11992 Biochemistry2006,45, 11992-12002

The Sequence-Dependent Unfolding Pathway Plays a Critical Role in the
Amyloidogenicity of Transthyretih

Mingfeng Yangt Boyan YordanoV;® Yaakov Levy! Rafael Brischweilery and Shuanghong Hug*

Gustaf H. Carlson School of Chemistry and Biochemistry, Clarkvehsity, Worcester, Massachusetts 01610, Department of
Physics, Undersity of California at San Diego, La Jolla, California 92093, and National High Magnetic Field Laboratory,
Florida State Uniersity, Tallahassee, Florida 32310

Receied May 18, 2006; Résed Manuscript Receg¢d August 2, 2006

ABSTRACT: Human transthyretin (TTR) is an amyloidogenic protein whose aggregation is associated with
several types of amyloid diseases. The following mechanism of TTR amyloid formation has been proposed.
TTR tetramer at first dissociates into native monomers, which is the rate-limiting step in fibril formation.
The monomeric species then partially unfold to form amyloidogenic intermediates that subsequently undergo
a downhill self-assembly process. The amyloid deposit can be facilitated by disease-associated point
mutations. However, only subtle structural differences were observed between the crystal structures of
the wild type and the disease-associated variants. To investigate how single-point mutations influence the
effective energy landscapes of TTR monomers, molecular dynamics (MD) simulations were performed
on wild-type TTR and two pathogenic variants. Principal coordinate analysis on MD-generated ensembles
has revealed multiple unfolding pathways for each protein. Amyloidogenic intermediates with the dislocated
C strand-loop—D strand motif were observed only on the unfolding pathways of V30M and L55P variants
and not for wild-type TTR. Our study suggests that the sequence-dependent unfolding pathway plays a
crucial role in the amyloidogenicity of TTR. Analyses of side chain concerted motions indicate that
pathogenic mutations on “edge strands” disrupt the delicate side chain correlated motions, which in turn
may alter the sequence of unfolding events.

The amyloidoses are diseases characterized by fibril of retinal and does so by binding to retinal binding protein
deposition in the extracellular space, where a soluble protein/(RBP) 6). The amyloidogenicity of TTR putatively causes
peptide is transformed into an insoluble fibrillar structure. three types of amyloid diseases: senile systemic amyloidosis
Recent experiments have demonstrated that, in addition to(SSA), familial amyloid cardiomyopathy (FAC), and familial
the 20 or so human proteins directly associated with amyloid amyloid polyneuropathy (FAPY(8). The structure of TTR
diseases, many other proteins can also be induced to formhas been determined by high-resolution X-ray crystallography
amyloid fibrils in vitro, and thus, amyloid formation may (9, 10). In its native state, TTR is a homotetramer with a
be a property common to natural polypeptide chailh<). molecular mass of 55 kDa. Each monomer consists of 127
Despite the fact that the precursor proteins have diversified amino acids arranged infasandwich-like structure compris-
sequences and native structures, all amyloid fibrils exhibit a ing g-strands DAGH and CBEF (Figure 1). Two monomers
similar overall structure, crogs$3), suggesting that these form a dimer by direct hydrogen bonding and water bridges
proteins may share common structural features upon partialbetween two adjacent H strands and F strands. Two dimers
denaturation4, 5). Therefore, understanding the structural related by a crystallographic 2-fold axis give rise to a tetramer
details of the assembly competent intermediates on thewhose dimer-dimer interface is stabilized predominantly by
denaturing pathway will provide insights into the mechanism the hydrophobic interactions.
of amyloidogenesis in general. To date, 85 human variants of TTR have been identified,

In this work, we focus on human transthyretin (TTR). Of which 74 are associated with FARLY). Among the
TTR is a plasma protein responsible for carrying thyroxine humerous pathogenic variants, Leu55Pro (L55P) is the
in plasma and cerebrospinal fluid and indirect transportation Most amyloidogenic and Val36- Met (V30M) is the most
prevalent. Extensive biophysical studies over the years have
gradually elucidated the pathway of TTR amyloid formation.
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Unfolding Pathway of Transthyretin

