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Abstract

Protein structures are complex spatial systems, formed by the three-dimensional arrangement of amino acids, that interact through
atomic contacts. It is fundamental to understand the perturbation mechanisms associated with the amino acid mutations that lead to
changes in a protein dynamics, as such mutations can lead to diseases. We present a methodology based on Amino Acid Networks
and the use of Induced Perturbation Networks to infer the impact of amino acid mutations on a protein’s dynamics and the use of
a tiling formalism to model protein aggregation. We apply this methodology to the case study of the L55P Transthyretin (TTR)
variant, one of the most pathogenic mutations of TTR, due to its increased tendency to aggregate into amyloid fibers. We show
that another pathogenic variant, V30M TTR, produces different results, reflecting a different pathogenic mechanism compared to
L55P TTR and that the results differ for pathogenic and non-pathogenic variants (L55P and V30M TTR pathogenic variants versus
T119Y and T119M non-pathogenic variants).
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1. Introduction

Proteins are complex spatial systems, whose three-dimensional structure is built by a network of amino acids whose
atoms interact through chemical bonds. According to the sequence-structure-dynamics-function paradigm, the protein
function results from the dynamics of its atoms, that are controlled by their structural position and by the existing
atomic interactions, in turn encoded in the protein amino acid sequence, i.e. the chain of covalently-bound amino
acids by which the protein is built [1]. As an example of protein dynamics, perfringolysis O (PFO) is a protein toxin
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that, when close to the cell membrane of its host, performs major but well-controlled structural rearrangements that
initiate oligomerization (i.e. assembly of multiple copies of the proteins) and the insertion into the cell membrane,
impossible when PFO is in its initial shape [2]. The PFO example shows how the function of a protein relies on
both the atomic structure and the atomic dynamics in a inter-dependent way: the atomic structure defines what atomic
motions can take place, and the atomic motions yield shape changes, essential for the protein function. The complexity
of proteins is evident from their multi-scale dynamics, ranging from local atomic motions to global motions involving
the entire protein, controlled by signal propagation within the amino acid network.

Most amino acids in a protein can be substituted by an amino acid of different type, resulting in a functional protein
variant [3]: that means that the network of atomic interactions of the protein structure is resilient to local perturbations.
However, there exist cases of amino acid variants that result in a change or loss of the protein function [4]. While on
the one hand the possibility of modulating the function through mutations is essential for adaptation, on the other hand,
the loss of protein function or the change of its original behavior can cause diseases. Amino acid mutations can cause
diseases due to several reasons [5]. In this study, we focus on amino acid mutations that impact the protein dynamics
and result in the formation of toxic aggregates [6] for the case of the Transthyretin (TTR) protein, a tetrameric protein
involved in neurological and cardiac genetic diseases due to the formation of amyloid fibrils aggregates [7, 8]. The
wild-type (WT) TTR has an intrinsic tendency to generate amyloids, causing the Senile Systemic Amylodosis. A large
set of TTR pathogenic and non-pathogenic variants are known. The pathogenic variants show an increased tendency
to the formation of amyloids, causing the hereditary diseases of Familial Amyloidoic Polyneuropathy and Familial
Cardiomyopathy [7, 8, 9]. Pathogenic TTR variants fall in the category of protein variants that do not impact the
protein structure formation, but have an impact on the dynamics, leading to formation of amyloid aggregates. The
molecular mechanisms underlying the process of amyloid formation of TTR are yet to be understood and probably
depend on the particular TTR variant and on the experimental conditions [10, 11, 12, 13, 14, 15].

The amyloid fiber structure of a protein can be seen as a result of a tiling process where a repeating unit interacts
with N copies of itself using one or more interfaces. The position of the interface(s) in the repeating unit will determine
the growth direction of the amyloid. As a result, no matter the exact molecular mechanisms creating the repeating unit,
the process of amyloid formation can be seen as a transition from the initial oligomeric state according to the following
steps [16]: (i) Rearrangement of the native oligomeric structure (with or without dissociation of the oligomer); (ii)
Exposure of a novel interacting interface; (iii) Eventually, formation of an asymmetric repeating unit through the
interaction via the novel interface; (iv) Growth of the amyloid by successive interactions of repeating units through
the novel interacting interface.

