using C18 spin columns (Thermo Scientific). Peptides were dried
in a speed-vac and suspended in 0.1% HCOOH. Samples were
analyzed using an Ultimate 3,000 nano-RSLC (Thermo Scientific)
coupled on line with a Q-Exactive HF mass spectrometer via a
nano-electrospray ionization source in positive ionization mode
(Thermo Scientific). Peptide mixtures were loaded on a C18
Acclaim PepMapl00 trap-column and then separated on a
C18 Acclaim Pepmapl00 nano-column 50 cm x 75um i. d,
2 um, 100 A (Thermo Scientific) with a 60 min linear gradient
from 3.2 to 40% buffer 0.1% formic acid in © at a flow rate of
300 nl/min. Samples were analyzed using TOP20 HCD; mass data
were acquired in a data-dependent strategy, selecting the
fragmentation events based on the 20 most abundant
precursor ions in the survey scan (375-1,600 Th). The
resolution of the survey scan was 60,000 at m/z 200 Th. The
ion target values for the survey scans in the Orbitrap and the MS*
mode were set to 3E6 and 1ES5, respectively, and the maximum
injection time was set to 60 ms for both scan modes. The
parameters for acquiring HCD MS/MS spectra were set to a
collision energy of 27 and an isolation width of 2m/z. The
precursors with unknown charge state or a charge state of 1
were excluded. The peptides selected for MS/MS acquisition were
then placed on an exclusion list for 20 s using the dynamic
exclusion mode to limit duplicate spectra. Peptides were

HBV L Phosphorylation

identified by database searching using Sequest HT and MS
Amanda with Proteome Discoverer 2.2 software (Thermo
Scientific) against the HBV sequence. Precursor mass tolerance
was set at 10 ppm, and fragment mass tolerance was set at 0.02
Da, and up to two missed cleavages were allowed. Oxidation (M),
acetylation (protein N-terminus, K) and phosphorylation (S, T,
Y) were set as variable modification and carbamidomethylation
(C) as fixed modification. Peptides were filtered with a fixed-value
PSM validator and rank 1. Phosphorylation sites were then
manually validated.

Circular Dichroism

Far UV circular dichroism (CD) spectra were recorded on a
Chirascan spectrometer (Applied Photophysics, Leatherhead,
United Kingdom) calibrated with 1S-(+)-10-camphorsulfonic
acid. Measurements were carried out at room temperature in a
0.1 cm path length quartz cuvette (Hellma). Spectra were
measured in a 180-260nm wavelength range with an
increment of 0.2 nm, band pass of 0.5nm, and integration
time of 1s. Spectra were processed, baseline-corrected, and
smoothed with the Chirascan software. (,,PreS was in 50 mM
phosphate buffer pH 6.5 at a concentration of 9.5 M.

Data Availability

The *C and '°N backbone chemical shifts of PreS have been
deposited in the BioMagResBank (http://www.bmrb.wisc.edu/)
under accession code 51186.

RESULTS

Cell-free Synthesis and Purification of HBV

L and PreS Peptides

We synthesized full-length HBV L, as well as PreS1 and PreS
fragments thereof, using wheat-germ cell-free protein synthesis
(WG-CFPS) (Sawasaki et al., 2002; Takai et al., 2010; Fogeron
etal, 2017; Fogeron et al., 2021). All cell-free synthesized proteins
carried a Strep-tag II for affinity purification, for L at the
N-terminus and for PreSl,g at the C-terminus; we produced
both versions for PreS, named (,zPreS and PreS,,. Figure 1A
shows the results of the WG-CFPS of PreSli,g followed by
affinity purification, as analyzed by SDS-PAGE, followed by
Coomassie blue staining. The protein was fully soluble even in
the absence of detergent, as no PreS1 was detected in the pellet
fraction. The band corresponding to PreSly, is clearly visible on
the gel (yields are given in Supplementary Table S1), and
interestingly, two separate bands with different intensities are
observed for all elution fractions. We recently reported a similar
observation for the duck HBV L protein, where it resulted from
alternative translation initiation in addition to phosphorylation
(David et al., 2019). Both PreS.g and (,gPreS have also been
successfully purified by affinity chromatography (Figure 1B and
Figure 1C, respectively). Final yields (Supplementary Table S1)
might be slightly overestimated as some degradation is visible on
the gels, indicating that these constructs might not be stable on
the long term unless protease inhibitors are present. A CD

spectrum  was recorded on the purified protein
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FIGURE 1| Strep-Tactin© affinity purification of PreS1tag (A), PreSiag (B), tagPreS (C), and 4L (D). Purification steps have been analyzed by SDS-PAGE, followed
by Coomassie blue staining; CFS, total cell-free sample; P, pellet; SN, supernatant; E#, elution fractions.

(Supplementary Figure S1), which already indicates that PreS is
likely unstructured.

As a membrane protein, the full-length construct (,gL required
the presence of detergent to be synthesized in a solubilized form
for further purification. We have identified Brij-58 as a suitable
detergent for the soluble production of this construct, with a
concentration of 0.05% being optimal. Affinity purification was
successfully performed in the presence of 0.1% n-dodecyl-B-D-
maltoside (DDM) (Figure 1D). While L., could be expressed in a
soluble form as well, the purification of this construct was
unsuccessful, so it was not included in our analyses.

One can note that, for all constructs, in addition to the two
bands corresponding to PreSli,g, a third band eluted from the
column with an apparent molecular weight below 75 kDa, which
corresponds to Hsc70, as identified by the mass spectrometry of
the band cut from the gel. Hsc70 is known to be an interactant of
PreS in cells, and our work thus identifies at least one binding site
to be localized in PreS1, in line with previous studies that assigned
it to residues 70-107 of PreS (Prange et al., 1999).

In summary, all PreS-containing constructs expressed well
using WG-CFPS, with yields between 0.3 and 1.7 mg protein per
milliliter of wheat-germ extract (Supplementary Table S1), and
in a soluble form, which was obtained for L through addition of
detergent to the reaction. All proteins could be purified to high
homogeneity, using in some cases detergent, resulting in higher

purity.

Identification of PreS Phosphorylation Sites

Using Mass Spectrometry

As multiple bands observed by SDS-PAGE (typically for PreS,
Figure 1A) can be an indication of a post-translational
modification such as phosphorylation (Ubersax et al., 2003)
set to assess the modifications using mass
spectrometry, in line with previous work on the DHBV L
protein (David et al., 2019) and also HBV core (Heger-Stevic
et al., 2018). First, the amount of post-translational modifications
of PreSl,, were evaluated while analyzing the total mass of the

we out

Frontiers in Molecular Biosciences | www.frontiersin.org

n

February 2022 | Volume 8 | Article 821755


https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Fogeron et al.

HBV L Phosphorylation

(Oess and Hildt, 2000).

A H M 10 20 30 40 50 60 70 80 90 100 110 120 MS: phosphorylation o
'P] QGT; ,YFOSAWSHPQFEK = MS Major Sltes
Presi w D 5, £ S H S EQ : sequence coverage
tag by = — o5 0 MS & NMR: acetylation Minor sites
— s
e - 0 NMR: phosphorylation
B N 10 20 30 40 50 60 70 80 90 [1oo. 110 120 130 140 150 160
PLGEF) G AQGT W S S HOTLO TTASPLSSIFSRIGDR FOWSHPQFEK
PreS, h—— = -
ag o= ] = = ———
——— -
10 20 30 40 50 60 70 80 90 ng 110 120 130 140 150 160
MAWSHPQFEKENLYF! PLGEF! D! P] G H A 5 P) TTFHQTLODPRVRGLYE! NPVLTTASPLSSIFSRIGDPALN mgpres
=r s= E.__
D 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
MWSHPQF F] ) iPI T G/ TPPH( AQGT. \N] S¢ TFHQTLQDPRVRGLYF] 'VNPVLTTASPLSSIFSRIGDPALN]
——— ¥ = e =
= sz s ES sss = =
Sp=——=— ==
E 10 20 30 40 50 60 70 80 90 100 ﬂg 120 130 140 150 160
Ecolipres GON! NP 'FP! D} IPI )T H( A N )S( Pl L YF! LSSIFSRIGDPALNASWSHPOFEK
tag  — < =
T T — s :
oo 3 = s 2 f —
S6 T27 T57 S67 T95898  oxydation T145, T146 S148
1-48 4866 | | 70-94 || 86114 | [ 127145 | [149-160] |
NTCP binding fusion peptide? cytosolic anchorage matrix domain fusion peptide? cell-permeable
determinant peptide?

FIGURE 2| Identification of acetylation and phosphorylation sites in PreS1, PreS, and HBV L using mass spectrometry and NMR. Mass spectrometry analysis has
been performed on fractions from purified protein samples shown on Figure 1 for cell-free synthesized PreS1,g (A), PreSiag (B), tagPreS (C), tagl (D); and MAPK14-
E CO”PreStag (E). Horizontal gray bars below the sequences represent the sequence coverage by LC-MS/MS. Red bars represent peptides where one or more
phosphorylation sites have been confirmed; the residues in black correspond to the phosphorylation sites formally identified, and the ones in gray correspond to
possible but not confirmed sites. The PreS1 part of the amino-acid sequence is typed in black, the PreS2 part in green, the beginning of the S part in yellow (the full gL
protein was analyzed, but the sequence coverage of S was poor and no phosphorylation sites were detected), and the tag sequences in gray. Additional information
extracted from NMR chemical shifts (see below) is shown as purple squares for acetylation and red squares for phosphorylation. Major phosphorylation sites identified by
mass spectrometry and NMR are highlighted by vertical yellow bars; minor sites (only mass spectrometry) by vertical gray bars. (F) Functional regions of the HBV PreS:
binding to NTCP (Yan et al., 2012); possible fusion peptides (Pérez-Vargas et al., 2021); the MD (Bruss and Thomssen, 1994); and a possible cell-permeable peptide

protein by MALDI-TOF mass spectrometry. The region of interest
in Supplementary Figure S2 showed four peaks, all corresponding
to PreSl,g. The first peak from the left corresponds to the protein
from which the N-terminal methionine (13,364.0 Da) was stripped.
Peaks representing PreSl,, with one additional acetyl group
(+42 Da, 13,405.8 Da), with one phosphoryl group (+80 Da,
13,4442 Da), and with both acetyl and phosphoryl groups
(+122Da, 13,486.3Da) were observed as well. These signals
indicate a single phosphorylation per chain, though not
necessarily on the same residue in all proteins in the sample.
Major and minor sites can overlap and yield a global sum of one site.

In order to localize the modifications on the protein sequence,
PreSl,g was further analyzed by LC-MS/MS mass spectrometry
(Supplementary Figure S3), and one can see that identified peptides
completely covered the sequence of PreSl,, (Figure 2A).
Phosphorylation in PreSl,, was unambiguously identified for
three amino acids, namely, S6, T95, and S98, which are
highlighted in red bold font on the sequence. The analysis also
confirmed the removal of MI, as well as acetylation on G2
(Supplementary Figure S4).

For the PreSyg construct, even if the entire sequence was not
covered, the analysis by LC-MS/MS mass spectrometry (Figure 2B)
revealed phosphorylation on four amino acids: S6, T95, 98, and
S148 (in bold red type, Supplementary Figure S5). Further
unconfirmed sites pointed to S8, and S136/S137/T139. As for
PreSly,, N-terminal methionine processing and G2 acetylation
could be identified (data not shown). We also analyzed the
complementary construct (,,PreS, for which LC-MS/MS mass
spectrometry shows full sequence coverage (Figure 2C).

However, phosphorylation was unambiguously identified only for
one single amino acid, namely, S148 (Supplementary Figure S6).
Further ambiguous sites are proposed for T95/598/T104, and also
S135/S136/S137/T139. This indicates that the N-terminal tag
interferes with phosphorylation in the N-terminal portion.

The LC-MS/MS mass spectra of HBV L (Figure 2D) show that
the region between amino acids 50-70 is best covered in L. Three
phosphorylation sites could be unambiguously identified in L by LC-
MS/MS: T57, S67, and S148 (Supplementary Figure S7). Several
ambiguous sites, including S6/T7/S8 and T76/S85/T86, were
revealed as well. As the phosphorylation of S6 was clearly
identified for the isolated PreSl,g and PreS, forms as described
above, the phosphorylation of HBV L thus most probably also occurs
on this residue, and not on T7 or S8.

When combining the results obtained for L and its fragments as
produced by WG-CFPS, LC-MS/MS mass spectrometry thus
identified S6, T57, S67, T95, S98, and S148 as phosphorylated,
and highlights other possible but unconfirmed sites. At the same
time, the MALDI-TOF analyses of PreS1 suggested that only one
major site exists (S6, T95, S98) and that other sites are minor. These
findings are summarized in Figures 2A-D, where horizontal bars
represent the peptides that could be analyzed, with those for which
phosphorylation was unambiguously confirmed in red.

Identification of Phosphorylation Sites by
NMR Spectroscopy.

We produced PreSl,g, PreSi,, and also (,zPreS on a large scale
and uniformly *H-">C-""N labeled for NMR studies, with yields
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FIGURE 3 | Partial phosphorylation is detected by NMR for PreS and PreS1 produced using cell-free synthesis: (A) Solution NMR 'H-"°N BEST-TROSY spectra of
2H-"3C-"°N PreS1 g at pH 7.5 (in blue), PreS.q at pH 6 (in green) and 1.qPreS at pH 6 (in red). (B) Extract of 2D BEST-TROSY spectra showing a peak corresponding to
unphosphorylated S98 for the 3 constructs on the top right. The peak is weak for both PreS;.q and 1o4PreS, with another peak corresponding to phosphorylated S98
detected at the bottom left. This means that S98 is mainly, but not fully phosphorylated in PreS. The Cp chemical shift was used to confirm the phosphorylation state
of this serine (Supplementary Figure $10). (C) Sequence of the three constructs showing assigned residues for PreS1,q (top, blue), PreS;,4 (middle, green) and
tagPreS (bottom, red). Assigned residues are colored, while unassigned residues are in black type. Proline residues are colored when their Ca, Cf and C' are assigned.
Residues which display two forms on the NMR spectra are shown in bold, and residues with chemical-shifts typical of phosphorylation and acetylation are indicated by a
star with the corresponding color-code. Processed residue M1 is shown in brackets.

between 0.3 and 0.6 mg protein per ml WGE (Supplementary
Table S1). Solution NMR experiments were recorded on PreS1,g,
PreSy,; and (,gPreS, and 2D BEST-TROSY spectra are shown in
Figure 3A, and an extract in Figure 3B. The peak pattern reveals
a narrow chemical shift dispersion, with 'Hy resonances observed
between 7.5 and 8.5 ppm, revealing with atomic detail the
intrinsically disordered nature of all three PreS fragments.
Backbone resonances were assigned using a combination of
3D NMR spectra (Solyom et al.,, 2013). Assigned residues are
shown on the sequences of the three constructs in Figure 3C, and
assignment statistics are given in Supplementary Table S2. A
2D-HN assigned spectrum is shown in Supplementary Figure
§8. Secondary chemical shifts derived from the sequential
assignments reveal that the proteins do not display any partial
secondary structures (Supplementary Figure S9). HBV PreS is
thus, as DHBV PreS, an intrinsically disordered protein.

NMR chemical shifts are sensitive to phosphorylation events,
as addition of this group typically strongly affects the electronic
environment of the neighboring spins. We thus listed random-
coil chemical shifts of phosphorylated Ser and Thr residues taken
from Hendus-Altenburger et al. (2019) (Supplementary Table S3
and Supplementary Table S4), and compared them to all
assigned chemical shifts of Ser and Thr residues in the three

samples. This allowed to clearly identify the phosphorylation of
S6 in PreSly,,, and partial phosphorylation of S98 in both PreS;,g
and gPreS constructs. S6 and S98 thus correspond to major
phosphorylation sites in the WG-CEFPS system. S98 is, however,
only partially phosphorylated, as can be seen from the presence of
a second, weaker signal for this residue at a chemical shift
indicative for the non-modified residue, as shown in
Figure 3B. The ratios of the peaks allowed to estimate that
around 50% of S98 is phosphorylated in PreS., and 65% in
tagPreS. The observed peak splitting could possibly also be due to
cis-trans isomerization of neighboring proline residues (Hull and
Kricheldorf, 1980); still, the chemical shift of the Cp is typical for a
phosphorylated residue (Supplementary Figure $10), and thus
clearly points to phosphorylation.

The NMR spectra reveal phosphorylation only for a subset of the
residues identified by mass spectrometry as being phosphorylated.
This means that several residues, in the different constructs, are only
phosphorylated on a subset of proteins in the sample, which is below
the detection limit of NMR (about 10%). They thus correspond to
minor sites, in agreement with the PreS1,,; MALDI-TOF analysis
that pointed to a single major phosphorylation site in this construct
(Supplementary Figure S1), which thus must be S6 in PreSl,g,
according to the NMR analysis.
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Interestingly, the analysis of the NMR spectra revealed signals
corresponding to phosphorylation of an unconfirmed site, S90 in
PreS;,; (Supplementary Table S3). This site however has not
been observed in the two other PreS constructs, and its identity
thus remains to be confirmed.

In addition, NMR corroborates removal of the N-terminal
methionine and the acetylation of G2 for both PreSl., and
PreS..,, as shown in the 3D extracts of the HNcoCAB in
Supplementary Figure S11. Indeed, a peak at 24.6 ppm
displays a'’C chemical shift typical of an acetyl glycine, while
this is not observed in N-terminally tagged (,,PreS and (,.L, where
no M1 processing and acetylation can take place due to the tag.

Taken together, the NMR data show that among the
phosphorylation sites identified by mass spectrometry, S6 and
S98 represent major phosphorylation sites, while T27, T57, S67,
T95, T145, T146, and S148 must be minor sites. This is
summarized on Figure 2 by the yellow vertical bars, annotated
in bold type for major sites, and the gray bars for minor sites.

Design of an E. coli Expression System for

Phosphorylated PreS

With major phosphorylation sites being identified according to
Figure 2, we predicted, combining information from several web
programs (Li et al., 2018; Wang et al, 2020) (http://gps.
biocuckoo.org/links.php), the kind of kinase that could
generate such a pattern, in order to design a recombinant
system to produce phosphorylated PreS in larger amounts for
structural and interaction studies. cdk5 and MAPK14 were the
best hits, and since cdk5 is reputed to be difficult to produce in
bacteria, we included MAPKI14 in the E. coli co-expression
system. The design of the plasmid was based on a previous
one developed for the HBV core protein (Heger-Stevic et al,
2018), and included a cleavable GB1 fusion protein in
N-terminus. Cleavage results in PreS with a C-terminal Strep-
tag IT as shown in Supplementary Figure S12. We expressed PreS
in bacteria with and without MAPKI14 co-expression and
analyzed the obtained protein with mass spectrometry for
phosphorylation. The total mass of the * C"l’lPreSmg co-
expressed with MAPK14 was analyzed by MALDI-TOF mass
spectrometry, revealing the presence of heterogeneous
phosphorylation, with up to five cumulative phosphorylated
sites  (Supplementary  Figure S13). The identified
phosphorylation sites by LC-MS/MS mass spectrometry are
shown in Figure 2E, with confirmed sites at S6, T27, T95,
S98, T145, T146, and S148 (Supplementary Figure S14), with
T95 possibly also assigned to $90. Also, similarly as for Li,g, T7
and S8 have been proposed as alternatives to S6; yet with S6
clearly confirmed for PreS1,, and PreS;,g, T7 and S8 are unlikely
options. Four sites overlap with the previously identified
phosphorylation sites using WG-CFPS, namely, S6, T95, S98,
and S148. Surprisingly, while mass spectrometry allowed to
evidence phosphorylation in * C”liPreStag, it could not be
detected by NMR as shown in Supplementary Figure S15.
Most likely, phosphorylation in the current recombinant
system is not quantitative as seen in the mass spectrum from
Supplementary Figure S13 where the major species remains the

HBV L Phosphorylation

unphosphorylated  protein, which probably places the
phosphorylated residues below the detection level of 2D and
3D NMR spectra. This highlights the interesting ability of the cell-
free system to efficiently induce phosphorylation by endogenous
kinases.

