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Abstract

Transthyretin (TTR) is one of the known human amyloidogenic proteins. Its native state is a homotetramer
with each monomer having a [B-sandwich structure. Strong experimental evidence suggests that TTR
dissociates into monomeric intermediates and that the monomers subsequently self-assemble to form amy-
loid deposits and insoluble fibrils. However, details on the early steps along the pathway of TTR amyloid
formation are unclear, although various experimental approaches with resolutions at the molecular or
residue level have provided some clues. It is highly likely that the stability and flexibility of monomeric TTR
play crucial roles in the early steps of amyloid formation; thereby, it is essential to characterize initial
conformational changes of TTR monomers. In this article we probe the possibility that the differences in the
monomeric forms of wild-type (WT) TTR and its variants are responsible for differential amyloidogenesis.
We begin with the simulations of WT, Val30—Met (V30M), and Leu55—Pro (L55P) TTR monomers.
Nanosecond time scale molecular dynamics simulations at 300 K were performed using AMBER. The
results indicate that the L5S5P-TTR monomer undergoes substantial structural changes relative to fluctua-
tions observed in the WT and V30M TTR monomers. The observation supports earlier speculation that the
L55P mutation may lead to disruption of the 3-sheet structure through the disorder of the “edge strands” that
might facilitate amyloidogenesis.
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Human transthyretin (TTR) is a plasma protein responsible
for carrying thyroid hormones in plasma and cerebrospinal
fluid (Hagen and Elliott 1973; Schreiber et al. 1995) and
indirect transport of vitamin A (Kanai et al. 1968; Nilsson et
al. 1975). It is 1 of the about 20 known human proteins that
form amyloid fibrils in vivo. The native conformation of
TTR is a homotetramer with 127 residues per monomer. In
each monomer, there are eight 3-strands, named from A to
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H. These B-strands are connected by loops and a short a-he-
lix just after the E strand. Each monomer consists of a
flattened 3-barrel, more like a 3-sandwich formed from two
four-strand 3-sheets (DAGH and CBEF; Blake et al. 1978;
Fig. 1). The monomer—monomer interface is formed by ex-
tensive hydrogen bonds between the two H strands of the
neighboring monomers. Although the two F-strands of the
adjacent monomers are also close to each other, they form
only two hydrogen bonds. Two dimers are related by a
crystallographic twofold axis to form a tetramer. The hy-
drophobic interactions between the A—B and G—H loops at
the dimer—dimer interface are predominant (Fig. 1).

Two types of amyloid diseases, senile systemic amyloid-
osis (SSA) and familial amyloid polyneuropathy (FAP), are
putatively caused by amyloid deposition of wild-type TTR
(WT-TTR) and its variants in heart, peripheral nerves, and
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Figure 1. Three-dimensional structure of WT-TTR (PDB entry 1DVQ).
The monomer, the dimer, and the tetramer are shown in the top, the middle,
and the bottom, respectively. Two monomers are related by a noncrystal-
lographic twofold axis. The native structure is a homotetramer. We gen-
erated the tetramer structure from the dimer coordinates using the trans-
formation matrix provided in the PDB file. The eight 3-strands are named
from A to H. The residue ranges that make up the B-strands are listed in
Materials and Methods. The a-helix is from T75 to L82. The same des-
ignation is used in all of the figures. Leu55 is in red and Val30 is in green.
In the tetrameric complex, the A-B loop (magenta) in monomer A contacts
the G-H loop (blue) in monomer D, while the G—H loop in monomer A
interacts with the A—B loop of monomer D. The monomer B interacts with
monomer C through the same loop contacts.

other organs. Twenty-five percent of the male population
over the age of 80 suffers from SSA, while FAP affects 1 in
100,000 people as early as age 10 (Kelly 1996). Amyloid
fibrils of SSA patients are formed by WT-TTR (Cornwell et
al. 1988; Westermark et al. 1990). By contrast, the fibrils in
FAP patients are composed of single-site mutant TTR (Sa-

