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• The acidic environment results in the
loose structure of TTR dimer.

• Mutation L55P causes the disruption of
strandD andmakes CE-loop veryflexible.

• Strand D plays an important role in
protecting strand C.

• The movements of strand C is the begin-
ning of the unfolding process.

• TTR dimer would dissociate into mono-
mer before fibrillation.
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Transthyretin (TTR) dissociation and aggregation appear to cause several amyloid diseases. TTR dimer is an
important intermediate that is hard to be observed from the biological experiments. To date, themolecular origin
and the structuralmotifs for TTR dimer dissociation, aswell as the unfolding process have not been rationalized at
atomic resolution. To this end,we have investigated the effect of low pH andmutation L55P on stability aswell as
the unfolding pathway of TTR dimer using constant pH molecular dynamics simulations. The result shows that
acidic environment results in loose TTR dimer structure. Mutation L55P causes the disruption of strand D and
makes the CE-loop veryflexible. In acidic conditions, dimeric L55Pmutant exhibits notable conformation changes
and an evident trend to separate. Our work shows that the movements of strand C and the loops nearby are the
beginning of the unfolding process. In addition, hydrogen bond network at the interface of the two monomers
plays a part in stabilizing TTR dimer. The dynamic investigation on TTR dimer provides important insights into
the structure–function relationships of TTR, and rationalizes the structural origin for the tendency of unfolding
and changes of structure that occur upon introduction of mutation and pH along the TTR dimer dissociation
and unfolding process.

© 2014 Elsevier B.V. All rights reserved.
hanghx@mail.jlu.edu.cn
1. Introduction

Protein misfolding and subsequent aggregation known as amyloid
cause more than 20 human diseases such as Alzheimer's and Parkinson's
diseases [1] Although the proteins possess different sequences and native
structures, all amyloid fibrils present a similar cross-β structure [2]. In
certain conditions, the structure of protein in extracellular space may
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become unstable which can initiate amyloid fibrils step by step [3–7].
Transthyretin (TTR) is a 55 kDa tetrameric protein composed of 127-
residue subunits. It is found in cerebral spinal fluid and blood plasma
which plays a part in carrying the thyroid hormone thyroxine and in
binding holo-retinol [8,9]. TTR amyloid diseases are triggered by the
dissociation of TTR tetramer. The deposition of TTR is often associated
with several diseases, including senile systemic amyloidosis (SSA),
familial amyloidotic polyneuropathy (FAP), familial amyloid cardiomy-
opathy (FAC) and the rare central nervous system selective amyloidosis
(CNSA) [9–12].

All TTR tetramers have similar overall structure. Each monomer
arranges in a β-sandwich-like structure comprising β-sheets DAGH
and CBEF. Based on the experimental studies, the forming pathway of
TTR amyloid fibrils is conjectured like this: TTR tetramer dissociates
into dimers and dimers become monomers [13]. Monomers then self-
assemble to form amyloid fibrils [14].

Though many experimental studies have described the pathway of
TTR dissociation [15,16], the molecular origin and the structural motifs
to contribute to the unfolding anddissociation have not been rationalized
at the atomic-level. Most of the previous researches focus on TTR mono-
mer [17,18]. However, TTR dimer is an indispensable intermediate in the
dissociation pathway and its information is hard to gain from experiment
due to the evanescent existence [13]. To understand the mechanism of
TTR dissociation comprehensively, studies on TTR dimer are necessary.
To date, there has beenno report to identify the atomic-levelmutant con-
formations of TTR dimer, as well as the structural characteristics at low
pH environment. To this end, molecular dynamics (MD) simulations
may be used to investigate the processes of unfolding and aggregation
to gain the atomic level information [19–22]. The dynamic investigation
on TTR can provide important insights into the structure–function rela-
tionships of TTR as well as the tendency of unfolding and change of
structure.

In general, human TTR is stable under physiological conditions.
Nonetheless, it is easy to dissociate at low pH and reaches the fastest
speed of dissociation at pH 4.4 [23]. To accelerate the unfolding process
and investigate the effect of acidic conditions on TTR stability, constant
pH molecular dynamics (CpHMD) simulations are used to survey the
dissociation of TTR at neutral and acidic pH, respectively. In addition,
human TTR mutant L55P is the most amyloidogenic mutant among
numerous mutations which would form amyloid fibrils under physio-
logical conditions [24]. At pH 4.4, L55P dissociates and forms amyloid
fibrils rapidly, which is suitable to observe the unfolding pathway
using CpHMD simulations for a limited time. In this article, 20 ns
CpHMD simulations were performed to investigate the unfolding
processes of human TTR dimer affected bymutation and acidic environ-
ment. These researches would shed new light on themechanism of TTR
amyloidogenesis. In addition, our investigation would contribute to the
understanding of howprotein folding andmisfolding are determined by
certain conditions, which has always been a main problem in structural
biology.

