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Abstract

Many proteins can undergo pathological conformational changes that result in the forma-

tion of amyloidogenic fibril structures. Various neurodegenerative diseases are associated

with such pathological fibril formation of specific proteins. Transthyretin (TTR) is a tetra-

meric globular transport protein in the blood plasma that can dissociate, unfold, and form

long and stable fibrils. Many TTR mutations are known that promote (TTR) amyloidosis

and cause severe diseases. TTR amyloidosis has been studied extensively using biochemi-

cal methods and structures of various mutations in the globular form have been charac-

terized. Recently, also the structure of a TTR fibril has been determined. In an effort to

better understand why some mutations increase or decrease the tendency of amyloid

formation, we have applied a combined molecular dynamics and continuum solvent

approach to calculate the energetic influence of residue changes in the globular versus

fibril form. For 29 out of 36 tested TTR single residue mutations, the approach correctly

predicts the increased or decreased tendency for amyloidosis allowing us also to elucidate

the origins of the tendency. We find that indeed the destabilization of the globular mono-

mer or changes in dimer and tetramer stability due to mutation has a dominant influence

on the amyloidogenic tendency. The continuum solvent model predicts a significantly

more favorable mean energy per residue of the fibril form compared to the globular form.

This effect is only slightly modulated by single-point mutations preserving the energetic

preference for fibril formation upon protein unfolding. It explains why no correlation

between experimental amyloidosis and calculated change in fibril stability was observed.
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1 | INTRODUCTION

Transthyretin (TTR) is a transport protein for thyroid hormone thyrox-

ine (T4) and retinol binding protein.1 It is produced mainly in the liver,

but also (<5%) in the choroid plexus of the brain and the retinal pig-

ment epithelium.2

TTR forms a symmetric tetramer, consisting of four identical

monomers. Each monomer is characterized by a large predominance

of β-strands. The tetramer is formed by the association of two dimers

that are in equilibrium with the monomeric proteins.3–6 Andrade7 and

Falls et al.8 first described the occurrence of amyloidosis of TTR in

1952 and 1955, respectively, which means the pathological formation
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of long and stable fibrils consisting of misfolded parallel aligned TTR

molecules.9 Amyloidosis can also be caused by many other proteins

resulting in severe diseases like Alzheimer's disease or Parkinson's dis-

ease.10 Today three different types of TTR amyloidosis (ATTR) are

known, which all result in severe diseases.2,11–13 The wild-type

(WT) form of ATTR is also called senile systemic amyloidosis (SSA)

since it normally affects elderly people. The fibrils deposit mainly in

the heart causing stiffness and thickening of the muscle. Autopsies of

supercentenarians exposed SSA being responsible for 70% of their

deaths.8 The other two disease forms, familial amyloid cardiomyopa-

thy and familial amyloid polyneuropathy, are hereditary since they are

caused by gene mutations of the TTR gene resulting in disease caus-

ing point mutations of the protein.14–16 Similar to SSA the heart and

kidneys are affected, but in contrast to SSA, these diseases manifest

much earlier within the affected person's span of life.