Measuring the impact of single amino acid mutations on the protein dynamics, as for the case of the amyoidogenic
TTR variants, is extremely challenging, because it requires describing collective large-scale motions (slow motions)
with atomistic resolution. Molecular Dynamics provide simulations of protein dynamics with atomic resolution, but
are limited in terms of protein size and of temporal simulation window [17, 18]. Based on the atomic structure of
proteins, Amino Acid Networks (AANs) and Perturbation Networks (PNs) have been proven successful in investi-
gating protein dynamics and robustness to mutations [19, 20, 21]. Even though AANs do not describe the protein
dynamics, the PN is employed to infer differences in dynamics among structurally equivalent protein variants based
on the observation that atomic motions correspond to changes in link weights.

We used AANs, PNs and Induced Perturbation Networks (IPNs, see Methods), coupled to geometrical considera-
tions over the TTR structure, to infer candidate interaction interfaces and models of construction of the amyloid fiber
for the pathogenic L55P TTR variant, based on the sole knowledge of the crystalline structures of the WT TTR and
of the variant. We validated the method by comparing the IPN of L55P TTR with the IPNs of a different pathogenic
variant (V30M TTR) and two non-pathogenic variants (T119Y and T119M TTR).

2. Data

The following protein structures were downloaded from the Protein Data Bank (PDB) (http://www.rcsb.org/):
WT TTR (PDB id: 1f41), L55P TTR (PDB id: 3djz, pathogenic variant), V30M TTR (PDB id: 3kgs, pathogenic vari-
ant), T119Y TTR (PDB id: 4tne, non-pathogenic variant) and T119M TTR (PDB id: 1bze, non-pathogenic variant).
All structures contain a TTR dimer (chain A and chain B). Residues from position 11 to position 124 in the sequence
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Fig. 1: Amino Acids Network (AAN) of the human wild-type Transthyretin dimer (PDB id: 1f41). Left: the protein
structure, where the atoms are represented as spheres and colored according to the amino acid they belong to. Center:
nodes of the AAN, corresponding to the protein amino acids. Right: links of the AAN, connecting amino acids that
have at least two atoms at distance < 5A and weighted according to the number of atomic couples at distance < 5A.

have been considered for the analysis, both for chain A and chain B. The tetrameric structure of TTR is recovered
from the assembly of two dimers reported in the PDB.

3. Methods
3.1. Amino Acid Network

Each protein structure is analyzed thanks to the construction of its Amino Acid Network (AAN) [20], represented
by a weighted graph G = (V, E, W) with nodes V = {i | i is an amino-acid}, links E = {(i, j) | i, j € V and 3 (atom; €
i,atom; € j) with dist(atom;, atom;) < 5/0\} and link weights w;; € W defined as the number of atomic pairs (atom; €
i,atom; € j) that satisfy dist(atom;, atom;) < 5A. An example of AAN is reported in Fig. 1. AANs have been
produced with the Python module Biographs, available at https://github.com/rodogi/biographs and plotted
with the Python library NetworkX [22].

In the AAN, the node degree k; is defined as the number of neighbors of a node i, the node weight w; is defined as
the sum over all the weights of the links that connect the node i to its neighbors (w; = Y, jeNG) Wij» With N(i) the set of
neighbors of node i), and the node’s Neighborhood watch Nw; is defined as the ratio between the node’s weight and
the node degree (Nw; = w;/k;), representing the average weight of interaction that a node performs with its neighbors.
Different TTR variant structures have been compared through the analysis of their node properties (degree k, weight
w and Neighborhood watch Nw) along the amino acids sequence.