DISCUSSION

We have shown that the HBV L protein is phosphorylated at
several sites in vitro when synthesized both in a wheat-germ cell-
free system or by bacterial co-expression with MAPKI14.
Proteomics studies (Mak et al, 2006) on wheat germs have
highlighted the presence of several kinases, including also
serine/threonine kinases; a study of kinases present in different
organs of the wheat plant has revealed that germs contain a
variety of kinases as well (Wei and Li, 2019). The phosphorylation
of DHBV L in WG-CFPS has been observed to mainly occur at
sites, followed by a proline residue, however, with exceptions
(David et al., 2019). This is also the case for HBV L, where five
sites are followed by Pro. Interestingly, as also for DHBV L, the
N-terminal site (S6 in HBV L and S8 in DHBV L, respectively) is
not preceding a Pro. Most residues for which phosphorylation
could be confirmed are highly conserved in the sequence, and also
most subsequent Pro residues (with the exception of 149), as
shown in Supplementary Figure S15. An exception is S27, which
is in about 20% of cases a Thr. We identified a total of nine
phosphorylation sites, with several observed in different
constructs by mass spectrometry and two confirmed by NMR
as being major.

All identified sites are located in or just next to regions closely
linked to different PreS functions [reviewed recently in Sun et al.
(2021)] as shown in Figure 2F. Indeed, S6 is located in the
interaction sequence of L with the cellular HBV receptor NTCP
(Gripon et al., 2005; Yan et al., 2012). Since S6 is close to the
central myristoylation site, its phosphorylation clearly has the
potential to impact NTCP binding. T27 is located inside the
identified NTCP-binding peptide as well. T57, S67, and T145 are
located in or just next to the putative fusion peptides that have
been proposed recently using a combined computational and
experimental approach (Pérez-Vargas et al, 2021). Residues
A70-P94 have been described to contain the amino-acid
stretch that determines the cytosolic anchorage of PreS,
presumably through interaction with the cognate heat shock
protein Hsc70 (Prange et al., 1999). T95 and S98 are located
in the so-called matrix domain (MD), which comprises the
stretch of amino acids T86-T114 in the large envelope protein
L. MD is the presumed interaction site of PreS with the core
protein of the HBV capsid, central in the process of envelopment
(Poisson et al., 1997; Le Pogam and Shih, 2002). This region is
crucial for virion formation, and is believed to establish contact to
the nucleocapsid, since truncations up to G92 were compatible
with envelopment (Bruss and Thomssen, 1994), and several point
mutations within the MD-blocked virion formation (Bruss,
1997). It has been shown also that a peptide comprising this
domain interacts with the core particle (Poisson et al., 1997).
Phosphorylation on T95 and S98 is centrally located in this
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domain and has the potential to change the required interaction
interfaces, resulting in productive envelopment. S148 is located
just downstream from the proposed amphipathic PreS2
translocation motif (Oess and Hildt, 2000; Sun et al., 2021). It
is intriguing that in, or just next to, each proposed functional sites,
phosphorylation is observed in the present experiments, pointing
to a possible role thereof in the regulation of PreS function. No
role for phosphorylation has yet been identified for the
phosphorylation sites in DHBV PreS (Grgacic and Anderson,
1994; Grgacic et al., 1998). However, DHBV differs from HBV in
fundamental aspects, including by a much-large core protein
(Makbul et al., 2020) and the lack of an HBx-like transactivator
that is crucial in HBV infection (Slagle and Bouchard, 2018).
Hence, a functional relevance of PreS phosphorylation in the
human virus would not be surprising.

CONCLUSION

We here reported phosphorylation on nine different sites of the
PreS domain of the human HBV L envelope protein, enabled by
endogenous kinases in the wheat germ extract used for cell-free
protein synthesis, or in E. coli by co-expression with the MAPK14
kinase. We identified two major phosphorylation sites, on S6 and
S98, and seven minor ones, using a combination of mass
spectrometry and NMR. We found phosphorylation to occur
in all major functional regions of PreS, which raises the possibility
that phosphorylation is involved in the regulation of these
functions in the human virus protein, although this has not
been identified in the avian virus homolog. We however found
also that full phosphorylation is provided in neither recombinant
system, which positions phosphorylation mimics by S/T to E
mutations as the best strategy to explore the impact of
phosphorylation on preS interactions in structural studies.
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Infrared (IR) spectroscopy is a label-free and non-invasive technique that probes the
vibrational modes of molecules, thus providing a structure-specific spectrum. The
development of infrared spectroscopic approaches that enable the collection of the IR
spectrum from a selected sample area, from micro- to nano-scale lateral resolutions,
allowed to extend their application to more complex biological systems, such as intact cells
and tissues, thus exerting an enormous attraction in biology and medicine. Here, we will
present recent works that illustrate in particular the applications of IR spectroscopy to the
in situ characterization of the conformational properties of protein aggregates and to the
investigation of the other biomolecules surrounding the amyloids. Moreover, we will
discuss the potential of IR spectroscopy to the monitoring of cell perturbations
induced by protein aggregates. The essential support of multivariate analyses to
objectively pull out the significant and non-redundant information from the spectra of
highly complex systems will be also outlined.

Keywords: amyloid, sub-cellular, microspectroscopy, proteins, infrared spectroscopy

INTRODUCTION

The average life expectancy has been increasing at a rapid rate in industrialized countries, but
unfortunately with a longer life expectancy comes a higher chance of developing a neurodegenerative
disease, such as Alzheimer’s, Parkinson’s, Huntington’s, and others. A common key molecular
pathway implicated in different neurodegenerative and non-neurodegenerative amyloid diseases is
the misfolding and aggregation of proteins that cause cellular toxicity and contribute to cell
proteostasis collapse, a key hallmark of cell aging (Chiti and Dobson, 2006; Chiti and Dobson,
2017; Moreno et al,, 2019; Santra et al., 2019). In this regard, despite significant efforts aimed at
understanding and counteracting the pathogenic cascades induced by misfolded or aggregated
proteins, the comprehension of the molecular bases of the mechanisms that lead to their formation
and to the induced cell toxicity is still lacking. To this aim, the development of approaches that enable
the characterization of protein aggregates in their natural environment and that provide a global
insight in the physiological alterations induced by their formation is of huge importance.
Noteworthy, in the 90’s one of the first direct evidence of the P-sheet structures in the (-
amyloid plaque was provided in situ by synchrotron radiation (SR) Fourier transform infrared
(IR) microspectroscopy (SR-uFTIR), analyzing the brain from an Alzheimer’s disease patient (Choo
et al,, 1996). This important result paved the way to other in situ studies that employed vibrational
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spectroscopies to shed light on the molecular bases of protein
misfolding diseases, emerging as promising tools in the field of
neurodegeneration.

IR spectroscopy holds a great deal of promise for studying in
situ the amyloid structural properties and aggregation
mechanisms. In particular, this vibrational tool enables the
sample characterization in a label-free and non-destructive
way, a characteristic that allows complementary analyses on
the same sample, which does not require pre-analytical
chemical modification. However, since the standard protocols
for medical histopathology diagnosis include sample fixing,
several works on infrared spectroscopy of fixed specimens are
reported (Meuse and Barker, 2009). Indeed, fixation facilitates
sample storage and could be useful to correlate routine
histomorphologic microscopic examinations with the chemico-
physical information obtained by IR spectroscopy. Nonetheless,
several drawbacks of fixed sample characterization exist, because
it has become evident that how the sample is handled prior to IR
analysis is crucial to obtain reliable structural information, and
particularly the interference due to external substances, such as
dyes or fixatives or even culture media, has to be taken into
consideration (Zohdi et al., 2015). In this perspective, to apply IR
spectroscopy for the investigation of the structural properties of
biological samples, it is imperative to evaluate how different
methods of sample preparation could affect the IR spectra,
and to analyze unfixed samples when possible, thus avoiding
misleading interpretation of the spectral data.

Interestingly, numerous works are reported in literature,
illustrating the ability of this vibrational approach to detect in
situ changes in protein structural features and aggregate
properties associated with different disorders. The possibility
to highlight biochemical and structural changes directly in
cells, in tissues or biofluids provides on one hand a tool for an
early diagnosis of the disease, on the other the potential to get new
insights into the mechanisms of amyloid formation and toxicity.
Since the IR Amide I band is sensitive to fine protein structural
details (Barth, 2007; Zandomeneghi et al., 2004; Seshadri et al.,
1999; Sarroukh et al, 2013), representing a fingerprint of its
conformational properties, IR spectroscopy has been used to
characterize aggregation intermediates and amyloid fibrils. For
instance, conventional FTIR spectroscopy (Surmacz-Chwedoruk
et al., 2012; Bhak et al., 2014) and super-resolution IR imaging
methods (Klementieva et al., 2020) have been employed to study
amyloid polymorphism. Interestingly, isotope-edited IR has been
applied to study conformational changes and aggregation or co-
aggregation of two proteins copresent in the same sample
(Natalello et al, 2016). Then, an interesting example of the
application of IR spectroscopy at nanometer lateral resolution
is related to the aggregation mechanism of the Josephin domain
of ataxin-3 protein. The combination of atomic force microscopy
and infrared spectroscopy allowed the identification of oligomeric
intermediates sharing the structural properties of the native
protein or being more similar to fibrils. These results indicate
an aggregation process involving an initial formation of native-
like assemblies, therefore suggesting a model of “first-
aggregation-then-misfolding” for this protein (Ruggeri et al,
2015).

Infrared Spectroscopy for In situ Amyloid Characterization

Notably, the possibility to characterize biofluids—including
blood derivatives, saliva, urine and tears—could make it possible
to develop a spectroscopic method for the early detection of
neurodegenerative biomarkers in patient’ samples collected in a
non-invasive way (Paraskevaidi et al., 2017). For instance, FTIR
spectroscopy of blood plasma samples showed a decreasing trend
in Alzheimer’s patients compared with healthy controls (HCs) for
the ratios of lipid-to-protein, phosphate-to-carbohydrate, and
RNA-to-DNA (Paraskevaidi et al., 2017). Moreover, El Khoury
and others reported that the FTIR characterization of serum
samples from patients affected by multiple sclerosis and
amyotrophic lateral sclerosis (ALS) led to a satisfactory
differentiation of the two pathologies (El Khoury et al.,, 2019).
In particular, the Authors found that the most important spectral
differences were ascribable to variations in the structure of DNA
and RNA and to modifications of glycolipids, glycoproteins, and
collagen (El Khoury et al., 2019). Recently, we applied vibrational
spectroscopy supported by multivariate analysis for the
characterization of tears—a very promising biofluid for
diagnostic purposes—from patients affected by ALS and HCs.
Particularly, an excellent discrimination of the two sample classes
was obtained, and it was possible to disclose ALS spectroscopic
markers related to protein and lipid alterations compared with
HCs (Ami et al., 2021a).

It should be emphasized that these objectives are also
achievable thanks to important advances in Dboth
instrumentation—that  allows extending applications to
spatially resolved analysis on nanometric scale—and in
multivariate analysis methods that enable the investigation of
big spectral data-set in a large variety of samples.

Infrared Spectroscopy: From Micro- to

Nano-Scale Lateral Resolutions

Infrared spectroscopy has a long history in biophysics, being
extensively applied to the study of the secondary structure and
aggregation of proteins in vitro (Barth, 2007; Natalello and
Doglia, 2015; Seshadri et al., 1999; Sarroukh et al., 2013), as
well as of the structural properties of lipids, carbohydrates, and
nucleic acids (Casal and MantschKuhn, 1950; Sinclair at al.,
1952a; Sinclair at al., 1952b; Zhizhina and Oleinik, 1972, 1984;
Taillandier and Liquier, 1992; Kacurdkovd and Wilson, 2001).
Particularly, IR spectroscopy allows to characterize the protein
secondary structures mainly through the analysis of the Amide I
band (1,700-1,600 cm™ "), due to the CO stretching vibrations of
the peptide bond, where f8-sheets in native proteins and in protein
aggregates display different components (Seshadri et al., 1999;
Zandomeneghi et al.,, 2004; Barth, 2007; Sarroukh et al., 2013;
Natalello and Doglia, 2015).

In the last few decades, supported by technological
advancements that led to the improvement of infrared sources,
optics, and detectors, the combination of microscopy with FTIR
spectroscopy made it possible to extend the IR investigations to
more complex biological systems, including intact cells and
tissues, thus bringing about its renaissance in structural
biology (Miller and Dumas, 2010). In particular, the possibility
to study selected areas of the sample under investigation makes
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FIGURE 1 | Infrared spectroscopy approaches: from the micro- to the
nano-scale characterization of biological samples. The lateral resolutions and
selected examples for the in situ study of protein aggregation are reported for
different IR approaches. The increased resolution enables characterizing
protein aggregates in complex systems from tissues, to intact cells and to
sub-cellular areas. References: (1) Choo et al., 1996; (2) Ami et al., 2016; (3)
Arakietal., 2020; (4) Rohr et al., 2020; (5) Gustavsson et al., 2021a; (6) Hartnell
et al., 2021; (7) Klementieva et al., 2020; (8) Gustavsson et al., 2021b; (9)
Waeytens et al., 2020 (10) Paluszkiewicz et al., 2020 (11) Freitas et al., 2021.

the uFTIR approach particularly useful for the analysis of systems
characterized by an intrinsic heterogeneity, such as precisely
biological systems. Moreover, depending on the instrument
characteristics, diffraction-limited spatial resolution can be
achieved, thus extending the application of this technique to
cells and subcellular compartments (Figure 1). In particular,
when the microscope is equipped with conventional IR source
and detector, the spatial resolution is of about a few tens of
microns per side. Then, with a focal plane array detector that
enables not only to collect the IR absorption spectrum of the
sample but also an IR chemical imaging, a sampling area of a few
microns, near to the diffraction limit, can be measured with a
good signal to noise ratio (Centrone, 2015). Furthermore, the use
of a synchrotron IR light source, with a brightness of at least two
orders of magnitude higher than that of a conventional thermal
source, even allows achieving diffraction-limited spatial
resolution with enhanced signal to noise ratio, making it
possible to explore the IR spectra at the subcellular level.
However, even under the best conditions, the employed long
wavelength and the lack of high numerical aperture objectives
limit the spatial resolution at about 3-10 pm in the mid-IR range
and it is a function of the wavenumber employed in the uFTIR
imaging (Centrone, 2015).

A submicrometer spatial resolution can, instead, be achieved
by the new technique called optical photothermal infrared
(O-PTIR) super-resolution imaging. In this technique, a pulsed
IR tunable laser is focused onto the sample where the IR
absorption causes a temperature increase that changes the
refractive index. The IR absorption is locally detected as a
change in sample reflectivity using a visible laser which is
collinear with the IR beam. In this set-up it is the visible laser
at a fixed wavelength that determines the spatial resolution.
Under the optimal conditions, spatial resolution of about
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1 pm-400 nm has been reported (Klementieva et al, 2020;
Zhang et al., 2016).

Interestingly, to achieve a spectral resolution beyond the
diffraction limit two main methods based on the coupling of
IR spectroscopy with atomic force microscopy (AFM) have been
developed: the scattering scanning near-field optical microscopy
(s-SNOM) and the photothermal-induced resonance (PTIR)
(Centrone, 2015). In the s-SNOM method, the measurement
of the amplitude and phase of light scattered from the tip close to
the sample makes it possible to obtain the IR absorption
coefficient of a thin portion of the sample in proximity to the
tip. Although this approach allows a nanometer (=20nm)
resolution, it should be noted that the IR s-SNOM spectra are
not directly comparable to the standard far-field IR spectra
(Centrone, 2015).

In PTIR, the absorption of light from a pulsed, wavelength-
tunable laser induces the sample thermal expansion that can be
recorded by an AFM cantilever. In this case, the lateral resolution
(which is in the order of 20-100 nm) depends on the tip size and
on the sample thermomechanical properties (Centrone, 2015).
Therefore, PTIR and O-PTIR provide an indirect measurement of
the vibrational absorption using a different set-up, which results
in different lateral resolution, penetration capacity and
requirements of the sample conditions. Of note, both PTIR
and O-PTIR spectra are expected to be directly comparable
with those measured by traditional FTIR spectrometers
(Centrone, 2015; Zhang et al., 2016; Klementieva et al., 2020).

Multivariate Analysis of Complex Biological
System Spectroscopic Data

IR (micro)-spectroscopy monitors the global biochemical
composition of the sample under investigation; therefore, the
resulting spectrum is a superposition of the vibrational signatures
of the different sample biomolecules. Particularly when applied to
investigate the response of living systems under diverse
physiological and pathological conditions, spectral evaluation
may become significantly complicated, also because in some
cases minor differences may contain critical information (Ami
etal,, 2013; Morais et al., 2020). For this reason, the interpretation
of the spectral results requires the support of appropriate
multivariate analysis approaches able to tackle the study of
high-dimensional data and to explore the whole spectral
information simultaneously. Multivariate analysis creates a
statistical model which describes the relationship between the
spectra and the cellular response. In doing this, multivariate
analysis also verifies the statistical significance of the results
and pulls out the spectral components carrying the higher
spectral variance and which are important in describing the
underlying cellular conditions.

In the early decades of the 20th century, the pioneering work
of R. A. Fisher contributed to the development of multivariate
statistical methodology for applications in various fields, marking
thus the beginning of research in multivariate analysis as a
statistical technique for drawing inferences from multivariate
data and opening up the doors to new knowledge through
appropriate analyses of data (Radhakrishna Rao, 1992
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Anderson, 1996; Rencher, 2002). Inspired by his work,
multivariate analysis soon became popular, and especially
applied to those systems which can be described using a large
number of variables (i.e., biological systems), whose connections
or associations need to be investigated. Then, in the last two
decades, the increasing processing power of computers and the
improvements in statistical algorithms allowed an impressive
development of multivariate analysis methodologies (Bastanlar
and Ozuysal, 2014) including discriminant analysis and class-
modeling techniques where multiple spectral variables are
analyzed simultaneously to discriminate and assign unknown
samples to pre-defined classes (Morais et al., 2020; Zeng et al.,
2021). Indeed, the rapid successful development of IR
spectroscopy in biomedical research further highlighted the
crucial role provided by advanced machine learning
techniques, e.g., deep-learning neural networks of complex
datasets to extract important information and visualize it in a
readily interpretable form (Morais et al., 2020; Krafft et al., 2009;
Marini et al., 2008).

Selected Recent Examples: Exploiting the
Potentialities of Infrared Spectroscopy for

Amyloid Studies in Complex Systems

In the following, we will discuss a few selected works where the
Authors applied IR spectroscopic methods to investigate protein
aggregates, both in vitro and in situ within complex systems, with
particular attention to amyloid aggregation.

Having the unique advantage of being a label-free method,
spatially resolved FTIR microspectroscopy can provide
information on the content and structure of different
biomolecules simultaneously. This peculiarity enabled us to
characterize not only amyloid deposits within unfixed tissues
from patients affected by light chain (AL) amyloidosis, but also
the biomolecules within or surrounding the protein aggregates.
This possibility contributed to demonstrate a connection between
lipid distribution and amyloidogenesis also in AL amyloidosis,
further highlighting the presence of common features among
different protein misfolding diseases (Ami et al,, 2016). The
possibility of investigating these properties in situ and at the
individual level is priceless. Indeed, it makes it possible to relate
the biophysical features of the fibrils to their specific pathogenic
profile and to the histological properties of the amyloid plaques,
thus contributing to fill the gap in the knowledge about the bases
of amyloidosis at the individual level.

The fundamental role of the brain environment in
determining the structural and pathological features of protein
aggregates has been investigated in several diseases such as in
Parkinson’s disease (PD) and multiple system atrophy (MSA). Of
note, in both cases a-synuclein is the most abundant protein in
the respective brain inclusions: Lewy bodies (LBs) in PD and glial
cytoplasmic inclusions (GCIs) in MSA. Unfixed post-mortem
brain sections from individuals with PD or MSA diagnosis have
been analyzed by synchrotron microFTIR, which disclosed
significantly higher B-sheet structures in LBs compared to
GClIs. This result not only confirmed that a-synuclein deposits
formed in the complex biological environment are enriched in 8-
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sheet elements, as found for amyloid-like structures induced in
the test tube, but also disclosed important differences in the main
conformation of the proteins accumulated in the brain of these
different synucleinopathies (Araki et al., 2020).

Notably, the possibility offered by FTIR microspectroscopy to
analyze unlabeled brain tissue sections from AD cases, with a
spatial resolution able to investigate the amyloid plaque
substructures, has recently provided evidence of the
conformational events associated with plaque developments. In
particular, the Amide I band analysis of different plaque types
indicated an increased content of 3-sheet structures from diffuse
plaques to compact and classic cored plaques. Moreover, an
increased weight of the low-wavenumber S-sheet band (at
1,628 cm™') in proportion to the high-wavenumber band (at
1,693cm™) was observed in mature plaques (Rohr et al,
2020). These results suggest the formation of A-beta fibrils
with a vparallel p-sheet conformation during plaque
developments in the brain of AD patients, as previously
described in vitro.