In order to form amyloid aggregates, the TTR tetramer has to dis-

sociate to the monomeric form that unfolds and can form aggregates

(see Figure 1). Hence, both mutations that increase the intrinsic pro-

pensity for β-aggregation or stabilize the amyloid plaque structure but

also mutations that destabilize the TTR tetramer or folded monomer

may cause increased ATTR. Indeed, more than 100 mutations are

known that affect ATTR.15,17 However, there are also known muta-

tions that prevent amyloid production by enhancing the stability of

the tetramer, monomer, or reduce the β-aggregation tendency. An

improved understanding of the mechanism of how mutations affect

ATTR could be helpful for further development of therapeutic drug

treatments.18 Until recently, the only therapy was the transplantation

of heart and/or liver in affected patients. Today there are several

promising treatment approaches. Some aim at reducing protein pro-

duction of harmful TTR-variants by blocking RNA-translation with

short interfering RNA sequences binding specifically to the corre-

sponding mRNA in TTR-producing cells or using antisense oligonucle-

otides.19,20 Other drug molecules bind to TTR and stabilize its natural

tetrameric structure.21–25 A promising binding site for these drugs

seems to be the binding pocket for thyroxine (e.g., for Tafamidis21,22

or Diflunisal23,24), which, however, also reduces the ability to trans-

port thyroxine. A third route explores the possibility to remove

harmful fibrils with monoclonal antibodies that bind to misfolded

monomers, fibrils, or prefibrillar TTR and induce phagocytic clearance

by macrophages.26–29

Experimental crystal structures of the number of TTR variants in

the folded tetrameric form have been determined.4–6,30–32 These

structural studies indicate small variations in loop regions or local seg-

ments around the mutation site but no major conformational changes

that may directly explain a reduced tendency of unfolding or tetramer

formation. However, for some TTR mutations, a reduced tetramer

association compared to wild type has been found using biophysical

techniques.33 Combined experimental and molecular simulation

approaches on the globular TTR indicate that indeed the tetramer sta-

bility and the unfolding tendency of the TTR monomer are of key

importance for the tendency of a TTR mutant to form amyloids.5,17,25

However, these studies so far did not include the TTR amyloid struc-

ture. Recently, a CryoEM structure of the TTR amyloid has been

determined.34 Together with the crystal structures of the globular tet-

rameric form, this allows one to study the effect of mutations on the

stability of the globular form, the unfolded form, and the amyloid form

using free energy simulations. In principle, among the most accurate

methods are alchemical free energy simulations to transform amino

acid side chains in the different TTR forms and to record associated

free energy changes. However, such techniques are computationally

quite demanding and often allow to study only few mutations.17 Our

aim is to employ a less demanding end-point free energy method to

investigate systematically a large set of TTR mutations. The method is

based on running short Molecular Dynamics (MD) simulations of the

WT and the mutated proteins in the different conformational states

and evaluate the generated trajectories using a continuum solvent

model (MMGBSA: Molecular Mechanics Generalized Born Surface

Area method).35,36 To avoid large conformational changes during the

simulation's weak positional restraints on the structures were

included, assuming that the mutations do not alter the structure sig-

nificantly compared to wild type. Indeed, crystal structures of TTR

mutations indicate only small conformational changes in the globular

form compared to wild type.5,30,31 The approach was applied to

36 TTR mutations for which either an increased (A25T,37 V30G,38

F IGURE 1 Schematic pathway to TTR amyloid fibril formation. For amyloidosis, the native TTR tetramer structure (cartoon representation
with different colors for each monomer) dissociates into dimers and finally monomers, which then unfold (or at least partially unfold). The
unfolded monomers align to each other forming a fibril structure where each layer arises from one monomer. Note that the structures of some
residues are not resolved in the CryoEM fibril structure, leading to two fragments per layer (visualized by two different colors).
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V30M,5,39,40 D38A,12 S52P,41,42 E54G,15,43 E54K,43 L55P,44,45

L58H,46 T60A,16,47 E61K,48 S77Y,49 Y78F,50 I84A,51 I84S,40 H88S,52

H88R,52 E89K,53 Y114C,54–57 Y114H,25 V122I58) or decreased

(S85P,3 H88A,52 H88F,52 H88Y,52 E92P,40 V94P,3 R104H,5 A108I,59

A108V,59 A108W,59 A109V,59 A109T,60 T119M,61 T119W,3 and

T119Y3) tendency for amyloidosis has been reported experimentally.