Ficure 1: Ribbon diagram of the 3D structure of wild-type TTR
(PDB entry 1DVQ) in the monomeric form. The eigbistrands
are named from A to H. The DAGH sheet is colored cyan, and the
CBEF sheet is colored magenta. Leu55Pro and Val30— Met
mutation sites are colored gold. Titratable groups under acidic
conditions (Glu, Asp, and His) are colored blue. Residues Val32,
Phe33, Lys35, Trp4l, Pro43, and Phe44, which form strong
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ular dynamics simulations have revealed that amyloidogenic
mutations may exacerbate some initial conformational changes
that might lead to amyloid formatior24—27). However,
how the single-point mutations influence the energy land-
scape remains elusive. In this study, we have constructed
the energy landscapes of monomeric WT-TTR and its two
pathogenic mutants, V30M-TTR and L55P-TTR, in a neutral
aqueous solution. The energy landscapes enable us to identify
conformational clusters in high-energy minima corresponding
to the monomeric intermediate states. By comparing the
characteristics of energy landscapes and the unfolding
pathways of the WT-TTR monomer with those of its mutants,
we are able to further rationalize the influence of point
mutation on the tendency toward amyloidogenicity. Analyses
of the side chain concerted motions of the native monomers
are also presented.

MATERIALS AND METHODS

Conformational Samplingrhe molecular dynamics simu-
lations were started from the monomeric form extracted from
the X-ray structures [WT-TTR, PDB entry 1DVQ$);
V30M-TTR, PDB entry 1TTC 29); and L55P-TTR, PDB
entry 5TTR B0)]. To be consistent with our previous
simulations and other ongoing simulations, we chose the
X-ray structure of WT-TTR resolved by Klabunde et &8).

The crystal structures resolved at difference resolution are
almost identical with the maximum ,Croot-mean-square
deviation equal to 0.25 A. The X-ray unresolved residues,
residues +9 (of the N-terminus) and 125127 (of the

hydrophobic interactions near the N-terminus of the C strand, are C-terminus) of WT-TTR and L55P-TTR, were rebuilt with

shown using a ball-and-stick model.

(12, 13). The monomeric species then partially unfold to form
amyloidogenic intermediate44). Such intermediates, once
formed, undergo a downhill self-assembly procd<$s.(The

the full-length V30OM-TTR structure as a template and refined
with a simulated annealing technique. All simulations were
performed using AMBER 31) and the modified parm99
force field 32, 33). To enhance sampling and accelerate the
simulations, the agueous environment was mimicked by a

monomeric intermediate was first characterized as adoptinggeneralized Born (GB) solvation model implemented in

an altered tertiary structure, possibly with the C strand
loop—D strand motif dislocated from the core of the protein
(16). This partial misfolding mechanism was supported later

AMBERY7 (34). Following the designation of Case and co-
workers, we used the parm99MOD2, &8(I), mBondi2
model. Because GB describes the instantaneous solvent

by a search for structural determinants of the amyloidogenic dielectric response, it eliminates the time-consuming step of

fold (17), in which two monoclonal antibodies bind specif-
ically to regions comprising residues-384 (in the C strand)
and 56-61 (after the D strand) only when the C and D

water reorganization, equivalent to smoothing the energy
landscape. In addition, due to the lack of viscosity associated
with explicit water molecules, the simulation may quickly

strands adopt a non-native conformation. Further evidenceconverge or explore more conformational space. The draw-

lies in the investigations of fibril structurel8—20), sug-
gesting that the A, B, and-EH strands retain their nativelike
conformation and constitute the fibril core with the C strand
loop—D strand region protruding from the core. The subunit
interface in the fibril state is formed between strands A and
A', B and B, F and F, and H and Hwith a possible shift
in register between the two F strands and H strands.
Though an only subtle structural difference can be
observed between the wild-type (WT) tetramer and its
pathogenic variantsl(), the dynamic features are substan-
tially different (21). Moreover, single-point mutations could
affect every stage of amyloid formation. Studies of the