2. Method

The structures of human wild-type TTR (wtTTR) and mutant L55P
(L55P) were obtained from the Protein Data Bank (PDB ID: 3W3B,
3DJZ). The crystal structuremisses 7 residues atN-terminal and2 residues
at C-terminal. Thus each monomer has 118 residues. Because the missed
residues have no structural information and fail to have any function,
we do not add these residues to keep the accuracy of MD simulation.
Discovery Studio (DS) software package was used to refine and repair
the structure [25].

2.1. Constant pH molecular dynamics simulations method

CpHMD is a usefulmethod to describe the protonation state correctly
at a given pH [26]. Combining MD and Monte Carlo (MC) sampling
[27,28], CpHMD can handle the problem that the protonation states of
titratable residues would not change during the traditional MD simula-
tions. CpHMD was performed using the SANDER module of the AMBER
11 with force field ff03 [29,30]. Generalized Born (GB) solvation model
(igb = 2) was used to describe the aqueous environment [31–33]. The
GB model has been proved to be good for various biomolecular systems
and it is appropriate for the CpHMD simulations [28]. All ASP, GLU and
HIS residues names were changed to AS4, GL4 and HIP, respectively.
This ensured that the prmtop file would have a hydrogen atom defined
at every possible point of protonation. All CpHMD simulations were car-
ried out at pH 7.0 and pH 4.4, using a 30 Å cutoff value for non-bonded
interactions [28]. Salt concentration (Debye–Hückel based) was set at
0.1 M. The SHAKE algorithm was used to constrain all bonds involving
hydrogen, allowing a time step of 2 fs. The entire system was submitted
to 2000 steps of steepest decent minimization followed by 3000 steps of
conjugate gradientminimization. Then, the entire systemwas submitted
to heat from 0 K to 310 K in 300 ps. After the heat process, the system
went through a 500 ps equilibrium MD simulations process. Finally, the
production runswere carried out for 20 ns with 2 fs time step. All trajec-
tories were recorded every 2 ps.

2.2. MD trajectory analysis

We analyzed the trajectories using several orders of AMBERTOOLS.
The root-mean-square deviation (RMSD) value is a useful estimation
for quantifying the conformational changes of the same proteins. In
this study, Cα-RMSD was calculated for all the systems. To evaluate
the local structure fluctuation of helixes and β-sheets, the hydrogen
bond populations were calculated. The hydrogen bond is defined if the
distance between donor and accepter is shorter than 3.5 Å and the
angle is larger than 120°. In the present study, 20 ns MD simulations are
performed for the four systems, which can generate 10,000 snapshots.
Cluster analysis is the task of grouping a set of snapshots in such a way
that snapshots in the same group (called a cluster) are more similar to
each other than to those in other groups (clusters). The cluster analysis
of the protein conformations is performed using the averagelinkage as
the clustering algorithm, and backbone atom RMSD as the distance
metric. The averagelinkage algorithm is recommended in all cluster
algorithms [34]. It can be summarized as follows: under the average-
linkage algorithm, the distance from one cluster to another is defined
as the average of all distances between individual points of the two
clusters. At each iteration step, the two closest clusters are merged.
This merging continues until the desired number of clusters is obtained
(here is 5). The Pymol and Chimera software were used for the visuali-
zation of many files in this study [35,36].