One of the drawbacks of the analysis of post-mortem brain
samples is that extensive protein aggregation already occurred,
making it difficult to characterize the early stage of the process
and, of course, to translate IR spectroscopy in a diagnostic setting
in the case of neurodegenerative diseases. These limitations have
been recently addressed using human induced pluripotent stem
cells (hiPSC) from familial and idiopathic PD patients
(Gustavsson et al., 2021a). FTIR microspectroscopy analyses
allowed the simultaneous study of the protein secondary
structures, the lipid oxidation and the lipid chain length,
enabling to correlate differences in the structure and
composition of the main biomolecules with the peculiar
intracellular environment induced by each patient genome
(Gustavsson et al,, 2021a). The validation of such results in
large cohorts of patients could represent the starting point for
the development of new tools for PD diagnosis and patient
stratification towards personalized medicine.

A further advancement to improve the in situ investigation of
protein aggregates has been recently described by Hartnell and
others (Hartnell et al, 2021). Here, the potential of the
synchrotron attenuated total reflection (ATR) FTIR technique
to study macromolecular inclusions, such as protein aggregates,
at sub-cellular level, has been reported. In particular, it has been
shown that SR-ATR-FTIR mapping technique makes it possible
to achieve a diffraction limited spatial resolution of a few microns,
allowing the in situ characterization of sub-cellular protein
aggregates in degenerating neurons of 20-30 pm in size. This
important result opens the possibility to get new insights into the
mechanism of protein aggregate formation in brain tissue
(Hartnell et al., 2021). Overall, the merit of this technological
advancement in the improvement of spatial resolution is that it
offers the possibility to visualize at the sub-cellular level markers
of cell physiology and disease pathology, an ongoing challenge in
biomedicine.

Among the methodologies recently developed for improving
spatial resolution, Klementieva and others (Klementieva et al.,
2020) illustrated the application of O-PTIR spectroscopy to detect
protein aggregates directly in neurons, at a sub-cellular level.
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O-PTIR, indeed, allows to tackle a very challenging task, that is to
overcome the diffraction limit of IR light, providing a spatial
resolution that is determined by the focusing visible laser
achieving a few hundred nanometer resolution (Klementieva
et al., 2020; Zhang et al., 2016).

By O-PTIR analysis on intact AD transgenic neurons, the
Authors detected, for the first time, polymorphic protein
aggregates at sub-cellular level, suggesting multiple AP
aggregation mechanisms leading to assemblies with different
structures and likely different neurotoxic effects (Klementieva
et al., 2020).

Thanks to the recent technical advances of the O-PTIR
instrumentations, this approach is also successfully applied to
living cell imaging at sub-micrometer resolution. Interestingly,
with this methodology Raman and IR spectra can be also
collected simultaneously from the same sample area (Spadea
et al.,, 2021).

Of note, very recently Gustavsson and others illustrated the
application of O-PTIR spectroscopy combined to synchrotron-
based X-ray fluorescence (S-XRF) to study amyloid aggregation
processes in a cellular model of AD, at a sub-cellular level. In this
way, it was possible to demonstrate directly in neurons the co-
localization of iron clusters with elevated amyloid B-sheet
structures and oxidized lipids (Gustavsson et al., 2021b).

Recent works that deserve mention illustrate the combination
of two widely employed techniques for the characterization both
in vitro (Waeytens et al., 2020) and in situ (Paluszkiewicz et al.,
2020) of protein assemblies, namely atomic force microscopy and
infrared spectroscopy. This method allows collecting images and
infrared spectra at the nanometer scale, resulting, therefore,
promising for the analysis of amyloid fibrils and other protein
assemblies. Indeed, AFM-IR enables the correlation of the
information contained in AFM images with the secondary
structure and other information provided by the infrared
spectra. As an in situ case study, in the AFM-IR analysis of
the pleomorphic adenoma and the marginal tissue, fibril-like
areas were observed in the AFM morphological characterization
of the tumour tissue. Noteworthy, the AFM-IR approach enabled
the collection of the IR spectra of the observed fibrils and of the
surrounding area (Paluszkiewicz et al., 2020).

Moreover, the s-SNOM approach has been employed to
measure individual cultured neurons from wild-type and
transgenic AD model, enabling the identification of protein
aggregates with a lateral resolution of ~25nm. The obtained
results provided a strong mark that f-sheet rich structures
associated with cell membranes can be sensed at a nanometer
lateral resolution by this label-free method (Freitas et al., 2021).

Interestingly, the possibility to provide the global biochemical
composition of the probed sample supported the extension of IR
spectroscopy to the investigation of the molecular bases of amyloid
toxicity. As an example, we exploited FTIR microspectroscopy,
combined with multivariate analysis, to analyze in situ the spectral
changes occurring in cultured intact HL-1 cardiomyocytes exposed
to transthyretin (TTR)—wild type (WT) or the highly
amyloidogenic variant L55P—in native or amyloid-like
conformations (Ami et al, 2018). In particular, this study
allowed us to detect the cell perturbations—affecting lipid
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bilayer  fluidity/compactness and the cell metabolic/
phosphorylation status—induced by the proteins in their
different conformational states (Ami et al., 2018).

Furthermore, with the purpose of investigating possible
perturbations induced on intact cells by intracellular
amyloidogenic proteins, we applied FTIR
microspectroscopy, coupled to multivariate analysis, to
study  Escherichia  coli  cells—taken = as  model
system—expressing the human ataxin-3 (ATX3), both a
physiological (ATX3-Q24) and a pathological ATX3 variant
(ATX3-Q55) (Amietal., 2021b). Notably, by the FTIR analysis
it was possible not only to monitor the protein aggregation, but
also the induced cell perturbations. In particular, we found that
the toxic oligomeric species associated with the expression of
the pathological variant ATX3-Q55 were responsible for the
main spectral changes, mostly ascribable to the cell envelope
modifications, a result that was also supported by electron
microscopy analysis (Ami et al., 2021b).

CONCLUSION AND FUTURE
PERSPECTIVES

The growing interest in the application of IR spectroscopy in
different fields of biological and biomedical research is
accompanied by an ongoing technological advancement that
makes it possible to extend the IR investigations to more
complex biological systems. In particular, the development of
more and more sophisticated methodologies, allowing to achieve
or even to overcome diffraction-limited spatial resolution,
enables the exploration of the IR response at sub-micrometer
scale. This is a crucial result to obtain more detailed structural
information on protein aggregates in intact cells and tissues,
making IR spectroscopy a powerful tool for basic research as well
as for clinical purposes. The possibility to characterize the
conformational features of protein aggregates in their natural
microenvironment has the potential to help us narrow the gap
between our knowledge of amyloid aggregation mechanisms
in vitro and in vivo (Faravelli et al., 2022).
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Williams-Beuren syndrome (WBS) is a genetic disorder associated with the hemizygous
deletion of several genes in chromosome 7, encoding 26 proteins. Malfunction of these
proteins induce multisystemic failure in an organism. While biological functions of most
proteins are more or less established, the one of methyltransferase WBSCR27 remains
elusive. To find the substrate of methylation catalyzed by WBSCR27 we constructed
mouse cell lines with a Whbscr27 gene knockout and studied the obtained cells using
several molecular biology and mass spectrometry techniques. We attempted to pinpoint
the methylation target among the RNAs and proteins, but in all cases neither a direct
substrate has been identified nor the protein partners have been detected. To reveal the
nature of the putative methylation substrate we determined the solution structure and
studied the conformational dynamic properties of WBSCR27 in apo state and in complex
with S-adenosyl-L-homocysteine (SAH). The protein core was found to form a canonical
Rossman fold common for Class | methyltransferases. N-terminus of the protein and the
B6—-B7 loop were disordered in apo-form, but binding of SAH induced the transition of
these fragments to a well-formed substrate binding site. Analyzing the structure of this
binding site allows us to suggest potential substrates of WBSCR27 methylation to be
probed in further research.

Keywords: Williams-Beuren syndrome (WBS), methyltransferase (MTase), NMR, protein structure in solution,
protein dynamics, S-adenosyl-L-homocysteine (SAH)

INTRODUCTION

Williams-Beuren syndrome (WBS) is a complex developmental disorder, induced by
haploinsufficiency of 24-26 genes in the chromosome region 7qll (Schubert, 2009).
Multisystem disorders associated with this disease include aortic stenosis, hypercalcemia,
impaired glucose metabolism, thyroid dysfunction, growth retardation, characteristic facial
appearance, mental deficiency, and “friendly” personality which is usually considered as hyper-
friendliness (Jones et al., 2000; Pober, 2010; Masserini et al., 2013).

For some phenotypic features, the impact of a specific gene deletion is already well-established.
For instance, the ELN gene, being a part of WBS deletion, encodes the protein elastin, a component of
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vascular walls, and its insufficiency leads to aortic stenosis (Ewart
et al., 1993). Deletion of gene LIMKI, encoding LIM-kinase 1,
brings about impaired visuospatial constructive cognition
(Frangiskakis et al., 1996). There is also solid evidence on the
insufficiency of BAZ1B contributing to hypercalcemia through
interaction with the vitamin D receptor (Kitagawa et al., 2003).
However, the impact of other genes lost in case of WBS
manifestation remains unclear.

Uncovering the physiological consequences of gene loss on the
behavior characteristic phenotype of WBS patients is among the
most complicated directions in WBS studies. There is no direct
evidence, but the decreased expression level of some gene
products from the WBS chromosome region is likely to be
involved. Interestingly, domestic dogs exhibit some of the
behavioral traits typical of humans with WBS (vonHoldt et al.,
2017): as compared to their ancestor, the gray wolf, domestic dogs
have heightened propensity to initiate social contacts showing
“hyper-sociability.” Comparing the dog genome to the
Yellowstone gray wolf one revealed mobile element insertions
affecting transcriptional regulation in the genes responsible for
WBS (vonHoldt et al, 2018). Transcriptome sequencing
confirmed that the expression levels of six genes placed in
WBS chromosome region (WBSCR17, LIMK1, GTF2],
WBSCR27, BAZ1B, and BCL7B) differ between these animals
accounting for different behavior patterns.

One of the plausible candidate proteins associated with the
behavioral aspects of WBS is WBSCR27. Human and chimpanzee
genome sequences were compared and nine human-specific
frameshift mutations were identified (Hahn and Lee, 2005).
One of these mutations is placed within the WBSCR27 gene
coding sequence: there is an 11 bp insertion in human WBSCR27.
The insertion occurred specifically in the human lineage and
probably could somehow affect the functioning of the protein;
and thereby directly or indirectly alter human social behavior in
comparison with chimpanzees. However, there is no direct
experimental proof of this hypothesis yet.

There is a dearth of information about the biological
function of WBSCR27. To outline some functional role of
this protein only differential gene expression was measured.
The expression level of WBSCR27 was reported to change in
response to different external conditions. The overexpression
of WBSCR27 was found in three tumor types: esophageal
carcinoma, stomach adenocarcinoma, and kidney renal
papillary cell carcinoma (Campeanu et al, 2021) by
bioinformatic analysis of data available in TCGA (The
Cancer Genome Atlas). WBSCR27 is overexpressed also in
colon cancer and can be used as a prognostic marker of this
desease (Wang et al., 2022).

Salvianolic acid B treatment was recently studied as a potential
therapeutic approach for obesity (An et al., 2019). To examine the
differential gene expression in mouse white adipose tissue caused
by treating with Salvianolic acid B RNA-Seq was performed
demonstrating that 234 IncRNAs, 19 circRNAs, and 132
mRNAs were differentially expressed. Among the mRNAs, the
upregulated expression of WBSCR27 was the highest, with a fold
change of 2.053. These results were confirmed by the qPCR. The
other upregulated protein-coding genes were involved in the

Methyltransferase WBSCR27

insulin resistance pathway, while the downregulated genes
mainly participated in the IL-17 signaling pathway.

Nevertheless, these data do not shed any light on the possible
role of WBSCR27 in WBS, as well as on its biological function in
general. Metzger and colleagues (Metzger et al., 2019) previously
identified C21orfl27 MTase (later renamed to KMT9) to be
responsible for histone lysine methylation. Surprisingly, this
protein turned out to be a seven-B-stranded methyltransferase
(MTase), while all histone lysine methylating proteins known
before belonged to SET-domain family (Husmann and Gozani,
2019). To find out other histone lysine MTases within the seven-
B-stranded MTase family, cluster analysis on multiple amino acid
sequence alignments of putative seven-p-stranded MTase
domains was performed. WBSCR27 was found among the
seven closest homologs of C2lorfl27 and was tested for
histone methylation in the in vitro assay, but did not show
any methylation activity.

In our previous work (Mariasina et al., 2020) we demonstrated
that WBSCR27 effectively interacts with the cofactor S-(5'-
adenosyl)-L-methionine (SAM) and has a canonical Rossman
fold, typical of Class I MTases. This information supports the
bioinformatic assignment of WBSCR27 to MTases; however, the
substrate of methylation catalyzed by this enzyme is still
unknown. Here we determined the solution structure of
WBSCR27 in apo-state and in complex with the cofactor. This
work may shed light on the possible biological role of this protein
making the complete mapping of gene deletions in WBS and
physiological consequences one step closer.

MATERIALS AND METHODS
WBSCR27 Expression and Purification

The uniformly "N and 'N/'’C enriched protein was
expressed in E. coli cells grown on "N or "“N/"’C M9
minimal media using the glucose-'">C (2g/L) and/or
ammonium sulphate—lSN (1g/L) as a source of stable
isotopes. The protein selectively '*C-labelled in the methyl
groups of Thr and Met residues was expressed in >N M9
media containing 100% D,0 and ISOGRO®-D supplemented
by Met-e-'>CH; and Thr-y-'>CH3 as well as fully deuterated 2-
ketobutyrate and Gly-d, to prevent cross-labelling (Kerfah
et al., 2015).

Protein samples were purified as described in Mariasina et al.
(2018). Refolding was an important step in the purification
procedure of the apo-form of the protein. In this case after
affinity chromatography on the Ni-NTA column and
subsequent His-tag cleavage, the protein samples were
denatured in 6 M urea, washed from endogenous SAH by
dialysis, and refolded back to the native form (Mariasina et al.,
2018). Samples of the WBSCR27-SAH complex with identical
content of the '>C and "°N isotopes in both protein and ligand
were purified without refolding. In all other cases samples for
NMR structural studies were prepared by adding the
corresponding ligand to the apo-form of WBSCR27 followed
by the dialysis against the buffer containing 50 mM NaCl, 50 mM
sodium phosphate (pH 7.0), 10 mM DTT and 0.02% NaNj.
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Synthesis of [Methyl '*C]-SAM and
Preparation of '3C,'®N Uniformly

Labelled SAH

[Methyl 13C]-labelled SAM was synthesized from SAH (Sigma)
and ’CH;l (Cambridge Isotope Laboratories) according to the
described method (Huber et al, 2016). 15mg of SAH were
dissolved in 500 pl of deuterated formic acid. 300 pl of '*CH;l
were added to the resulting solution. The mixture was vortexed
for 2h and then stirred at room temperature in the dark. The
completeness of the reaction was monitored by 'H NMR. After
5 days, 1 ml of water was added and the unreacted '°C methyl
iodide was extracted with 2 ml of diethyl ether twice. The pH of
the aqueous phase was adjusted to 7.15, after which the sample
was applied to an ion exchange chromatographic column (732-
0003 BioRad cartridge) preliminarily equilibrated with 0.01 M
sodium phosphate buffer solution (pH 7.15). The column was
washed with 55 ml of the same buffer solution (at first, the
uncharged unreacted SAH and subproduct MTA were washed
off, then the positively charged SAM was washed off). Next, the
column was washed first with 20 ml of 0.1 M acetic acid, then
with 20 ml of 4 M acetic acid. The main part of the product came
off the column in the interval between 13 and 26 ml.

The SAM-containing fractions were evaporated in SpeedVac
and dried in a freeze-dryer. A mixture of (S,S)- and (R,S)-SAM
diastereomers was obtained, which is in agreement with the
earlier described results (Bennett et al., 2017). The purity of
the obtained product was controlled by NMR spectroscopy, the
concentration was determined by UV spectrophotometry (e360 =
16,000 M~' cm™). The overall conversion rate can be estimated at
50% of the initial SAH. The yield of pure substance after
purification was 10%.

3C, '*N uniformly labelled SAH was obtained from E. coli cell
line overexpressing the WBSCR27 protein and grown on >C,"°N
M9 medium. The method was based on the propensity of
WBSCR27 to be co-purified with the cofactor and isolated in
the form of a complex with SAH. The details of this protocol will
be published elsewhere. The quality of the obtained '°C,'N-SAH
was confirmed by 1D and 2D NMR spectra (Supplementary
Figure S1). The sample contained DTT as an impurity, which
does not interfere with the following procedure and was not
removed from the product. The concentration of the obtained
SAH was measured using UV absorbance at 260 nm (gy59 =
16,000 M~ cm™). In total, we obtained 3.2 umol of '>C,'’N-SAH
from 2L of "*C,'""N M9 medium.

Cell Lines
Mouse embryonic fibroblast cells NIH3T3 were cultured in
DMEM/F12 medium (Gibco), supplemented with 10% FBS
(Gibco), 1% Penicillin/Streptomycin  (Gibco), and 1%
Glutamax (Gibco) at 37°C, 5% CO, and used for all genetic
manipulations.

The cell lines created for this study are schematically shown in
Supplementary Figure S2. The cell lines A and B were prepared
for studying intercellular localization of WBSCR27. The cell line
A ectopically expressed fusion of WBSCR27 with far-red
fluorescent protein mKate2 on N-terminal (Shemiakina et al,
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2012). Similarly, the cell line B ectopically expressed
hemagglutinin epitope YPYDVPDYA known as an HA tag
(Field et al., 1988). The cell line B together with an
endogenous C-terminal WBSCR27-HA fusion (cell line C)
were used in co-immunoprecipitation experiments aimed at
finding the possible macromolecular partners of WBSCR27.
The knockout line (D) containing point mutations in the 2™
exon was used to study the phenotypic consequences of
WBSCR27 depletion. To confirm WBSCR27 depletion on the
protein level an HA-tag was added to the C-terminus of
WBSCR27 in the knockout line (E). Two cell lines F and G
were created from the knockout line for proximity labelling in the
BioID experiment (Roux et al., 2018). These cell lines ectopically
expressed prokaryotic biotin ligase BirA mutant (R118G) from
E.coli (designated as BirA*), fused to HA and WBSCR27 (HA-
BirA*-WBSCR27) or only to HA as the control (HA-BirA*). The
details of cloning and constructing these cell lines are provided in
Supplementary Data.

WBSCR27 Localization in the Cell

The intercellular localization of WBSCR27 was verified using cells
with ectopic expression of HA or mKate2 (Shemiakina et al.,
2012) fusions with WBSCR27. mKate2-WBSCR27 and HA-
WBSCR27 expressing cells were seeded on coverslips and kept
in the incubator overnight. The next day, the cells were washed
3 times for 5 min with PBST (PBS + 0.1% Triton X-100) and fixed
with freshly-prepared 4% paraformaldehyde (in PBS) for 10 min
at room temperature. The coverslips were rinsed with PBST
(3 times for 5min), followed by permeabilization with 1%
Triton X-100 (in PBS) for 15min at room temperature and
subsequent PBST wash (3 times for 5 min).

The permeabilized coverslips with mKate2-WBSCR27 cells
were incubated with 100 mM DAPI in PBS for 5 min at room
temperature, followed by washing with PBST (2 times for 7 min).
The coverslips were mounted with Mowiol (Sigma) and dried
overnight.

The permeabilized coverslips with HA-WBSCR27 cells were
blocked with 3% BSA (in PBST) for 1h at room temperature,
followed by incubation with primary anti-HA antibodies (Sigma,
3F10) and then with secondary goat anti-rat Alexa555 conjugated
antibodies (Thermo Fisher Scientific) overnight at 4°C in PBST.
After washing with PBST (3 times for 5 min), the coverslips were
subjected to DAPI staining and mounting as described for
mKate2-WBSCR27. Imaging was done with the Nikon Ti-E
fluorescence microscope.

Co-Immunoprecipitation
Cells were cultured in five 15 cm plates to 95% confluency in a
DMEM-F12 medium supplemented with 10% FBS, Glutamax,
penicillin and streptomycin, and doxycycline hyclate (Sigma) at a
concentration of 1pg/ml at 37°C, 5% CO,. The cells were
harvested by trypsin, washed twice with 5 ml of PBS and kept
frozen at -80°C prior to the immunoprecipitation (IP)
experiment.