Since experimentally only a tendency for amyloidosis is known it

allowed us only a qualitative comparison with calculated stability

changes. For 29 out of 36 mutations, our calculations agreed qualita-

tively with the experimental tendency and could be used to identify

the origins of this tendency. The simulations indicate that mutations

can both stabilize or destabilize the globular tetrameric form but also

the amyloid structure to various degrees. Overall, the tendency of

mutations to promote increased or decreased amyloidosis correlates

strongly with the destabilization of the globular or dimeric/tetrameric

forms but much less or not with the calculated destabilization/

stabilization of the amyloid structure. Similar results were also

obtained using alternative methods to evaluate protein stability such

as FoldX.62 The influence of neighboring residues and structural and

energetic origins of the tendencies are discussed. The rapid methodol-

ogy can also be used to systematically analyze mutation effects in

other amyloid forming systems assuming that the structural changes

are small.

2 | MATERIALS AND METHODS

As starting structure for the globular TTR protein the protein database

entry pdb6e6z3 was used. It represents the tetrameric structure. The

coordinates of the Tafamidis drug molecule were removed (not

included in the simulations). The specific structure was selected

because of best overlap in sequence with the given fibril structure

(less unresolved residues compared to other pdb-entries). The muta-

tions were created by replacing the corresponding side chains and

adjustment of side chain structures by selecting the sterically best fit-

ting rotamer and energy minimization. The structure of the amyloid

fibril form corresponds to the entry pdb6sdz.34 The mutations of the

fibril were created in the same way as for the globular protein. A fibril

was represented by seven protein chains to minimize the effect of the

protein water boundary at both ends of the oligomeric fibril.

Employing the Amber18 software63 package solvated starting

structures were generated, using the ff14SB force field64 for proteins

and the OPC water model.65 The globular protein structures were

embedded in octahedral water boxes with a minimum distance of

10.0 Å between the protein and the box boundary. For the fibrils,

cubic boxes were found to be optimal with respect to overall system

size. Sodium and chloride ions were added to neutralize the charge of

the systems and to obtain a �100 mM salt concentration. After a min-

imization run of 500 steps (250 steepest descent algorithm and

250 conjugate gradient algorithm) the systems were heated up line-

arly to 300 K within 200 ps followed by 50 ps equilibration with con-

stant volume periodic boundary conditions and restraints on all heavy

atoms (2.1 kcal mol�1 Å�2). Subsequently, the systems were relaxed

for 100 ps at constant pressure (1.0 bar) and the positional restraints

were reduced in four steps of 0.5 kcal mol�1 Å�2. Each time the sys-

tem was simulated for 50 ps with the final state of the previous simu-

lation taken as reference for the positional restraints, allowing the

mutated structures to adjust. This leads to conformationally relaxed

backbone structures to accommodate the mutated side chain. At a

final restraint level of 0.1 kcal mol�1 Å�2, the system relaxed for 3 ns

before the data gathering run of 2 ns was performed. For all simula-

tions, a time step of 2 fs and a 10.0 Å real space cutoff was chosen

(the PME method was used to account for long-range electrostatic

interactions). All bonds involving hydrogens were constrained by

SHAKE.66 The SETTLE algorithm was used to constraint bond length

in water molecules.67 Data gathering simulations were performed at a

constant pressure of 1 bar and temperature of 300 K using a Langevin

thermostat.

The end-point free energy calculations were performed using the

MMGBSA tools of the Amber18 package. The explicit water mole-

cules and ions were removed from the trajectories and the sampled

conformations were re-evaluated using a Generalized Born continuum

model using the mbondi3 radii and parameters from the study by

Nguyen et al.68 (igb = 8 in Amber) in combination with a surface area-

dependent tension model to account for nonpolar solvation (surface

tension coefficient γ = 0.005 kcal mol�1 Å�2) was used. Between

100 and 10 000 trajectory frames were used to obtain mean energy

contributions. No conformational entropy changes were considered;

hence, we assume that the change in mobility due to mutation is simi-

lar in the globular versus fibril form. For representing the energy

change associated with a mutation in an unfolded protein the central

residue of a tripeptide in an extended conformation was considered

(includes at nearest neighbor effects in the unfolded chain upon resi-

due mutations).