2.3. Cross-correlation analysis

The cross-correlation can be used to probe the inter-domain coupling
of proteins during the MD simulations. In general, Cij, cross-correlation
coefficient, was calculated to reveal the correlated motion between
pairs of residues. All the 20 ns simulations of the dimers were selected
to be calculated by the following equation:

C i; jð Þ ¼ Δri � Δr j

Δr2i
D E

Δr2j
D E� �1=2 ð1Þ

In Eq. (1), Δri and Δrj are the displacement vectors for atom i and
atom j, respectively. The angle bracket represents an average over the
sampled period. In our calculations, Cα of the residues was chosen to
represent the correlated motion of a residue pair [37]. The value of Cij
fluctuates from−1 to 1. Positive Cij values represent a correlated motion
of a residue pair, while the negative values describe an anticorrelated
motion.
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2.4. Principal component analysis

Principal component analysis (PCA) is used to separate a protein's
conformational space into the essential subspace containing several
degrees of freedom that describe the motions of the proteins [38]. PCA
uses a covariance matrix constructed with structures sampled from
the molecular dynamics simulations. By diagonalization of a covariance
matrix of the coordinates of the systems, the motions of a structure
along the trajectory are determinate. To obtain the dominant motion
over aMD simulation, trajectory would be projected along the direction
described by a selected eigenvector. Through calculating the two largest
projections on the average structure, the primary moving direction of
the protein can be obtained. PCA was performed using ProDy software
[39]. Three-dimensional structural snapshots were visualized using
VMD and its plugin NMWiz [39,40].
Fig. 2. Structural characteristics of WT7.0 (black), WT4.4 (red), L55P7.0 (blue) and L55P4.4
(cyan). (a) Cα-RMSDs from the initial structure as a function of simulation time. (b) Radius
of gyration as a function of simulation time.
3. Results and discussion

3.1. Different stability under neutral and acidic conditions

The TTR dimer in this study contains two monomers, named A
and B. Each monomer consists of one α-helix (residues 75–82) and
eight β-strands (residues 12–18, 28–35, 41–49, 54–55, 67–73,
91–97, 104–112, and 115–123, denoted as A, B, C, D, E, F, G, and H, re-
spectively), as shown in Fig. 1. For clarity, wild-type TTR dimer at
pH 7.0, wild-type TTR dimer at pH 4.4, mutant TTR L55P at pH 7.0
and mutant TTR dimer at pH 4.4 are referred to as WT7.0, WT4.4,
L55P7.0, and L55P4.4, respectively.

Fig. 2a shows the variation of theCα-RMSD curve of each dimer from
the initial structure. During the 20 ns MD simulations, the RMSD value
of each dimer reached equilibrium with an average value of 2.64 (stan-
dard deviation 0.27), 2.94 (0.36), 2.62 (0.38) and 8.28 (2.86) forWT7.0,
WT4.4, L55P7.0 and L55P4.4, respectively. In general, compared to the
TTR dimers at neutral pH, the RMSD values of the TTR dimers in the
acidic environment are larger. Moreover, WT7.0, WT4.4, and L55P7.0
have reached the equilibrium quickly. However, the RMSD of the trajec-
tory of L55P4.4 rapidly increased and fluctuated after 3.3 ns. After 4.5 ns,
the RMSD value of L55P4.4 increased further and showed a larger de-
parture from the initial structure. Fig. 2b shows the distributions of
the radius of gyration (Rg) as a function of time. Both wild-type TTR
and mutant at pH 4.4 showed larger Rg values than those at neutral
pH. In particular, the Rg of WT4.4 was slightly larger than WT7.0, and
Rg of L55P4.4 was quite different from L55P 7.0. This result indicates
that the global structures of the TTR dimers were not conserved under
acidic conditions, particularly for L55P. To further compare the structur-
al differences, we analyzed the RMSF of backbone atoms averaged for
each residue, as shown in Figure S1. It clearly shows that the fluctuations
of the residues, particularly for those in strands A–D, are larger at pH 4.4.
The mutant also has larger RMSF values compared to wtTTR.
Fig. 1. Schematic representation of transthyretin dimer composed of monom
Figure S2 shows the analysis of secondary structure. In the wtTTR at
different pH values, the secondary structures clearly remain unchanged
under the acidic conditions. This significantly changed the secondary
structures. At pH 7.0, strands C and H of L55P were unstable during
the simulations. At pH 4.4, the secondary structures of L55P were
destroyed further. In particular, the DAGH β-sheets of monomer A were
not stable, and strand H almost disappeared after 4 ns. For monomer
B, strands A and D are unstable. This result indicates that the mutation
clearly affected the secondary structure, and the acidic conditions
enhanced this effect.
er A and B. Each monomer has two sets of β-sheets (DAGH and CBEF).

image of Fig.�2


Table 1
Hydrogen bonds between monomer A and monomer B of WT7.0 and WT4.4.