The frozen cells were resuspended in a lysis buffer [100 mM
Hepes-KOH pH 7.5, 150 mM NaCl, 0.05% Triton X-100, 1 mM
DTT and complete protease inhibitor cocktail (Roche)]. After
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centrifugation at 13,000 g for 30 min, the supernatant was
transferred to a new tube. For IP, 100 ul of anti HA-beads
(Sigma Aldrich) were added to the lysate obtained from 1g of
wet cell mass and incubated overnight at 4°C. After five washes
with the lysis buffer, proteins were eluted with a PAGE loading
buffer for 5 min at 95°C. The protein eluates were analyzed by
PAGE followed by silver staining and Western-blotting. Several
bands present exclusively in the samples corresponding to the
HA-tagged WBSCR27 were analyzed using MALDI according to
the standard protocol (Chugunova et al., 2019).

For cross-linking experiments, the cells were resuspended in 1%
formaldehyde (in PBS) and mixed for 7 min at room temperature.
The cells were pelleted (500 g, 3 min) and washed twice with
1.25M glycine (in PBS) to quench the remaining formaldehyde.
Next, the cells were lysed as described in the paragraph above. The
control sample was subjected to the same protocol, but omitting
the formaldehyde addition step.

BiolD Pull-Down

The BioID experiment was performed in accordance with the
published protocol (Roux et al., 2018). Three cell lines based
on NIH3T3 AWBSCR27 were used in the experiment:
expressing HA-BirA*-WBSCR27, HA-BirA*, and parental
AWBSCR27.

Ten 15cm dishes for each cell line were seeded. Biotin
labelling was performed when the cells reached approximately
80% confluency, the medium was changed to a fresh complete
medium containing 50 uM biotin and incubated for 16-18 h. In
the next stage the medium was completely removed by aspiration,
the cells were rinsed twice with 5 ml/dish of PBS, and treated by
600 pl of lysis buffer/dish. The cells were harvested by gentle
scraping. After centrifugation we obtained 1-2 g of the cells. The
affinity purification of biotinylated proteins was performed using
Dynabeads M-280 Streptavidin (Thermo Fisher Scientific).

The eluates from streptavidin beads were treated by trypsin and
subsequently analyzed by shotgun proteomics (a technique for
identifying proteins in complex mixtures such as cell lysates using a
combination of high performance liquid chromatography and
tandem mass spectrometry). Mass spectroscopy analysis was
performed in triplicates with a Q Exactive HF-X mass
spectrometer (Q Exactive HF-X Hybrid Quadrupole-Orbitrap™
Mass spectrometer, Thermo Fisher Scientific, Rockwell, IL,
United States). The experimental details were published earlier
(Laptev et al., 2020). The obtained raw data were processed using
SearchGui (Barsnes and Vaudel, 2018) and PeptideShaker (Vaudel
et al,, 2015) programs with built-in search engines X! Tandem, MS
Amanda, OMSSA, and Comet. Protein sequences of the complete
mouse proteome provided by Uniprot (August 2019) were used for
protein identification. N-terminal acetylation as well as the
oxidation of methionine residues set as variable
modifications for the peptide search. Up to two missed
cleavages were allowed for trypsin digestion. The false discovery
rates for peptide and protein identifications were set to 1%.

were

The Primer Extension Assay
The experiment was performed as described earlier (Lesnyak
et al.,, 2006). Total RNA was purified from NIH3T3 cell lines
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(WT and AWBSCR27) using Trizol reagent (ThermoFisher).
The reverse transcription was performed with Maxima Reverse
Transcriptase (ThermoFisher) using 32p_Jabelled
oligonucleotide complementary to the 28 S rRNA fragment
4,537-4,551. The products of the reverse transcription were
separated by electrophoresis in the 10% (w/v) denaturing
polyacrylamide gel and visualized by phosphorimagery.

NMR Spectroscopy

NMR samples at a concentration of 0.2-0.6 mM for '*C and/or
">N-labelled WBSCR27 and its complex with SAH were
prepared in 95% H,0/5% D,O, 50mM NaCl, 50 mM
sodium phosphate buffer (pH 7.0), 10 mM DTT, and 0.02%
NaN;. NMR spectra were recorded at 308 K on Bruker
AVANCE 600, 700, 800, and 850 MHz spectrometers
equipped with a triple resonance (‘H, *C, '’N) room
temperature probe (600 MHz), Prodigy probe (700 MHz),
and CryoProbe (800 and 850 MHz), or a quadruple
resonance (‘H, *C, N, 3'P) CryoProbe (700 MHz). 1D
NMR spectra were processed and analyzed using Mnova
software (Mestrelab Research, Spain). 2D and 3D spectra
were processed by NMRPipe (Delaglio et al., 1995) and
analyzed using NMRFAM-Sparky (Lee et al., 2015).

NMR Structure Determination

Earlier we reported the backbone and side chain signal
assignments for the complex SAH-WBSCR27 (BMRB-
27417, Mariasina et al., 2018) and for the apo form of the
protein (BMRB-27578, Mariasina et al., 2020) and deposited

these data in BioMagResBank (https://bmrb.io). This
information was wused to determine NMR restraints.
Backbone ¢ and y dihedral angle restraints were

determined from the chemical shift values of the backbone
atoms ’Ca, '>CB, ’CO, 'Ha, 'HN, and '°N using TALOS+
software (Shen et al., 2009). Two independent sets of residual
dipolar coupling (RDC) constants were measured in the
nematic phase of a colloidal suspension of filamentous Pfl
phages (Hansen et al., 1998) and in a dilute liquid crystalline
medium, consisting of DMPC/DHPC bicelles (Ottiger and
Bax, 1999). The RDC values were calculated as a difference
of the '*N-'H splitting values measured in the IPAP-HSQC
spectrum (Ottiger et al., 1998) acquired in anisotropic and
isotropic conditions. Hydrogen bond restraints were assigned
to the amide groups having slow H/D exchange rates and
located near carbonyl groups, as identified in the initial set of
structures. NOE distance restraints were determined from the
'H,”>C HSQC-NOESY and 'H,'"’N HSQC-NOESY spectra
measured with a 100 ms mixing time. The initial set of
NOE restraints (mainly intra-residue and sequential
correlations) was selected manually. The rest of the cross-
peaks were assigned using the automatic iterative procedure of
spectra assignment/structure calculation implemented in
ARIA 2.3 software (Bardiaux et al., 2012). The assignments
were further manually verified by multiple steps of structure
refinement using the simulated annealing protocol of the CNS
1.21 software package (Brunger et al., 1998). Database values of
conformational torsion angle pseudopotentials (Kuszewski
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et al,, 1997) were used during the final cycles of the structure
refinement to improve the quality of protein backbone
conformation. The structure quality and restraint violations
have been analyzed using the CNS tools, Procheck-NMR
(Laskowski et al., 1996) and an in-house written NMRest
program (Ivanova et al, 2007). The final families of
20 NMR structures of the SAH-WBSCR27 complex and
apo-WBSCR27 selected from 200 calculated
conformers in accordance with the lowest-energy criterion
and the absence of the residues in the disallowed regions of
the Ramachandran map. The restraints used in structure
calculations and statistics for the obtained NMR structures
are presented in Supplementary Tables S1, S2. Additional
details of structure calculations are provided in
Supplementary Material. Structure visualization and
analysis were carried out using PyMOL (Schrodinger LLC)
and Discovery Studio Visualizer (Dassault Systemes Biovia
Corp.).

were

Relaxation Measurements and Data

Analysis

R, and R, relaxation rates and "H-'°N heteronuclear NOEs for
>N uniformly labelled WBSCR27-SAH complex and the apo-
form of WBSCR27 were measured at 308 K on a Bruker
AVANCE III HD 700 MHz spectrometer. The measured
experimental values were analyzed with a model-free
formalism using the program RelaxFit written in-house
(Polshakov et al., 1999). All the details of the NMR
relaxation data collection and analysis are provided in
Supplementary Material.

H/D Exchange

Amide H/D exchange rates in both '°N labelled apo-WBSCR27
and complex WBSCR27-SAH were measured using
heteronuclear "’N-'"H NMR spectroscopy (at 35°C and pH
7.0) on a Bruker AVANCE Neo 700 MHz spectrometer. The
details of the H/D exchange rate measurements and the
calculation of the protection factors of the amide Hy atoms
are given in the Supplementary Data.

NMR Studies of WBSCR27-Ligand

Interactions

NMR experiments were carried out to test the binding of
amino acids, nucleosides, and short DNA fragments to
WBSCR27. The WBSCR27-SAM complex was prepared
using '"’N-WBSCR27 (0.3mM) and SAM (1.2mM) in
320 pl of 90% H,0/10% D,O0.

To test possible binding of amino acids to WBSCR27, a
mixture of seven amino acids (Thr, Ser, Arg, Tyr, Cys, Glu,
and Lys) in equimolar ratio was prepared. This mixture was
added to WBSCR27-SAM samples to obtain molar ratios
WBSCR27:SAM:mixture of 1:4:5 and 1:4:10. To test
possible interactions of WBSCR27 with the fragments of
nucleic acids, we mixed each of nucleosides (guanosine,
uridine, cytidine, thymidine) with WBSCR27-SAM

Methyltransferase WBSCR27

separately to obtain molar ratios WBSCR27:SAM:
nucleoside = 1:4:10. We additionally prepared a mixture of
desoxyoligonucleotide =~ AAACCTCGCATTACGAACGGC
TCC with the WBSCR27-SAM sample with a ratio of
WBSCR27:SAM:DNA = 1:4:1. The purpose of testing an
interaction of this arbitrary oligonucleotide with WBSCR27
was to check the possibility of oligonucleotide chain binding
by protein. For each sample the "’N,"H HSQC spectrum was
measured at 308 K and 600 MHz.

Interaction of SAM Epimers With WBSCR27
NMR spectroscopy was used to determine the binding ability
of SAM epimers towards WBSCR27. The [methyl 13C]-SAM
obtained via a chemical synthesis from SAH in a
concentration of 0.1 mM was used for this purpose. Since
the synthetic product is an equimolar mixture of (S,S)- and
(R,S)-SAM diastereomers, the concentration of individual
components was 0.05mM. 3Cc,'H HSQC spectra were
recorded at 308 K and 600 MHz 'H frequency for four
samples: 1) a free SAM [a mixture of 0.05 mM (S,S)-SAM
and 0.05 mM (R,S)-SAM], 2) a free apo-WBSCR27 (protein
concentration 0.05 mM), 3) a mixture of 0.05 mM (S,S)-SAM,
0.05 mM (R,S)-SAM, and 0.05 mM WBSCR27 (1:1:1 ratio),
and 4) a mixture of 0.05 mM (S,S)-SAM, 0.05 mM (R,S)-SAM,
and 0.1 mM WBSCR27 (1:1:2 ratio).

RESULTS

WBSCR27 Is Localized in Both Cytoplasm
and Nucleus

To determine the intracellular localization of WBSCR27 we
inserted HA-WBSCR27 and mKate2-WBSCR27 fusion protein
genes under a doxycycline inducible promoter into the NIH3T3
cell line via Sleeping Beauty transposase (Maités et al., 2009).
Visualizing both fusion proteins by anti-HA epitope
immunocytochemical staining of fixed and permeabilized cells
for HA-WBSCR27, and fluorescent microscopy of cells
expressing mKate2-WBSCR27 allowed us to reveal both the
cytoplasmic and nucleus distribution of WBSCR27 (Figure 1).

FIGURE 1 | The intracellular localization of WBSCR27 in NIH3T3 cells.
(A) HA-WBSCR27; (B) mKate2-WBSCR27. The signal is present in both the
cytoplasm and nucleus. The nucleus was visualized with DAPI.
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WBSCR27 Apparently Does Not Establish

Stable Interactions With Proteins and RNA

To outline the putative partners WBSCR27 protein interacts
with, we applied a NIH3T3 cell line with ectopic expression of
HA-WBSCR27. After inducing the fusion gene expression by
doxycycline, HA-WBSCR27 was immunoprecipitated by an
immobilized anti-HA antibody (Supplementary Figure
S3A). While a protein of 27 kDa mass identified as HA-
WBSCR27 by immunoblotting (Supplementary Figure
S3B) was clearly present in the immunoprecipitate, no
bands of its putative protein partners were observed. To
exclude the possibility that the lack of identifiable partner
proteins results from HA-WBSCR27 overexpression (which
should lead to a significant decrease in the portion of the
complex of WBSCR27 with its potential partner against the
background of free protein), or that an N-terminally located
HA tag prevents interaction with partner proteins, we used
CRISPR/Cas9 directed cleavage and subsequent homologous
recombination to create an NIH3T3 cell line with the natural
Wbscr27 gene C-terminally appended with an HA coding
part. Immunoprecipitation of WBSCR27-HA from the
extracts of the latter cell line (Supplementary Figure S3C)
did not lead to the identification of potential WBSCR27
partner proteins.

The homolog of WBSCR27, rRNA MTase WBSCR22, and a
number of other MTases form a complex with TRMT112. To
specifically address the possibility that TRMTI112 might
coprecipitate with  WBSCR27, we analyzed the eluate after
HA-WBSCR27 immunoprecipitation by TRMTI112 specific
antibodies (data not shown) and found no evidence favoring
the interaction between WBSCR27 and TRMT112.

The WBSCR27 MTase might establish only transient contacts
with its possible substrates, being disengaged in the process of
immunopurification. To this end, we immunopurified ectopically
expressed HA-WBSCR27 following the formaldehyde treatment
of the cells. Application of the formaldehyde cross-linking to
isolate WBSCR27 partner proteins also did not help to identify
the interacting proteins due to the absence or negligible yield of
covalently crosslinked products (Supplementary Figure S4).

An alternative approach to address the short-lived protein-
protein interactions is BioID, a proximity-dependent protein
biotinylation in vivo by mutant promiscuously active biotin
ligase BirA* followed by biotin-affinity capture (Roux et al,
2018). To apply BioID to search for WBSCR27 protein
partners we created a cell line expressing HA-BirA*-WBSCR27
fusion and a control cell line expressing HA-BirA*. After labelling
was induced by supplementing the cell cultures with biotin, the
biotinylated proteins were purified from the cell extracts via
streptavidine affinity capture and analyzed by shotgun
proteomics. While both HA-BirA*-WBSCR27 and HA-BirA*
fusion proteins were successfully expressed (Supplementary
Figure S5A) and Dbiotinylated endogenous proteins
(Supplementary Figure S5B), panoramic proteome analysis of
the biotinylated proteins (Supplementary Table S3) did not
identify proteins modified specifically by the WBSCR27
protein fusion.

Methyltransferase WBSCR27

To identify potential RNA partners of WBSCR27 protein we
applied PAR-CLIP protocol as described by Gopanenko and co-
authors (Gopanenko et al., 2017). The cells of the NIH3T3 line
expressing HA-WBSCR27 protein grown in the presence of 4-
thiouridine were subsequently subjected to mild UV irradiation
to induce RNA-protein cross-linking. After RNA fragmentation
and HA-WBSCR27 immunopurification, cross-linked RNA was
labelled with y-[**P]JATP and analyzed by gel electrophoresis and
autoradiography (Supplementary Figure S$6). Despite our
efforts, the PAR-CLIP method did not allow identifying an
RNA partner/substrate of the WBSCR27 enzyme.

WBSCR27 Gene Inactivation

To search for potential WBSCR27 substrates we used CRISPR/
Cas9 guided WBSCR27 gene inactivation. Biallelic mutations
disrupting the WBSCR27 reading frame were introduced to
the second exon of the gene. Due to the absence of sufficient
specificity of anti-WBSCR27 antibodies (data not shown), we
verified the lack of WBSCR27 protein in the knockout cell line by
biallelic extension of the Wbscr27 reading frame with the HA
coding region. Disrupting the reading frame of the Wbscr27-HA
gene resulted in the disappearance of the band stained by anti-HA
antibodies (Supplementary Figure S7).

Probing rRNA Methylating Activity of
WBSCR27

For most methylated rRNA nucleotides, the enzymes
responsible for their modification are known (Sergiev et al,,
2018). The only methylated nucleotide of mammalian
ribosomal RNA for which the enzyme responsible for the
modification has not yet been identified is the m>U4530 of
the 28S rRNA (human rRNA numbering). This nucleotide is
located in the peptidyl transferase center of the large ribosomal
subunit (Sergiev et al, 2018). To validate whether this
modification is due to the enzymatic activity of WBSCR27,
we carried out a reverse transcription experiment similar to
that used to identify a bacterial MTase modifying G2445 of the
23 SrRNA (Lesnyak et al., 2006). The method is based on m*U
inducing reverse transcription arrest. The experiment showed
that the reverse transcription arrest is observed in rRNA from
both the WT and WBSCR27 knockout cells (Supplementary
Figure S8). These data clearly indicate that WBSCR27 is not
responsible for modifying U4530 and, therefore, rRNA cannot
be a methylation substrate for this enzyme.

WBSCR27 Does Not Recognize Fragments

of Potential Substrates

The fragment-based lead discovery approach was used to
probe the interactions of the possible WBSCR27 substrate
fragments with protein. NMR techniques are usually able to
detect highly specific interactions of small fragments of a larger
ligand with a protein, even in the case of weak binding
(Polshakov et al., 2019). We investigated the interactions of
small compounds mimicking the fragments of
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FIGURE 2| SAM stereoisomers and their binding to WBSCR27. (A) Two stable epimers of SAM: biologically active (S,S)-SAM, synthesized enzymatically from ATP
and methionine in cells, and (R,S)-SAM, which is obtained as a by-product synthetically. (B) Overlay of the fragments of 'C,"H HSQC spectra of racemic "*CHg-labelled
(R,S/S,S)-SAM (black), apo-WBSCR27 (red) and the mixture of SAM and protein in the ratio 2:1 (cyan, shown in the left panel) or 0.9:1 (blue, shown in the right panel).
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macromolecules, namely: amino acids (Thr, Ser, Arg, Tyr, Cys,
Glu, and Lys), nucleosides (guanosine, uridine, cytidine,
timidine), and desoxyoligonucleotides with '°N-labelled
WBSCR27-SAM  complex using the methods of
heteronuclear NMR spectroscopy. In none of the studied
fragments was specific binding observed, leading to a
change of the '"H and/or '°N chemical shifts of the amide
groups of certain WBSCR27 amino acids upon adding ligands
to the protein.

WBSCR27 Preferably Binds the Biologically
Active (S,S)-SAM Epimer

The sulfonium atom of SAM represents a chiral center, and both
(R) and (S)-epimers are stable (Figure 2A). In living cells, the
natural SAM (S,S-epimer) is biosynthesized from L-methionine
and ATP by methionine adenosyltransferase (Zhang and Zheng,
2016). Chemically synthesized SAM contains both stereoisomers
in equal amounts. We demonstrated by 2D NMR using
synthesized [methyl 13C]-labelled racemic (S,S/R,S)-SAM that
WBSCR27 preferably binds the (S,S) stereoisomer. With an
excess of WBSCR27, only the (S,S)-SAM isomer is bound,
while the (R,S)-epimer remains in the free form (Figure 2B,
left panel). With an increase in WBSCR27 content, the signals of
the bound form (R,S)-SAM appear, but their intensity is
significantly lower than that of the signals of the (S,S)-SAM-
WBSCR27 complex (Figure 2B, right panel). This indicates a
significantly lower affinity of the (R,S)-epimer compared with the
(S,S)-epimer.

Solution Structure of Apo-Form of
WBSCR27 and Its Complex With

S-Adenosyl-L-Homocysteine

Earlier, we found that both SAM and SAH strongly bind to
WBSCR27 (Mariasina et al., 2020). Relatively small changes in
the chemical shifts of the signals of the residues in the binding
site of these two ligands indicate that the structure of WBSCR27-
SAM and WBSCR27-SAH complexes is similar (Mariasina et al.,
2020). At the same time, bound SAM rapidly (several hours)
decomposes to SAH; as a result, only the WBSCR27-SAH
complex remains sufficiently stable to measure a series of
heteronuclear NMR spectra. To determine the structures of the
complex WBSCR27-SAH and the protein in apo-form traditional
heteronuclear NMR and restrained molecular dynamics techniques
were used. To assign the signals of bound SAH and protein-ligand
NOEs, the NMR spectra for the complexes of ""N-WBSCR27 with
B3C-labelled and unlabelled SAH were measured and compared.
Several protein-ligand NOEs were also identified in NOESY spectra
of the complex of >C,"”’N-WBSCR27 with unlabelled SAH. In total,
21 protein-ligand NOEs were used in structure calculation
(Supplementary Table S1).