raiva et al. 1983, 1984). The instability of the mutant TTR
tetramer in vitro is found to strongly correlate with the age
of onset of FAP (McCutchen et al. 1995). Based on exten-
sive experimental studies, a multistep assembly pathway of
TTR amyloid fibrils is proposed as the following: the TTR
tetramer dissociates into monomeric intermediates and then
the monomers subsequently self-assemble to form amyloid
deposits and insoluble fibrils (Kelly 1998; Sacchettini and
Kelly 2002). Among the numerous pathogenic variants,
Leu55—Pro55 (L55P) is the most amyloidogenic and
Val30—Met30 (V30M) is the most prevalent. Under the
conditions of pH 7.0 and 37°C, both WT-TTR and V30M-
TTR are stable; however, L55SP-TTR forms amyloid fibrils
in vitro (McCutchen et al. 1995). Leu55 is located in the
two-residue D-strand (E54 and L55), an edge of the (3-sand-
wich of TTR, whereas Val30 is in the B-strand that forms
the hydrophobic core (Fig. 1). The structures of WT, V30M,
and L55P TTR have been determined by high-resolution
X-ray crystallography (Blake et al. 1978; Hamilton et al.
1993; Sebastiao et al. 1998). Although residues 54-55 be-
long to a surface loop in L55P-TTR, high structural simi-
larity between the mutants and the wild-type is observed. It
is suspected that the single-point mutations accelerate amy-
loidogenesis by destabilizing the monomeric partially un-
folded amyloidogenic intermediate state rather than by al-
tering the tetrameric native state.

Previous SDS-PAGE analysis, analytical ultracentrifuga-
tion, and gel-filtration studies of the quaternary structure of
WT-TTR have revealed that tetrameric and monomeric
TTR are in equilibrium, and that the equilibrium shifts to-
ward the monomeric state at low concentration, for ex-
ample, TTR concentration <0.01 mg/mL (Lai et al. 1996).
At 25°C and pH 7, the fraction of monomer in 0.01 mg/mL
WT-TTR solution is approximately 15% (Lai et al. 1996).
Recent studies on the interconversion between the molecu-
lar species of L55P-TTR at pH 7 and 37°C demonstrate that
the tetrameric species initially dissociates into monomeric
species followed by the formation of high molecular mass
aggregates (Quintas et al. 1999). Further evidence of D-H
exchange of WT-TTR has shown that the exchange patterns
of the low concentration (monomeric) and high concentra-
tion (tetrameric) TTR are similar near neutral pH (Liu et al.
2000), indicating that when the WT-TTR tetramer dissoci-
ates into monomers under nonamyloidogenic conditions,
the structure of monomer remains native-like. To date, no
evidence has shown that partial unfolding occurs within
monomers of the tetrameric complex prior to dissociation.
Clearly, all of these experimental data suggest that the te-
tramer dissociation into monomers is the first step along the
amyloidogenic pathway. Therefore, it is highly likely that
the stability and flexibility of monomeric TTR play crucial
roles in the process of amyloid formation; and it is essential
to characterize the initial conformational changes of mono-
meric TTR.
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WT-TTR is stable in its tetrameric state from pH 7 to pH
5; however, under acidic condition, pH 5.0-3.9, it dissoci-
ates into monomeric intermediates and then the monomers
subsequently self-assemble to form amyloid deposits. If the
pH is continuously lowered less than 3.9, the monomers are
in a molten globular denatured state (Lai et al. 1996). A
significant amount of experimental efforts have been made
to study the acid-induced TTR amyloid formation in vitro
(Lai et al. 1996; Lashuel et al. 1998, 1999; Nettleton et al.
1998). The aim of using acid-mediated method is to facili-
tate the amyloid formation in vitro to make the conditions
suitable to the study of amyloid phenomenon. It is debatable
whether the acidic condition has physiologic relevance. In
fact, it has been found that the TTR amyloid fibril formation
occurs in extracellular space (pH 7.4; Adams and Said
1996). Therefore, in this article we focus on understanding
the stability and flexibility of WT-TTR and its variants
(L55P and V30M) at neutral pH. Biochemical studies on the
tetramer stability of several TTR variants have pointed out
the correlation between the tetramer stability and the ten-
dency of amyloid formation (McCutchen et al. 1993). How-
ever, the single-point mutations may also significantly af-
fect the conformational changes after the tetramer dissocia-
tion. Recent studies on the conformational stability of
monomeric TTR started to point towards this direction
(Quintas et al. 2001). In this article, we address the stability
and flexibility of the WT, L55P, and V30M TTR monomers
using molecular dynamics (MD) simulations. Our compu-
tational methods complement the experimental approaches
to study the conformational changes at the atomic level
during the early stage of TTR amyloid formation.