WT7.0 Donor Acceptor %Occupancy WT4.4 Donor Acceptor %Occupancy

AEFloop-BF F87 T223 37.94 AF-BH E92 Y243 7.99
AEFloop-BF E89 T223 6.91 AF-BE E92 K197 5.2
AF-BH E92 Y243 87.01 AF-BEF V94 H215 10.13
AF-BE E92 K197 33.2 AGHloop-BH Y114 T246 7.57
AH-BH S115 T246 8.59 AH-BH S115 T246 14.47
AH-BH Y116 T245 27.77 AH-BH Y116 T245 6.7
AH-BH S117 S244 35.39 AH-BH S117 S244 34.65
AH-BH T119 S242 12.19 AH-BH T118 S242 6.22
BEFloop-AG F214 Y105 23.42 AH-BH T119 S242 10.49
BEFloop-AF E216 T96 27.28 BEFloop-AF F214 T96 9.47
BF-AH E219 Y116 57.13 BEFloop-AF E216 T96 17.61
BF-AEFloop V221 H88 64.48 BGHloop-AH Y241 T119 8.07
BH-AH S242 T119 6.85 BH-AH S242 T119 9.46
BH-AH Y243 T118 19.03 BH-AH Y243 S117 7.44
BH-AH S244 S117 27.2 BH-AH S244 S117 33.24
BH-AH T245 S115 9.54 BH-AH T245 S115 5.42
BH-AH T246 S115 6.42 BH-AH T246 S115 14.89
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3.2. pKa measurement of the titratable residues and the corresponding
changes in the structure

It is well known that a change in the protonation state of a titratable
residue can dramatically change the protein conformation. Acidic envi-
ronment changes the pKa of the residues of TTR. The computed pKa of
each titrable residue is listed in Table S1. The calculations of pKa using
AMBER11 are accurate when the absolute value of the offset is less
than 2.0. Therefore, we choose the residues located in this range for the
analysis. Hydrogen bonds prevent titratable residues from protonating,
thus leading to low predicted pKa values. The hydrogen bond donor
(offer oxygen atom)has a lowpKa value and the hydrogen bond acceptor
(offer hydrogen atom) has a high pKa value. Table S2 shows that for
WT7.0 and WT4.4, residues Glu42, Glu61, Glu62, Glu63, Glu188, and
Glu193 show a notable change in pKa value. The reduced/raised pKa
values are consistent with the changes in their hydrogen bonds. For in-
stance, Glu42 has a higher pKa value in WT7.0 than WT4.4. Therefore,
the hydrogen bond formed by Glu42 has less occupancy along the trajec-
tory inWT7.0. Such a situation was also observed in L55P. In addition, all
the residues with significantly changed pKa values were located at
strands C andD andnearby loops. These residues affect the local structure
as discussed below.
Table 2
Hydrogen bonds between monomer A and monomer B of L55P7.0 and L55P4.4.

L55P7.0 Donor Acceptor %Occupancy

AEF-BG F87 Y232 16.44
AEF-BF E89 T223 40.44
AF-BH E92 Y243 35.2
AF-BEF V94 H215 8.28
AH-BH S117 S244 30.54
AH-BH T118 S242 5.01
AH-BH T119 S242 6.51
BEF-AF F214 T96 20.07
BF-AH E219 Y116 85.28
BH-AH S242 T119 6.53
BH-AH S244 S117 28.48
BH-AH T245 S115 11.47
BH-AH T246 S115 12.89
non-native
BEF-AB E216 K35 15.23
BEF-AC E216 W41 5.94
BEF-AC H217 W41 13.05
BF-AE E219 K70 31.96
BGH-AFG P240 R103 10.33
3.3. Intermonomer hydrogen bond deficiency due to themutation and acidic
conditions