For comparison, all mutations were also analyzed using the FoldX

modeling program suite.63 Within the BuildModel tool FoldX employs

an internal structural optimization upon mutagenesis and evaluates

single conformations of structures using a knowledge-based combina-

tion of energy terms. The effect of a mutation is obtained as score rel-

ative to the wild-type sequence. It was applied to all mutations in

globular and fibril form.

3 | RESULTS

3.1 | Influence of mutations on fibril and tetramer
stability

The formation of TTR amyloid structures requires the dissociation of

the TTR tetramer, unfolding of the monomer and formation of the

amyloid arrangement (Figure 1). Hence, a mutation can influence the

free energy change associated with each step. The application of the

MMGBSA method35 is a relatively fast computational approach that

allows us to investigate the contribution of each conformational tran-

sition on a large set of TTR mutations (for comparison, we also used

the even faster FoldX method62). Calculations were performed for the
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mutations in the fibril structure and the monomer, dimer and tetramer

structures (illustrated in Figure 2). The computer time (on a single

core) for running the simulations of the globular and amyloid forms of

each TTR mutation and MMGBSA evaluation takes �2–3 h computer

time (using 500 trajectory frames for MMGBSA analysis, however, for

the cases investigated here we analyzed in each case 10 000 frames).

For the present study, we investigated 36 TTR variants for which

experimental data on the amyloid forming tendency are available

(location of the mutations is presented in Figure 3).

In order to directly compare the calculations to the amyloid form-

ing tendency we consider first the difference of the mean energy con-

tribution of the selected side chain mutation for forming the tetramer

structure versus forming the fibril structure (Figure 4). The energies

are calculated with respect to the unfolded solvated side chain (repre-

sented as central residue in a solvated tripeptide).

Each mutant was initially created based on the same tetrameric

template structure (pdb6e6z,3 see Section 2) or the same fibril struc-

ture (pdb6sdz). Hence, we assume that both the globular and the fibril

structure are similar for all mutations and do not cause major confor-

mational changes or formation of a new fibril structure. Also, experi-

mental (quantitative) data on how a mutation changes the amyloid

fibril stability is not available, only an amyloidosis tendency for form-

ing fibrils of each TTR variant can be obtained experimentally. Hence,

one can distinguish mutations that increase (red background in

Figure 4) or decrease (yellow background in Figure 4) the tendency

for amyloid fibril formation. For most, that is 29 of the 36 cases, our

F IGURE 2 Schematic illustration of the MMPBSA calculations of single residue substitutions (marked yellow, in the tetramer the position is
indicated as yellow sphere). To obtain mean energy differences of single-point mutations, first the energy contribution of a specific residue is
calculated by cutting all atoms after the Cβ-atom of this residue (Ala-scan) and subtracting the mean energy of the unfolded sequence by
calculating the energy of the specific residue and its next neighbors. This is done for the wild type and the mutated protein resulting in the free
energy contribution difference of the single residue/side chain.
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calculations correctly reproduce the experimentally obtained fibril for-

mation tendency (Figure 4).

Interestingly, for most known amyloidogenic mutations (V30G,38

D38A,12 E54G,15,43 E54K,43 L55P,44 L58H,46 T60A,16 E61K,48

S77Y,49 Y78F,50 I84A,51 I84S,40 H88S,52 H88R,52 Y114C,54 and

Y114H25) our results indicate a significant overall destabilizing effect

on the tetramer. Note, that at this analysis stage influences on mono-

mer stability, dimer formation and energetics of dimer association to

tetramers are all included (decomposition see next paragraph). Inter-

estingly, the calculations predict that the fibril structure is sometimes

even slightly or considerably destabilized or less stabilized for most of

these variants compared to the wild type.