Results

We performed a set of MD simulations on the following
TTR monomers: WT, L55P, and V30M. Initial structures of
the simulations were extracted from the corresponding X-
ray structures of the tetramers (Hamilton et al. 1993; Se-
bastiao et al. 1998; Klabunde et al. 2000). This section
summarizes the analyses of the MD trajectories collected
for 1.8 nsec to assess the protein stability and flexibility.
In Figure 2A, we plot the root-mean-square (RMS) de-
viation of the 3-sheet regions relative to the corresponding
initial structure as a function of simulation time. The pro-
files of RMS deviation appear to reach reasonable plateaus
around 1.3 A after 600 psec, indicating that statistical con-
vergence has been attained in these simulations. The poten-
tial energy of each system as a function of simulation time
reaches a plateau at the same time (data are not shown); the
relative fluctuations of potential energy are ca. 0.1% using
the block average method with 3.75 psec (25 data points of
potential energy) per block. Hence, after a 600-psec pro-
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duction run, the systems are considered to reach better con-
vergence. As a result, in the following analyses we use the
snapshots collected during the last 1.2 nsec of the produc-
tion run. The average structure along the MD simulation of
each monomer is slightly minimized and then superimposed
with the corresponding initial structure of each simulation
for the a-carbons. The WT and V30M TTR monomers
show similar displacements (Fig. 2B) except that the N
terminal loop (residues 1-9) of V30M-TTR is very flexible,
which is not resolved in WT-TTR. The large displacements
appear in the A-B, B-C, F-G, and G-H loops for the WT
and V30M TTR monomers. The A-B and G—H loops from
one dimer contact with the G-H and A-B loops from the
other dimer in the tetrameric state. In the monomeric form,
the G-H loop moves toward the helix-F loop and the a-he-
lix to enhance contacts. In addition, the a-helix and the
helix-F loop become closer to each other. For the [3-sheet
regions of WT and V30M TTR monomers, apparent shifts
are seen in the E and F strands and near the end of the B
strand and the beginning of the C strand. The displacement
of the L55P-TTR monomer with respect to its initial struc-
ture shows different pattern. Besides the large movements in
the a-helix, helix-F, A-B, B-C, F-G, and G-H loop re-
gions, significant deviations are also observed in the loop
region between the C and E strands (following the same
designation as the WT-TTR) and the H-strand. Moreover,
substantial secondary structural changes are seen in the
L55P-TTR monomer (detailed discussion is in the following
text). In Figure 3, we present the residue averages of the
RMS fluctuations for the main chain atoms during the last
1.2-nsec MD simulation. Two features are obvious in this
figure: (1) As expected, for the simulation of each mono-
mer, the fluctuations in the region of (3-sheets are smaller
than those in the loop regions; (2) for most of the residues,
the RMS fluctuation of the L55P monomer is apparently
larger than that of the WT and V30M monomers, especially
in the loop regions. Besides the loop regions, the a-helix in
L55P and V30M TTR monomers also has large RMS fluc-
tuations, which may be resulted from both the rigid body
movements and secondary structural changes.

As seen in Figure 4A, the secondary structure analyses
using DSSP (Kabsch and Sander 1983) show that the
B-sheets of the WT and V30M TTR monomers are not
significantly altered during the production run, whereas the
B-sheets of the L5S5SP-TTR monomer undergo some substan-
tial changes. The schematic representations of hydrogen
bonds between backbone amide groups are shown in Figure
4B. Upon the Leu55—Pro55 mutation, the original main-
chain hydrogen bonds between LeuS55 in the D strand and
Vall4 in the A-strand are broken; as a result, E5S4 and P55
belong to a surface loop. This leads to the disruption and
reformation of the A-strand as well as of the G strand,
occurring in the regions of V14, K15, and V16 in the A-
strand and A108 and A109 in the G-strand. For most of the
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Figure 2. (A) The root-mean-square (RMS) deviation of the main chain atoms in the (-sheet region relative to the corresponding initial structure as a
function of simulation time. Block averaging was used with 15 psec per block. (B) Superposition of the a-carbons of the initial structure of the simulation
(cyan) and the average structure along the trajectory (magenta). Residue number 30 and 55 are shaded in violet and in pink, respectively.

time during the simulation, the H-strand of the L55P-TTR
monomer is broken in the middle from T118 to A120. This
strand is also unstable toward the end of the simulation of
the WT-TTR monomer, occurring from T119 to V121.
However, the B-, C-, E-, and F-strands of the L55P mono-
mer are preserved throughout the simulation. Interestingly,
during the simulation of the V30M-TTR monomer, the two-
turn a-helix just after the E-strand is disrupted from 660 to
1163 psec, but it reforms after then and is stable for the rest
of the simulation time. By contrast, the a-helix of the WT
and L55P TTR monomers are stable during the simulations.

