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Abstract: Protein aggregation into insoluble fibrillar structures known as amyloid characterizes

several neurodegenerative diseases, including Alzheimer’s, Huntington’s and Creutzfeldt-Jakob.
Transthyretin (TTR), a homotetrameric plasma protein, is known to be the causative agent of amyloid

pathologies such as FAP (familial amyloid polyneuropathy), FAC (familial amyloid cardiomiopathy)

and SSA (senile systemic amyloidosis). It is generally accepted that TTR tetramer dissociation and
monomer partial unfolding precedes amyloid fibril formation. To explore the TTR unfolding landscape

and to identify potential intermediate conformations with high tendency for amyloid formation, we

have performed molecular dynamics unfolding simulations of WT-TTR and L55P-TTR, a highly
amyloidogenic TTR variant. Our simulations in explicit water allow the identification of events that

clearly discriminate the unfolding behavior of WT and L55P-TTR. Analysis of the simulation

trajectories show that (i) the L55P monomers unfold earlier and to a larger extent than the WT; (ii) the
single a-helix in the TTR monomer completely unfolds in most of the L55P simulations while remain

folded in WT simulations; (iii) L55P forms, early in the simulations, aggregation-prone conformations

characterized by full displacement of strands C and D from the main b-sandwich core of the
monomer; (iv) L55P shows, late in the simulations, severe loss of the H-bond network and

consequent destabilization of the CBEF b-sheet of the b-sandwich; (v) WT forms aggregation-

compatible conformations only late in the simulations and upon extensive unfolding of the monomer.
These results clearly show that, in comparison with WT, L55P-TTR does present a much higher

probability of forming transient conformations compatible with aggregation and amyloid formation.

Abbreviations: FAC, Familial Amyloid Cardiomiopathy; FAP, Familial Amyloid Polyneuropathy; H/D exchange, Hydrogen/Deuterium
exchange; L55P-TTR, Transthyretin with a proline replacing a leucine in position 55; MD, Molecular Dynamics; MDC, Minimum Dis-
tance Conformation; NMR, Nuclear Magnetic Resonance; RMSD, Root Mean Square Deviation; RMSF, Root Mean Square Fluctua-
tion; Rgyr, Radius of Gyration; SASA, Solvent Accessible Surface Area; SSA, Senile Systemic Amyloidosis; TTR, Transthyretin; WT-
TTR, Wild-type transthyretin
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Introduction
Protein aggregation into insoluble ordered struc-

tures known as amyloid has been shown to occur in

more than 20 distinct proteins.1 Probably, for most

of the amyloidoses, in particular extracellular amy-

loidoses, amyloid formation is not due to errors in

the normal folding pathway of a protein but to

decreased structural stability, unfolding events or

even conformational fluctuations around the native

structure ensemble, allowing for alternative stable

conformations. Mutations, in particular, seem to

play a critical role in the decrease of protein confor-

mational stability and in triggering unfolding

events.2

Amyloid fibril formation has been linked to sev-

eral pathologies ranging from Huntington’s disease

and Creutzfeldt-Jakob, with variable age of onset, to

Alzheimer’s, Parkinson’s and other neurodegenera-

tive diseases affecting mostly the elderly.1 Familial

amyloid polyneuropathy (FAP) and senile systemic

amyloidosis (SSA) account for another group of such

diseases. FAP is characterised by impairment of

temperature and pain sensation in the feet, at early

stages of the disease, which then evolves to auto-

nomic dysfunction and, in many cases, to patient

death.3 Costa and coworkers first identified trans-

thyretin (TTR) as the principal protein constituent

of amyloid fibrils in Portuguese patients with FAP.4

Human TTR is mainly produced by the liver

and secreted as a 55 kDa homotetramer into the

plasma, and its function has been linked to thyro-

xine and retinol transport. More than 80 mutations

of TTR have been reported, most of them amyloido-

genic.5 Amongst TTR variants, V30M is the most

prevalent and L55P yields the most aggressive

symptoms.6 The 3D structures of the wild-type form

of TTR (WT-TTR) and several of its variants have

been solved to high-resolution by X-ray crystallogra-

phy (see reference 7 and references therein).

Remarkably, the crystal structures of the TTR var-

iants are, in general, similar to that of the wild-type

protein. TTR is composed by four subunits with 127

residues each, containing two four-strand b-sheets
packed in a b-sandwich topology and mainly stabi-

lized by hydrogen bonds and hydrophobic contacts

(Fig. 1). Experimental evidences based on aging

experiments of tetrameric TTR and chemically

induced unfolding experiments, revealed that tet-

ramer dissociation into compact monomers with low

conformational stability precedes amyloid fibril for-

mation.8 It has also become apparent that amyloido-

genic single-point mutations influence not only TTR

dissociation kinetics9 but yield monomers with lower

thermodynamic stability,8 in spite of the high struc-

tural similarity between the mutants and the wild-

type protein.7 Additionally, amyloidogenic TTR var-

iants were shown to produce, in solution and even at

neutral pH, higher amounts of partially unfolded

monomeric species with enhanced propensity for or-

dered aggregation into amyloid fibrils.10,11 There-

fore, the conformational stability of the TTR mono-

mers undoubtedly plays a critical role in the process

of amyloid formation.

Among the structural changes necessary for

amyloid formation by TTR, the displacement of the

D-strand-loop-C-strand segment (see Fig. 1) from its

native position is believed to be essential in order to

expose a new interface comprised by strands A and

B, necessary for monomer assembly into aggre-

gates.12–14 Site-directed spin labeling combined with

electron paramagnetic resonance (EPR)15 and hydro-

gen/deuterium (H/D) exchange studies by nuclear

magnetic resonance (NMR) spectroscopy have sup-

ported this hypothesis16 and, recently, a computa-

tional model of an amyloid protofilament of TTR was

proposed17 where proper subunit-subunit docking

was only achieved if the D-strand-loop-C-strand seg-

ment was fully displaced from the b-sandwich core

of the TTR subunit.

Molecular dynamics (MD) simulations may be

used to study in detail conformational changes in

atomic models of proteins and to gain insight into

time- and environment-dependent events, such as

protein folding and unfolding processes. Despite the

great increase of computational power seen in the

past decade, it is still unpractical to simulate, in rea-

sonable times, an all-atom model of a protein in

explicit solvent for more than tens of nanoseconds,

while both folding and unfolding events typically

take milliseconds, seconds or more to occur.18–22

Although some groups have proposed promising

strategies to track the protein folding pathways by

computer simulations, computer limitations have

made protein unfolding more tractable than protein

folding.23–27 In fact, simulation protocols making use

of high temperature do increase the rate of these

processes and in addition provide unfolding condi-

tions. As pointed out by Finkelstein,28 though, care

must be taken while extrapolating MD results

obtained at extreme unfolding conditions to the pro-

tein folding problem. Even so, unfolding simulations

at high temperature allow for the exploration of the

conformational space available to a protein at

several points of the unfolding process, supplying

atomic-scale details to experimental results of pro-

tein unfolding.29
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Previously, based on a smaller set of TTR MD

unfolding data, we have discussed the importance of

collapsed denaturated states in sampling alternative

stable conformations for the TTR polypeptide

chain.30 Here, based on a larger set of multiple MD

unfolding simulations at high temperature and in

explicit solvent, we investigate the conformational

stability and the unfolding behavior of WT-TTR and

its highly amyloidogenic variant L55P-TTR. Employ-

ing classical and geometry-based methods as well as

several property-fluctuation analyses and cluster

analysis, we shed new light on the molecular mecha-

nism of amyloidogenesis by TTR and extend the

observations by other authors.31–34 Our simulations

corroborate experimental observations correlating

the conformational stability of monomeric TTR spe-

cies and their amyloidogenic potential,8 and high-

light some of the amino acid residues that may have

a relevant role in the early stages of amyloid forma-

tion. Additionally, our simulations allow the identifi-

cation of unfolding events leading to aggregation-

prone intermediates, and thus allow the discrimina-

tion between amyloidogenic and nonamyloidogenic

behavior.