The solution structure of the WBSCR27 apo-form (Figure 3A)
shows that the first 51 amino acid residues of the protein as well as
the loop between residues 204 and 228 (loop67 in Figure 3C) are
unstructured. SAH binding to the protein puts in order the
N-terminal protein fragment by forming three well-structured o-
helices (al-a3) and a short helical part in the first nine residues
(Figure 3B). The structure of WBSCR27 has a canonical Rossman
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FIGURE 3| Structure of WBSCRZ27 in apo-form (A) and in complex with
SAH (B,C). Families of 20 NMR conformers (A,B) and rainbow colored
structure of WBSCR27-SAH complex with labelled elements of the protein
structure are shown.

fold, typical of most of the Class I MTases (Figure 3C). The protein
core consists of seven B-strands ($1-B7) surrounded by five a-helices
(a4-a8, Figure 3C). SAH binds to the residues on the tips of three -
strands (B1-PB3) and strengthens these interactions by several
hydrophobic and electrostatic contacts with the amino acid
residues in the helices al, a2, and a3 (Figure 4). The purine
fragment of SAH binds predominantly to the amino acid
residues of the protein (B-core, while the methionine fragment
interacts exclusively with the residues of helices al-a3. The
position of SAH methionine fragment is determined less
precisely. The pairwise RMSD of the coordinates of the heavy
atoms of the methionine fragment of SAH in the final family of
structures is 2.3 + 0.5 A. For the adenosine fragment of SAH this
value is 2.0 + 0.6 A. This may be due to higher mobility of the first
three a-helices relative to the protein core.

WBSCR27 Backbone Dynamics

The protein backbone dynamics of WBSCR27 in both the apo-form
and the complex with SAH was investigated by analyzing "N
relaxation experiments and hydrogen-to-deuterium (H/D)
exchange rates of the amide protons. The values of the overall
rotational correlation time T, calculated from the >N T; and T, data
measured at 308 K (Kay et al., 1989), are 12.5 + 0.2 and 10.4 + 0.3 ns
for the apo-form and the WBSCR27-SAH complex, respectively.
The differences in the T, values for the apo-form and the complex

FIGURE 4 | The binding site of SAH in complex with WBSCR27. (A)
Electrostatic surface potential of the protein. (B) Amino acids of WBSCR27
participating in the interaction with SAH.

appear to reflect the distinctions in the shape of the protein molecule.
The protein globule is apparently more compact in the case of the
WBSCR27-SAH complex, while the long unstructured N-terminal
tail in the apo-form slows down protein tumbling. The
experimentally measured '°N relaxation parameters were
interpreted using the model-free formalism (Lipari and Szabo,
1982) with extension to include chemical exchange contributions
R, to the transverse relaxation rates (Clore et al, 1990)
(Supplementary Material for details). Figure 5 (for the apo-form
of WBSCR27) and Figure 6 (for WBSCR27-SAH) show the
measured "N relaxation parameters R;, R, and NOE with the
calculated order parameters S° and R, values, plotted against the
corresponding residue numbers. The mobility of the WBSCR27
backbone in the apo-form is significantly higher than that in the
complex with SAH, which agrees well with the observed results
of the structural studies.

Figure 7 shows the distribution of the protection factors PF for
the amino acid residues of the apo-form of WBSCR27 and the
WBSCR27-SAH complex, as analyzed from the measured
proton-to-deuterium exchange rates. Binding of SAH leads to
a significant increase in the PF of most amino acid residues of
WBSCR27, which reflects the slowing down of high-amplitude
protein backbone motions upon the ligand binding and the
strengthening of the hydrogen bond network within the
protein molecule.

DISCUSSION

Dissecting the WBSCR27 structure and delineating its functions may
pave the way to understanding the molecular mechanisms
underlying the clinical manifestations of WBS. In its turn, this
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may contribute to developing clinical interventions aiming to
compensate for the symptoms of this genetic disease.

Binding of SAH Causes Structuration of the
N-Terminal Tail of WBSCR27 and General

Tightening of Protein Structure in Solution
Comparing structures of the WBSCR27 apo-form and its
complex with SAH indicates the formation of three
additional a-helices at the N-terminal tail of the protein
upon the cofactor binding (Figure 3). In the apo-form the

first 50 residues forming these helices turn out to be
disordered. These structural observations are clearly
confirmed by the results of the protein backbone dynamics
studies (Figures 5-8). For many residues of the apo-
WBSCR27 the order parameters of amide NH bonds,
determined via the '°N relaxation measurements, are
much lower than the corresponding values for the
WBSCR27-SAH complex (Figures 5, 6). These results
indicate a high amplitude backbone motion of the apo-
form of the protein in a time scale from ps to ns. There
are also significant differences in the rates of backbone
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motions occurring in the ms time scale and characterized by
the conformational exchange. The protein fragments which
contain residues participating in conformational exchange
are colored in orange in Figure 8.

The amplitude of the fast protein backbone motions, as
well as the conformational transitions occurring in the ms
timescale, are much greater for the case of the apo-form than
for the WBSCR27-SAH complex. This difference in protein
dynamics is observed not only for the first 50 amino acid
residues unstructured in the apo-form, but also for the well-
structured protein core. For example, the fragments of p4, f5,

and a8 are highly mobile in the apo-form. Loop 67 remains
highly mobile, both in the apo-form and in the complex. This
loop is likely to be involved in recognizing the substrate
molecule, and following its binding with helices al-a3,
loop 67 fixes this interaction, after which its mobility
should disappear. Notably, the mobility of the G66 residue
is high in both forms: the apo-form and the WBSCR27-SAH
complex, the magnitude of the '’N-"H NOE of the amide
group of this residue is negative. However, the mobility of this
residue located at the apex of the loop between al and p1 is
unlikely to play any functional role.
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FIGURE 7 | Bar charts showing the amide HN protection factors of the apo-WBSCR27 (A) and complex WBSCR27-SAH (B). The elements of protein secondary

The differences in the amplitude of the slow protein backbone
motions, occurring on a time scale from minutes to hours and
determined from analyzing the H/D exchange, are even more
obvious when we compare the apo-form and the protein-ligand
complex. Relatively high values of amide NH protection factors
for the apo-form of WBSCR27 are observed only for the very
central part of the protein core (Figures 7, 8). Interestingly, all the
amide groups of the residues from outer B-strand 3 and helices
a4 and a6 are unprotected in the apo-form of the protein
indicating a high mobility of these elements of the secondary
structure. After SAH binding, almost the whole protein molecule,
except for loop regions, turns out to be well protected from
exchanging amide protons with water. This follows from large
values of the protection factors of the corresponding NH groups
(Figure 8).

Cofactor Binding Site

Helices al-a3 in the WBSCR27-SAH complex surround the SAH
molecule and partially form its binding site. These three helices
also form a binding site for the potential substrate of the
methylation reaction, catalyzed by WBSCR27. The adenosine
fragment of SAH binds to the tips of the three strands p1, 2,
and {3, while the methionine chain is positioned between the
helices a2 and a3. The backbone carbonyl groups and amide
hydrogens of the residues 100, 101, and 121 form several
hydrogen bonds with the adenosine fragment. The side
chains of the residues L11, L31, A77, and TI121 form
hydrophobic interactions with the adenine moiety of the
SAH. In the region of the methionine fragment, there are
also two aromatic residues, Y41 and W37. If the role of Y41

FIGURE 8 | Summary of dynamic and conformational behaviour of the
WBSCR27 in apo-form (A) and in complex with SAH (B). Representative NMR
models of apo-WBSCR27 and complex SAH-WBSCR27 are shown
according to protein mobility in a broad time scale. The thickness of the
chain is proportional to the value (1 — S?) representing the extent of the local
amplitude of protein backbone motion in ps-ns time scale. Fragments of the
protein backbone containing amino acids undergoing conformational
exchange in ms time scale (with values Ry exceeding 2 s™') are colored
orange. Protein backbone fragments with residues having high values of
protection factors determined from the analysis of hydrogen-to-deuterium HN
exchange rates are colored blue. Residues for which '°N relaxation data could
not be obtained (proline residues and those with overlapped HN signals) are
shown in gray. Representative secondary structure elements and SAH
molecule are labelled.
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FIGURE 9 | Structures of several MTases. (A) WBSCR27 in complex with SAH (PDB id 7QCB); (B) S. pombe tRNA"P MTase DNMT2 in complex with SAH (PDB id
6FDF); (C) human DNA MTase DNMT3A in complex with SAH and DNA fragment (PDB id 6BRR); (D) S. cerevisiae rRNA MTase Bud23 (PDB id 4QTU); (E) human
tRNAMS MTase BCDIN3D in complex with SAH (PDB id 6L8U); (F) human glycine MTase (PDB id 2AZT). Rossmann-fold of the enzymes’ core is colored in cyan (B-

strands) and red (a-helices). Substrate-binding domains are colored purple.

is most likely related to interacting with the carboxyl or amino
group of the SAH methionine fragment, then W37 may
participate in the interaction with a potential substrate
fragment. It may, for instance, hold the aromatic base of
RNA or DNA by stacking interaction in the position
favorable for methylating this nucleotide or the neighboring
one. This possibility is evidenced by the outward orientation of
the side chain of W37 from the protein core, and its proximity to
the sulfur atom of the SAH methionine residue.

Comparing WBSCR27 Structure With Other

Class | MTases

The structure of WBSCR27 represents a classical Rossmann fold
(Figure 3C), typical of all Class I SAM-dependent MTases. More
than 120 various members of this enzyme family were classified
(Martin and McMillan, 2002). They have different methylation
substrates and very little sequence identity, but a highly conserved
structural fold (Figure 9) and a B-sheet core, formed by seven B-
strands (Figure 9). There are some variations in the number,
length and orientations of a-helices surrounding this B-sheet, but
they are still rather conservative in their structure. The greatest
differences, as expected, are observed in the structure of the
substrate-binding regions (colored purple in Figure 9), although
the substrate molecule can also interact with the residues in the
core region of the protein. The substrate-binding domain should
ensure the selectivity of the substrate molecule binding and its

correct positioning relative to the methyl group of the co-factor.
However, the variability in the structure of the substrate-binding
domain is great even for one type of substrate. Figures 9B,D,E
show the structures of RNA MTases with significantly different
substrate-binding fragments. Notably, there are two or three a-
helices in the proximity to the SAM binding site in RNA MTases.
A similar topology is observed in the case of DNA MTases
(Figure 9C). The topology of the substrate-binding domain
for small molecule methylation MTase (the structure of
glycine MTase is shown in Figure 9F as an example, Luka
et al., 2007) is markedly different. Based on these structural
considerations, a nucleic acid would be the most likely
substrate for WBSCR27, but other options cannot be ruled out.

One of the closest sequence homologs of WBSCR27 is a
human protein WBSCR22 and its yeast ortholog Bud23
(Mariasina et al., 2018). WBSCR22 is a 18S rRNA MTase
involved in pre-rRNA processing and ribosome 40S subunit
biogenesis (Haag et al, 2015). WBSCR22 has an interaction
partner—the protein TRMT112 which is vital for the functional
activity of this MTase in mammalian cells (Ounap et al., 2015). The
known 3D structure of the complex of Bud23 with TRMTI112
(Létoquart et al,, 2014) allows comparing the TRMT112-binding
interface on the surface of Bud23 with the similar area of the
molecular surface of WBSCR27 (Supplementary Figure S9). The
patterns of electrostatic potentials on the surface of Bud23 and
WBSCR27 are quite different, and it is unlikely that TRMT112 can
be the functional partner of WBSCR27. However, we tested this
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hypothesis using co-immunoprecipitation and antibody staining
for TRMT112. The experimental data obtained confirm the
conclusion that these proteins do not interact with each other.

The protein folding topology and three-dimensional structure
of WBSCR27 are similar to those of RNA MTase GidB
(Romanowski et al., 2002). Notably, for GidB, as well as for
WBSCR27, the enzyme function and methylation substrate were
initially unknown. At the same time, establishing the three-
dimensional structure of this MTase accelerated identifying the
methylation substrate. This enzyme (alias RsmG) was recently
shown to be responsible for N7 methylation in G527 of 16S
bacterial rRNA (Abedeera et al., 2020).

Possible Substrates of WBSCR27 and Its

Potential Function
While our work has not yielded WBSCR27 substrates and partners,
the negative result of this kind is also informative potentially
narrowing down the range of possibilities for future research. First
and foremost, WBSCR27 seems not to form any stable interaction
with a substrate, unlike MTases functioning as the molecular switches
in ribosome assembly, i.e., bacterial KsgA (Connolly et al., 2008) or
mammalian METTL15 (Laptev et al, 2020). A number of MTases
responsible for modifying the translation apparatus components and
other substrates form a stable complex with the TRMT112 protein
(Zorbas et al., 2015; Metzger et al,, 2019; van Tran et al,, 2019; Yang
et al, 2021), while mRNA specific MTase METTL3 forms a stable
complex with METTL14 (Liu et al, 2014; Wang et al., 2014) and
WTAP (Ping et al, 2014). The results of this study disfavor the
scenario that WBSCR27 forms a stable functional complex with other
proteins. WBSCR27 is likely to be a standalone MTase only transiently
interacting with its substrate. Moreover, WBSCR27 is unlikely to
catalyze protein methylation, otherwise there must be a target protein
that would be found in one of the experiments described above.
Our results do not exclude that WBSCR27 possibly participates in
the methylation of a small molecule, whose chemical properties do
not allow it to be identified in cell lysates by NMR methods. An
overarching theory unpacking WBSCR27 functions is still ahead,
and we hope that determining the three-dimensional structure of
this enzyme in the apo-form and in the form of a complex with SAH
will help achieve this goal.
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a-Synuclein is a 140 amino-acid intrinsically disordered protein mainly found in the brain.
Toxic a-synuclein aggregates are the molecular hallmarks of Parkinson’s disease. In vitro
studies showed that a-synuclein aggregates in oligomeric structures of several 10th of
monomers and into cylindrical structures (fibrils), comprising hundred to thousands of
proteins, with polymorphic cross-B-sheet conformations. Oligomeric species, formed at
the early stage of aggregation remain, however, poorly understood and are hypothezised
to be the most toxic aggregates. Here, we studied the formation of wild-type (WT) and
mutant (AS0P, A53T, and E46K) dimers of a-synuclein using coarse-grained molecular
dynamics. We identified two principal segments of the sequence with a higher propensity
to aggregate in the early stage of dimerization: residues 36-55 and residues 66-95. The
transient a-helices (residues 53—-65 and 73-82) of a-synuclein monomers are destabilized
by A53T and E46K mutations, which favors the formation of fibril native contacts in the
N-terminal region, whereas the helix 53-65 prevents the propagation of fibril native
contacts along the sequence for the WT in the early stages of dimerization. The
present results indicate that dimers do not adopt the Greek key motif of the monomer
fold in fibrils but form a majority of disordered aggregates and a minority (9-15%) of pre-
fibrillar dimers both with intra-molecular and intermolecular 5-sheets. The percentage of
residues in parallel f-sheets is by increasing order monomer < disordered dimers < pre-
fibrillar dimers. Native fibril contacts between the two monomers are present in the NAC
domain for WT, A30P, and A53T and in the N-domain for A53T and E46K. Structural
properties of pre-fibrillar dimers agree with rupture-force atomic force microscopy and
single-molecule Forster resonance energy transfer available data. This suggests that the
pre-fibrillar dimers might correspond to the smallest type B toxic oligomers. The probability
density of the dimer gyration radius is multi-peaks with an average radius that is 10 A larger
than the one of the monomers for all proteins. The present results indicate that even the
elementary a-synuclein aggregation step, the dimerization, is a complicated phenomenon
that does not only involve the NAC region.

Keywords: a-synuclein, amyloid, Parkinson’s disease, molecular dynamics, dimers, CUTABI
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1 INTRODUCTION

a-Synuclein (a-syn) is a soluble 140 amino-acid intrinsically
disordered protein (IDP) (Wright and Dyson, 1999) abundant
in the brain (Jakes et al., 1994; Mollenhauer et al., 2008), the
function of which remains unclear. Abnormal aggregation of a-
syn is central to the onset of diseases, and its inhibition is an
intensive research area (Teil et al, 2020). In synucleopathies
(Soto, 2003; Chiti and Dobson, 2006; Stefanis, 2012; Chiti and
Dobson, 2017; Tanudjojo et al., 2021), such as the Parkinson
disease (PD), a-syn is found in high concentration, as filamentous
aggregates, in intraneuronal inclusions (Lewy bodies) and in
extracellular deposits (Lewy neurites) (Spillantini et al., 1997;
Breydo et al, 2012; Lashuel, 2020; Trinkaus et al., 2021). In
addition to sporadic PD, rare familial cases of PD with similar
phenotypes are induced either by an overexpression of wild-type
(WT) a-syn due to a-syn gene triplication or by pathogenic
mutations in the a-syn gene corresponding to single amino-acid
substitution (Polymeropoulos et al., 1997; Kriiger et al., 1998;
Zarranz et al., 2004; Fuchs et al., 2008; Appel-Cresswell et al.,
2013; Pasanen et al., 2014; Petrucci et al., 2016).

The origin of aggregation of a-syn is unknown. The formation
of a-syn amyloid shares many common properties with the toxic
aggregation of other IDPs, as, for example, the aggregation of Af
in Alzheimer’s disease (Cremades et al., 2017; [adanza et al., 2018;
Nguyen et al., 2021). When incubated in physiological conditions
in vitro, a-syn aggregates spontaneously into fibrils with
polymorphic cross-B-sheet conformations, in which a core of
B-strands is aligned perpendicularly to the fibril axis, forming
extended regular f-sheets with different arrangements (Tuttle
etal,, 2016; Guerrero-Ferreira et al., 2019; Guerrero-Ferreira et al.,
2020). These different in vitro regular f3-sheet structures are
believed to mimic the a-syn aggregates in synucleopathies.
Post-mortem X-ray diffraction of brains from patients with
PD reveals patterns of f-sheet arrangements (Araki et al,
2019). The first ex vivo structures of a-syn fibrils from
patients with multiple system atrophy have topology similar to
the recombinant in vitro fibrils but with structural differences and
occur with non-proteinaceous moieties (Schweighauser et al.,
2020). In all known structures of fibrils, the monomer chain folds
according to a three-layered L-shaped motif bearing resemblance
to a Greek key motif (Guerrero-Ferreira et al., 2020). New toxic
polymorphs were recently detected for which no structures are
yet available (De Giorgi et al., 2020).

A recent study using solid-state nuclear magnetic resonance
(NMR) of WT a-syn aggregation on phospholipid small
unilamellar vesicles identified pre-fibrillar and early fibrillar
species (Antonschmidt et al.,, 2021). NMR data suggest a pre-
fibrillar segmental folding of the a-syn monomer in a three-
layered L-shaped motif resembling one of the mature fibrils. The
folding occurs with about the first half of the residues of the
N-terminal region of the protein bounded to the phospholipid in
an a-helical conformation (Antonschmidt et al., 2021). Another
study of a-syn aggregation in solution identifies helix-rich
intermediates in the transition of unstructured conformation
a-syn into f-sheet-rich fibril formation during the growth of

a-Synuclein Dimers

fibrils (elongation phase) (Ghosh et al., 2015). Interestingly, a-syn
may also form ribbon aggregates (Bousset et al., 2013).

a-Syn fibrils are composed of thousands of a-syn monomers
(Tadanza et al., 2018). Kinetic studies of a-syn aggregation showed
that the onset of fibril formation is preceded by a long lag phase,
indicating that the initial rate of aggregation is controlled by the
nucleation of fibrils. It is hypothesized that pre-fibrillar aggregates
of a-syn, a-syn protofibrils, i.e., oligomers composed of several
dozen monomers occurring in the lag phase, might be the most
toxic aggregates (Conway et al., 2000; Winner et al., 2011; Lazaro
et al, 2014). These a-syn oligomers are transient intermediate
species with heterogeneous structures that are consumed as
formed fibrils (Cremades et al.,, 2017). Structural properties of
a-syn oligomers were observed by different techniques, including
single-molecule Forster resonance energy transfer (FRET),
atomic force microscopy (AFM), small angle x-ray scattering
(SAXS), small angle neutron scattering (SANS), transmission
electron microscopy (TEM), and cryo-electron microscopy
(cryo-EM) (Conway et al, 2000; Volles et al, 2001;
Fredenburg et al, 2007; Giehm et al, 2011; Cremades et al,
2012; Lorenzen et al., 2014; Tosatto et al., 2015; Cremades et al,,
2017; Bhak et al.,, 2018; Li et al., 2019; Zhou and Kurouski, 2020).