back of this model is that the simulated events take place
on a faster time scale than the MD simulation with explicit
water. Implicit solvent models can facilitate folding time by
a factor of more than 236). While the discrete representation
of water is essential in some case&6)( the GB model
implemented in AMBER has been proven to be reliable in
several studies, e.g., th&pprediction @7), proteinr-DNA
binding 38), and computational protein desigBY. The
ionic strength was set to zero. Since TTR is not a highly
charged system, the influence of ionic strength on the shape
of the energy landscape is not significant. The protonation
state of ionizable groups was treated at neutral pH. Like many

thermodynamic stability and dissociation kinetics of tetramers amyloidogenic proteins, TTR, and especially its amy-
have shown that single-point mutations affect the native stateloidogenic mutants, is very sensitive to a change in $6).(

stability and/or dissociation barrietZ, 22), but dissociation
alone is not sufficient for amyloid formatior2®). Further

However, it is very challenging to simulate this pH sensitivity
even though there has been some success with constant-pH

tertiary structural changes within a monomer that lead to the simulation @1). The experimental pH range to which the
monomeric intermediate state are required. Previous molec-simulation corresponds when all of the ionizable groups are
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protonated may highly depend on the force field. Therefore, wherell..[jjis the mean over all specific indic&s= i, j, and
we concentrate on the neutral-pH study in this work. ij. This centering process guarantees a zero root of matrix
Initially, the system was minimized for 1000 steps and A*. In this work, we had a 60% 603 matrix, a 696x 696
then heated slowly from zero to its target temperature at amatrix, and a 571x 571 matrix for the wild type, L55P-
rate of 100 K/5 ps. The time step was 1 fs. The temperature TTR, and V30M-TTR, respectively. Finally, centered matrix
of the system was regulated using the Berendsen couplingA* was diagonalized. The resulting eigenvectors formed a
algorithm @2). The SHAKE algorithm was used to constrain new coordinate set on which the corresponding eigenvalues
the bond length involving H atomst®). The long-range  (normalized) represent the percentage of the projection of
interaction was truncated at 15 A. During the heating process, the original distribution. One natural advantage of PCoorA
a restraint with a force constant equal to 5.0 kcal Thél—2 is that the average projection errércan be quantitatively
was added to ensure the conformity between the proteincalculated from the normalized eigenvalugg45). When
conformation and its initial structure. In the following the conformations are projected onto the fggtimensional

equilibration, this restraint force was gradually reduced to subspace, the average deviation of ths-dmensional
3.0 kcal moft A=2 then to 1.0 kcal mott A2 and distanced; from the distanced;® calculated in thes-
eventually to 0.1 kcal mot A2 for each 50 ps. Finally, an ~ dimensional subspace is given by

unfolding simulation was performed for 2 ns (2000 confor-
mations) without restraint. Another independent trajectory
at the same temperature was collected with the same protocol
using a different seed of a random number generator.