Results
To better characterize the unfolding landscape of

transthyretin monomeric species and its relation to

amyloid formation, we have performed five inde-

pendent 10-ns long MD simulations, at 500 K, of

WT-TTR, the naturally occurring form of the protein,

and L55P-TTR, a highly amyloidogenic variant. In

the following paragraphs, a detailed analysis of

these simulations is presented.

Analysis of global structural properties

The root mean square deviation (RMSD) provides an

overall measure of the departure of the structures

from the initial X-ray Cartesian coordinates, at each

frame of the MD trajectory, which may be valuable

for preliminary estimation of the effect of mutations

over the conformational stability of one protein.

However, differences in the RMSD values among

multiple unfolding trajectories must be carefully

interpreted. In many instances, high RMSDs

between structures may suggest the exploration of

different regions of the protein conformational land-

scape, however careful analysis of changes in experi-

mentally observable properties for these structures

may be considerably smaller, suggesting one single

dominant pathway.35 The Ca-RMSD variation from

the crystal structures of WT- and L55P-TTR along

each simulation is reported in Figure 2. At physio-

logical temperature (310 K), both TTR variants show

small fluctuations throughout the 10 ns simulations,

with values below 2 Å, and therefore agreeing with

previous results on native-state simulations at room

temperature.31 High temperature, on the other

hand, clearly induces the unfolding of all replicas,

despite the distinct Ca-RMSD profiles observed.

Actually, while comparable patterns are observed

along the first nanosecond of simulation among both

TTR variants, in general L55P-TTR undergoes a

faster increase in RMSD than WT-TTR. This differ-

ence becomes more obvious after the 2.5 ns time

point. After 6.2 ns, two trajectories of WT-TTR –

runs 1 and 4 – and other two of L55P-TTR – runs 1

and 2 – exhibit an analogous trend characterized by

rapid-increasing and fluctuating RMSD until the

Figure 1. Schematic representation of the X-ray crystal structures of wild type (on the left) and L55P (on the right) subunits of

human transthyretin (TTR; PDB entries 1TTA36 and 5TTR,52 respectively). Residue 55, located in b-strand D, is represented in

balls-and-sticks. The N- and C-termini are represented by two spheres. [Color figure can be viewed in the online issue, which

is available at www.interscience.wiley.com.]
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end of the simulation, whereas the remaining three

trajectories present lower RMSD variations. The

mean Ca-RMSD over the 50,000 snapshots of the

five unfolding simulations is 5.2 6 2.7 Å for WT-

TTR and 7.2 6 3.9 Å for L55P-TTR, showing on av-

erage a larger departure from the initial structure

in the case of L55P-TTR.

Figure 3 shows the Ca atoms root mean square

fluctuation (RMSF) per residue, compared with the

RMSF values derived from the crystallographic B-fac-

tors of WT-TTR,36 using the relationship RMSF ¼
(3B/8p2)1/2.37,38 The largest values of RMSF corre-

spond mainly to the N- and C-terminal tails of the

peptide chain and to loop regions. It is clear that both

WT-TTR and L55P-TTR present modest and nearly

superimposable fluctuations for the equilibrium simu-

lations, at 310 K. On the contrary, L55P-TTR shows

significantly larger fluctuations than WT-TTR for all

residues, during the unfolding process at 500 K. In

L55P-TTR, it is observed a somewhat expected broad-

ening of the peak between residues 47 and 58, cen-

tred on the b-bulge region initiated by residue 55.

This may be because the hydrogen bonding network

near the mutation site is extensively disrupted even

in the native structure of L55P-TTR. Additionally, in

L55P-TTR, larger fluctuations extend to the DE loop,

namely from residue 56 to 59. Intriguingly, a sharp

increase on RMSF is also observed in the region of

residues 75 to 88, which is primarily constituted by

the only a-helix in the structure.

Structural compactness along the MD unfolding

simulations may be assessed by parameters such as

the radius of gyration (Rgyr) or the solvent accessible

surface area (SASA). Despite the rather erratic vari-

ation of the Rgyr along the 10 ns simulations, several

highly expanded and several collapsed protein con-

formations are sampled along the unfolding path-

ways of both WT-TTR and L55P-TTR (Supporting

Information, Fig. S1). It is interesting to contrast

these results with the variation in SASA of the TTR

hydrophobic residues (Supporting Information, Fig.

S2). The progressive increase in solvent exposure of

all types of residues is an expected outcome of the

denaturation process. Nonpolar residues, in particu-

lar, represent a key driving force for protein folding

and also a pivotal basis for protein thermodynamic

stability. The simulations show that on average the

amyloidogenic mutant exposes its hydrophobic resi-

dues to a larger extent when compared to WT-TTR,

starting right from the first nanosecond of simula-

tion (Fig. S2 in Supporting Information).

To test the idea that strands C and D must be

displaced from the TTR monomer b-sandwich for

amyloid formation to occur,12–17 we have also

inspected the variation of SASA for the side-chains

Figure 2. Variation along the simulation trajectories of the

Ca atom root mean square deviation (RMSD) with respect

to the crystal structure. RMSDs were calculated over all

residues except the N- and C-terminal tails. Control

trajectories performed at 310 K are labelled accordingly.

Results for 2 � 5 unfolding simulations at 500 K for WT-

TTR (A) and L55P-TTR (B) are presented. The insets

represent expansions of the first 2 ns of simulation.

Figure 3. Ca atom root mean square fluctuation (RMSF) as

a function of residue number and calculated over all

trajectories at 500 K (top panel) and 310 K (bottom panel)

for WT-TTR (hollow triangles) and L55P-TTR (hollow

squares). Residue 55 is colored in black. All 127 residues

were considered and the secondary structure motifs are

identified by eight black rectangles corresponding to the

b-strands, and a gray rectangle corresponding to the

a-helix. The line with black circles (bottom panel)

represents the fluctuations derived from the crystallographic

B-factors of WT-TTR (PDB entry 2QGB). For clarity, RMSF

values in the top and bottom panels were represented with

different scales.
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belonging to residues in strands A and B, against

that of the side-chains of all other residues in the

TTR monomer (Fig. 4). These two selections present

similar variation profiles (regardless of the different

scaling), changing at comparable rates within each

variant. As seen for RMSD and Rgyr variations, two

simulations of WT-TTR — runs 1 and 4 — and other

two of L55P-TTR — runs 1 and 2 — present signifi-

cantly larger property variations than the remaining

three runs. Interestingly, the differences are more

evident for strands A and B in L55P-TTR where sev-

eral peaks are observed in the SASA variation pro-

files (Fig. 4), suggesting that runs 1, 2, and 4 of

L55P may be sampling the most amyloidogenic path-

ways. Moreover, the L55P variant is more prone to

expose strands A and B, starting as early as the

fourth nanosecond of simulation in run 4.