Single-molecule FRET provides information on the distance
probability distribution between two fluorophores covalently
linked to the a-synuclein molecule. The FRET study of pre-
fibrillar oligomerization of a-syn (oligomers composed of 2-150
monomers) revealed two types of oligomers: type A with a low
FRET efficiency (large internal distances) and type B with a high
FRET efficiency (low internal distances) (Cremades et al., 2012;
Horrocks et al., 2015; Tosatto et al., 2015). Type A occurred first
in the kinetic of aggregation. Primary nucleation of a-syn may
result in the creation of oligomers of type A from monomeric
protein molecules that can grow through monomer addition, but
they can also convert into type B oligomers (Cremades et al.,
2012). The type B oligomers are toxic, more compact than the
initially formed type A oligomers, and more proteinase-K-
resistant than the type A and the monomer (Cremades et al.,
2012). Unlike type B, type A oligomers dissociate in distilled
water (Horrocks et al., 2015). Single-molecule FRET showed that
missense mutations (A30P, A53T, and E46K) observed in familial
forms of PD influence the kinetics of formation of oligomers and
induce structural differences compared with the WT (Tosatto
et al,, 2015). The concentration of oligomeric species of variants
(A30P, A53T, and E46K) in the lag phase of fibril formation is
similar to the one of the WT, which indicates that the effect of the
single amino acid substitutions on the oligomer structure might
be more relevant for their neurotoxicity (Tosatto et al., 2015).
Both type A and B oligomers are observed for mutants with a
conversion rate from A to B higher for A53T and lower for A30P
compared to the WT (Tosatto et al., 2015). Interestingly, for E46K
mutants, it is not possible to separate clearly the two types of
oligomeric species. Electron microscopy analysis of a-syn
aggregation showed that the A30P mutant promotes the
formation of pore-like protofibrils, whereas A53T promotes
the formation of annular and tubular protofibrillar structures
(Lashuel et al, 2002). The E46K variant generates annular
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oligomers similar to those observed for the A53T and A30P
mutants (Fredenburg et al., 2007).

Spherical metastable oligomers, with no significant secondary
structures, with a diameter of 100 A, were identified by SANS
(Bhak et al., 2018). Oligomers composed of about 30 monomers
forming a compact core with a flexible shell were characterized by
SAXS (Lorenzen et al., 2014). These ellipsoidal oligomers, of the
order of 100 A size, inhibit both the primary nucleation and the
subsequent elongation steps of a-syn fibrils (Lorenzen et al.,
2014). The structure of two main subgroups of small
oligomers, composed of 18 and 29 monomers on average, with
a pore-like shape was identified by cryo-EM (Chen et al., 2015).
The f-sheet structure in these oligomeric species is
predominantly antiparallel (in opposite to the parallel S-sheet
structure of fibrils) and amounts to 35% of the residues.
Interestingly, spherical oligomers observed by AFM-IR are also
mainly composed of the anti-parallel B-sheet (Zhou and
Kurouski, 2020). AFM studies of a-syn pre-fibrillar formation
on different solid surfaces reported the observation of
heterogenous oligomers with spherical, elongated, and annular
shapes (Conway et al., 2000; Zhou and Kurouski, 2020). Chains of
spherical oligomers were also observed (Conway et al., 2000).
Oligomers are formed in the primary nucleation phase of fibril
formation but can also be generated upon fibril disaggregation
(Bousset et al., 2013; Cremades et al., 2017).

The observation of annular oligomers for the WT and mutants
suggests that a-syn may form a pore-like S-barrel structure in
membranes that disrupt the membrane integrity (Volles et al.,
2001; Fredenburg et al., 2007; Laganowsky et al, 2012).
Monomeric a-syn and fibrils did not show membrane
permeabilization activity (Volles et al., 2001). Exposure of
hydrophobic side chains of oligomers to solvent may facilitate
membrane permeabilization and be a source of cellular
dysfunction (Cremades et al., 2012). Excessive production of
reactive oxygen species, which may lead to cell apoptosis, is
induced by a-syn oligomers (Cremades et al, 2012). The
selective binding between transmembrane protein LAG3
(lymphocyte-activation gene 3) and a-syn preformed fibril
species is also suggested as a mechanism of neurotoxicity in
which LAG3 facilitates the endocytosis of toxic oligomeric species
and the neuron-to-neuron transmission of pathological «-
synuclein aggregates (Mao et al, 2016). In addition, the
observation of a-syn helical tetramers (Bartels et al, 2011;
Wang et al, 2011; Dettmer et al., 2015; Cote et al., 2018;
2020) stabilized by hydrophobic
interactions and salt bridges between the monomers (Cote
et al., 2018) suggests another mechanism of toxicity related to
the equilibrium between the tetrameric form and other (f3-sheet)
oligomeric species (Bartels et al, 2011). Replica exchange
molecular dynamics (MD) biased by NMR data showed that
helix-rich and f-strand-rich trimers and tetramers are stable and
may represent a minor population of a-syn in solution (Gurry
et al., 2013).

Although oligomers composed of dozens of a-syn monomers
are identified as toxic (type B oligomers), the role of dimers in the
neurotoxicity of a-syn cannot be discarded. It has been
hypothesized that the critical rate-limiting step in the primary

Lucas and Fernandez,
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nucleation is the oxidative formation and accumulation of a
dityrosine cross-linked dimer (Krishnan et al., 2003). The peak
of accumulation of dimers coincides with the rapid onset of
fibrillation for the WT and mutant (A53T and A30P) proteins.
Dimer formation is accelerated for the A30P and A53T variants
(Krishnan et al., 2003). It is worth noting that dimers have a
detectable membrane permeabilization activity (Fredenburg
et al,, 2007). As dimerization is the most initial step in self-
assembling of monomers, dimers may play an important role in
the different pathways of aggregation leading to type B oligomers.
a-Syn dimers are systematically observed in the lag phase of a-syn
aggregation and were characterized by FRET (Cremades et al,,
2012; Horrocks et al.,, 2015; Tosatto et al., 2015), fluorescence
(Krishnan et al., 2003; Fredenburg et al., 2007; Lv et al., 2015),
AFM (Yu et al,, 2008; Zhang et al., 2018), and circular dichroism
(Roostaee et al., 2013).

Dimerization between fluorophore-free WT and mutant
(A30P, A53T, and E46K) a-syn monomers on a substrate and
fluorophore-labeled monomers in solution was analyzed by
internal reflection fluorescence microscopy (Lv et al, 2015).
Two types of dimers were identified which differ by an order
of magnitude in their lifetimes. For the WT, E46K, and A53T, the
less stable (type 1) and most stable (type 2) dimers have a lifetime
of the order of about 200-300 ms and about 3s, respectively (Lv
et al, 2015). The variant A30P is significantly different with
lifetimes of the order of 700 ms (type 1) and 5s (type 2),
suggesting a more stable dimeric structure (Lv et al,, 2015).
Type 2 dimers were also observed in single-molecule AFM
spectroscopy findings of WT a-syn (Yu et al, 2008). The
lifetimes (types 1 and 2) of the mutants are systematically
longer than the one of the WT, which indicates that the
missense mutations seem to increase the stability of the dimer
aggregate. Most dimeric structures are of type 1, but A30P and
A53T single amino-acid substitutions increase significantly the
type 2 population. The type 2 dimer might be related to the B-type
toxic oligomer (Tosatto et al., 2015). The a-syn dimers have a low
FRET efficiency but might be a mixture of types A and B, which
cannot be resolved experimentally (Horrocks et al., 2015). The
fraction of dimers formed in the lag phase of aggregation is by
increasing order WT < A53T < A30P as measured by FRET.
The A30P variant generates the largest population of B oligomers
at the end of the lag phase of fibrillation (Tosatto et al., 2015).
These data (Lv et al.,, 2015; Tosatto et al., 2015) taken together
indicate a significant structural difference between A30P dimers
compared to WT and A53T dimers.

Differences between WT and mutant dimers were also
observed by single-molecule AFM force spectroscopy at low
pH (promoting aggregation) (Krasnoslobodtsev et al., 2013).
Mutiple segments’ interactions between the monomers are
favored in A53T and E46K compared to the WT as reflected
by a larger number of multiple rupture force events
(Krasnoslobodtsev et al., 2013), whereas A30P favored single
segment dimerization compared to the WT (Krasnoslobodtsev
etal., 2013). a-Syn monomer and dimer structures and dynamics
were also measured at neutral pH by high-speed AFM for
proteins adsorbed on a solid surface immersed in an aqueous
solution (Zhang et al., 2018). The monomer adopts mainly a
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compact and stable spherical structure, but one-tail and two-tail
transient structures were also identified (Zhang et al., 2018).
Conformational transitions between different conformations
occurred on a second-to-minute time scale. Dimers formed by
the association of two globular monomers (major population) or
of one globular monomer and a one-tail monomer (minor
population) were observed (Zhang et al., 2018). However, the
a-syn structure and dynamics on a surface might be different
from those of a-syn in solution, as the confinement of a polymer
on a surface is known to modify the dynamics and stability of the
polymer conformations. For example, an a-syn monomer adopts
an a-helical structure on the negatively charged (phospholipid)
membrane (Fusco et al., 2018).

No experimental technique has so far provided the atomistic
description of dimer heterogeneity. Detailed structural information
on the influence of the missense mutations on the fundamental
dimerization step of a-synuclein is missing. The structural properties
and the role of a-syn dimers in different parallel pathways of the
formation of larger oligomers are still unclear. MD simulation is a
complementary means to single-molecule experimental techniques
that may give insights on the dimerization process. Previous
simulations of a-synuclein dimers were limited to the ultra-
simplified model (discrete MD (Zhang et al, 2018) or small
fragments of a-synuclein (Yamauchi and Okumura, 2021), which
does not take into account properly the dynamics of the polymer or
biased the initial conditions of the simulations by docking of the
monomer native structure adopted by a-synuclein on a
phospholipid membrane (Sahu et al., 2015). Here, we are going a
step further by using unbiased replica exchange MD simulations of
two a-synuclein molecules in an implicit solvent by using a physics-
based coarse-grained UNited-RESidue (UNRES) force field
(Maisuradze et al, 2010; Liwo et al, 2019) on a time scale of
29.7 milliseconds (72 replicas of 412 us each for each variant
studied), which is three orders of magnitude larger than typical
all-atom MD simulations (Khalili et al., 2005). The force field was
calibrated to reproduce the structure and thermodynamics of small
model proteins and applied with success to simulate protein folding
(Maisuradze et al., 2010; Zhou et al.,, 2014; Sieradzan et al., 2021),
large-scale conformational dynamics (Gofas et al, 2012), AB-
amyloids (Rojas et al,, 2017), and the effect of AB-fibrils on the
aggregation of tau protein (Rojas et al., 2018). In the present MD
simulations, most of the a-syn molecules do not aggregate and
remain thus in a monomeric conformation. These monomers for the
WT, A30P, A53T, and E46K were recently described elsewhere
(Guzzo et al,, 2021). Here, we describe the structure and populations
of the different dimeric states found in the MD simulations for the
WT and the same mutants and compare those to data extracted from
experiments.

2 MATERIALS AND METHODS

All structures of a-syn (WT and A30P, A53T, and E46K variants)
were extracted from replica exchange MD trajectories generated
with the coarse-grained UNRES force field (Maisuradze et al.,
20105 Liwo et al., 2019). In the UNRES force field, a polypeptide
chain is represented as a sequence of C* atoms with united

a-Synuclein Dimers

peptide groups located halfway of the virtual C*~C” bonds and
united side chains (SC) attached to the C* atoms. The SC-SC
interaction potentials implicitly include the contribution from
solvation (Liwo et al., 2001; Maisuradze et al., 2010). Descriptions
of the UNRES force field and its parameterization are available in
the reference (Liwo et al., 2019) and at http://www.unres.pl.

A total of 72 trajectories were computed for each protein: 32
trajectories at 300 K and 8 trajectories at each of the following
temperatures: 310 K, 323 K, 337 K, 353 K, and 370 K, using replica
exchange MD as described in Guzzo et al. (2021). Each trajectory
was started with 2 fully unfolded monomers separated by a distance
of 25 A. The integration time step in UNRES is 4.9 fs corresponding
to an effective actual time step of about 4.9 ps (Khalili et al., 2005).
The convergence of each trajectory was monitored by computing the
probability density of contacts of each residue, resulting in 30 million
steps (effective time scale of 147 microseconds) of consolidated data
out of 84 million steps (effective time scale of 412 microseconds) of
simulation for each trajectory. The Cartesian coordinates of C* and
SC beads were saved for every 1,000 integration steps. Only
structures at 300 and 310 K (40 trajectories) are reported here as
they are close to the physiological temperature.

Since the simulations are performed on two monomers, both
isolated non-interacting monomer conformations and aggregated
monomers were observed in the converged MD trajectories. A
dimeric conformation was defined as two monomers with more
than 10 pairs of residues with at least one intermolecular distance
between their C* atoms smaller than 5 A. This cut-off value was
chosen because the average distance between two residues in an
intermolecular B-sheet of an a-syn fibril is 4.8 A (PDB ID: 2n0a).
With this dimer definition, the fraction of dimers out of all the
conformers simulated at 300 and 310 K is 31% for the WT, 23%
for A30P, 29% for A53T, and 35% for E46K, respectively. The
formation of dimers is increased for the E46K variant and is
reduced for A30P (significantly) and A53T (weakly) mutants. The
dimeric state of each protein is finally described here by about
300,000 structures extracted every 1,000 integration steps from
the converged part of the replica exchange MD trajectories at 300
and 310 K, representing a sampling on an effective time scale of
1.47 milliseconds.

Analysis of the secondary structures of a-synuclein
conformations was performed directly from the C* coordinates
with the CUTABI (CUrvature and Torsion based of Alpha-helix
and Beta-sheet Identification) algorithm recently developed in
our group (Guzzo et al., 2021). CUTABI is 10-30 times faster
than the commonly used DSSP algorithm (Dictionary of
Secondary Structure of Proteins) (Kabsch and Sander, 1983;
Touw et al., 2015) because it avoids the construction of an all-
atom description of the protein backbone from the coarse-
grained UNRES structure, as required to apply DSSP. In
CUTABI, the minimal size of a helix is set to 4 residues.
Helices with less than 3 residues, such as short 3;, helices, are
thus not counted. The minimal size of a f-strand is set to 2
residues, i.e., a 3-sheet cannot be smaller than 4 residues. The 8-
strands of 1 residue forming -bridges are thus not considered. A
detailed description of the MD trajectories and of the CUTABI
algorithm can be found in our previous work on monomeric state
(Guzzo et al., 2021).
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FIGURE 1 | Color maps of -In [W] computed from the 2D probability density function P of the number of inter-chain (n;nse,) and intra-chain (njny,) contacts
between the residues of a-syn for the complete ensemble of dimers found in molecular dynamics trajectories at 300 and 310 K of the WT and variants. In each map, Prax
is the maximum value of the probability of the map. The local minima within one unit from the global minimum of each map are numbered. Examples of 3D structures
associated with each local minimum of the WT are represented with the N-terminus in blue, NAC in red, and the C-term in green. The light and dark colors
differentiate the structure of the two monomers within the dimers.
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FIGURE 2 | Mean intermolecular contact of a residue of a-syn WT and mutants for the complete ensembile of dimers found in molecular dynamics trajectories at

300 and 310 K. The color code is black (WT), violet (A30P), orange (A53T), and turquoise (E46K). The upper bar represents the N-terminal (blue), NAC (red), and
C-terminal (green) regions of the sequence. The red and green rectangles on the upper dotted bars describe the locations of the intermolecular s-sheets identified by
CUTABI in the experimental structures of a-syn fibrils with the PDB IDs 6ssx and 2n0a, respectively.

The statistics of contacts between amino acids (Figure 1,
Figure 2, Figure 3) were computed by defining a contact as a
pair of 2 C* atoms belonging to different residues at a distance

smaller than 6 A. By definition, the C* atom of a residue may
form several contacts. The mean contact of a residue (Figure 2)
is computed as the average of all intermolecular contacts made
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FIGURE 3 | Contact maps computed for the complete ensemble of a-syn dimers found in molecular dynamics simulations for the WT and the mutants. The upper
panels show intermolecular contacts between chains A and B of the dimers, and the lower panels show intra-molecular contacts within monomers A + B. The color bars
indicate the probability. Note the different scales for intra- and intermolecular contact maps.

by this residue in all snapshots of all trajectories at 300 and
310 K.

3 RESULTS

3.1 Propensity of a-Syn Dimerization

A dimensionless (effective) free-energy landscape of the a-syn
dimers, -In [M], was computed from the two-dimensional
probability dens?gl P of the number of inter-chain (#;,,) and
intra-chain (n;,,,,) contacts between the residues for the WT and
the mutants (Figure 1). P.., is the maximum value of the
probability for each protein. For all proteins, n;,,, varies
between about 200 and 400. The minimum value of #;,,, is 11
by definition of a dimer (see Material and Methods) and the
maximum about 150 for the WT, A30P, and A53T and 200 for
E46K. As for the monomer, the a-syn dimer has no unique native
conformation but is represented by a large variety of dimer
conformations. The structural diversity of the dimer
conformations is shown in Figure 1 where one structure was
randomly selected from each subpopulation of the minima of the
WT effective free energy.

The numbered local minima correspond to different
subpopulations of dimers with similar free energies (Table 1).
These minima are separated by low barriers for the WT and A30P
(violet to red regions between the minima in Figure 1). A larger
barrier exists between the minima 1 and 5 of A53T and the
minimum 3 and the minima 1 and 2 for E46K. It is worth noting

TABLE 1 | Effective (dimensionless) free-energy difference (-In [FT"]), where P, and
P; are the probabilities of the minimum 1 and the of ith minima shown in
Figure 1 for the WT and the variants.

Protein Min 2 Min 3 Min 4 Min 5
WT 0.08 0.39 0.40 0.84
A30P 0.42 0.54 - -
AB3T 0.04 0.12 0.14 0.24
E46K 0.32 0.72 - -

that only the WT has a map without large barriers, whereas the
maps of A30P, A53T, and E46K show small islands separated
from the rest by large barriers. The inter-conversions between
different subpopulations of dimer structures seem easier in the
WT compared to the variants.

Figure 1 is muted on how the numerous intermolecular
contacts are spread along the sequence. To answer this
question, we first calculate the mean intermolecular
contacts of residues along the sequence, as shown in
Figure 2. For the WT, we observe seven representative
peaks with maximum at A17, A27, Y39, and V49-A53 in
the N-terminus; at A76 and I88-A90 in the NAC; and at L113
in the C-terminus. All these positions correspond to
hydrophobic residues. In particular, the two largest peaks
correspond to segments of three, A76-V77-A78, and four, I88-
A89-A90-A91, hydrophobic residues, respectively. As
mentioned previously, alanine plays a particular role in the
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a-syn dynamics (Cote et al., 2018). It is worth noting that the
mean contact variable counts both intermolecular random
coil contacts and intermolecular f-sheet contacts. However,
in in vitro fibrils, as in dimers computed from MD, the
intermolecular contacts are mainly from residues in f-
sheets (see the next subsection). Therefore, we compare the
mean contact curves with the location of intermolecular -
sheets computed by CUTABI in two different experimental
in vitro structures of WT a-syn fibrils (PDB IDs: 6ssx and
2n0a) in Figure 2. The peaks at Y39 and V49-A53 in MD are
within a region of -sheets in both experimental WT fibril
structures and the peaks at A76 and 188-A90. A more precise
comparison between intermolecular f3-sheets found in MD
and these structures will be examined in Figures 6, 8.

As shown in Figure 2, it is remarkable to observe that a single
mutation has huge effects on the relative weights of the different
local regions having high aggregation propensity in the WT. The
effects of a single amino-acid substitution are not limited to
residues close to the mutation: the single amino-acid substitution
has long-range effects on the mean contact. Compared to the WT,
the main differences are as follows: 1) a larger propensity to
aggregate in the N-terminal region for A53T and E46K and
smaller for A30P, 2) a larger propensity to aggregate in the NAC
region for A30P and lower for A53T, and 3) E46K has a
propensity to aggregate larger than the WT all along the
sequence excepted in region A76-188 of the NAC. The largest
peak of A30P is located at G69-V70-V71 corresponding to a
succession of three hydrophobic residues. The highest propensity
to aggregate is maximum at L38 for A53T and at V49 for E46K.
The contribution of the C-term is modest and only significant
close to L113 (except for A30P) and to Y136 (mainly for A30P).