Among the known nonamyloidogenic mutations, the calculations

yield for most cases including S85P,3 H88F,52 H88Y,52 V94P,3

A108I,59 A108V,59 A108W,3 A109V,60 A109T,60 T119M,61 T119W3

and T119Y3 an energetically stabilizing effect on the tetramer com-

pared to wild type. Surprisingly, several of the nonamyloidogenic

mutations are predicted to stabilize also the amyloid form albeit to a

lesser degree than the stabilization of the tetramer (Figure 4, yellow

part). In several of the nonamyloidogenic cases, however, no or only

very small effects on the fibril stability relative to wild type were

found. Overall, the results indicate a rather strong correlation

between calculated stabilizing/destabilizing effect of a mutation on

tetramer formation and experimentally observed tendency for fibril

formation. In contrast, no good correlation was found between known

amyloid forming tendency of the mutations and relative energetic sta-

bilization of the fibril structure (only for the V30M, the E61K, and the

S77Y a significant stabilization of the fibril form is predicted that out-

scores the effect on the globular form).

In addition to MMGBSA calculations, we also employed the FoldX

approach62 to predict the effect of mutations on the stability of globu-

lar versus fibril conformation of TTR. The BuildModel option in FoldX

allows conformational optimization upon mutation and energetic eval-

uation based on a knowledge-based optimal combination of energy

terms (on single conformations). Interestingly, very similar to the

MMGBSA analysis, it also predicts for almost all amyloidogenic muta-

tion cases a destabilization of the globular form and for most nonamy-

loidogenic cases a stabilization of the globular tetrameric form

F IGURE 3 Location of
mutations within the globular
tetramer (A–D, pdb6e6z) and
fibril (E, pdb6sdz). Relevant
sidechains (of the wild type) are
shown as sticks with red colored
residues representing mutation
positions that were found to
increase amyloidosis tendency

(yellow: opposite behavior).
Within the tetramer mutation
positions can be oriented
towards the cavity between the
two dimers (shown in A), the
buried region between the
monomer's β-sheets (B), the
interface between the monomers
within each dimer (C, both at the
interface and in the rim region
around the interface) or are
solvent exposed in the globular
tetramer (D, also exposed in the
dimer and monomer). Mutation
positions are also mapped on the
known fibril structure (E,
pdb6sdz, only one layer is shown
for clarity).
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(Figure S1). FoldX predicts for most mutations a small destabilizing

effect on the TTR fibril structure and for several of the nonamyloidogenic

mutations an extremely strong fibril destabilization (10–20 kcal mol�1

per mutated residue). These predictions possibly overestimate the

destabilization since FoldX has been designed and trained for the appli-

cation on globular protein structures. Nevertheless, the predictions by

FoldX show qualitatively the same trend and confirm the results

obtained with the MMGBSA approach.

Since the calculated stability changes of mutations in the fibril

form showed only little or no correlation with the experimentally

observed ATTR tendency we calculated the mean (absolute)