Construction of a meaningful energy landscape of a protein where[l..[j is the average over all pairwise distances in the
requires effective sampling of the conformational space ensemble.
ranging from the native state to the unfolded state. Herein, The choice of the measurement of similarity is crucial in
we explore the unfolding process with molecular dynamics PCoorA, because it has a significant effect on the resulting
(MD) simulations at high temperatures. Two 2 ns indepen- projection. In the original work of Becke#§), rmsd was
dent trajectories were collected at each of the following used to describe the similarity of pairwise conformatiagis [
temperatures (a total of 36 ns for the wild type and its = rmsd(,j)]. In assessment of the shape of an energy
variants): 350, 375, and 400 K. At 350 K, we found only landscape, it is important thej is well-correlated with the
partial unfolding, in line with the far-UV CD data of WT-  effective energy. However, it has been reported that rmsd
TTR as a function of temperature in that small changes weredoes not correlate with energy very well§ 49). In this
seen for thea-helix andg-sheet up to 75C (44), while work, we used “power distance” as the measure of similarity,
extensive unfolding was observed at 375 and 400 K. The which is defined as
collected snapshots were clustered with a threshold of the
root-mean-square deviation (rmsd) equal to 2 A, resulting Zb|(r;b)‘m — ()™
603 clusters for the wild type, 696 clusters for L55P-TTR, &=
and 571 clusters for V30M-TTR. Note that even though the dij =
length of the simulations is the same for the wild type and Zb|(riab)_m e
its mutants, the number of clusters is not necessarily identical. a<
The center of each cluster (the conformation with the most
neighbors) was gradually annealed to 300 K in 5 ps and thenWherei andj designate two conformations, is the distance
subjected to 2000 steps of minimization. The rmsd between between atoma andb, andmis a parameter to control the
these annealed and minimized structures and the initial 'elative weight of small distancedq). It has been shown
structures representing the clusters ranges from 1.4 to 4.6that the power distance provides a better correlation with
A. The total annealing process was equivalent to a 9.4 ns€nergy and is therefore more suitable for investigating the
MD run, and the total minimization steps were 37108 shape of the energy landscapi)
for the wild type and its variants. Finally, the minimized Isotropically Distributed Ensemble Analysisotropically
conformations were used to construct the energy landscapedistributed ensemble (IDE) analysi$0f was used to
As a result, the redundancy in the MD-generated conforma- characterize the correlated molecular motions of the wild

tions was effectively removed without affecting the topology tyPe and its variants in their native states. Details of the
of the mapped energy landscape. method have previously been describ&@)( In this work,

the motions of backbones and side chains were evaluated
separately, and the positions of backbone and side chain units
of a residue were represented by their corresponding center
of mass. For a protein containingamino acids, we first
constructed am x n matrix P with elements?; = /5[0 -F;[)
wherer; is the position vector of the backbone or side chain

the distance between conformatigrend;; namely,d; is a unit of residuei originated from the center of mass of the

similarity measurement, and the distance matrix representsProtein. The angular bracket denotes averaging over the
the pairwise similarity between conformations in an en- trajectory. The cross-correlatlon_coefﬁuen@)(of resu_jues
semble. Then, matriA was “centered” by i andj is defined asP;/(P;iP;)Y? with the overall rotational

modes to be eliminated. i = 1, two residues andj are
Sk — AL A — A ) highly correlated. In contrast, ap of —1 indicates strong
A=A T E - R TAY (1) anticorrelated motion. The IDE analysis was performed on

0=1- S A= miij2 - (dijs)zq (2)

®3)

Principal Coordinate AnalysisTo visualize the energy
landscape, principal coordinate analysis (PCoo#d%) (vas
used to project conformations onto a two-dimensional plane.
This method has been shown to effectively preserve the
essential conformational subspadé,(47). First, a distance
matrix A with elementd; = —1/»d;? was set up, where is
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Ficure 2: (A) Accumulative sum of normalized eigenvalues from
PCoorA of L55P-TTR with differentm values. (B) Projected
distribution of conformations of L55P-TTR in the first three-
dimensional subspace. N denotes the native state, whaadJU,
represent the unfolded states.