Whether the mutation in position 55 produces

conformational instability exclusively at the b-sand-
wich edge-region encompassed by the D-strand-loop-

C-strand segment or exerts global effects over the

monomeric structure of TTR is a crucial question,

for it may conceal the underlying mechanisms by

which remote and apparently unrelated point muta-

tions may yield amyloid aggregates sharing a com-

mon molecular architecture. To this end, we have

also calculated the relative difference in SASA per

residue between the L55P variant and WT-TTR,

across all probed conformations (Fig. 5). The results

suggest that the L55P mutation is capable of induc-

ing an odd increase in solvent exposure of the major-

ity of the TTR residues, as illustrated in Figure 5 by

the positive displacements. Most of the observed

negative and null differences correspond to residues

located either in turns and coil regions or in strands

G and H. Strands B, E, and F and residue 42 in

strand C exhibit the most significant overall

increases, followed by the a-helix and strand A,

whose residues all present a positive increase. In

particular, the mutated residue Pro55, located in

strand D, appears �2.9 times more exposed than

Leu55 in WT-TTR. Residues His31, Phe33, Arg34,

Glu42, Tyr69, Lys70, Val93, and Phe95 show, on av-

erage, tens of times larger SASA in L55P-TTR than

their counterparts in WT-TTR, thereby accounting

for the most dramatic differences in solvent expo-

sure patterns. The hypothetical role of these resi-

dues will be discussed in the following sections.

Analysis of secondary structure, native
contacts, and H-bonds

The changes in protein secondary structure along

control and unfolding simulations are reported in

Figure 6. In the crystal structure of WT-TTR, 55.1%

of the amino acid residues are present in regular

secondary structure, while in L55P-TTR this per-

centage equals 52.8%. As expected, both in the WT-

and L55P-TTR equilibrium simulations [Fig. 6(A,

G)] the secondary structure motifs are well main-

tained over the 10 ns of simulation. However, for the

simulations carried out at 500 K, highly unfolded

conformations are sampled in some of the runs of

WT-TTR and L55P-TTR (Fig. 6). The loss of second-

ary structure upon thermal unfolding occurs earlier

and to a larger extent in the simulations of the

L55P variant [Fig. 6(H–L)] than in those of the

wild–type form of TTR [Fig. 6(B–F)]. While in the

control simulations the percentage of residues in

regular secondary structure is only slightly inferior

to that of the crystal structures, 49.7 6 1.5% and

49.4 6 1.1% in WT- and L55P-TTR, respectively, in

the unfolding simulations a much larger decrease is

found when analysing the average percentage of res-

idues in regular secondary structure over all the

simulations. The average regular secondary struc-

ture content for all simulations of WT-TTR is 34.5 6

9.7%, but only 28.9 6 10.8% for L55P-TTR.

A closer look at the plots in Figure 6 points out

interesting details on the structural stability of the

individual elements of secondary structure. As men-

tioned earlier, each TTR monomer has a b-sandwich

fold composed of two four-stranded b-sheets labeled

DAGH and CBEF (Fig. 1). b-strands A and B pres-

ent comparable overall stability in WT-TTR and

L55P-TTR multiple trajectories, though strand B is

more stable than strand A. Strand C shows good

persistence in the simulations of WT-TTR. However,

in L55P-TTR, strand C completely unfolds in 2 of

the 5 simulations. Although the short strand D —

formed by residues 54 and 55 — is clearly defined

during the unfolding trajectories of WT-TTR, and

only absent at the end of runs 1 and 4, it remains

unstructured over all simulations of L55P-TTR, just

like in the crystal structure. Strand E is completely

lost in the second run of L55P-TTR and in no other

simulation, thereby standing as the most stable b-
sheet-forming sequence. By contrast, strand F and

mainly strand H appear to be the most sensitive to

thermal unfolding conditions, in both variants of

TTR. Concerning the stability of the a-helical struc-
ture formed by residues 75–83, in the trajectories of

WT-TTR the helix is normally maintained until the

end of the simulations. However, as anticipated in

the RMSF plots (Fig. 3), in L55P-TTR the a-helix
experiences important conformational conversions

and is only maintained in runs 2 and 5, being

replaced by coils and turns around the first nanosec-

ond in the other three runs.

Sets of 241 and 228 interresidue native contacts

were first defined from the crystal structures of WT-

and L55P-TTR, respectively, as described in the

‘‘Methods’’ section. The difference in the number of

contacts between the two proteins is mostly due to

the first few residues, as the N-terminal unstruc-

tured tail of WT-TTR participates in a number of

contacts. For the rest of the sequence, and focusing
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Figure 4. Variation of the solvent accessible surface area (SASA) of the monomers’ side-chains along MD simulations of WT-

TTR (A) and L55P-TTR (B). The SASA of residues located in b-strands A and B (lower panels) and of all other residues (upper

panels) are represented separately. Runs 0 are control simulations performed at 310 K. All other simulations are unfolding

simulations performed at 500 K. Protein conformations shown underneath the plots correspond to SASA increases at different

stages of the simulations. Strands A and B are highlighted in red.
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on the contacts involving the b-strands, the number

of native contacts defined for the initial structures of

WT-TTR and L55P-TTR is similar. These two sets of

contacts were followed along the 10 ns of each simu-

lation to identify meaningful trends among the sim-

ulation replicas and/or to recognize consistent differ-

ences between the two TTR variants. Contact

matrices were rendered with this purpose (Fig. 7).

For the control runs, the number of native contacts

remains roughly constant throughout the simula-

tions. At 500 K however, we observe a gradual loss

of native contacts over time, generally more severe

for L55P-TTR than for wild type. This global tend-

ency is even clearer for WT-TTR runs 1 and 4, and

for runs 1 and 2 in L55P-TTR, which is in agree-

ment with what was observed for the global struc-

tural properties reported in the previous section.

Perhaps the most intriguing observations out of the

native contacts analysis come out of the identifica-

tion of those contacts which are more preserved

throughout the 10 ns of each simulation. For exam-

ple, contacts between residues Phe33-Lys70 (contact

number 133) and Arg34-Glu42 (contact number 137)

are kept across all simulations of WT-TTR at 500 K.

This behavior does not apply to the L55P-TTR simu-

lations, where these contacts (here numbered 119

and 122, correspondingly) are much less persistent,

and almost unseen in runs 1 and 2. An even more

conspicuous divergence can be found for contacts

Val32-Phe44 (number 124) and Phe33-Glu42 (num-

ber 128), connecting strands B and C; contact

Phe33-Tyr69 (number 132), linking strands B and E;

contact Arg34-Trp41 (number 136) between strands

B and C; and finally contact Tyr69-Phe95 (number

174), between strands E and F. All these contacts

are well maintained in all the simulations of WT-

TTR, yet significantly disrupted in runs 1 and 2 of

L55P-TTR. Most of these residues correspond to

those presenting the largest differences between

their average solvent exposure in all simulations of

the wild type and L55P-TTR (Fig. 5). Possible simi-

larities among contacts with low prevalence levels

have also been checked, excluding those relating to

residues located in the terminal tails of the mono-

mer (and thus, undertaking constant fluctuations).