MMGBSA energy per residue for the globular (tetramer) form and for

the fibril form. It turned out that the MMGBSA energy is

�2 kcal mol�1 more negative per residue than the globular form. This

result varies for the mutations but is overall similar to wild type

(Figure S2). It indicates that according to the MMGBSA calculations,

the fibril structure (embedded in the fibril) is energetically much more

stable than the globular form. This in turn implies that the small

change due to mutation of a single residue may not change the large

favorisation of the fibril form. Hence, once the globular form is

unfolded at sufficiently high concentration the fibril form is in all cases

energetically strongly favored. However, the energetic favorisation of

the fibril form depends on the number of peptide layers included in

the MMGBSA evaluation (Figure 5). Considering just one chain in the

fibril conformation results in a mean energy per residue in favor of the

globular form. In this case, the fibril backbone of the protein is fully

solvent exposed without forming hydrogen bonds to a neighboring

F IGURE 4 Energy contribution (boxes) of single-point mutations of Transthyretin in tetrameric (blue) and fibril (orange) form. The mutations
are indicated on the x-axis. A negative/positive contribution implies a stabilization/destabilization of the structure. All energies are per monomer/
layer; however, all fragments/layers were included in the calculations and the result was divided by number of chains (4 or 7 for the tetramer or
the fibril, respectively). Since the sequence of the fibril includes a gap compared to the tetramer, there are no fibril energy values for some
variants (D38A, S52P, E54G, E54K, and L55P). A red background indicates that this mutation is known for its increased amyloidogenicity,
whereas a yellow background means that the mutant reduces amyloidosis or stabilizes the tetrameric form. The symbols at the top depict if the
result matches to experimental data (check mark) or partially matches (circle) or does not match (cross).

F IGURE 5 Calculated mean MMGBSA energy difference per
residue between tetrameric globular TTR and TTR in the fibril
structure versus number of layers in the fibril
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layer. However, already three layers forming a fibril results in a calcu-

lated mean energy per residue in favor of the fibril eventually reaching

a level of ��2 kcal mol�1 per residue (Figure 5).

For some mutations, the MMGBSA calculations do not agree with

the experimental trend of ATTR. For example, for the variant A25T, the

calculations predict a decreased stability of the fibril and increased sta-

bility of the tetramer although experimentally this mutation causes

increased ATTR. Visual inspection shows that the A25 is located at a

narrow-buried interface between two β-strand segments in the fibril

structure (Figure 3). Indeed, replacement by a larger polar threonine

can perturb this interface. It is possible that such variant forms an

altered fibril topology with an increased space in the fibril not consid-

ered in the present study. It is also possible that some mutations pro-

mote fibril formation by stabilizing intermediates during amyloid

formation. Such mutation can change the kinetics of fibril formation

without stabilizing the final fibril structure. The possibility of an altered

fibril structure could also explain the results for mutations Y114C and

Y114H. The mutations to smaller residues destabilize the globular form

but more strongly also the fibril structure. An altered fibril topology or

adjustments of the fibril structure not considered in the present study

may reduce the predicted destabilization effect on the fibril. Also, the

H88R variant,52 known to promote amyloidosis, is predicted to destabi-

lize the globular tetramer and also to stabilize the fibril structure. In this

case, the protonation states of the wild-type histidine (we assume the

standard neutral protonation state) may influence the calculated stabili-

ties. Experimental studies have shown, that at neutral pH His88 is neu-

trally protonated, but at lower pH values changes to double

protonation state, which destabilizes the WT structure.69

Indeed, the H88A,52 E92P40 (artificial) and R104H5 variants are

known to reduce amyloidosis but the calculations predict a destabiliza-

tion of the tetramer possibly due to changes in protonation states not

considered in the present calculations. For example, in the case of the

V30M variant,5,34,40 the calculations indicate a slight stabilization of the

tetramer and a stronger stabilization of the fibril. In this case, a rather

small calculated effect is expected because both methionine and valine

are hydrophobic side chains of not very different size. A similar expla-

nation may hold for mutation V122I34,70 for which the calculations pre-

dicted no change in amyloidogenic tendency. Indeed, the variant V30G

corresponding to the loss of a whole nonpolar sidechain shows a strong

effect that agreed qualitatively with the experiment. The result of the

amyloidogenic variant S52P41,42 also does not fit to experimental data.

This could be due to changes in the backbone structure that may affect

the fibril topology due to replacement by proline. However, in this case,

other known in vivo influences (not considered by our calculations) like

an enhanced proteolytic cleavage between Lys48 and Thr49, favored

by this mutation, may drive the formation of fibrils.71

The MMGBSA analysis allows us also to separate the effect of a

mutation into energetic contributions to both for the globular tetra-

mer and the fibril structure (Figures S3–S6). For the bonded energy

contributions, destabilizing and stabilizing effects are observed with

no clear correlation with the amyloidogenic effect of the mutations

(Figure S3). Also, no clear distinction between amyloidogenic and non-

amyloidogenic variants is observed for electrostatic and van der Waals

contributions except that both contributions show a significant antic-

orrelation (Figures S4 and S5). The surface area dependent nonpolar

solvation term (Figure S6) correlates strongly with the van der Waals

contribution. This is expected since the reduction of surface area

often also leads to stronger packing energies. Interestingly, if a muta-

tion leads to decreased or increased van der Waals interaction this is

typically seen then for both the globular and the fibril TTR form.