. . . . L35P-TTR =414
the monomeric conformations previously simulated at 300 gascgy tcatinon 2%
K using the same initial structures and force field as this 100 | :‘;%
work (24). . 4260

RESULTS

Energy Landscapes of WT-, V30M-, and L55P-TTRe
energy landscape was constructed by depicting the effective

energy (pOIent.ial energy of the prOtEiT‘ plus the SOIVe.Ition Ficure 3: Energy landscape of (A) WT-TTR, (B) V30M-TTR

free energy estimated by GB) as a function of conformational ang (C) L55P-TTR. The effective energy (potential energy pius
similarity represented by the first two principal coordinates solvation free energy) is shown as a function of the first two
of the systemg; andgp. Along gy, the variance between all  principal axesg; andds, which represent the variance of conforma-

of the pairwise conformations is the largest, and algng tion. Arrows indicate the unfolding pathways along which native
. . ' tructure (N) is denatured to partially unfolded conformations. The
the variance is the second largest. The average accuracy 0Eoman numbers and the Arabic numbers denote the pathways and

the projeCtior_‘ can be evaluated e_lccording_ to the accumulativeyypical conformations in the basin, respectively. The same number-
sum of the eigenvalues (normalizedp). Figure 2A shows ing scheme is used in Figures 4 and 5 and Table 2.

that only the first 50 dimensions can retain more than 70%

of the original distribution; in other words, the error caused onto the first two-dimensional plane. The energy landscapes
by projecting the full dimensional space onto the 50- presented below are constructed on the basia efjualing
dimensional subspace is less than 30%, which is consistent3. Table 1 lists the accuracy of the projection of each protein
with earlier analyses of peptide system547). However, onto the first two- and three-dimensional subspace. The 2D
the accuracy is sensitive to the measure of similarity. For projections capture 4760% of the normalized sum of all
the power distance used in this study, the accuracy decreasesigenvalues, and the 3D projections capture 68% of the

as more weights are given to smaller distances (langer ~ sum for the three proteins, indicating that the projections
whenmis equal to 6, the first two dimensions capture only are, at the very least, qualitatively representative.

~43% of the actual information, whereas wharis 3, the Figure 3 depicts the energy landscapes for the wild type,
accuracy increases t048%. The overall topologies of the V30M-TTR, and L55P-TTR. On the three energy landscapes,
distributions, however, remain similar. As shown in Figure the partially unfolded conformations are connected along
2B, the sampled conformations are distributed along two multiple pathways to the native state basin (N in Figure 3)
distinct pathways in the first three dimensions regardless of that possesses the lowest effective energy. The native
the m value. Noteworthy is the fact that the two pathways conformations deviate slightly from the corresponding mon-
are still separated even if the conformations are projectedomeric form extracted from the X-ray structure, with the
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deviation of backbone Latoms being 2.24, 2.04, and 2.75

A for WT-TTR, V30M-TTR, and L55P-TTR, respectively. A
Such a small structural difference falls into the range of
normal fluctuations of native conformations, as revealed in
the previous simulations2(, 24, 25), suggesting that the &
tertiary structure of an isolated monomer is very similar "o
though not identical to that in the tetrameric state. This
observation is supported by the experimental evidence that
the tertiary structure of an engineered TTR monomer is very
similar to that found in the native tetrame&3j. Moreover,

given the fact that extensive intermolecular hydrogen bonding
and hydrophobic interactions between monomers in the N
tetrameric state are absent in the isolated monomer, such ¢ B
minute structural difference is within expectation.

It should be noted that the presented energy landscapes v3om—1TR
reflect only the overall shape of the effective energy surface, N
lacking the barrier information4f). The empty spaces 45 ;
between basins correspond to poorly sampled regions anc i e
associate with high energy barrieds). If one starts from
the native conformation, WT-TTR unfolds along three
distinct pathways (1, Il, and 1ll). Pathway | is far from the
other two in the first two principal coordinates, while
pathways Il and lll are adjacent to each other, allowing
certain transitions between them (Figure 3A). The two
second-lowest energy basins, basin 4 on pathway | and basir-33P-TTR
12 on pathway lll, are energetically similar to the native state 5
basin. To characterize the structural changes along the 3¢
pathways, we analyzed tifesheet content as a function of g
the first two principal coordinates. As shown in Figure 4A,
the number of residues pertainingdesheets decreases from
ca. 50 to ca. 30 along each of the three pathways and finally
to ca. 10. The effective energy correlates with the secondary
structure contents very well in that the two second-lowest
energy basins in Figure 3A correspond to the two second- FIGURE 4: Number of residues that adgptsheet structure for all