Although good consistency is seen among the

replicas of each variant, no common drifts are

detected between WT and L55P-TTR, and most of

the contacts with low prevalence involve residues

located in strand A, loops and coils, and the helical

motif.

Because of the importance of hydrogen bonds

between backbone amide groups in the b-sandwich

structural motif, we have studied the changes in the

hydrogen bond network and its behaviour along the

unfolding trajectories (Table I). Hydrogen bonds

were defined according to the geometrical criteria

presented in the ‘‘Methods’’ section, resulting in 37

interstrand H-bonds involved in the two b-sheets in

the crystal structure of WT-TTR. The mutated mono-

mer presents a markedly disrupted H-bond network

with only 26 H-bonds defined between b-strands.
The absent bonds in L55P-TTR are identified as dot-

ted-line arrows in the schematic drawing provided

in Figure S3 of the Supporting Information. Most of

these H-bonds lie between b-strands C and B and

between strands G and H. Moreover, the H-bonds

between strand D (holding the mutation site) and

strand A are also absent, as Pro55 is not capable of

establishing H-bonds with Val14. The variation of

the total number of hydrogen bonds along the trajec-

tories at 500 K may be directly related with changes

in interresidue contacts and secondary structure.

During the unfolding process, native contacts are

broken and helices and strands are converted into

nonregular secondary structure elements containing

none or few hydrogen bonds. The levels of relative

occupancy of each hydrogen bond defined in the b-
sandwich are, in general, lower in L55P-TTR (Table

I). In particular, all hydrogen bonds between strands

C and B have reduced percentages of occupancy.

These calculations were also repeated considering

only the most disruptive unfolding simulations: runs

1 and 4 of WT-TTR and runs 1 and 2 of L55P-TTR.

Considerable decreases from the overall mean occu-

pancies were obtained in these runs (Table I). Oddly,

while in WT-TTR most of these differences are cen-

tred in the hydrogen bonds linking strands D and A,

and strands A and G (hydrogen bond number 21

being the exception), in L55P-TTR the difference is

more global and centred on the H-bond network of

the CBEF b-sheet.

Figure 5. Relative difference in SASA per residue (% of

SASA difference) between L55P-TTR and WT-TTR, across

all sampled conformations. The secondary structure motifs

in native TTR are identified by eight black rectangles

corresponding to the beta-strands, and a gray rectangle

corresponding to the alpha-helix. Additionally, residue 55

and all other residues displaying exceptionally high SASA

increases are labeled.
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Figure 6. Secondary structure variation along MD simulations of WT- and L55P-TTR. (A): WT-TTR, control run (at 310 K);

(B–F): WT-TTR, runs 1 to 5; (G): L55P-TTR, control run (at 310 K); (H–L): L55P-TTR, runs 1 to 5. All runs, except the control

runs, were performed at 500 K. Secondary structure was assigned with the program STRIDE.65 Residues in b-sheet are
shown in gray, helical motifs are represented in dark gray, and residues in nonregular or other secondary structure are shown

in white.
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Hierarchical agglomerative clustering analysis
Clustering is the arrangement of similar objects into

different groups, or more precisely, the partitioning

of a data set into subsets (clusters) so that the data

in each subset ideally share some common trait, of-

ten the proximity according to some defined distance

measure.39 For the protein unfolding problem,

insightful analyses of multiple trajectories can be

attained by gathering snapshots from each simula-

tion and clustering those with similar properties.

The clustering analysis of the structures sampled

from the unfolding simulations of WT- and L55P-TTR

was based on the similarity matrices constructed from

the pairwise RMSD between all structures for each

TTR variant. The analysis of the sampled structures

from both WT- and L55P-TTR original data sets led to

10 clusters for each variant. Representative structures

of each cluster were chosen based on four molecular

properties: number of H-bonds, number of native con-

tacts, secondary structure and nonpolar SASA. Figure

8, and Tables SI and SII in the Supporting Informa-

tion, summarize information on cluster populations,

average molecular properties of the centroids, the con-

tribution of each run to the clusters and the

Figure 7. Persistence of native contacts along MD simulations of WT-TTR (on the left) and L55P-TTR (on the right), for the

control runs at 310 K (panels A and G) and for unfolding runs 1 to 5, at 500 K (panels B–F and H–L). Black traces represent

the total number of enduring native contacts along the simulations. The light gray matrices on the background illustrate the

persistence of each contact along the simulation.
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contribution of ten nonoverlapping time intervals of 1

ns. The clusters are ranked by the number of struc-

tures. In the case of WT-TTR, the most populated clus-

ter contains 30.9% of the total population, followed by

two clusters holding �27 and 24%. Cluster 2 contains

the X-ray structure and its centroid presents average

molecular properties that illustrate the native ensem-

ble. These first three clusters sum up �82% of the

whole structure population. The fourth cluster repre-

sents 12.7% and the remaining clusters have popula-

tions ranging from 0.2 to 2%. For L55P-TTR, the distri-

bution of the structures in the clusters is different. The

first three clusters sum up �64% of the total popula-

tion. The first one contains about 29%, and includes

the X-ray structure, and two clusters of �19% and one

of 15% follow. Consequentially, the remaining clusters

represent a larger number of structures than their

counterparts in WT-TTR, except for the smallest clus-

ter, representing 0.1% of the population. For WT- and

L55P-TTR, the centroids of the most populated clusters

mainly represent native-like conformations sampled

within the first nanoseconds of the simulations. For

example, in both variants the average nonpolar SASA of

the first five centroids is below 6000 Å2. On the contrary,

the centroids of the five less populated clusters tend to

represent unfolded structures sampled on later stages of

the simulations, with average nonpolar SASA ranging

up to 7000 Å2. Exceptions are the seventh and the ninth

clusters of L55P-TTR, holding average molecular prop-

erties that bring them closer to the native-like monomer

conformations but presenting significant displacement

of strands C and D from the b-sandwich core.

Discussion

General considerations
Molecular dynamics simulations are the archetypal

computational technique for conducting atomic-

Table I. Inter-b-Strand Hydrogen Bond Occupancy During MD Unfolding Simulations of WT- and L55P-TTR

b-strands #

WT-TTR L55P-TTR

Donor-acceptor
% of occupancy

in all runs
% of occupancy
in runs 1 and 4 Donor-acceptor

% of occupancy
in all runs

% of occupancy
in runs 1 and 2

D and A 1 L55-V14 32.5 13.4 P55-V14 0.0 0.0
2 V14-L55 16.1 4.7 V14-P55 0.0 0.0
3 L111-L17 53.8 44.7 L111-L17 42.9 34.7
4 L17-A109 60.4 52.9 L17-A109 54.7 37.6

A and G 5 A109-K15 58.5 48.9 A109-K15 53.3 38.9
6 K15-I107 60.3 48.0 K15-I107 48.9 41.3
7 I107-M13 48.9 37.8 I107-M13 40.7 42.8
8 M13-Y105 31.9 23.6 M13-Y105 27.5 33.6
9 S112-S115 4.8 2.0 S112-S115 0.0 0.0
10 L110-S117 25.2 21.5 L110-S117 0.0 0.0
11 S117-L110 12.0 9.4 S117-L110 0.0 0.0
12 A108-T119 27.4 24.1 A108-T119 36.4 34.6