To quantitatively reveal the conformational changes of
the main chain, we calculated the fluctuation of protein
backbone torsional angles (¢ and ) using the vector aver-

age method of circular statistics (Batschelet 1981; Wang et
al. 1999). In Figure 5, we present the RMS fluctuation of ¢
as a function of residue number. In most of the regions
including the loop regions of the three proteins, the RMS
fluctuations of ¢ are small, less than 20°. The two large
fluctuations (30°—40°) of the L55P-TTR monomer occur at
G57-L58 (near the beginning of the D-E loop) and A120
(in the middle of the H-strand), respectively. A large fluc-
tuation at V121 (in the middle of the H-strand) of the WT-
TTR monomer is also observed. However, no large RMS
fluctuation of ¢ is observed in the simulation of the V30M-
TTR monomer except the N terminal loop (residues 1-9;
Fig. 5). For the a-helix, the RMS fluctuations of ¢ are small
in the three proteins. This indicates that the large RMS
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Figure 3. The residue averages of the RMS fluctuations for the main chain
atoms during the last 1.2 nsec MD simulation. “h” denotes the a-helix.

fluctuations in the a-helix region observed in the LS5P and
V30M TTR monomers (Fig. 3) are mainly related to the
rigid body movements of this region.

To illustrate the persistence of the hydrogen bonds be-
tween backbone amide groups in the B-sandwich region, we
listed the hydrogen bond occupancy during the last 1.2 nsec
of the simulations in Table 1. For all of the three proteins,
most of the hydrogen bonds connecting the C-, B-, E-, and
F-strands are persistent, with more than 90% occupancy.
Two less stable hydrogen bonds are found between the C-
and B-strands in the L55P-TTR monomer, E42(HN)-
R34(0) and F44(HN)-V32(0), with 59.5% and 78.0% oc-
cupancy, respectively. Besides the disruption of the hydro-
gen bonds between the D- and A-strands in the L55P-TTR
monomer, some of the hydrogen bonds connecting the A-,
G-, and H-strands are also broken or show low persistency
in the L55P-TTR monomer, consistent with the secondary
structure analysis (Fig. 4A). For example, the hydrogen
bonds, M13(HN)-Y105(0), I107(HN)-M13(0O), A109(HN)-
K15(0), and L111(HN)-L17(0O), connecting the A- and G-
strands in the L55P-TTR monomer are seen relatively in-
frequent with occupancy 52.8%, 32.3%, 65.6%, and 65.1%,
respectively. The hydrogen bonds between the G- and H-
strands involving A108 and T119 of the L5S5P-TTR mono-
mer are broken in the simulation. The disruption of this pair
of hydrogen bonds is related to the large fluctuation of ¢ at
A120 (Fig. 5) and ¢ at T119-A120 (RMS fluctuation
@1110 = 30.6°, RMS fluctuation @, = 32.1°). The fol-
lowing hydrogen bonds between the G- and H-strands in the

1226 Protein Science, vol. 12

WT-TTR monomer are also found with low occupancy
(=60%): T106(HN)-V121(0), VI121(HN)-T106(O), and
A108(HN)-T119(0), in agreement with the secondary
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Figure 4. (A) The secondary structure analyses along the MD trajectories
using DSSP (Kabsch and Sander 1983) for the WT (top), L55P (middle),
and V30M (bottom) TTR monomers. More attention should be paid to the
results after 600 psec (0.6 nsec). The B-strands are named from A to H. “h”
denotes the a-helix. A solid square represents that a residue adopts the
B-sheet or a-helix conformation. (B) The schematic representations of
hydrogen bonds between backbone amide groups in the -sandwich region.
The solid arrow denotes the hydrogen bond that is persistent in the three
monomers; the dashed-line arrow and the dotted-line arrow denote the
hydrogen bond with low occupancy (<70%) in the L55P-TTR monomer
and WT-TTR monomer, respectively; the dotted/dashed-line arrow repre-
sents the hydrogen bond with low occupancy (<70%) in both L55P and WT
monomers. Arrow points from hydrogen bond donor to acceptor.
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Figure 5. The RMS fluctuation of backbone torsional angle ¢ as a func-
tion of residue number for the last 1.2 nsec. The -strands are named from
A to H. “h” denotes a-helix.

structure analysis of the WT-TTR monomer where some
disruptions of the H-strand are seen near the end of the
simulation (Fig. 4A) and the large RMS fluctuation of ¢ at
V121 (Fig. 5). For the V30M-TTR monomer, all of the
backbone hydrogen bonds in the 3-sandwich region are per-
sistent during the simulation.