; ~ T sampled conformations of (A) WT-TTR, (B) V30M-TTR, and (C)
highests-sheet contents in Figure 4A. In contrast to that of L55P-TTR projected on the same two principal axes as in Figure

the wild type, the effective energy landscapes of the V30M 3’ The8-sheet contents were calculated with DSSB).(
and L55P mutants (panels B and C of Figure 3, respectively)

contain only two unfolding pathways for each. For V30M- remaining stable core mostly consists of the N-terminus of
TTR, pathways | and Il totally overlap at the outset and start the C strand and the BE strands before the protein completely
to diverge at basin 3 (Figure 3B), while the two pathways unfolds. However, the detailed unfolding processes of the
of L55P-TTR are distinct from the very beginning (Figure three proteins are significantly different from each other as
3C). The effective energy increases sharply along the reflected by the diverse on-pathway intermediate states.
pathways of V30M-TTR. Correspondingly, thé-sheet For WT-TTR (Figure 5A), the DAGH sheet unfolds from
contents are quickly lost along both pathways of V30M- the edge strands, the D and H strands, along pathway |
TTR (Figure 4B). Whereas the decreasefisheet content  quickly and becomes random coils, whereas the CBEF sheet
along pathway Il of L55P-TTR is significantly smaller than remains almost intact (basin 3 is the most important
that of pathway | (Figure 4C), which is consistent with the intermediate conformation along pathway I). The most stable
topology of the effective energy landscape in that three core is the N-terminus of the C strand and the BE strands
second-lowest energy basins, basing6in Figure 3C, are  (Figure 5A,5). Pathways Il and Il stay in proximity and
present along pathway Il while the minima along pathway | are nearly parallel, allowing transitions between one another.
possess much higher energies than the native state. Théathway Il begins with the disruption of the H strand and
difference between the topologies of the effective energy the D strand and is followed by the elongation of the D strand
landscapes of the three TTR proteins suggests that singletoward the upstream of the protein main chain. After then,
point mutations indeed influence the mechanism of TTR the elongated D strand across the sheet joins the CBEF
unfolding, and in different manners. strands to form the [TBEF sheet yet still keeps contact with
Unfolding Pathways of TTR Are Sequence-Dependéret the A strand (Figure 5A6). As a result, the AG strands are
representative snapshots along the unfolding pathways aredragged to rotate clockwise relative to the newly formed
presented in Figure 5. If one starts from the native structures,D'CBEF sheet. The F strand then unfolds, and the D strand
the unfolding of all three proteins is initiated by the disruption moves away from the A strand completely (Figure A,
of the secondary structure of the D strand followed by the Because of the conformational similarity between conformers
unfolding of other edge strands, including the H and F 8 and12, pathways Il and Ill are observed to converge on
strands, and then advances toward multiple directions; thethe energy landscape. The unfolding of the newly formed

e ]

WT-TTR &~ P

L e o
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Ficure 5: Representative conformations sampled on the unfolding pathways: (A) WT-TTR, (B) V30M-TTR, and (C) L55P-TTR. The
numbering scheme is the same as that used in Figure 3od®ix and eights-strands are colored as follows: blue for A (residues
12—18), red for B (residues 2935), green for C (residues 448), yellow for D (residues 54 and 55), black for E (residues B3),
magenta for the helix (residues-81), brown for F (residues 9197), olive for G (residues 164112), and orange for H (residues 5