G and H 13 T119-A108 21.3 16.9 T119-A108 0.0 0.0
14 T106-V121 20.6 22.9 T106-V121 21.0 11.4
15 V121-T106 24.5 25.3 V121-T106 29.0 23.4
16 R104-T123 6.6 7.5 R104-T123 4.3 0.5
17 T123-R104 14.5 16.5 T123-R104 10.6 3.5
18 T49-V28 13.3 16.3 T49-V28 0.0 0.0
19 G47-V30 22.8 20.9 G47-V30 0.0 0.0
20 V30-G47 32.4 32.0 V30-G47 0.0 0.0

C and B 21 V32-A45 49.6 37.6 V32-A45 37.7 25.2
22 F44-V32 40.7 35.1 F44-V32 39.3 27.9
23 E42-R34 72.6 71.0 E42-R34 60.8 48.2
24 R34-E42 74.6 74.5 R34-E42 0.0 0.0
25 A36-T40 35.0 37.8 A36-T40 33.3 28.7
26 H31-E72 55.0 58.0 H31-E72 53.4 46.0
27 E72-H31 65.9 67.3 E72-H31 60.7 54.0

B and E 28 F33-K70 80.7 80.9 F33-K70 73.9 65.5
29 K70-F33 68.8 69.6 K70-F33 0.0 0.0
30 K35-I68 42.4 40.0 K35-I68 36.0 28.2
31 I73-A91 27.4 31.0 I73-A91 27.5 20.9
32 A91-I73 17.6 19.7 A91-173 11.0 12.7
33 V71-V93 54.4 60.3 V71-V93 43.0 29.2

E and F 34 V93-V71 33.0 36.0 V93-V71 33.4 22.7
35 Y69-F95 65.4 61.9 Y69-F95 34.7 25.9
36 F95-Y69 67.2 68.0 F95-Y69 41.6 29.9
37 A97-G67 37.5 36.5 A97-G67 14.7 13.3

For each protein, the occupancy was calculated over all runs performed at 500 K, and also over those trajectories exploring
potentially amyloidogenic routes.
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resolution studies of biological systems, providing

links between structure and dynamics through the

exploration of the conformational landscape accessi-

ble to biomolecules. The use of high temperature

simulations to overcome the conformation sampling

problem is well documented.23–27 The additional ki-

netic energy introduced in the simulation allows

crossing of high energy barriers, ensuring a broad

sampling of the conformational space, and simulta-

neously promoting the thermal unfolding of the pro-

teins under study. Moreover, if reasonable compari-

sons with experimental denaturation studies are to

be made, performing multiple simulations becomes

critical to probe the multitude of conformations ac-

cessible to the protein between the native and the

unfolded states. Daggett and coworkers have shown

that a small number of simulations, five to ten runs,

can be adequate to extract the average properties

and the essence of the unfolding pathway.40

Our simulations aimed at an atomic-scale

understanding of the effect of a point mutation on

the structural stability and conformational unfold-

ing landscape of TTR monomers. High temperature

was employed as a mean to accelerate the unfolding

process and thus to evidence potential dissimilar-

ities between the wild–type and the mutant TTR,

rather than to study the pathways of thermal

unfolding of the protein in depth. Furthermore,

explicit water molecules were used in all our simu-

lations because solvent molecules have been shown

to play an active part in the denaturation process of

some proteins.23

Figure 8. Minimum distance conformations (MDC) for each of the 10 clusters obtained by hierarchical agglomerative

clustering for WT-TTR (A) and L55P-TTR (B). The residue at the mutation site is represented with spheres: Leu55 is colored in

green and Pro55 in light green. Residues undergoing larger increases in SASA throughout the L55P-TTR simulations are

represented as orange spheres; Phe33—showing the highest increase — is represented in red. Residues belonging to

b-strands A and B and displaying significant increases in SASA are represented with gray dots. The orientation of all models

was obtained by least-squares fitting to the initial crystal model of WT-TTR shown in Figure 1, except MDCs 7 and 9 which

are slightly rotated from the other conformations.
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Significant efforts have been made by several

authors to identify the key events in amyloid fibril for-

mation by TTR. Tetramer dissociation into monomers

has been pointed out as the rate-limiting step for TTR

amyloid formation.41 However, tetramer dissociation

thermodynamics and kinetics do not fully correlate

with the amyloidogenic potential of TTR variants.2

Thus, the detailed understanding of the unfolding pro-

cess of TTR monomers may therefore provide impor-

tant clues to define new strategies towards the devel-

opment of efficient treatments for FAP and SSA.

High-temperature MD simulations provided us

with countless details on the structural and dynamic

properties of the TTR monomer unfolding. Multiple

runs allowed the exploration of the conformational

space accessible to the subunits through distinct

unfolding pathways. Correlating the data extracted

from secondary structure, interresidue contacts,

hydrogen-bonding and clustering analyses, we were

able to: (i) assess differences in the conformational

stability of WT- and L55P-TTR – identifying, for

each variant, trajectories that are more likely to

yield amyloidogenic intermediates; and (ii) define

critical protein regions displaying higher lability,

particularly in the mutated TTR.

Comparison with other computer simulations

Yang and coworkers first addressed the stability and

flexibility of TTR monomers using MD simulations

in explicit water, at room temperature.31 It was

shown that, on average, the nonbonded interaction

energy (Coulomb and van der Waals interactions)

between the two b-sheets of the TTR b-sandwich

was more negative for WT-TTR than for the mono-

mers of L55P-TTR or V30M-TTR, suggesting a

stronger packing of the b-sandwich in the former.

More recently, the same authors reported on the use

of MD simulations to characterize the unfolding

pathways of WT-, V30M-, and L55P-TTR and their

role in amyloidogenicity.34 In this study, the general-

ized Born (GB) implicit solvent model was employed

to simulate monomers at different temperatures.

The potential energy of multiple conformers was

used to render energy landscapes for each protein

variant as a function of conformational similarities

simplified by principal coordinate analysis.34 Multi-

ple and dissimilar routes of unfolding were reported

for each of the three variants, again suggesting that

single point mutations strongly affect the unfolding

mechanisms of TTR. Moreover, initial disruption of

strand D was seen for the three variants under

study, with subsequent unfolding of strand H and

ultimate disruption and dislocation of strand F from

the AG strands.

Despite the alternative approach followed by

Yang and coworkers, our results are in agreement

with theirs in several aspects, which evidences the

sucesses being made in the optimization of implicit

solvent models.42 A somewhat comparable sequence

of events is seen in our simulations of L55P-TTR.

However, in our WT-TTR simulations, ordered sec-

ondary structure is generally maintained in strand

D, and strand H undergoes progressive disruption

and displacement from the DAG strands, even

before significant modifications occur in strand D. In

addition, the secondary structure and positioning of

strand F are well conserved in our simulations of

WT-TTR. Moreover, in our simulations of L55P-TTR,

both strands C and D undergo marked unfolding

and displacement from the core of the TTR subunit,

exposing specific hydrophobic residues at the surface

of strands A and B. In addition, strong disruption of

the a-helical motif is another key event seen in 4 out

5 of our simulations of L55P-TTR, but not in WT-

TTR. These observations consistently discriminate

the behaviour of WT-TTR from that of L55P-TTR,

suggesting a possible explanation for the augmented

amyloidogenicity of L55P-TTR. Thus, our simula-

tions in explicit solvent seem to be able to probe in

greater detail the differences in unfolding patterns

between WT- and L55P-TTR.