For a qualitative analysis of the nonbonded interac-
tion between the two halves of the B-sandwich (the CBEF
and DAGH sheets), we calculated Coulomb and van der
Waals interactions between these two regions. In Figure 6,
we present the nonbonded interaction energy as a function
of simulation time for the last 1.2 nsec. The mean value of
the nonbonded interaction energy for the WT-TTR mono-
mer is —45.2 kcal/mole (standard deviation = 5.4 kcal/
mole). This value is significant lower than that of the L55P-
TTR monomer (mean = —34.7 kcal/mole, standard devia-
tion = 4.4 kcal/mole) and of the V30M-TTR monomer
(mean = -31.4 kcal/mole, standard deviation = 5.0 kcal/
mole). These calculations may indicate that the packing
between the CBEF and DAGH sheets is more compact in
the WT-TTR monomer. A comparison between the X-ray
structures of the WT-TTR and the V30M-TTR tetramers
has suggested that the methionine side-chain forces the
BCEF and DAGH sheets to move apart (Hamilton et al.
1993). The less favorable nonbonded interaction between
these two sheets in the V30M-TTR monomer (Fig. 6) is in
accord with the X-ray structure comparison, although this
displacement is not evident when we superimpose the av-

erage structures of the WT and V30M TTR monomers.
Moreover, the percentage of native contacts can also indi-
cate the compactness of structure during the simulation. As
seen in Figure 7A, on average, the B-sheet regions maintain
approximately 93% of the native contacts during the three
simulations. Therefore, overall, the point mutations do not
significantly change the native contacts in the 3-sandwich,
although disruptions of the secondary structure are seen in
the L55P-TTR and V30M-TTR monomers. Note that we
consider two residues to contact with each other if any
heavy atom (C, N, O, S) of one residue is within 4.5 A from
any heavy atom of the other residue (Daggett and Levitt
1993). This is a rough estimate and less restrictive than the
secondary structure assignment by DSSP. However, the na-
tive contacts for the entire protein vs. the simulation time
(Fig. 7B) show that the WT-TTR monomer maintains a
higher percentage of native contacts than its variants. This
indicates that the rearrangements of the loops and the a-he-
lix of the L55P-TTR and V30M-TTR monomers cause the
loss of some native contacts. Furthermore, the low percent-
age of native contacts of the V30M-TTR monomer from
660 to 1163 psec coincides with the disruption of the a-he-
lix (Fig. 4A).

Discussion

The results presented in this article indicate that the L55P-
TTR monomer undergoes substantial structural changes
relative to fluctuations observed in the WT and V30M TTR
monomers. However, the overall contacts in the 3-sandwich
region remain native-like in the three simulations. Our re-
sults show the correlation between the conformational flex-
ibility and stability of the TTR monomers and the amyloido-
genic potential of the proteins.

Recently, Walsh and coworkers have carried out calori-
metric study on WT-TTR as well as monitored the ultra-
violet circular dichroic spectroscopy as a function of tem-
perature (Chung et al. 2001). Their results have suggested
that the denaturation process of WT-TTR is not a simple
two-state unfolding but one that involves multistep transi-
tions. The proposed model of the transitions is from the
tetrameric form to dimers, and dimers to monomers with
major irreversible changes in the loop, coil, and turn regions
and minor reversible changes in the B-sheet and «-helix
regions (Chung et al. 2001). These results are in agreement
with our present simulation of the WT-TTR monomer by
which we have observed some large RMS deviations in the
A-B, B-C, F-G, and G-H loops (Fig. 2B), while the sec-
ondary structure and native contacts in the [-sheet and
a-helix region retain native-like (Figs. 4A, 7). Longer simu-
lations may reveal further conformational changes. En-
hanced sampling methods may help to explore more con-
formation spaces, for example, to employ Generalized Born
model (GB; Still et al. 1990; Bashford and Case 2000) to
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Table 1. Hydrogen bond occupancy for the backbone atoms in the 3 sheet
region during the last 1.2 nsec