123).
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D'CBEF sheet contmues_after the AG_H sheet becomesA A B CD En F G H
random coil completely (Figure 54). Unlike pathway II, o o+ v ‘. T -
the initial event on pathway Il involves the separation of 120 1 WI-TIR backbone LY '|H
the D strand from the AGH strands and the unfolding of the O | gm . -|G
F strand, instead of the H strand as on pathway Il (Figure 100 | . - ]
5A, 10). Next, the AGH sheet drifts to the right, farther from - |F
the D strand that begins to interact with the C strand (Figure 80 .
5A, 11). Meanwhile, the AGH sheet undergoes unfolding & 4, | i,
and refolding and rotates clockwise relative to the new E - |
D'CBEF sheet (Figure 5A12). So far, pathway Il reaches = 70 N, -~ . |E
the intermediate state as seen in pathway Il (Figure$A, S g0 b
where the DCBEF sheet formed by the elongated D strand é’; iD
and the original CBEF sheet is packed with the AG strands 50 ¢ L .
(Figure 5A,12). After the AGH sheet unfolds mostly (Figure 40 . |C
5A, 13), the remaining stable core consists of the BE strands e \ E
and the N-terminal part of the C strand (Figure B, 30 1 - >

The unfolding pathway of V30M-TTR is different from 20 . ' .
that of the wild type in terms of the intermediate state 0 WT-TIR side-chain |A
conformations. After the D strand of V30M-TTR moves 10 20 30 40 50 60 70 80 90 100 110 120
away from the A strand, it shifts two residues upstream of Residue nunther
the protein and interacts with the C strand (Figure 3B,
The shift in 3-strand D was also observed in the highly A B G D Eh _F G _H
amyloidogenic TTR triple mutant G53S/E54D/L55S-TTR B wf + - " T T T ovn T _|H
(51). Then the unfolding pathways diverges as soon as the L35P-TTR side-chain )
H and C strands start to unfold from their C-termini (Figure 110 | . "'1._|G
5B, 3). The C straneloop—D strand motif completely 100 | i
dislocates from the core of the protein along pathway | and . I5
becomes a random coil (Figure 5B), followed by the 90 I- " l
unfolding of the B strand with the AG and EF strands to  E g | _I
form two smallj3-sheets (Figure 5B5) before the protein E .
unfolds completely (Figure 5B85). Along pathway I, only = 0r T ”|E
the C-terminus of the C strand, the CD loop, and the D strand & 60 | .
become a random coil (Figure 5B), while the N-terminus é" e L e
of the C strand remains in close contact with the B strand. ' . |c
The unfolding process continues in the AG strands (Figure 40 + . -
5B, 8), resulting in the final conformation (Figure 5B) 30 L - _|B
which is similar to the unfolding product of WT-TTR (Figure -
5A, 9). 2 V3OM-TTR side-chain S

Unfolding pathway | of L55P-TTR resembles to a great 10 R S S S A
extent the unfolding pathway Il of V30M-TTR because both 10 20 30 40 50 60 70 80 90 100 110 120
pathways exhibit the shift in th&strand D and the following Residue number

D'CBEF sheet (Figure 5C2) as well as the partially Ficure 6: Cross-correlation coefficient matrix. (a) Backbone cross-

dislocated C strandloop—D strand motif (Figure 5C3), correlation coefficient matrix of WT-TTR (upper triangle) and side
whereas along pathway Il neither the completely nor the chain cross-correlation coefficient matrix of WT-TTR (lower
parially dislocated G standooy D stand Imermedate e et S i osscorpimon couican
Is present. Instead, the H strand unfolds at avery early Stagematrb(( cr))fpV:%OM-'I'gTF\2 (lower triangle). The backbone correlation
The newly formed DCBEF sheet packs with the AG sheet  ,efficient matrices of V30M- and L55P-TTR are almost identical
(Figure 5C,6), and then the AG sheet unfolds completely with that of WT-TTR and thus not shown here. Two units are
(Figure 5C,7), resembling the conformation in basin 9 on considered to be correlated if their correlation coefficient is equal
pathway Il of WT-TTR. or larger than 0.5.