The hydrogen bonds between strands F and H in monomer A and B
mainly stabilize the TTRdimer. Thus, the stability of the intermonomer hy-
drogen bonds is an important criterion role to evaluate the stability of the
TTR dimer. The intermonomer hydrogen bonds of the four systems are
listed in Tables 1 and 2. The inter-monomer hydrogen bonds are different
in the four systems. For WT7.0, a total of 17 hydrogen bonds are present
between monomers A and B. All these hydrogen bonds are formed at
strands F and H and EF-loop. All these regions are located at the interface
of the two monomers. Only one hydrogen bond is formed at strand G
(Tyr214–Tyr105); however, the residue Tyr 105 is the last residue of
strand G and is located close to strand H. Thus, these hydrogen bonds fix
the positions of the two monomers and stabilize the structure of the TTR
dimer, which is consistent with the previous research [41]. Compared to
WT7.0, L55P7.0 has fewer hydrogen bonds between monomers A and B.
Tables 1 and 2 show nine hydrogen bonds between the two strands H in
WT7.0, while only seven hydrogen bonds are present in the same place
of L55P7.0. In addition, the occupation of the intermonomer hydrogen
bonds of L55P7.0 is smaller than that of WT7.0. These results indicate
that the contacts of monomers A and B in WT7.0 are closer than L55P7.0.
L55P4.4 Donor Acceptor %Occupancy

AEF-BF E89 T223 7.11
AG-BH A108 T246 54.82
AH-BH T118 S242 17.19
AH-BH T119 S244 61.36
AH-BGH A120 Y241 68.64
BH-AH S242 T119 56.1
BH-AH S242 T118 7.5
BH-AH T245 S117 69.1
BH-AH T245 S115 8.77
non-native
AAB-BFG A19 N225 9.05
AAB-BG A19 Y232 5.52
AAB-BFG A19 S227 5.5
AFG-BAB D99 R148 24.21
AG-BH A108 T246 54.82
BBC-AH N124 R148 6.37
BF-AG T223 S112 18.94



Fig. 4. Comparisons of the most populated cluster structure (cyan) and the first cluster
structure C0 (yellow) forWT7.0, WT4.4, L55P7.0 and L55P4.4. Themost populated cluster
structures refer to the representative structures during the MD simulations, and the first
cluster structures refer to the initial structures for each system.
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At pH 4.4, the intermonomer hydrogen bonds become unstable for
wtTTR. Compared to WT7.0, although the number of hydrogen bonds
is similar at different pH values, the occupations of all the hydrogen
bonds in WT4.4 decreased dramatically. Table 1 shows that only two
hydrogen bonds of WT4.4 occupied more than 20% of the trajectory.
However, 10 hydrogen bonds in WT7.0 occupied more than 20% of the
trajectory. Compared to wtTTR, most of the intermonomer hydrogen
bonds of L55P4.4 disappeared. Only 8 hydrogen bonds are present
between the strands F/H of the two monomers. This result indicates
that under acidic conditions, the two monomers of the TTR dimer are
not as close as those under neutral conditions. The acidic condition
has a significant effect on mutant L55P.

3.4. Non-native intermonomer hydrogen bonds brought by mutation

The structure of TTR clearly shows that strands C, D, F, and H are
located outside, while strands A, B, E, and G are located inside. Strands
F and H and the nearby loops compose the interface of monomers A
and B. The hydrogen bonds in the interface can reinforce the contacts
of the two monomers. However, some non-native hydrogen bonds are
present which are not observed in wtTTR, as shown in Fig. 3 and
Table 2. For wtTTR, all the intermonomer hydrogen bonds are located
at the interface under neutral or acidic conditions. For L55P7.0, five
non-native hydrogen bonds are formed in the EF-loop (monomer B) –
strand B (monomer A), EF-loop (B) – strand C (A), strand F (B) – strand
E (A), and GH-loop (B) – FG-loop (A). The formation of these hydrogen
bonds indicates that the structures of L55Pmonomers are differentwith
the initial structure. This also indicates that the positions of the two
monomers have changed. Clearly, the mutation significantly affected
the structure of the TTR dimer. For L55P4.4, seven non-native hydrogen
bonds are present. Obviously, the acidic conditions strengthen the mu-
tation effect on the structure. Under acidic conditions, monomers A and
B fail to remain intact and the positions of some residues changed signif-
icantly in L55P. These non-native hydrogen bonds induce the instability
of L55P.

3.5. Structural origin for conformational changes under acidic conditions
and mutation

To further characterize the structural details of the unfolding
process, clustering analysis of the structures was carried out. Each
trajectory was divided into five clusters using the averagelinkage algo-
rithm. In these 5 clusters, 5 snapshots were chosen to be the represen-
tative structures of clusters and named them as follows, C0, C1, C2, C3
and C4. C0 represents the initial structure. The RMSD values of C1, C2,
C3 and C4 to C0 increase in sequence. Fig. 4 shows the representative
structure of the most populated cluster and its comparisons to the
first representative structure, C0.