WT-TTR V30M-TTR L55P-TTR
Strands ~ Donor-acceptor % Donor-acceptor % Donor-acceptor %
C&B  V30-G47 99.8  M30-G47 100.0  V30-G47 99.9
G47-V30 98.0  G47-M30 99.8  G47-V30 96.0
V32-A45 99.8  V32-A45 100.0  V32-A45 100.0
A45-V32 98.4  A45-V32 97.3  A45-V32 99.1
R34-E42 100.0  R34-E42 100.0  R34-E42 100.0
E42-R34 97.4 E42-R34 96.3 E42-R34 59.5
F44-V32 96.5 F44-V32 99.5 F44-V32 78.0
B &E  H3I-E72 99.6  H31-E72 100.0 H31-E72 100.0
E72-H31 100.0  E72-H31 100.0  E72-H31 99.9
F33-K70 100.0  F33-K70 100.0  F33-K70 99.8
K70-F33 99.9  K70-F33 100.0  K70-F33 100.0
K35-168 100.0  K35-168 99.9  K35-168 99.9
E&F G67-A97 99.3  G67-A97 88.3  G67-A97 99.5
A97-G67 99.4  A97-G67 99.8  A97-G67 99.6
Y69-F95 100.0  Y69-F95 100.0  Y69-F95 100.0
F95-Y69 100.0  F95-Y69 100.0  F95-Y69 100.0
V71-V93 99.8  V71-V93 99.8  V71-V93 99.9
V93-V71 91.6 V93-V71 99.3  V93-V71 99.9
173-A91 98.9 173-A91 98.9 173-A91 98.8
A91-173 99.9  A91-173 100.0  A91-173 99.8
D& A  VI4-L55 86.6  VI14-L55 99.5  V14-P55 0.0
L55-V14 96.1 L55-V14 99.4 P55-V14 0.0
A &G MI3-YI05 99.0 MI13-Y105 100.0  M13-Y015 52.8
K15-1107 99.4  KI15-1107 99.5  KI15-1107 77.1
L17-A109 99.9 L17-A109 99.8 L17-A109 97.9
1107-M13 99.5 1107-M13 99.9 1107-M13 323
A109-K15 83.6  Al09-K15 98.8  A109-K15 65.6
L111-L17 99.8 LI111-L17 100.0 L111-L17 65.1
G &H R104-T123 100.0 R104-T123 100.0 R104-T123 100.0
T123-R104 99.6  T123-R104 99.5 TI123-R104 99.5
T106-V121 63.8 T106-V121 100.0 T106-V121 99.9
V121-T106 61.6 VI121-T106 99.3  VI121-T106 95.6
A108-T119 60.4 A108-T119 97.5 A108-T119 0.0
T119-A108 945 T119-A108 943  T119-A108 0.0
L110-S117 96.1 L110-S117 99.3  L110-S117 90.6
S117-L110 99.3  SI117-L110 99.8  SI117-L110 91.1

replace the explicit water MD simulation (work in progress
in our group). With the GB model, the simulation may
quickly converge or explore multimetastable states due to
the lack of frictional forces caused by explicit water mol-
ecules and the smoothness of the energy landscape without
the reorganization of water molecules. However, caution
must be used when the GB model is employed because it
has not been extensively tested and the continuum model
itself may break down for some systems.

Our present computational work also provides insight
into the high tendency toward amyloid formation that re-
sulted from certain single-point mutations. With the com-
putational approaches, we can separate the monomeric con-
formational changes from the process of tetramer dissocia-
tion, given that the monomeric form initially remains
native-like after the tetramer dissociation (Liu et al. 2000),
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and simulate the conformational changes at the atomic level.
It has been found that the D- and C-strands, so-called “edge
strands” of the protein, exhibit the highest frequency of
mutation (Serpell et al. 1996). Our present work suggests
that the Leu55 to Pro55 mutation affects the secondary
structural integrity of the monomeric form that may accel-
erate the process of amyloid formation. In other words, the
disruption of the “edge strand” may cause further disruption
of the B-sandwich structure, initiating the conversion of
normal soluble protein to amyloid deposit. Interestingly, a
designed double mutant (V14— N and V16 —Q) has shown
a higher potential to form amyloid than L55P mutant
(Olofsson et al. 2001). These two valines, which are located
in the A-strand, are buried in a hydrophobic environment in
WT-TTR. A pair of hydrogen bonds is formed between V14
and L55 through the backbone amide groups, while the
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Figure 6. The nonbonded interaction energy (Coulomb interaction and
van der Waals interaction) between the CBEF and DAGH sheets as a
function of simulation time for the last 1.2 nsec. See Materials and Meth-
ods for the residue ranges that make up the two sheets.