3.2. Perturbation Network

The amino acids interactions within a protein variant (var) and the wild-type (WT') are compared through the
analysis of the Perturbation Network (PN) of threshold w [21], represented by a graph G, = (V,,, E,,, W},) with links
E, ={(i,)) € Ewr U Evar s.t. wyar(i, j) — wwr(Q, I > w}, link weights wy,(i, j) € W), with w(i, j) = |Aw(, j)| =
[Wyar(i, J) = wwr (i, j)| and link color

. red if wy. (i, j) — wwr (i, j) < —w
color(i, j) =

green if wy,, (i, ) = wwr (i, j) > w.

The set of nodes V), is a subset of V, including all nodes for which at least one link has different weight in the variant’s
AAN compared to the WT AAN (i.e. nodes with degree zero are removed from the PN). We refer to the nodes in V,
as perturbed nodes. Figure 2 (third panel from the left) shows a toy example of PN.
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Fig. 2: Perturbation Network and Induced Perturbation Network of a toy example. From left to right: Amino Acid
Network of the wild-type protein; Amino Acid Network of the variant (with single mutation from A to A*); Perturba-
tion Network of the variant; Induced Perturbation Network of the variant. The graphs have been reproduced with the
Gephi software [23].

3.3. Induced Perturbation Network

The Induced Perturbation Network (IPN) of a variant is the connected component of the PN that contains the
mutation site. With respect to the PN, the construction of the IPN of a mutation allows to maintain only the information
on the perturbations that have propagated from the mutation point to other areas of the protein structure. As a first
approximation, the other perturbations, not connected to the mutation point, are here considered to be uncorrelated
with the mutation, reflecting alternative atomic arrangements that the protein adopts when crystallized. As a result,
the IPN represents the network of changes it atomic contacts in the protein structure that have been caused in the
protein structure by the single mutation. Figure 2 (right-most panel) shows a toy example of IPN. The IPNs of TTR
variants were used to infer candidate new interaction interfaces. This was done by identifying groups of residues that
lost atomic interactions due to the mutation (red links in the IPN) and that may be responsible for the creation of a
novel interface to restore their original connectivity features. We assume that the loss of atomic interactions leads to
increased freedom of motion.

3.4. Choice of the perturbation threshold w

The choice of the threshold w impacts the number of nodes and links in the PN and in the IPN. A low w allows
capturing more differences in atomic interactions between the variant’s and the WT protein structures. This is desirable
to assess the highest number of perturbed nodes, that is the set of amino acids that have undergone a change in
atomic interactions, but it also increases the likelihood of detecting differences corresponding to the reproduction of
alternative solutions for atomic interactions that do not correspond to a rearrangement of the protein structure.

In the present study, w = 4 is employed, providing a compromise that allows showing perturbations while main-
taining the size of the IPN network small enough to exhibit fewer but stronger differences between the variants. A
threshold w = 4 (at least four atomic interactions gained or lost for a link to be in the PN) is reasonably conservative,
considering that the average link weight in the WT TTR AAN is < w; ; >= 12.4 with std(w; ;) = 10.3, over a total of
1175 links.

3.5. Fiber model

Depending on the position of the candidate interface obtained through the IPN in the protein chain and on the
relative position of the chains that build the quaternary structure of the protein, it is possible to understand whether
the repetition of identical oligomers or identical sets of oligomers (repeating units), interacting through the candidate
interface, allows the growth of a fiber without steric clashes. Figure 3 shows the schematics of two possible cases: on
the left-hand side, a case where the repetition of identical oligomers leads to a fiber; on the right-hand side, a case
where the repetition of identical oligomers leads to a steric clash. In the first case, the validity of the fiber model can
be assessed by comparison of its diameter with some experimental evidence. In the second case, two explanations are
possible: either the selected candidate interface is not the right choice, or the selected candidate interface is correct but
the oligomer dissociates before the initiation of the fiber-forming process and no fiber model can be produced based
on the sole knowledge of the oligomer’s crystalline structure.
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Fig. 3: Schematics of two possible cases of position of the candidate interacting interface in the protein oligomer.
Left: a case where the repetition of identical oligomers leads to a fiber. Right: a case where the repetition of identical
oligomers leads to a steric clash.