At pH 7.0, the most popular cluster of WT7.0 is C2 containing 43.4%
of the total population. The RMSD value of C2 to the first structure C1 is
Fig. 3. Non-native intermonomer hydro
1.60 Å. In general, the structural differences among the clusters are not
clear. The situation in L55P7.0 is different than WT7.0. The populations
of C2 and C4 are similar containing 36.0% and 39.8%, respectively. In
addition, the RMSD values of C2 and C4 to the initial structure are 2.69
Å and 3.08 Å, respectively. These results show that the conformation
of L55P7.0 has relatively clear changes. From the comparison of the
representative structures of C4 and C0, the detailed structural informa-
tion that induces the changes can be identified. The disruption of strand
D significantly affected the entire structure even at neutral pH. This
makes the CE-loop very long and flexible, thus locating it outside the
dimer. Thus, the inner residues are easily exposed to water. The CBEF
β-sheets of L55P are not as close as wtTTR to AGH β-sheets.

At pH 4.4, the structural changes in the protein are more evident
than those under neutral conditions. C3 is themost popular cluster con-
taining 84.0% of the total population inWT4.4. The RMSD value of C3 to
the initial structure, C1, is 2.77 Å,which is larger than that at neutral pH.
Fig. 6 shows that the flexibility of strands C and D is the main reason to
relax the entire structure. For L55P4.4, the most popular cluster C4 con-
tains 58.0% of the total population. The RMSD value of C4 to C0 is 9.81 Å.
The cluster analysis shows that the structure of L55P4.4 undergoes an
enormous change. Because of the disruption of strand D in L55P4.4,
the CE-loop is labile. Acidic conditions would also loosen the structure.
Strands C in the two monomers are partially disrupted. The CBEF
β-sheets fail tomaintain their initial form. Fig. 4 shows a trend of retro-
flexion in both the monomers.
gen bonds in L55P7.0 and L55P4.4.

image of Fig.�3
image of Fig.�4
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3.6. Correlated motions of the residues in the four systems

The above analysis indicates the entire change in the conformation.
To better understand the internal motions of the proteins and residues,
the correlated motions of the residues in the dimers were investigated.
Clearly, the interactions among the four dimers are different, see Fig. 5.
Within each monomer, the residues only show positive correlation
movements with the adjacent residues in WT7.0. The situation in
L55P7.0 is rather different. Strand C and CE-loop show positive correla-
tion with all the other nearby strands. The disruption of strand D makes
the CE-loop very flexible and affects the stability of strand C. The fluctua-
tion in these two regions can induce the motions of the entire monomer.
Thus, the mutation of L55P clearly affected the stability of the monomer.
At pH 4.4, the positive correlationmovements of the adjacent residues in
wtTTR are smaller than those at neutral pH. This result shows that the
structure at pH4.4 is not as close as that at pH7.0. The correlation analysis
of L55P4.4 also indicates that the acidic conditions would decrease the
correlation movements within each monomer.

The mutation and acidic environment not only affect the correlation
movement within the monomer, but also affect the relative correlation
movement between the twomonomers. ForWT7.0, the only correlation
movements concentrate on strands F andH between the twomonomers.
L55P7.0 has other correlation movements. Fig. 5 shows that the EF-loop
of monomer B has positive correlation with strand C and F, and CE-loop
Fig. 5. Cross-correlation matrices of the coordinate fluctuations for Cα atoms of WT7.0, WT4.4,
1–118 refer tomonomerA and residues 119–236 refer tomonomer B. Each image can be divided i
(upper right) and correlation betweenmonomers A and B (upper left and lower right). Positive co
are shown in blue.
and FG-loop of monomer A. Strand C in one of the monomer has a nega-
tive correlation with the CE-loop in the other monomer. At pH 4.4, the
correlation movements of strands F and H in wtTTR are smaller than
those at pH 7.0. The correlation movements of L55P at pH 4.4 are disor-
dered. Many positive correlation movements were observed in strands
B, C, F, H and the loops near them. This indicates that these domains are
flexible. The cross-correlation results indicate that the correlationmotion
between monomers A and B would be influenced by both mutation and
acidic environment. The acidic conditions can relax the structure of TTR,
resulting in the loss of correlation motion between strands F and H in
monomers A and B. The new correlation motion in L55P shows that the
mutation causes the structural changes in the protein.