How the different regions of the protein interact with each
other is summarized by the intra-molecular and intermolecular
contact maps in Figure 3 for the WT and the mutants. In such a
map, the colored lines parallel to the diagonal indicate contacts
between residues in parallel segments, whereas the colored lines
perpendicular to the diagonal show contacts between residues in
anti-parallel segments. The parallel lines are the most probable
for the intermolecular contacts for all proteins. In the opposite,
the perpendicular lines are the most probable and numerous for
the intra-molecular contacts for the WT and mutants.

For the WT, the most probable intermolecular contacts are on
the diagonal of the map in region 75-93 (NAC), which means
that this region in one chain interacts with the corresponding
region in the other chain. Such contacts are similar to those in
fibrils. Using (A) and (B) for chains A and B, we find more
precisely contacts between residues 75-85 (A) and 74-84 (B) and
between 83 and 93 (A) and 83-93 (B). A similar region in the
NAC has contact along a parallel to the diagonal, between
residues 75-91 (A) and 84-100 (B). Other long regions of
contacts shifted by several residues occur between residues
36-51 (A) and 2-17 (B), 32-52 (A) and 63-83 (B), 52-63 (A)
and 88-99 (B) (parallel segments), and 52 and 66 (A) and 37-50
(B) (anti-parallel segments). There are also a large number of
small contacts between parallel segments in different regions. An
important characteristic of the WT map is the absence of
intermolecular contacts along the diagonal in the region

a-Synuclein Dimers

50-65, which is favorable to the helical structure in the
monomer (Guzzo et al., 2021). As mentioned, the contact map
of intra-molecular contacts is characterized by a large number of
anti-parallel segments in contacts for the WT. Using the numbers
in the horizontal axis of the maps, the most probables are 2-23,
12-39, 14-47, and 33/36-50/51 (N-terminus) and 67-77 and
87-101 (NAC). The WT map shows a lot of weakly probable
contacts in distant regions.

For A30P, the most probable intermolecular contact is along
the diagonal or parallel to the diagonal between residues 38 and
95 (end of the N-terminus and NAC). Contacts strictly similar to
those in fibrils are found between residues 80 and 95. Contacts
between parallel segments close to the diagonal (shifted by several
residues) are between residues 69-79 (A) and 73-83 (B), 38-67
(A) and 50-78 (B), and 17-25 (A). Probable anti-parallel
intermolecular contacts are observed mainly between residues
3-23 (A) and 32-51 (B), and 8-25 (A) and 87-105 (B). Compared
to the WT, the number of regions interacting with each other is
less numerous. The intra-molecular contacts are mainly between
anti-parallel segments in the N-terminus, as in the WT, with an
extended region of high probability for segments 8-53 and 77-93.

For A53T, the most probable intermolecular contacts are in
the N-terminal region [residues 1-60 (A)] with many contacts
between shifted segments as, for example, 15-29 (A) and 41-55
(B), 26-35 (A) and 36-45 (B), and 37-55 (A) and 27-45 (B).
Contrary to A30P, the WT, and E46K (discussed next), there are
only short regions of intermolecular contacts parallel to the
diagonal, namely, in the NAC region (85-92) and in the
C-terminus (111-116). The intra-molecular contacts in the
N-terminus are similar to those of the WT, whereas contacts
in the NAC are similar to those of A30P.

The E46K mutant is characterized by a large region of high
probability of aligned intermolecular contacts (on the diagonal)
from the N-terminus to the NAC (regions 36-81 and 87-90) and
a large region of parallel intermolecular contacts between shifted
segments: between regions 15-95 (A) and 35-109 (B). Intra-
molecular contacts between anti-parallel segments are found in
regions 7-20, 12-38, and 72-94.

3.2 Heterogeneity of Secondary Structure

Elements in a-Syn Dimers
For each protein, the algorithm CUTABI (Guzzo et al., 2021) was
applied to the ensemble of a-syn dimers to compute the sum of
residues in the a-helix («) and in the S-sheet (). Each dimer
conformation thus has (a, fB) coordinates. The resulting
probability densities in the (a, ) space are represented in
Figure 4. In these maps, only residues from the N-terminal
and NAC regions were considered for the calculations as the
C-terminal region does not contribute to secondary structure
differences between the WT and mutants (Guzzo et al., 2021).
For the isolated monomers, a major observation was that the
conformations of the monomers were divided into two distinct
states for the N-terminal + NAC region: an ensemble of
conformations with no residue in the helix (state B) and the
rest of conformations (state HB). The highest probability of
observing a conformation in state B was an order of
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FIGURE 4 | Probability density of the number of residues in a-helices and p-sheets for the WT and mutants of a-syn. The probability density of state B (no helix) is
represented by a function (gray) (right vertical axis), and the probability density of state HB is represented by a two-dimensional map (right color bar).

magnitude larger than that of state HB (Guzzo et al., 2021). In
Figure 4, states B are clearly visible for the monomers forming
A30P and E46K dimers with a probability only twice larger than
state HB. On the opposite, states B disappeared in the WT and
A53T dimers where the probability to find a dimer with no helix
is completely negligible. For A30P, the maximum number of
residues in f-sheets is 155 and the highest probable number is
139, i.e., half of the residues of the dimer. A sub-state B is found at
about 90 for A30P. For E46K, the maximum number of residues
in state B is also large (133) with a peak at 108 and a second peak
at 66.

States B and HB can be distinguished from the function
presented in Figure 5 showing the fraction of conformations
within an effective free-energy difference cut-off from the global
minimum of state B for each protein (Guzzo et al., 2021). With
P,nax the maximum of probability at (0, §) (in the B state), and P,
the probability at (a, B) (« > 0, in the B or HB states), the effective
free-energy cut-off is computed as —In (%) in kT units, where k
is the Boltzmann constant and T'is the temperature. By definition,
the derivative of the curves represented in Figure 5 represents the
Density Of conformations or micro-States (DOS). For A30P and
E46K, a change in slope (DOS) is observed at about 1.2 kT,
corresponding to about 10 and 45% of the conformations,

respectively. The change in slope at 1.2KkT points up the
separation between main states, i.e., the onset of state HB,
i.e, a state with a mixture of a-helices and S-sheets. The case
of E46K is special. We observe in fact two changes in slope at
about 0.8 and 1.2KkT corresponding to the major peak at 110
residues and the minor peak at 70 residues in the one-
dimensional probability density of state B in Figure 4. The
HB state of E46K (Figure 4) is also very different from the
HB states of the other proteins: they are rare dimers with helical
regions larger than about 15 residues. Conformations with a
maximum number of residues in helix are a few on the time scale
of the present simulations with a maximum number of residues in
the helix of 59, 50, 63, and 61 for the WT, A30P, A53T, and E46K,
respectively. As for the monomers, A53T is the structure with the
largest number of residues in helix (Guzzo et al., 2021). It is worth
noting that the free-energy map of the HB state of A53T is also the
most diffuse. The global minima of the HB maps are (13,80),
(13,98), (31,70), and (8,91) for the WT, A30P, A53T, and E46K,
respectively. The positions of these minima reflect also the largest
propensities to form helical segments and f-sheets for A53T and
E46K, respectively.

The probability to find the different secondary structures
along the amino-acid sequence of the WT and mutants of
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FIGURE 5 | Cumulative fraction of the total number of conformations
simulated as a function of an effective free-energy cut-off from the global
minimum of the B state (see text) represented in Figure 4. The curves are for
the WT (black), ASOP (purple), E46K (turquoise), and AS3T (orange).

a-syn dimers was analyzed with CUTABI. As shown in
Figure 6, helices are found in four main regions: two in
the C-terminal region (residues 119-125 and 127-130), one
in the NAC region (residues 75-82), and one overlapping the
N-terminal and NAC regions (residues 53-65) for both the
WT and mutants. There is no significant difference between
the propensities of helices for the WT and mutants in the
C-terminal region. These results for the helical propensity are
similar to those found for the isolated monomers (Guzzo
et al., 2021). The main differences are that the probability to
form the helix 53-65 is twice larger in the dimer than in an
isolated monomer for the WT and that the probability to form
the 75-82 helix is about twice smaller in the dimer than in an
isolated monomer for A30P and E46K.

The intra-molecular and intermolecular -sheets were analyzed
separately. The probability for a residue to pertain to an intra-
molecular f3-sheet has peaks at the same positions than for an
isolated monomer. For the WT, the maximum of the peaks observed
in Figure 6 is as follows (in brackets for an isolated monomer
(Guzzo et al., 2021)): Pgy = 0.44 (0.57), Px10=0.53 (0.61), P4;7=0.71
(0.87), Pryp = 0.74 (0.76), Prag = 0.60 (0.65), Px34 = 0.64 (0.61), Psg =
0.65 (0.69), and Pys9 = 0.63 (0.69); Piy3 = 0.36 (0.50), Pyyo = 0.26
(04), P53 = 019, and PV55 =0.13 (069), PV63 =0.14 (064), PV70 =
0.15 (032), P81 =0.18 (035), and PK80 =0.17 (041), Pg,g =0.43 and
Pagp =0.42 (0.58); and Pyys = 0.20 (0.35) and Py, = 0.27. These peaks
are at the same locations for the mutants as they were in isolated
monomers. These maxima are located at or close to valine residues,
which is the most frequently found amino acid in S-sheets (Chou
and Fasman, 1974). The empirical prediction of the dimensionless
propensity of the formation of the 8-sheet computed from the scale

a-Synuclein Dimers

of Chou and Fasman (CF) (Chou and Fasman, 1974) is shown in
Figure 6 for the WT. The CF simple algorithm, using only the
primary sequence, predicts some peaks at similar locations than
predicted by MD, namely, at 39, 52, 71, and 94. Of course, there are
quantitative differences in the shape and relative heights predicted by
CF compared to MD (they are not exactly the same quantities), but
both methods identify qualitatively similar local regions of sequences
which are important for f-sheets. It is worth noting that the CF
algorithm predicts only a relatively small local change of the -sheet
propensity for the mutants, as the influence of a residue is limited to
a few residues in the vicinity of its position.

Compared to the WT, the increase in probability of intra-
molecular S-sheets in the region 26-35 for A30P and its decrease
in the region 53-65 for A53T were also found in the isolated
monomers (Guzzo et al.,, 2021). Compared to isolated monomers,
the probability for a residue to pertain to an intra-molecular -
sheet decreases significantly from residues 43 to 100 for the WT,
A30P, and A53T. Therefore, the intra-molecular f3-sheets form
mainly in the N-terminal region for these three proteins. For
E46K, they are found equally in the N-terminal and NAC regions.
Note that the CF algorithm underestimates the large propensity
of formation of B-sheets in the N-terminal region.

The maxima of probability to form intermolecular f-sheets are
located at the same positions than those of the probability to form
intra-molecular S-sheets. The amplitude of these peaks is however
different between the proteins. They are four major peaks for the WT
and A30P: PY39,WT =0.33, PT75,WT =0.31, PT81,WT =0.29, and PI88,WT
= 0.36, and PV70>A30P = 040, PT75,A30p = 0.46, PISS,A30p = 040, and
Pago,a30p = 0.52, respectively. Except for the peak at Y39, the larger
propensities to form intermolecular S-sheets are located in the NAC
for the WT and A30P. For A53T, all the major peaks are in the
N-terminal region: PF4,AS3T =0.36, PE28,A53T =0.37, PL38,A53T = 0.60,
and Py wr = 0.34. For the variant E46K, the propensity to form
intermolecular 3-sheets is mainly in the N-terminal region with peaks
at PA27,E46K = 035, PY39E46K = 045, PT44,E46K = 037, PV49,E46K = 040,
and Pys; gyerc = 0.35 but also in the NAC region with peaks at Py pisxc
=0.31 and P4gq pyex = 0.40. A single amino-acid substitution modifies
significantly the most probable regions of the formation of
intermolecular f-sheets: highest in the NAC for the WT and
A30P, in the N-terminal region for A53T, and in both the
N-terminal region and in the NAC for E46K. These results
compare well with the mean intermolecular contact profiles
(Figure 2). As shown in Figure 6 for the WT, the mean contact
curve follows quite well the probability of intermolecular contact
(except for the 80-85 region). Finally, the probability to form
intermolecular S-sheets between the same residues in both
monomers (diagonal in the contact maps in Figure 3), named
native fibril-like contacts (Nfcs), is also shown for comparison in
Figure 6. For all proteins, the probability of Nfcs is low. The sub-
ensemble of dimers showing these contacts is analyzed and
discussed next.

3.3 Dimers With Fibril Native Contacts
(Dfncs)

Contact maps of the WT and mutants show contacts along their
diagonal as in the experimental structures of fibrils (PDB IDs:
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structures of a-syn fibrils with the PDB IDs 6ssx and 2n0a, respectively.
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FIGURE 6 | Analysis of the secondary structures for the complete ensemble of a-syn dimers found in molecular dynamics simulations for the WT and the mutants
using the CUTABI algorithm (Guzzo et al., 2021). Probabilities for each residue to pertain to an a-helix (blue), to an intra-molecular -sheet (green), to an intermolecular -
sheet (black), and to a native intermolecular -sheet fibril type (red). The probability for each residue to form an intermolecular contact (Figure 2) is shown for the WT
(black/yellow broken line) for comparison. The propensity to form a $-sheet calculated from the empirical scale of Chou and Fasman with the Protscale online tool
(https://web.expasy.org/protscale/) using a window of 15 residues and a linear interpolation with a weight of 0.10 for the window edges is also represented (dotted line)
for the WT. The red and green rectangles on the upper dotted bars describe the locations of the intermolecular -sheets identified by CUTABI in the experimental

6ssx and 2n0a). To identify conformations belonging to the
diagonal of the contact maps, we extracted from the dimer
statistics a sub-ensemble of dimers with Nfcs. We define a
dimer with fibril-like native contacts (Dfncs) as a dimer
conformation that has at least 5 consecutive intermolecular
contacts made between residues with the same indices at a
contact distance less than 5A. This value was chosen as the
distances between native contacts in fibrils are 4.9A and 4.7A
in the measured structures with PDB IDs 6ssx and 2n0a. We may
consider the Dfncs ensemble as conformations that are the most
probable pre-formed fibrils in the present work.

The dimensionless (effective) free-energy landscape of the
Dfncs was computed from the two-dimensional probability
density P of the number of inter-chain (#;,,,) and intra-chain
(nin1ra) contacts between the residues for the WT and the mutants
(Figure 7). For the WT and A53T, the Dincs is located in one
basin, whereas for A30P and E46K, two distinct clusters are
visible. Some of the fibril clusters are located at the local minima
of the global free-energy landscape (Figure 1), except for A53T.
For A30P and E46K, one of the two clusters of Dfncs occurs at the
global minimum of the global free-energy landscape (Figure 1).

This indicates that Dfncs are more probable to be formed for
these two mutants. In fact, the sub-ensemble of Dfncs represents
14.04% and 15.73% for A30P and E46K, respectively. For the WT
and A53T, the population of Dfncs is only 8.33 and 10.65%,
respectively. It is worth noting that these numbers indicate that
the majority of dimers are disordered aggregates at least on the
effective time scale (millisecond) of the present simulations.

The calculation of the probability to find the different
secondary structure elements along the amino-acid sequence
of the WT and mutants of a-syn dimers was repeated for the
sub-ensemble of Dfncs using CUTABI (Figure 8). Compared to
the ensemble of dimers, the helical regions of Dfncs show
significant differences for the WT and A53T: the region 53-65
can only form a helix in the WT, preventing the dimerization of
this region, whereas this helical region disappears in A53T and
the helical region 75-82 disappears in the WT.

The peaks of probability for a residue to pertain in an intra-
molecular f3-sheet occur at the same positions in the Dfncs sub-
ensemble and in the ensemble of the dimers for all proteins (see
Figure 6). For the WT, the propensity of intra-molecular -sheets
is strongly increased in the N-terminal region of Dfncs with the
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FIGURE 7 | Color maps of -In [P‘”'g'::;:""f'a’] computed from the 2D probability density function P of the number of inter-chain (n;xe,) and intra-chain (n;xz) contacts
between the residues of a-syn for the sub-ensemble of dimers with fibril native contacts found in molecular dynamics trajectories at 300 and 310 K of the WT and
variants. In each map, Pnax is the maximum value of the probability of the map. The local minima numbered in Figure 1 are shown by black triangles.

peaks with a probability near 1 meaning residues pertaining to
this type of secondary structure in all Dfncs conformations. On
the contrary, all residues above position 50 have a totally
negligible probability to form an intra-molecular S-sheet in
Dfncs. Unlike the ensemble of WT dimers for which
intermolecular f-sheets can be found nearly everywhere along
the sequence (Figure 6), in the Dfncs sub-ensemble, they are
found only for residues 43-51 (N-terminal region), 69-95 (NAC
region), and 99-100 and 134-135 (C-terminal region). We
observe a propensity to form Nfcs, as in fibrils, only for
specific regions in the NAC: residues 75-76, 80-82, 85, and
87-93. For the segment 87-93, the superposition of the black
and red curves in Figure 8 means that only Nfcs are formed there.
Considering the limited time scale of the present simulations,
these residues are probably nucleation centers of pre-fibril-like
dimers in the WT.

For A30P, the probability to form intra-molecular S-sheets is
similar in Dfncs and in the full ensemble of dimers (Figure 6) but
with an increase in the region 36-58. Contrary to the ensemble of
A30P dimers, for which intermolecular f3-sheets can be found
nearly everywhere between residues 3-104 along the sequence
(Figure 6), in Difncs, they are found in the NAC for residues
70-83 and 87-96 as well as with smaller probabilities in the
C-terminal region at 103-105 and in the N-terminal region at
18-20 and 26-28. The propensity to form Nfcs occurs only in the
NAC at 87-88 and 90-95, which are probably the nucleation
centers for this type of structure for this variant. Clearly, the WT
and A30P share the same region of formation of Nfcs in the NAC.

For A53T, the propensity for a residue to pertain to an intra-
molecular -sheet increases in the NAC and C-terminal regions
in Dfncs compared to the complete ensemble of dimers
(Figure 6). The formation of intermolecular f3-sheets occurs
all along the sequence: residues 3-11, 22-30, and 35-60
(N-terminal region); 61-65, 71, and 87-92 (NAC region), and
112-116 (C-terminal region). A53T differs thus from the WT and
A30P by a large number of regions of intermolecular S-sheets,
including the N-terminal region. In addition, the probability of
segments 44-65 and 87-92 in the NAC to form Nfcs is identical
to the probability of intermolecular -sheets, meaning that these
residues form only Nfcs in the Dfncs sub-ensemble and are
probably nucleation centers for A53T pre-fibril-like dimers.

For E46K, the probability of intra-molecular -sheets is similar
between Dfncs and the ensemble of dimers. The exception is the
peak at residues 38 and 39 for which the probability is 1 as well as
the probability for these residues to form Nfcs, meaning that these
residues are involved in both Nfc and intra-molecular 3-sheets.
As for the other proteins, the presence of intermolecular f3-sheets
is limited to specific regions in contrast to the ensemble of dimers
where they were found along all the sequence (Figure 6). In
addition, nearly all intermolecular 3-sheets are Nfcs (the black
and red curves in Figure 8 overlap), namely, at 26-28 and 37-60
(N-terminal region) and 61-65, 75-78, and 88-92 (NAC).

Figure 8 shows that regions of high propensity of Nfcs in
A53T and E46K are significantly different from those of the
WT and A30P. This can be more clearly seen for the Nfcs in
Figure 9. Figure 9 shows the different lengths of the Nfc
regions and their probabilities along the sequence. A30P has
the shortest consecutive segments of Nfcs, with the longest
between residues 86 and 97 (NAC and C-terminal region),
with the largest probability of Nfcs at 87-88 (NAC). The
maximum number of consecutive Nfcs for the WT is 18
between residues 78 and 95 (NAC). As already mentioned,
the formation of Nfcs in A53T and E46K occurs differently
compared to the WT and A30P: they are mainly in the
N-terminal region. These two variants have the largest
segments of consecutive Nfcs on the time scale of the
simulation: 25 between residues 43 and 66 for A53T and
37 between residues 34 and 70 for E46K. The structures of the
proteins with the largest number of Nfcs are represented in
the insets of Figure 9, and they can be considered the most
probable nucleation structures of Dfncs on the time scale of
the present simulations (millisecond). As mentioned earlier,
the number of Dfncs structures is the largest for A30P and
E46K. One may deduce that the nucleation is easier for these
two structures. On the other hand, if we consider the
maximum number of Nfcs possibly formed on the time
scale of the simulations as a criterion in the difficulty of
the growth of Nfcs from a nucleation center, we found by
increasing order of difficulty: A30P, WT, A53T, and E46K.