4. Results and Discussion

The cause of the increased tendency to amyloid fiber formation of the L55P TTR variant was investigated according
to the following hypotheses:

1. A mutation allows the reproduction of the native structure if the AANs of the variant and of the WT have similar
node properties (node degree k;, node weight w; and node’s Neighborhood watch Nw;) for all nodes i [20].

2. The dynamics of atoms in the variant are similar to the dynamics of atoms in the WT protein if the link weights
w;; are similar in the AANs of the variant and of the WT. The influence of link weights on the dynamics on
networks has been proven for synthetic and real-word networks [24] and the relation between link weights in the
AAN of a protein and its dynamics have been shown in previous work [21]. As mentioned in the Introduction,
the atomic motions that can take place in a protein are determined by the protein structure: as a result, differences
in atomic contacts, measured by differences in the link weights in the AAN, probe for a different encoding of the
dynamics accessible by the atoms.

First, we verified the first hypothesis by comparing the node properties of the AANs of WT and L55P TTR. For
comparison, we performed the same calculation for another pathogenic (V30M) and two non-pathogenic (T119Y and
T119M) variant structures. The AANs of the WT, L55P, V30M, T119Y and T119M TTR variants share very similar
node properties along the sequence (Appendix, Figure S1). This means that all the variants are capable of reproducing
the TTR native structure, and that the pathogenicity of the L55P and V30M variants is related to their dynamics,
different from the WT TTR. This is consistent with a low Root Mean Square Deviation between the variants’ structure
and the WT structure (RMSD values: 0.58 A, 0.58 A, 0.54 A and 0.34 A for LS5P TTR, V30M TTR, T119Y TTR and
T119M TTR, respectively, calculated with TopMatch [25]). It must be noted that the RMSD measure is performed
considering only the position of the backbone atoms of the protein, while the comparison of the node degree k;, node
weight w; and node’s Neighborhood watch Nw; for each amino acid in the AAN of the protein variant takes into
consideration all atoms in the protein’s structure (excluding hydrogen atoms since they are not detected by X-ray
crystallography). As such, a similarity in node properties in the AAN is a stricter criterion to assess protein structures
similarity. While a low value of RMSD means that the shape of the protein is conserved among two variants, all nodes
having the same degree, weight and Neighborhood watch in the AAN of two protein variants means that the number
of contacts, that is, the amino acid and atomic packing around each amino acid, is conserved. Nevertheless, an amino
acid may have the same degree, weight and Neighborhood watch in the AAN of two protein variants but performing a
different number of atomic contacts with its neighbors, resulting in a different link weight, if it moves closer to some
neighbor(s) and further from other(s).

To test the second hypothesis, we employed IPNs to compare the link weights in the AAN of each variant with the
ones of the AAN of the WT. We used IPNs instead of PN to focus on the atomic motions and rearrangement of atomic
contacts resulting from the mutation of the amino acid at the mutation site. The IPNs of the L55P, V30M, T119Y and
T119M TTR variants are reported in Figure 4. Green links between nodes in the IPN mean that the corresponding
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Fig. 4: Induced Perturbation Networks (threshold w = 4) for four TTR variants. Fig. 5: TTR L55P variant:

Green links between nodes in the IPN mean that the corresponding amino acids are position of the candidate new
closer in the variant’s structure compared to the WT (more atomic interactions); interacting interface (in red).
viceversa, red links in the IPN mean that the two amino acids are further in the For clarity, only one chain is
variant’s structure compared to the WT. shown.