amide hydrogen of V16 forms a hydrogen bond with the
carbonyl oxygen of G53. Once the two valines are replaced
by the hydrophilic residues, some conformational changes
involving the D-strand and the A-strand are expected, lead-
ing to the higher tendency towards amyloid. Our simulation
results support earlier speculation that the partial disruption
of the B-sheet structure through the disorder of the “edge
strands” might facilitate amyloidogenesis (Kelly and Lans-
bury 1994; Serpell et al. 1996).

Materials and methods

Protocols of MD simulation

Each MD simulation was carried out in water at constant tempera-
ture, 300 K, and constant pressure, 1 bar. The protonation state of
ionizable groups was treated at neutral pH during all of our simu-
lations. The AMBER (Pearlman et al. 1995) program and the
all-atom force field parameters of parm94 (Cornell et al. 1995)
were employed. To keep the whole system neutral, Na+ counter-
ions were added. The TIP3P three-site rigid water model (Jor-
gensen 1982) was used to solvate the protein and counter ions. The
minimum distance of a protein atom to the edge of the rectangular
water box was 12 A. In summary, the system was constructed
using the periodic boundary conditions consisting of the protein,
counter ions, and TIP3P water molecules. The MD simulations
were performed in the N, P, and T ensemble. The temperature and
pressure of the system were regulated using the Berendsen cou-
pling algorithm (Berendsen et al. 1984) with a coupling constant of
0.2 psec. The particle mesh Ewald summation method (Darden et

al. 1993) was used to treat the long-range electrostatic interactions.
The short-range nonbonded interactions were truncated with a 9 A
cutoff. All bond lengths involving H atoms were constrained with
the SHAKE algorithm (Ryckaert et al. 1977). The time step was
1.5 fsec and the nonbonded pair list was updated every 25 steps.

A 9%
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=
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Figure 7. (A) The percentage of native contacts in the -sheet region for
the last 1.2 nsec. Block averaging was used with 15 psec per block. See
Materials and Methods for the residue ranges that make up the two sheets.
(B) The percentage of native contacts for the entire monomers during the
last 1.2 nsec. Block averaging was used with 15 psec per block.
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The systems were heated to 300 K with 7.5 psec per 100 K.
Trajectories were generated after 30 psec equilibration period at
300 K. The snapshots were collected every 1.5 psec along the
trajectories.

Analyses of the MD trajectories

The fluctuation of backbone torsional angles was calculated using
vector average method in circular statistics (Batschelet 1981;
Wang et al. 1999). Because the fluctuations of ¢ and ¢ show
similar patterns, we only plot the fluctuation of ¢ as a function of
residue number in Figure 5. We analyzed the hydrogen bonds and
secondary structure using the DSSP method (Kabsch and Sander
1983). The energy cutoff for a hydrogen bond was —0.5 kcal/mole
(Kabsch and Sander 1983). The nonbonded energy (Coulomb in-
teraction and van der Waals interaction) between the [3-sheets was
calculated with the ANAL module in AMBER. The dielectric
constant was set to 1, and no cutoff was used in this calculation.
The residue ranges that make up the two (-sheets are listed in the
following WT-TTR: Strand A (L12-D18), Strand B (A29-K35),
Strand C (W41-K48), Strand D (E54-L55), Strand E (G67-173),
Strand F (A91-A97), Strand G (R103-L111), Strand H (Y116—
N124). To calculate the percentage of native contacts, we first
calculated the number of contacts in the initial structure of the
simulation (N,), which denotes the number of native contacts. Two
residues are considered to contact with each other if any heavy
atom (C, N, O, S) of one residue is within 4.5 A from any heavy
atom of the other residue (Daggett and Levitt 1993). The nearest
neighbors were excluded. The percentage of native contacts is
defined as N/N,, * 100%, where N, is the number of native contacts
of the ith snapshot along the trajectory.
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