Comparison with chemical denaturation

experiments
Although the accuracy of computer simulation pre-

dictions may be estimated by considering the

approximations and simplifications of the models

and the computational procedures used, the ultimate

test lies in the comparison between the predicted

and the experimentally measured properties. The

conformational stability of monomeric forms of WT-,

L55P-, V30M-, and T119M-TTR was previously

measured in our group through chemically-induced

unfolding experiments followed by intrinsinc trypto-

phan fluorescence.8 The analysis of structural prop-

erties extracted from the simulations, reported in

the previous sections, show consistency with this

previous experimental work. In fact, the variation of

all analysed properties, but in particular Ca-RMSD

(Fig. 2), solvent accessible surface area (Fig. 5), sec-

ondary structure (Fig. 6), and native contacts (Fig.

7) clearly indicate a higher tendency for unfolding of

the L55P-TTR monomer when compared with the

wild type, agreeing with the lower experimentally

determined conformational stability of the L55P-

TTR monomer.8 Interestingly, while the side-chain

SASA of residue Trp41 changes erratically across all

simulations, Trp79, belonging to the helical motif

and hidden from the solvent in the native state,

appears more exposed in all simulations of L55P-

TTR, with an overall average SASA of 26.9 6 24.8

Å2, than in those of WT-TTR, with an average SASA

of 11.8 6 17.6 Å2. These results are in agreement

with the hypothesis that residue Trp79 is the main

responsible for the fluorescence increase observed

in the chemically-induced unfolding experiments.8
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Thus, the reduced propensity of L55P-TTR to retain

the initial native structure, as seen in the simula-

tions, correlates well with the experimental evidence

showing its lower monomer conformational stability8

and higher tendency to form a larger amount of par-

tially unfolded monomeric species.11

Comparison with H/D exchange studies by NMR
Wemmer and coworkers, using H/D exchange stud-

ies followed by NMR, determined solvent protection

factors for WT- and L55P-TTR.43,44 These authors

reported that at low pH the amide protons within

the CBEF b-sheet of WT-TTR b-sandwich are more

labile, showing selective destabilization of one half

of the beta-sandwich structure, which could favor

the formation of an amyloidogenic intermediate.44

Additionally, a similar behaviour was observed for

L55P-TTR at neutral pH.43 Our simulations, at high

temperature and TTR protonation state correspond-

ing to neutral pH, show this type of behaviour late

in the simulations for L55P-TTR but not for WT-

TTR. As pointed out in the ‘‘Results’’ section, and fo-

cusing in the most disruptive trajectories, the L55P

mutant undergoes a severe loss of the hydrogen

bond network connecting the CBEF b-sheet. In WT-

TTR, however, a much smaller number of hydrogen

bonds is lost and b-strands D, A, and G are the ones

mostly affected. As the hydrogen bonds between b-
strands D and A remained partially intact in the

experiments at low pH, Wemmer and co-workers

have also proposed that the concomitant disruption

of H-bonds connecting strands C, B, E, and F –

resulting in an increase in mobility and ultimate dis-

placement of this b-sheet from the core – could rep-

resent the hypothetical monomeric amyloidogenic

intermediate.44 Conformations sharing analogous to-

pology with these species were sampled at the later

stages of the L55P-TTR simulations, namely in runs

1 and 2. In opposition, in WT-TTR simulations the

hydrogen bond occupancies between backbone atoms

of b-strands B, E and F are reasonably high, particu-

larly in runs 1 and 4 (Table I). Thus, the conforma-

tional intermediates detected by NMR for WT-TTR

at low pH,41 could be structurally similar to those

detected late in some of our simulations for L55P-

TTR, suggesting that the CBEF b-sheet of the TTR

subunit is destabilized either by low pH or by amy-

loidogenic mutations.

Insights on the exposure of b-strands A and B
The elucidation of the structural details of amyloid

fibrils and the identification of the molecular species

at the source of fibril formation are essential for the

understanding of the mechanisms of pathogenesis in

amyloid diseases. We have previously published a

molecular model of a TTR protofilament17 based on

experimental constraints obtained by EPR and

NMR.15,16 To build a model having the continuous

extended cross-b structure characteristic of amy-

loid,12 full displacement of strands C and D from the

TTR b-sandwich was required to expose a new inter-

face formed by strands A and B, and allow monomer

to monomer docking.17

The positioning of strands C and D and expo-

sure of strands A and B were followed by analysis of

the variation of SASA along the MD simulation tra-

jectories. Full displacement of the D-strand-loop-C-

strand segment from the core of the monomer, with

consequent increase in SASA of strands A and B,

are recognizable events on L55P-TTR trajectories,

starting at around 3.5 ns of simulation and well

before the destabilization of the whole CBEF b-sheet
occurs (Fig. 4). Albeit transiently in WT-TTR,

around the fifth nanosecond of simulation, a partial

displacement of strand C at its C-terminus is seen,

shortly after the displacement of strand D takes

place. Additionally, in WT-TTR, strands F and H are

notably unstable, loosing regular secondary struc-

ture in most trajectories. Strand H, in particular,

shows strong propensity to move away from strand

G in WT-TTR, generally before strand D starts sepa-

rating from the monomer’s core. These observations

are consistent with the H/D exchange rates in the

native tetrameric state which show a slowly

exchanging core (comprised of strands A, B, E, and

G) and faster exchange associated with the edge

regions of WT-TTR.45 These observations clearly

suggest that L55P-TTR has a higher propensity

than WT-TTR for exposing strands A and B, while

the global b-sandwich fold is still retained.

Differences in solvent exposure for WT-TTR and

L55P-TTR were analysed exhaustively on an indi-

vidual residue basis (Fig. 5). This comparison

unequivocally reveals high increase in solvent expo-

sure for a set of residues whose backbone amides

had also shown increased H/D exchange rates at low

pH, namely His31, Phe33, Arg34, Glu42, Tyr69,

Val93, and Phe95. In the WT-TTR unfolding simula-

tions, several native contacts involving this set of

residues are well conserved, whereas permanent loss

occurs in L55P-TTR. As pointed out in the ‘‘Results’’

section, these residues are located in strands C, B,

E, and F, forming interstrand hydrogen bonds and

acting as guardians of those strands’ relative posi-

tion. Disruption of the H-bond network in the CBEF

sheet can indeed be one underlying cause for the

high solvent exposure and deprotection of the afore

mentioned residues, disclosing the global effects of

the L55P mutation on the structural stability of the

TTR monomer. However, it should be kept in mind

that this phenomenon occurs late in the simulations.

On the contrary, the extensive H-bond disruption

between strands D and A, and between strands C

and B, and consequent partial (WT-TTR) or total

(L55P-TTR) displacement of strands C and D from

the b-sandwich core, occurs earlier in the
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simulations, and especially in putative amyloido-

genic unfolding pathways (Table I). Both in WT- and

L55P-TTR, the displacement of strand D from

strand A (and resulting increase in SASA) seems to

trigger unfolding by opening routes to subsequent

steps leading to a conformation that may correspond

to an amyloidogenic intermediate.

Exposure of a hydrophobic patch might favor

amyloid assembly

Results on the relative difference in SASA per resi-

due between the L55P-TTR and WT-TTR simula-

tions (Fig. 5), highlight the behavior of Phe33,

located in b-strand B, which presents the largest

overall difference. The average SASA for Phe33

across all WT-TTR simulations is �0.079 Å2, the

lowest value among all residues. Lys70 is positioned

in strand E, aligned with Phe33 in strand B, and

also presents a low average SASA (�0.204 Å2).