amino acids are closer in the variant’s structure compared to the WT (more atomic interactions); on the contrary, red
links in the IPN mean that the two amino acids are further in the variant’s structure compared to the WT. The IPN
of L55P (Figure 4, top left) shows the presence of both red and green links, showing that a complex rearrangement
of atomic positions, leading to atomic interaction changes, has taken place due to the mutation with respect to the
native structure. In contrast, the IPNs of the non-pathogenic variants T119Y and T119M (Figure 4, bottom) have only
one green link. This means that the T119Y and T119M non-pathogenic mutations have a very mild impact on the
atomic interactions in the protein structure. Finally, the IPN of another pathogenic variant (V30M, Figure 4, top right)
shows the presence of both red and green links (as the L55P IPN, contrarily to the non-pathogenic variants’ IPNs),
different from the IPN of L55P. These results show how the IPNs of pathogenic variants have different IPNs compared
to non-pathogenic variants. Moreover, the IPN allows recognizing differences among pathogenic variants (L55P and
V30M), consistent with different fiber formation mechanisms for V30M and L55P TTR.

The IPN of L55P TTR (Figure 4, top left) shows that the loop containing residues S52 to E54 (red in Figure 5)
looses interactions with the 8-strand containing residues M13 to K15 (blue in Figure 5) and changes orientation angle
with respect to the -strand containing residues G47 to T49 (purple in Figure 5) since some atomic interactions are lost
(red P55-G47 link) and some are gained (green P55-T49 link). Based on these observations, we made the hypothesis
that the E54-T60 loop moves away from the rest of the structure, resulting from the loosening of atomic interactions
with the M 13, V14, K15 residues, and forms the new interacting interface that allows the fiber to grow (Figure 5).

The second pathogenic variant considered here, V30M, shows a different IPN compared to the IPN of the L55P
TTR variant, suggesting that the pathways of fiber formation of these two variants are different. Contrary to the
L55P mutation, the IPN of V30M (Figure 4, top-right panel) shows how the perturbation due to the single amino
acid mutation in a chain of the TTR dimer reaches the second chain of the dimer: the nodes V94:B and E92:B are
present in the IPN of V30M. Moreover, the links (E92:A, V94:B) and (E92:A, E92:B) that involve these nodes are
red Wysom (i, j) — wwr(i, j) < —w), reflecting a loss of atomic interactions at the dimer interface due to the V30M
mutation. This suggests that the V30M TTR tetramer probably dissociates to form the amyloid fiber, in agreement
with the recent experimental analysis of the fibrils from a patient with V30M TTR amyloidosis [15].

The possibility for a specific segment to form the novel interface for the amyloid fiber growth depends on two fac-
tors: the spatial occupancy of the protein structure and the chemical affinity between two copies of the segment. In the
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Fig. 6: Tetrameric structure of TTR. Left: dihedral symmetry axes of the tetramer. Right: position of the P55 residue
in the L55P variant (in pink) and relative orientation of the candidate interacting interfaces on each chain (arrows).
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Fig. 7: Model for fibers resulting from the creation of an active interface (arrows) on each chain of a tetrameric protein
with dihedral symmetry. (a) Dihedral fiber model. A tetramer with dihedral symmetry can interact with a copy of
itself rotated by 90 degrees through the interaction interfaces (arrows). The obtained octamer (in the box) constitutes
the repeating unit for a fiber model. (b) Central fiber model. If the interaction interfaces (arrows) of a tetramer with
central symmetry are mobile enough, they can align with an axis of symmetry of the tetramer, degenerating to a
central symmetry. The degenerated tetramer can interact with a copy of itself. The degenerated tetramer (in the box)
constitutes the repeating unit for a fiber model.

following, we focus on the first aspect, to determine whether the candidate interface for the LS5P TTR inferred from
its IPN satisfies the first necessary criterion, that is, allowing the growth of a fiber-like structure, without producing
steric clashes.