3.7. Relative motion of dimers and the unfolding process

To quantitatively identify the relativemotion of the dimers, PCAwas
carried out for each system. In general, the two most principal com-
ponents (named PC1 and PC2) represent more than 50% of the overall
fluctuations for WT7.0, WT4.4, L55P7.0 and L55P4.4. To clearly show
themotion of TTR, the structural variation along the first principal com-
ponent is shown in Fig. 6. It is easy to find the notable motions in the
four system points on the different parts of the structures. For WT7.0,
the most distinctive feature is the movement of the CD-loop, strand D
and DE-loop. The fluctuations in the other structures are small.
L55P7.0 and L55P4.4 around their mean positions during the 20 ns simulations. Residues
nto 4 parts: correlation ofmonomer A interior (lower left), correlation ofmonomer B interior
rrelations in descending order are shown in red, orange, and yellow. Anti-correlatedmotions

image of Fig.�5


Fig. 6. A porcupine plot in stereo showing the TTR dimers with cones signifying the first
eigenvectors movements.
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Compared toWT7.0, L55P7.0 has more obvious movement at strands
C–E and A. The above analysis shows that the mutation disrupts
strandD andmakes strands C–E veryflexible. The PCAanalysis indicates
that strand C and CE-loopmovedown towards theβ-sheet double layer.
At pH 4.4, strands B and C of WT4.4 move down towards the β-sheet
double layer. Simultaneously, strands E and F slightly move upwards.
This conformational change results in the flat CBEF β-sheets. The mo-
tion of L55P4.4 with a large movement of the overall protein combines
the effect of mutation and acidic environment and magnifies these
Fig. 7. Projection of the structures onto the subspace spanned by principal modes PC1 and PC2
labelled.
effects. Fig. 6 shows that strands B and C and CE-loop move down
towards theβ-sheet double layer. Strand Cwas found tomove down to-
wards the β-sheet in all the four systems exceptWT7.0. This movement
is consistent with that required for the “edge exposure” model pro-
posed by Yeates et al. [42]. All the other strands in L55P4.4 move up-
wards. In addition, strands E and F are pushed outwards. The overall
motion of L55P4.4 shows an obvious reverse trend for monomers A
and B, thus separating each other. This motion proves the conjecture
of the experimental result that the dimer would dissociate into the
monomer before the fibrillation.

We also projected the trajectories onto the PC space, which describe
the motions of the proteins along the trajectories. Fig. 7 shows the pro-
jections of the TTR dynamics of all the four systems, alongwith the pro-
jection of the initial structural conformation for reference. WT7.0,
WT4.4 and L55P7.0 are more restrained than L55P4.4. The distributions
of the four systems in the PC space are different from each other.We ob-
tained the snapshot from the ensemble region for all the systems and
combined the cluster analysis to represent themotion of the conforma-
tion. The results also show that the fluctuation of strands C and D and
the loops nearby induce the structural changes, which is consistent
with the above analysis and the cluster analysis.

4. Conclusion

By performing all-atomMD simulations with GB solvation model at
constant pH,we have investigated the atomic-level structural variations
for human TTR dimer and mutant to understand the effect of the muta-
tion and low pH value on the unfolding process. Compared with wtTTR
dimer at neutral pH (WT7.0), other systems (WT4.4, L55P7.0 and
L55P4.4) have fewer hydrogen bonds between the interface of two
monomers and more non-native hydrogen bonds. These non-native
hydrogen bonds induce the instability of dimers. The acidic environ-
ment would result in the loose structure of TTR dimer. The mutation
Leu55 to Pro55 causes the disruption of strand D. The labile CD-loop
extracted from PCA. The structures correspond to themost two populated clusters are also

image of Fig.�6
image of Fig.�7
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and DE-loop make the edge region unstable in human TTR dimer then
cause the disruption of strand C. It is inferred that the starting point of
dissociation from dimer to monomer is the disruption of strands C and
D. Strand D plays an important role in protecting strand C. When strand
D is broken, the labile strand C causes the motion of β-sheet double
layer and subsequently the separation of the two monomers. Overall,
the results provide the tendency of unfolding pathway and render the
structural motif and molecular origin to rationalize the experimentally
conjectural dissociation process by single point mutation and acidic
environment. Furthermore, the conclusion would also contribute to
further understanding the mechanism of TTR amyloidogenesis.
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