These two residues are highly protected from solvent

interactions, mainly by Trp41 and also by Pro43 (in

hydrophobic contact with Phe33), located at the N-

terminus of b-strand C. Interestingly, it was sug-

gested that b-sandwich proteins naturally place

charged side-chains and combinations of prolines

and b-bulges close to hydrophobic patches in edge b-
strands, in order to prevent edge-to-edge aggrega-

tion.46 Pro43 and the b-bulge comprising Phe44 and

Ala45 in TTR somehow resemble this natural

design. In L55P-TTR simulations, both Phe33 and

Lys70 are on average considerably more exposed

(�3.609 Å2 and 2.830 Å2, respectively). These

increases in SASA may be related to the larger con-

formational fluctuations and displacement of strand

C in the amyloidogenic variant. Furthermore,

changes in strand C end up being reflected in the

higher exposure of Arg34 and Glu42, located in

strand B and strand C, respectively. In this sense,

one may speculate on the role of residues, such as

Phe33, in the aggregation of TTR. These residues

may actually be involved in key hydrophobic interac-

tions between monomers in the aggregation process,

and alongside other interactions may account for the

formation of a non-native interface between strands

B and B0, and A and A0, in consecutive monomers of

the TTR amyloid aggregates and fibrils. In fact, aro-

matic interactions have been previously reported to

be of importance in amyloid formation by the islet

amyloid polypeptide, Alzheimer’s Ab peptide, gelso-

lin and b2-microglobulin.47–50

Insights on the stability of the helical motif

Transitions from a-helix to b-sheet (a/b transitions)

are known to be linked with some amyloid diseases,

namely BSE and Creutzfeldt-Jakob.51 We analyzed

the behaviour of the only a-helix in the TTR mono-

mer, formed by residues 75–83, throughout the MD

unfolding simulations. The mutation in position 55,

located in b-strand D, seems to induce a perturba-

tion in the helical motif, despite their distance of

more than 12 Å. L55P-TTR simulations show evi-

dent increases in residue fluctuations and SASA in

the a-helix region compared to WT-TTR. In addition,

the analysis of secondary structure variation along

the trajectories reveals that the a-helix is well con-

served in all runs of WT-TTR, whereas it is con-

verted into coils and turns in 3 of the 5 trajectories

of L55P-TTR (Fig. 6). Though no a/b transitions

were detected in our simulations, one cannot discard

this type of events in TTR monomers. High tempera-

ture may not provide constructive conditions for the

formation of ordered secondary structure motifs. Re-

equilibration of the system at room-temperature for

a given conformation and at a given stage of the

trajectory, followed by equilibrium production runs,

would probably be required to sample such

phenomenon.

Identification of potentially amyloidogenic

conformational ensembles

As pointed out before, the use of multiple MD simu-

lations is of major importance for tracking different

regions of the conformational space accessible to a

polypetide chain. However, the computation of a few

trajectories is sufficient to generate considerable

amounts of data. In this work, 50,000 structural

snapshots were collected for each of the two TTR

variants under study. This scenario raises obvious

questions: Which trajectories are similar? Are some

trajectories and conformations more meaningful

than others? Can we identify a narrow set of molec-

ular species able to represent relevant trends in our

simulations and, hence, to describe the essence of

the biological ensemble?

The 50,000 conformations sampled from the five

trajectories of each TTR variant were clustered

using a hierarchical agglomerative method, as

described in the ‘‘Methods’’ section. The minimum

distance conformations (MDCs) representing the 10

resulting clusters for each TTR variant are shown in

Figure 8, and a detailed description of the clusters

can be found in Tables SI and SII (Supporting

Information).

The first five clusters of WT-TTR are more

populated than those of L55P-TTR and mostly by

conformations retaining a high proportion of native

structure (i.e., more hydrogen bonds, more native

contacts and/or more regular secondary structure

content). In fact, the first five MDCs of the WT clus-

ters all resemble the native topology of the TTR

monomer (Fig. 8). On the contrary, the very first

MDC of L55P-TTR, along with all MDCs of the most

populated clusters, shows important deviations from

the native TTR topology. For example, the helical

motif is barely present in the L55P MDCs. Moreover,

the second and third most populated clusters of
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L55P-TTR are represented by markedly unfolded

conformations, with high average nonpolar SASA

and a reduced amount of secondary structure

elements.

Mostly for WT-TTR, sparsely populated clusters

reflect the extensive conformational diversity of pro-

tein unfolded states. The major contributions for

clusters 6–10 come from the second half of the tra-

jectories, essentially from the sixth to tenth ns.

Interestingly, WT MDCs 7, 9 and 10 feature fully

displaced strands C and D (shown as green coils in

Fig. 8), and capture the unstable nature of strand H

(red segment) in WT-TTR. Despite showing highly

exposed hydrophobic residues, these structures are

more likely to represent unfolded states and would

hardly correspond to aggregation-competent species

capable of building ordered oligomers because they

have low amounts of b-structure. Contributions for

clusters 7, 9, and 10 of WT-TTR come exclusively

from runs 1 and 4.

In the case of L55P-TTR, interesting partially

unfolded conformations were found. MDCs 7 and 9

illustrate some of these conformations. Cluster num-

ber 7 holds 4.8% of the pool of L55P structures

and the corresponding representative conformation

(MDC 7) is a partially unfolded monomer with fully

disrupted a-helix and fully displaced strands C and

D, and exposing a large hydrophobic interface

formed by residues in strands A and B. Considering

these structural characteristics and the weight of

this cluster over the entire population of conforma-

tions, MDC 7 of L55P-TTR might represent an en-

semble of aggregation-prone intermediate structures,

i.e., an amyloidogenic conformation. MDC 9, in addi-

tion, featuring an ordered b-sandwich topology, dis-

rupted a-helix and halfway displaced strands C and

D, may represent an earlier intermediate in the for-

mation of the amyloidogenic conformation. Major

contributions for cluster number 9 come from struc-

tures taken between the second and the fifth ns of

simulation.

Methods

Simulation details

The initial coordinates of the native monomeric

forms of WT-TTR and L55P-TTR were obtained from

X-ray structures deposited in the Protein Data Bank

(PDB entries 1TTA36 and 5TTR52), after preliminary

structure quality assessment and subunit selection

with the program WHAT_CHECK.53 The missing

N- and C-termini in L55P-TTR were added and sub-

jected to simulated annealing with the rest of the

protein held fixed. All equilibration and MD proce-

dures were carried out with NAMD,54 using the all-

atom CHARMM 27 forcefield55 and running on a

cluster of 100 Intel Pentium-4 processors (Centopeia

at University of Coimbra).