3.2 | Influence of mutations on tetramer, dimer,
and monomer formation

Depending on the position of a mutation, its impact may affect the

folding stability of a single monomer, formation of a dimer or forma-

tion of the tetrameric complex formed by two dimers (Figures 1 and

6). As reference state for the calculations, the transition in the

unfolded structure (represented as central residue in a tripeptide) was

used. The calculated relative stability changes for the tetramer are the

same as given in Figure 4 and the stability change is given per mono-

mer unit. Thus, in the plots of Figure 6, identical values for monomer,

dimer, and tetramer indicate that the mutation changes only the fold-

ing of the monomer but has no further influence on the dimer and tet-

ramer association. This concerns most of the investigated mutations

(see Figure 4). However, some mutations, especially of residue 88 and

89 and 114 show a modest change in monomer stability but a signifi-

cant change in relative free energy of dimer formation (no or only

slight further stability change upon tetramer formation). Among the

mutations that promote amyloid formation there are five cases (E54K,

I84A, I84S, Y114C, and Y114H) for which a destabilization of the tet-

ramer is observed and vice versa there are also six cases among the

mutations that reduce the ATTR (A108I, A108V, A108W, T119M,

T119W, and T119Y) with a predicted increase in tetramer stability.

Indeed, residues 108, 119 are located at the dimer–dimer interface

(Figure 3) and large residues can fill empty space at the interface. In

some of the latter cases, the stabilization of the globular forms is also

due to increases folding stability. Overall, the calculations indicate that

stabilization or destabilization of each step up to the tetrameric globu-

lar form can influence the ATTR tendency. The effects on dimer and

tetramer formation can be correlated to the location of the residues

at or close to an interface between the monomers in the dimer (H88,

Y114, E92, and V94) or the interface between dimers in the tetramer

(A108, T119, see Figure 3).

3.3 | Optimizing the efficiency of the calculations

In the above MMGBSA calculations, we analyzed for each mutation

case 10 000 frames of each simulation. This resulted in calculated

errors of the mean well below 1.0 kcal mol�1 for the calculations of

the whole tetramer as well as the fibril. However, the MMGBSA cal-

culations on these many frames exceeds (considerably) the simulation

time for generating the trajectory frames. Predictions based on FoldX

that took �24 h for all 36 mutations are faster mainly because no MD
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simulation to generate an ensemble of conformations is required and

gave qualitatively similar results (except for some mutations in the

fibril structure that resulted in very high penalties).

An ensemble of structures allows one to estimate an error of the

calculated energies. In order to speed up the overall calculations and

balance each part, we systematically reduced the number of frames

used for the MMGBSA approach down to only 10 (distributed equally

over the whole simulation). Interestingly, despite an increase in calcu-

lated error of the mean (>10 kcal mol�1 in some cases for the evalua-

tion of only 10 frames) the mean calculated energy values changed

only very little (Figure S7). The error per selected residue (seven cop-

ies in case of seven fibril layers) is also lower than for the whole mole-

cule and allows one to speed up the MMGBSA calculation. Hence, it

indicates that for a rapid estimation of mutation effects, the evalua-

tion of just a few hundred frames might be sufficient and the genera-

tion and evaluation (including simulation and MMGBSA calculation) is

then a matter of minutes for each mutation. Also note that the evalua-

tion of each mutation can be performed independently in parallel

which further speeds up the evaluation of mutation effects.