In order to understand whether the new candidate interface can allow the growth of an amyloid-like structure of
repeating units of L55P TTR oligomers, the symmetry of the TTR tetramer was taken into consideration. The native
TTR tetramer has a dihedral symmetry (Figure 6, left panel); as a consequence, the interacting interface on the four
chains will follow the same symmetry if no dissociation of the tetramer happens (arrows in Figure 6, right panel). As
schematized in Figure 7a, a tetramer with the interfaces following a dihedral symmetry will be able to interact with
a copy of itself after a rotation of 90 degrees. Then, the obtained octamer will constitute a repeating unit for a tiling
model, eventually resulting in an elongated fiber-like structure. In the following, we refer to a so-constructed fiber
model as a dihedral fiber model. Alternatively, provided a sufficient mobility of the interfaces, they could align along
a symmetry axis of the tetramer and degenerate to a central symmetry (Figure 7b, top). In this situation, the tetramer
itself would represent the repeating unit for a tiling model, as schematized in Figure 7b (bottom). In the following, we
refer to a so-constructed fiber model as a central fiber model. Figure 8 shows the dihedral and central fiber models
for L55P TTR. Due to the geometry of the TTR oligomer, the dihedral model produces a fiber of diameter of around
69 A, while the central model produces a fiber with an ellipsoidal cross-section, with a major axis of around 69 A
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Fig. 8: Fiber models for the TTR L55P variant. Top: Dihedral fiber model. Bottom: Central fiber model.

and a minor axis of around 42 A. Interestingly, a crystallographic study of L5S5P TTR (PDB id: 5ttr [26]) showed that
the protein crystallized with the same symmetry as the the repeating unit of the dihedral fiber model proposed here.
The observation of an asymmetric unit of this symmetry lead the authors of the study to propose that L55P exists
in an amyloidogenic conformation, that would explain its higher propensity to the formation of amyloids compared
to the WT. The dihedral fiber model perfectly matches the model proposed in reference [26], even though it was
produced from a different crystalline structure and using different tools. Finally, electron micrographs of L55P TTR
protofilaments produced in vitro show a diameter of 60 to 65 A [27], consistent with the dihedral fiber model. The
mentioned experimental evidences support the dihedral fiber model as a model for the amyloid fiber formed by the
L55P TTR variant.

5. Conclusion

The analysis of the IPNs of TTR variants have shown how the IPN probes atomic motions and atomic links
rearrangement that are consistent with the dynamics differences measured experimentally. As such, it represents a
computationally-light tool to assess the differences in atomic interactions existing in the crystalline structure of pro-
tein variants that can lead to changes in the protein behavior: in the case of TTR, the change in propensity for amyloid
formation. It is noticeable that few changes in atomic interactions (twelve links in the L55P TTR IPN over 228 amino
acids in the TTR dimer and 1175 links in the WT TTR dimer AAN) can lead to a drastic change in the protein’s
dynamics. Moreover, we have presented a tiling model to account for the geometrical constraints underlying fiber
formation, necessary for the validation of the candidate novel interacting interfaces extracted from the analysis of the
IPN. The coupling of the IPN and the tiling model has allowed the construction of a fiber model for the L55P TTR
variant, that satisfies the geometrical constraints imposed by the symmetry of the TTR tetramer structure and is in
agreement with experimental results. The proposed model does not require the dissociation of the tetramer prior to
fiber formation. The methodology used in this study relies on the sole knowledge of the X-ray structure of protein
variants and takes into consideration the space occupancy of whole protein structure for the construction of fiber mod-
els. This is necessary to ensure that the proposed novel interacting interface does not produce steric clashes when the
aggregation of entire proteins is modeled.
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Fig. S1: Node properties (degree k, weight w and Neighborhood watch Nw = w/k) of the amino acids of the TTR vari-
ants in their Amino Acid Networks, along the protein amino acid sequence. From top to bottom: degree k (chain A),
degree k (chain B), weight w (chain A), weight w (chain B), Neighborhood watch Nw = w/k (chain A), Neighborhood
watch Nw = w/k (chain B).
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