As shown in Figure 9, some Dfncs of A53T and E46K have
segments that do not start before residue 39 and do not expand
above residue 58. It is worth noting that residue 58 is the location
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FIGURE 8 | Analysis of the secondary structures in the sub-ensemble of a-syn dimers with native fibril-type contacts found in molecular dynamics simulations for
the WT and the mutants at 300 and 310 K. Probabilities for each residue to pertain to an a-helix (blue), to an intra-molecular g-sheet (green), to an intermolecular -sheet

of the maximum of probability to form a helix and residue 39 has
a high propensity to form intra-molecular f-sheets in both
disordered dimers (Figure 6) and the monomers (Guzzo et al.,
2021).

3.4 Selected Local and Global Properties

Related to Experimental Techniques

In dimers, the residues may form both intra-molecular and
intermolecular parallel and anti-parallel f-sheets that can be
distinguished in infrared and Raman spectroscopies using amide
bands. Table 2 shows a significant variation in the amount of parallel
B-sheets between the monomers and the dimers. The formation of
disordered dimers and Dfncs is clearly characterized by an increase
in the proportion of residues in parallel S-sheets compared to
monomers: by increasing percentage, one finds monomer,
disordered dimers, and Dfncs. The amount of parallel -sheets in
Dincs is the largest for the WT despite the fact that the length of
segments of Nfcs is quite short (Figure 9), which implies that most of
the parallel S-sheets are in segments of WT monomers that are not
aligned as in fibrils. For the proportion of anti-parallel S-sheets, we
do not observe a clear systematic variation between the monomers
and the dimers. For A53T and E46K, the percentage of anti-parallel
B-sheets is increased from the monomers to disordered dimers and

Dfncs. No significant change is found for the WT. The case of A30P
is special: the proportion of anti-parallel -sheets is decreased in
Dfncs and increased in disordered dimers compared to the
monomers. It is worth noting that on the time scale of the
simulations, the Dfncs represent about 9-15% of the structures,
with the other dimers being disordered.

A global parameter that can be measured by SAXS is the
gyration radius. The probability density functions of the gyration
radius of the ensemble of dimers are presented in Figure 10. Each
function can be represented by the sum of several subpopulations
described by Gaussian functions. The Gaussian parameters, given
in Table 3, were computed with the Gaussian mixture model
(GMM) algorithm (Reynolds et al., 2009). However, the GMM
clustering is misleading as the subpopulations cover large areas of
the free-energy landscape maps of the contacts (Miusers Mintra)
(Figure 1) and of the secondary structures («, ) (Figure 4), as
shown in Supplementary Figure S1 and Supplementary Figure
S2, respectively. Finally, the average gyration radius (Table 3) is
the smallest for E46K and the largest for A30P.

Single-molecule FRET allows us to extract information on
local properties. In Cremades et al. (2012), Horrocks et al. (2015),
and Tosatto et al. (2015), the fluorophores (Alexa Fluor 488 and
Alexa Fluor 647) were covalently linked at position 90 of a-syn
mutants A90C. The FRET efficiencies depend on the distance
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FIGURE 9 | Analysis of the mean contact probability along the amino-acid sequence for the sub-ensemble of Dfncs found in MD trajectories for the WT and
variants. For each protein, the left panel represents the probability density of the number of contacts and the right panel represents its distribution along the sequence for
each point of the distribution, with a color code giving the probability at each residue according to the color bar on the right. 3D structure representatives of the maximum
number of native fibril-type contacts are shown with the following color: N-terminal (blue), NAC (red), C-terminal (green), and native contact region (black).

TABLE 2 | Percentages of residues in parallel and anti-parallel intra- and intermolecular -sheets computed with CUTABI for the ensemble of dimers, the sub-ensemble of
Dfncs, and isolated monomers.

Dimer Dimer Dfncs Dfncs Monomer Monomer
Protein Parallel Anti-parallel Parallel Anti-parallel Parallel Anti-parallel
WT 16.5 279 2941 28.7 10.6 28.4
A30P 18.2 35.1 21.0 27.0 10.9 31.1
AB3T 171 29.4 22.8 30.8 11.0 22.4
E46K 18.9 31.8 231 30.0 10.3 25.8

between the fluorophores. Therefore, the FRET experimental  proteins, except E46K. All other peaks present in disordered
procedure observed the aggregation of a-syn using a specific ~ dimers have disappeared in Difncs, except for E46K, for which we
local property that is directly correlated with the distance between ~ observe a peak at around 15 A and a large background. Regarding
residues 90 of interacting monomers. It is, therefore, interesting  this specific A90-A90 distance, the difference between the
to compute the probability density functions of the distances  probability densities of disordered dimers and Dfncs is
between the C* of residues A90 in disordered dimers and in  spectacular. In addition, this clearly shows that E46K has a
Dfncs. These functions are presented in Figure 11 (panels A and  different behavior regarding this local parameter.

B) for the WT and mutants. In disordered dimers, we observe a

heterogeneity of these distances with a group of peaks below 15 A

and other peaks between 20 A and 80 A (panel A). In the 4 DISCUSSION

subpopulation of Dfncs, there is a drastic change in the

distance probability distribution (panel B). All proteins, except ~ The first important finding of the present simulations is that
E46K, have a peak around 3.8 A. This can be explained by Figures  the ensemble of a-syn conformations (WT and mutants) is
8, 9, which show that residue 90 is involved in Nfcs for all  strongly heterogeneous, as shown by the computed probability
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TABLE 3 | Clustering of the gyration radius probability density using the GMM
algorithm. The values in brackets are the corresponding % of the ensemble of
the conformations.

Protein Cluster 1 Cluster 2 Cluster 3 Average value
WT 335A(60%)  42.2 A (40%) - 37.0 A (100%)
A30P 376A(73%) 476A(16%)  26.1 A (11%) 37.9 A (100%)
AB3T 311A@41%) 37.6A38%)  43.8A (21%) 36.2 A (100%)
E46K 327 A(72%)  41.7 A (28%) - 35.2 A (100%)

density functions of the gyration radius (Figure 10), the
effective free-energy landscape of the contacts (Figure 1),
the effective free-energy landscape of the secondary
structures (Figure 4), and the probability density function
of the A90-A90 distance (Figure 11). The second significant
finding is that the ensemble of heterogeneous dimer
conformations is divided in a majority of disordered dimers
and a complementary minority of Dfncs (Figure 9). The third
important finding is that a single amino-acid substitution has a
huge effect on the contact probability between (hydrophobic)
residues of a-syn, which is not limited to the vicinity of the
mutated residue as shown in Figure 6 for disordered dimers
and in Figures 8, 9 for Dfncs. Keeping in mind that the
effective time scale of the present simulations (millisecond)
represents the early lag phase of fibril growth, as it is three to
four orders of magnitude smaller than the lag phase of fibrils
observed experimentally, we will, however, attempt next to

make qualitative comparisons between these three significant
results and different experimental findings.

Unfortunately, there are no SAXS or SANS measurements of
a-syn dimers to compare directly with Figure 10 to the best of our
knowledge. It is worth noting that the distribution of the gyration
radius of a-syn monomers is single peak, except for the sub-
ensemble of A30P and E46K monomers without an alpha-helix
(B monomer state), for which a small peak at R, = 18 A was found
(Guzzo et al, 2021). For recombinant monomeric a-syn, the
average gyration radius, extrapolated at infinite dilution, is 27.2 +
0.44 A (Araki et al., 2016), comparable to the value calculated
previously in our MD simulations (24.7A) (Guzzo et al., 2021).
The experimental value of the gyration radius of a monomer
varies among the experiments: for example, in Tris-bulffer, it is
increased to 42.7A (Araki et al, 2016). We hypothesize that the
presence of dimers in a monomeric solution may give an apparent
larger gyration radius of the monomers because the dimer
conformational ensembles have an average gyration radius of
about 10A larger than one of the monomer ensembles (Table 2).

The heterogeneity of the size distribution (Figure 10) and of
the contacts (Figure 1) of a-syn dimers can be related to the
rupture-force AFM experiments on WT, A30P, A53T, and E46K
a-syn dimers in solution (Krasnoslobodtsev et al., 2013). These
experiments were performed at low pH to increase the
aggregation propensity of a-syn and with the additional
mutation A40C needed to hang one of the monomers on the
AFM tip and the other on the surface. Contour lengths of the
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FIGURE 11 | Probability density functions of the distance between the C* atoms of residues A90 in the ensembles of disordered dimers [panel (A)] and of Dfncs
[panel (B)] and the corresponding probability distribution functions of the approximated FRET efficiency E (see text) for the ensembles of disordered dimers [panel (C)]
and of Dfncs [panel (D)]. Color code: WT —black, ASOP—purple, E4A6K—turquoise, and A53T—orange.

dimers were extracted from force-distance curves. They were
interpreted as total lengths of stretchable parts of a-syn molecules
that are not involved in dimeric interaction and, thus, as the sum
of the total length from the C-terminal anchor point to the first
residue of a dimerization region in each monomer. The data show
a multi-peak distribution of contour lengths (Krasnoslobodtsev
et al,, 2013), which might reflect the multiple minima observed in
Figure 1, as the contour length of a dimer conformation is related
to the number of intra-molecular and intermolecular contacts.
Moreover, the distribution of contour lengths is different for each
a-syn variant in the AFM experiments, as in Figure 1 for the
contacts. We hypothesize that the number of single and multiple
rupture force events might be correlated with the propensity of
the dimers to form Nfcs. A larger number of multiple rupture
force events for A53T and E46K compared to the WT and A30P
were interpreted as multiple interaction segments for the former
(Krasnoslobodtsev et al., 2013). This might be supported by
Figure 8 (black and red curves) as the WT and A30P form
Nfcs and intermolecular f-sheets in shorter localized segments
than A53T and E46K. Moreover, contour lengths can be
estimated for residues not involved in Nfcs shown in Figure 8
by assuming a C* — C* virtual bond distance of 3.8 A and
evaluating the contour length as twice (for the two monomers)
the distance starting from the C-terminal to the first residue
forming a Nfc (Krasnoslobodtsev et al., 2013). For WT Dfncs, we
found a contour length of 357 A (residues 140 to 94). For A30P
Dfncs, the distance is similar. For A53T Dfncs, two contour
lengths are estimated: 380 A (residues 140 to 91) and 585 A
(residues 140 to 64). This last value is the same for E46K Dfncs.
These values are on the same order of magnitude than the most
probable contour lengths in the experiment (340 A and 440 A)
(Krasnoslobodtsev et al., 2013). The comparison, although

qualitative, indicates that the heterogeneity of a-syn dimers
and the influence of a single amino-acid substitution on their
structural properties, found in MD, agree qualitatively with the
AFM force-distance data.

The heterogeneity of the («, §) map could be tested in the early
lag phase of fibril formation by using single-molecule Raman
spectroscopy (Dai et al.,, 2021), as a-helices and f-sheets have
been well described by Raman fingerprints. Such data are not
available so far. In the present simulations, the ensemble of
heterogeneous dimer conformations is divided in a majority of
disordered dimers and a complementary minority of Dfncs for
both the WT and mutants. Dfncs could be identified by
spectroscopy. Indeed, the percentage of parallel intermolecular
B-sheets is characteristic of Dfncs as it is significantly larger than
the one in monomers and in disordered dimers (Table 2). This
result agrees with FTIR spectroscopy measurements indicating
that WT a-syn fibrils have a majority of parallel -sheets, contrary
to oligomers which show a majority of anti-parallel f3-sheets
(Chen et al., 2015). The total amount of 3-sheets estimated from
FTIR (Chen et al, 2015) is 35 + 5% for oligomers of 10-40
molecules and 65 + 10% for fibrils. In spite of the smaller size of
dimers and the shorter time-scale of the present simulations,
these values compare qualitatively with the sum of parallel and
anti-parallel S-sheets in WT disordered dimers (44.4%) and in
Dfncs (57,8%), respectively (Table 2).

Probably, the best technique to identify Dfncs from disordered
dimers would be single-molecule FRET. We tentatively compared
the results of Figure 11 with FRET studies of a-syn
oligomerization (Cremades et al., 2017; Cremades et al., 2012;
Tosatto et al., 2015; Horrocks et al., 2015) in the early lag phase of
fibril formation. A quantitative prediction of the FRET
efficiencies from a-syn conformations would require to
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TABLE 4 | Main residues or segments identified by MD as important for the dimerization of a-syn from the maxima of propensity for the mean contact, intermolecular -

sheets, and Nfcs.

Protein Mean contact
WT 188
A30P V70
A53T L38
E46K V49

simulate the protein labeled with the fluorescent molecules and to
model the FRET mechanism (Hoefling et al,, 2011). Such an
approach is difficult to apply for a large and complicated protein
like a-syn. In addition, to predict protein structure modifications
introduced by the cysteine mutations and the fluorescent organic
molecules, it is necessary to build and test a new coarse-grained
force field for the fluorescent molecules covalently linked to a-
syn. This task is extremely demanding in computer time and is
well beyond the scope of the present work. For these reasons, we
chose to compute an approximate efficiency E from the distance
distributions between the C* atoms shown in Figure 11 (panels A
and B). From these distances, we extracted an approximated
FRET efficiency Eas E = 1/[1 + (d/Ry)%], where d is the distance
between the C* atoms increased by 20A and R, is the Forster
distance with Ry = 60A for the fluorophores used (dos Remedios
and Moens, 1995). Note that a single value of R, is a severe
approximation that assumes an averaging of the fluorophore
orientation. The shift of 20A takes into account twice the
estimated distance between the dye center of a fluorophore
and the C* atom to which it is linked (Nicolai et al., 2013).
The probability distribution of E is shown in Figure 11 (panels C
and D). In disordered dimers (panel C), we observed two regions
with peaks of low ( <0.15) and of high efficiency ( > 0.75). In Dfncs
(panel D), peaks are observed only at high efficiency ( >0.9) with a
small background at all efficiencies. It is tempting to associate the
Dfncs with type B dimers. The disordered dimers are both A and B
(panel C). It was proposed that the a-syn dimers might be a mixture
of types A and B, which cannot be resolved experimentally
(Horrocks et al, 2015). The time scale simulated here is of
course extremely short compared to that in FRET experiments,
but it is very interesting to observe that the formation of consecutive
Nfcs leads to an increase in the FRET efficiency. It is worth noting
that these results are not very sensitive to the exact value of the
estimated distance between the dye center of a fluorophore and the
C* atom. Using a distance of 7.5A (Supplementary Figure $3) and
15A (Supplementary Figure $4) instead of 10A (Figure 11) leads to
the same conclusions. Comparison with Figure 9 shows that A90
belongs to all segments of consecutive Nfcs, except for E46K.
However, Figure 8 shows that the Dfncs of the E46K variant
form other contacts in the A90 region. Thus, E46K behaves
differently from the WT, A30P, and A53T in the A90 region,
which may be a hint to explain the difficulty in reproducing the
probability distribution of the FRET signal in the experiments
(Horrocks et al., 2015). If the population of dimers formed in the
early lag phase measured by FRET for A30P is taken as 1 for
reference, the population of WT and A53T dimers was 0.4 and 0.64,
respectively (Horrocks et al.,, 2015). In the present simulations, the

Intermolecular g-sheet (all dimers)

Nfcs in Dfncs

188 T75, A76, K80, T81,v82, A85, S87-G93
A90 S87, 188, A90-V95
L38 T44-N65, S87-T92
Y39 V26-E28, V37-N65

populations of Dfncs using the same reference are 0.59 and 0.75 for
the WT and A53T. However, the total populations of dimers out of
all the conformations (monomers + dimers) found in the
simulations are different. Taking A30P as a reference (=1), we
found 1.34 and 1.26 for the WT and A53T, respectively.

The effect of a single amino-acid substitution on the propensity to
form contacts (Figure 1) and on the formation of Nfcs (Figures 6, 8,
9) is spectacular. How could these results be compared to various
differences observed experimentally between the variants and the
WT? The aggregation of A30P in fibrils is slower than the WT
(Conway et al,, 2000), whereas E46K and A53T aggregate faster than
the WT (Conway et al., 1998; Greenbaum et al., 2005). However, the
A30P monomer was consumed at a comparable rate or slightly more
rapidly than the WT monomer, whereas A53T was consumed even
more rapidly (Conway et al., 2000). This might be explained by the
early nucleation steps of the fibrils, which is presented by Figure 8.
Indeed, E46K and A53T form larger regions of Nfcs than the A30P
and WT, which might be interpreted as they are “faster” to form pre-
fibrils. For A30P, the region of Nfcs is extremely short. However, the
sub-ensemble of Dfncs in the dimer ensemble is larger for A30P
(14.04%) and E46K (15.73%) in comparison with the WT (8.33%)
and A53T (10.65%). On the opposite, the number of dimers found in
the MD simulations is the lowest for A30P (23%), followed by an
increasing order by A53T (29%), the WT (31%), and E46K (35%).
To make these percentages more concrete, it is better to use an
example. For 123 monomers in solution, A30P forms 20 disordered
dimers, and 3 Dfncs and 77 monomers remain free. For 121
monomers in solution, the WT forms 28 disordered dimers, and
3 Dfncs and 69 monomers remain free. For 129 monomers, A53T
forms 26 disordered dimers, and 3 Dfncs and 71 monomers remain
free. Finally, for 135 monomers, E46K forms 30 disordered dimers,
and 5 to 6 Dfncs and 65 monomers remain free. Thus, all proteins
will form approximately the same number of Dfncs, except E46K,
but the size of Dfncs on the same time scale is much larger for A53T
and E46K (Figure 9).

In order to compare the present results to WT mutagenesis
experiments, we list the key residues that play a role in a-syn
dimerization in the present simulations in Table 4 for the WT
and mutants. These residues were selected from the maxima of
probabilities of mean contacts (Figure 1) and of the formation of
intermolecular -sheets and Nfcs (Figures 6, 8).

For the WT, residue 188 is of paramount importance. The
segment S87-G93 forms only Nfcs in the sub-ensemble of Dfncs
(the black and red curves are superposed in Figure 8). This agrees
with the observation that the removal of the segment A85-E94
reduces the a-syn polymerization (Waxman et al., 2009).
Truncation of V71-V82 prevents the polymerization of fibrils
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(Waxman et al,, 2009). This agrees with the fact that K80-V82
forms Nfcs. We found that the pair T75-A76 has non-negligible
probabilities to form Nfcs and other intermolecular f-sheets
(Figure 8). However, removal of residue A76 or V77 alone
has no effect on the polymerization, but the missing pair A76-
V77 prevents the polymerization in fibrils (Waxman et al., 2009).
The role of A76 cannot be neglected. It is worth noting that
Table 4 suggests that mutations or cutting segments in the
N-terminus of A53T and E46K could provide information on
the key residues promoting the aggregation of these variants.

The role of the N-terminal region in a-syn in the dimerization
is not to be underestimated as shown by the formation of Nfcs for
A53T and E46K and by the high probability to form intra-
molecular f-sheets for the WT and A30P in this region
(Figures 8, 9). In a recent work, two segments in the
N-terminal region that regulate the a-syn polymerization have
been identified: G36-S42 (named P1) and K45-E57 (named P2)
(Doherty et al., 2020; Tripathi, 2020). The removal of P1 at pH 7.5
prevents a-syn aggregation but not at pH 4.5. The removal of P1
and P2 prevents the aggregation at both pH. The present
simulations are calibrated at pH 7 for which the force field
was developed. As a single amino-acid substitution has a huge
effect on the propensity of aggregation, it is difficult to compare
the results of P1 truncated protein with the present results.
However, dimerization of A53T and E46K shows that a
mutation in this region drastically change the Nfc propensity.
Moreover, for the WT, the region G36-542 is a region with high
propensity of intra-molecular 3-sheets in Dfncs which precedes a
region of intermolecular B-sheets (43-51) (black curve in
Figure 8). It is possible that the formation of intra-molecular
B-sheets may be coupled to the formation of fibrils. Finally, region
P2 overlaps the region of the main helical segment of WT
monomers (Guzzo et al., 2021) and dimers (Figures 6, 8).
Clearly, the high probability of this helical segment must play
a role in the polymerization.

In conclusion, the present MD simulations show that the
dimer conformations are largely heterogeneous with both
disordered and pre-fibrillar-like dimers that differ between the
WT and the variants A30P, A53T, and E46K. Despite the
limitations inherent to any MD simulations (accuracy of the
force field and the limited time scale), the present findings agree
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