4 | DISCUSSION

A significant number of human proteins can undergo amyloidosis

resulting in unfolding and formation of amyloidogenic fibrils that

cause various degenerative diseases.2,15,71 Recently, the structures of

both the globular forms and the amyloid fibril forms of several of

these proteins have been determined. Especially, the rapidly growing

number of fibril structures also formed under different in vivo or

ex vivo conditions become available due progress in the structure

determination by CryoEM techniques. However, there is still very lit-

tle understanding why certain protein sequences possess a strong

tendency for fibril formation, why certain mutations increase or

decrease the tendency of fibril formation and which structural form

(folded, unfolded, or fibril) has the largest influence.72 Simulation

studies can be helpful to obtain insight into the molecular details and

also energetics of fibril formation and the influence of mutations.

However, available methods to quantify relative stability changes are

often time consuming especially in case of systematic applications. A

second goal of the present study was also to evaluate the possibility

of using an MMGBSA (or even simpler FoldX) approach to rapidly

estimate mean energy changes due to mutations applied to the TTR

system for which experimental data on many mutations are available.

For �80% of the 36 tested mutations, the calculations predicted a

tendency in correct agreement with the experiment. The failure in a

few cases can be due to changes in the protonation states of charged

residues but may also be due to possible changes in the fibril struc-

ture due to a mutation. These effects are not accounted for in the

present protocol. However, one should also keep in mind that only a

qualitative comparison to experiment is possible because experimen-

tally only the qualitative increase or decrease of ATTR tendency is

available.

F IGURE 6 Comparison of calculated energy changes for tetramers, dimers and monomers upon mutation (relative to wild type). The
mutations are indicated on the x-axis. A negative/positive contribution implies a stabilization/destabilization of the structure. All energies are per
monomer/layer.
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The calculations allowed us also to extract some important con-

clusions concerning the influence of the mutations on the ATTR. The

systematic application to 36 TTR mutations indicates that it is indeed

the destabilization of the globular forms that strongly correlates with

ATTR tendency in agreement with previous studies based on studying

limited sets of mutations.5,16 Similar results were obtained for applica-

tion of FoldX. The effect, however, cannot be attributed to one of the

possible sub-equilibria such as monomer folding, dimer formation, or

tetramer formation but can be caused by influencing either one or

several of these steps. The analysis of energetic contributions of each

mutation also did not identify a single energy term responsible for

modulating the tendency of fibril formation of a given mutation.

Interestingly, mutations that are predicted to increase or decrease

the fibril stability relative to wild type are approximately equally distrib-

uted among those that either show enhanced or reduced amyloidogenic

tendencies. It indicates that according to the calculations once the TTR is

monomeric and (partially) unfolds a reduced stability of the fibril (relative

to wild type) has only little influence of ATTR (the residual stability of the

fibril is still sufficient to drive fibril formation). Calculations on the mean

energy per residue in the globular versus fibril form indicate indeed a sig-

nificant energetic stabilization of the amyloid fibril form compared to the

globular structure offering a direct explanation for the above conclusion.

Interestingly, the energetic favorisation of the fibril is predicted to depend

significantly on the number of layers included in the calculations. Forma-

tion of an initial single layer is energetically strongly unfavored compared

to the globular form but already a fibril composed of just three layers has

a mean MMGBSA energy per residue that favors the fibril structure.

Finally, we demonstrated that the approach is rapid enough for

the systematic application on large numbers of mutations for a given

globular and fibril protein structure. It was found that approaches

such as FoldX are also useful to evaluate the tendency but since the

method is based on an empirically optimized weighting of different

energy terms (for globular proteins) it might be useful to extend this

also to studies on amyloid fibril structures. It has been shown recently

that some peptide or protein sequences can adopt several different

fibril topologies depending on the sequence and experimental condi-

tions for amyloid fibril formation.73 In cases where such alternative

fibril topologies are available, it is also possible to evaluate the prefer-

ence of a mutation to promote the formation of different fibrils.
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