A strict and unique protocol was employed to

set up both TTR variant model systems. Water mole-

cules were first placed in hydrophilic internal cav-

ities of the monomer with the program Dowser56

and hydrogen atoms were added to the protein

structures using the psfgen plug-in within VMD.57

Protein and internal waters were submitted to

energy minimization in vacuum for three cycles of

1000 steps each: a first cycle for the hydrogen atoms,

a second cycle for the side-chains and internal

waters, and a final cycle for all atoms. Each mono-

mer was then embedded in a large shell of explicit

TIP3P water molecules,58 and the spherical volume

was trimmed into a large cubic box afterwards. A

solvent layer of at least 18 Å was maintained

between protein atoms and box boundaries. Sodium

and chloride ions were included to bring the net

electric charge of the system to zero and an average

ionic concentration of 145 mM was reached in order

to better mimic the physiological environment. Both

solvation and charge neutralization were accom-

plished with the program SOLVATE.59

After one last energy minimization cycle applied

on solvent and protein side-chain atoms, the system

was equilibrated up to the target temperature under

Langevin dynamics. For the initial 20 ps, the protein

backbone was maintained fixed. Then, heating

proceeded with harmonic restraints placed on the

protein Ca carbon atoms for another 20 ps. Finally, a

10 ps step of unrestrained Langevin dynamics was

executed. Pressure was maintained at 1 atm using

the Langevin piston method.60 From this point on,

the volume was kept constant and the system was

tested for 20 ps of classical MD. To avoid hypotheti-

cal biases taking place in the equilibration stage,

each production run was independently equilibrated.

Five independent 10-ns long MD simulations at

500 K and one control simulation at 310 K were con-

ducted for each of the two systems under study. The

simulations were performed in the microcanonical

ensemble (NVE) and periodic boundary conditions

(PBC) were employed. The particle mesh Ewald

summation method61 was elected for the quantifica-

tion of long-range electrostatic interactions at every

step, in spite of its high computational demand.62 A

12 Å cut-off with a switching function at 10 Å was

used for the treatment of the van der Waals interac-

tions, with the pair list distances being evaluated ev-

ery 10 steps. All hydrogen-heavy atom bond lengths

were constrained with the SHAKE algorithm.63 An

integration time step of 2 fs was used and the coor-

dinates for the whole system were recorded every

500 steps (i.e., at each ps of simulation).

Analysis details

The considerable amount of information emerging

from each MD simulation renders the comparison of

multiple unfolding trajectories a nontrivial task.
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Several parameters were analyzed to characterize

the behavior of the two TTR variants along the

unfolding trajectories. Variation of the protein sec-

ondary structure, number of hydrogen bonds and

native contacts, as well as fluctuation of geometric

measures along each simulation, were calculated

using the program VMD.57 In addition, the variation

of the solvent-accessible surface area (SASA) of the

protein along the unfolding simulations was com-

puted with NACCESS.64 Secondary structure was

assigned with the program STRIDE.65 Hydrogen

bonds were defined for donor (D) ��� acceptor (A) dis-

tances shorter than 3.2 Å and D���H���A angles devi-

ating less than 35� from linearity. Pairwise distances

between all heavy non-neighbor atoms were calcu-

lated for each conformation in the trajectories; two

residues were considered to be in contact when at

least one heavy atom of one residue was within 4.2

Å of a heavy atom of another residue. Contacts pres-

ent in the crystallographic structures of the protein

were taken as native.

Hierarchical agglomerative clustering analysis

was applied to sort protein conformations sharing

similar structural properties. Overall, 50,001 struc-

tures are available for each TTR variant. Because of

computational constraints, systematic sampling was

applied to the original data sets: every Nth record

was selected from a set of conformations. The new

data sets were constructed using N ¼ 5, thereby con-

taining 10,001 structures each. The similarity ma-

trix used in the clustering was constructed based on

the pairwise root mean square deviation (RMSD)

between the 10,001 structures. Agglomerative clus-

tering starts by identifying each object with a clus-

ter. Next, it merges clusters, successively, into larger

clusters. The procedure stops when all objects are

covered by a cluster or when a certain pre-defined

number of clusters is produced. The hierarchical

agglomerative clustering was computed using the

scluster program within the CLUTO clustering tool-

kit.66 Different parameter settings were tested to

find the best clustering solution. This corresponds to

a solution with ten clusters, using the complete link-

age function, i.e., the distance between clusters is

determined by the most distant pair of objects of

each cluster. Moreover, four molecular properties

were used to characterize all TTR conformations

sampled in the MD unfolding simulations: the num-

ber of hydrogen bonds, the number of native con-

tacts, the nonpolar SASA and the number of resi-

dues in regular secondary structure (a-helix and b-
sheet). The centroid of the clusters is a vector char-

acterizing the average values for these properties in

the cluster. These data were used to characterize the

clusters and to select their representative structures.

Each cluster is described in terms of (a) the number

of structures, and if it contains the X-ray structure,

(b) average values of the four molecular properties

defined earlier, (c) the contribution of each simula-

tion to the cluster, (d) the contribution of each of 10

nonoverlapping time intervals of 1 ns. Based on the

molecular properties defined, representative struc-

tures were identified as the ones having the highest

number of closer neighbors (minimum distance con-

formations, or MDCs).

Conclusions

Multiple molecular dynamics simulations of WT- and

L55P-TTR monomers were performed at high tem-

perature and in explicit water to assess the struc-

tural stability of transthyretin, explore the confor-

mational space available to the polypeptide chain

upon protein unfolding, and identify potential struc-

tural changes leading to amyloid assembly. As a gen-

eral observation, the analysis of molecular properties

such as secondary structure, hydrogen bonds, and

solvent accessible surface area along the MD unfold-

ing trajectories clearly demonstrate that L55P-TTR

has a much higher tendency to unfold than WT-

TTR, agreeing well with previously published experi-

mental data on the conformational stability of mono-

meric forms of several TTR variants.8

Additionally, according to our simulations, two

main events appear to be of critical importance in

distinguishing the unfolding behavior of L55P-TTR

monomers from that of WT-TTR: (i) Premature dis-

ruption and displacement of b-strand D, followed by

separation of b-strand C from the core of the mono-

mer b-sandwich, exposing key residues and a hydro-

phobic interface, embodied by b-strands A and B,

that may promote monomer-monomer interactions;

(ii) Pronounced unfolding of the a-helical motif into

coils and turns. These events characterize early in-

termediate structures in the unfolding pathways of

L55P-TTR. On the contrary, in WT-TTR extensive

unfolding of the entire monomeric subunit must

occur in order to observe full displacement of

strands C and D from the rest of the structure.

Moreover, the single a-helix in WT-TTR remains

folded through out most of the simulations. Thus,

L55P-TTR does show a significantly increased tend-

ency to form aggregation-prone monomeric confor-

mations with all the structural requirements for

monomer-monomer docking and formation of an

extended cross-b structure characteristic of amyloid

and previously reported for a model of an amyloid

protofilament of TTR.17

Molecular property variation analysis and hier-

archical clustering of multiple unfolding simulations

helped us to identify and characterize the structure

of potentially amyloidogenic intermediates in the

unfolding landscape of TTR. Whether these species

are on- or off-pathway intermediates of fibril forma-

tion is still a matter of debate, but our simulations

lead us to conclude that these intermediates can be

formed along multiple unfolding routes, and some of
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these may actually yield these structures in rela-

tively high amounts. Clearly, specific mutations,

such as L55P, have an important role in facilitating

the unfolding reaction, but the link between this

and the type or location of different mutations needs

further clarification. Careful comparison of unfolding

simulations of multiple TTR variants, such as Y78F-

TTR, a highly amyloidogenic variant with a muta-

tion located in the a-helix, or V122I-TTR, a variant

producing strong cardiomyopathic effects, may help

in the future to clarify the relation between protein

unfolding and amyloid formation and, ultimately,

help dissect the mechanisms of tissue specificity for

different TTR variants.
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