Val30 — Met and Leu55— Pro Mutations Disrupt the
Side Chain Correlated MotionsTo understand how the exception of no correlated motion between the D and A
pathogenic mutations that play a crucial role in the unfolding strands that are thus proven to be weakly coupled. The
process affect the concerted motions in the native monomericpatterns of the correlated motions between the side chains
state, we have investigated the correlated motions of theare similar to that of the backbones, though weaker. In other
monomers in their native states. Previous studies have showrwords, the number of side chains with a correlation coef-
that for simulations of native states, regions of secondary ficient greater than 0.5 is less than that of the backbones.
structure were found to move in a correlated matter, whereasThe correlations between the backbones of neighboring
the significant anti-correlated motions for residues close in strands are very strong for WT-TTR (Figure 6A, upper
space were predicted to be destabilizing to protein structuretriangle), and the V30M and L55P mutants exhibit almost
(24, 52). As shown in Figure 6, the neighboring strands in identical patterns (data are not shown). Significant differ-
the samejB-sheet move in a correlated manner, with the ences, however, are observed in the side chain correlated



Unfolding Pathway of Transthyretin Biochemistry, Vol. 45, No. 39, 2006.1999

Table 2: Summary of Important Unfolding Evehts

intermediates

initial disruption subsequent C—loop—D CBEF D'CBEF CBEF

of the D strand disruption D dislocation DAGH AG DAGH final state
conformation at0 a-6/b-2 b-4/b-7 a-3 a-7 c-4 ab
WT-Ib v H v CnBE
WT-IIb v H De v C\BE
WT-lII® v F De v CnBE
V30M-IP v H Ds completely unfolded
V30M-11® v H Ds partially v CnBE
L55P-F v H Ds partially v CnBE
L55P-IIP v H Ds v v BEF

2 The typical conformations corresponding to Figure 5 are listed. The strands are named from A to H. Boldface and italic type indicates the
complete unfolding of the corresponding strand(s)dénotes the re-formed D strand on the CBEF sidearidl D, denote the elongated and shifted
D strand, respectively. Orepresents the N-terminus of the C strand. The square root sign denotes the existence of &ifReweamt. numbers refer
to the pathways shown in Figure 5.

motions between the C and B strands, between the B and Ewhereas the C-terminus of this strand lacks this kind of
strands, and between the E and F strands. For WT-TTR, thecontact (Figure 1). This unfolding sequence is in line with
side chain motions of ten and nine pairs of residues in the the hydrogen exchange experiments. The C-terminal residues
CB strands and BE strands show large positive correlationsof the C strand are found to be weakly protected, and the
(rj > 0.5), respectively. These correlations are so strong thatN-terminal W41 and E42 residues are highly protec&sH

the C and E strands are also positively correlated. For both55).

V30M- and L55P-TTR, nevertheless, the side chain motions  pq pointed out by Richardson et al., Pro43 anddHaulge

of only four pairs of residues in the CB strands are identified ot phe44 and Ala45 located in the C strand had been selected
to be correlated, and three pairs between the B and E strands,y, eyolution to protect the native state against edge-to-edge
These data suggest that the Vat3Met _substltutlon located aggregation §6). Even after the AB strands are exposed,
at the N-terminus of the B strand disrupts the concerted e hrotruding AB loop can still prevent the association of
motion of its surrounding side chains, and this disruption A 5,4 A strands as well as the interaction of B ant B
propagates through the CBEF sheet with no obvious effeCtSstrands, which is probably nature’s negative design, too. In
on the main chain correlated motion. Coincidentally, residue contrast to the AAand BB interface, the negative design

55 1s In _the proximity Of. the CB stra_nds. Theref_ore, th'_s at the edges of the FH strands involves only the protective
substitution Iea_lds to a similar disruption of the side chain charged residue, Arg103, in the FG loop, which is relatively
correlated motions. weak. The HHand FF interface can be formed with fewer
conformational change2Q, 24). It is tempting to assume
that the formation of a nativelike interface between the H
Exposure of the AB Strands for Aggregati@tudies on and H strands as well as between the F ahdtFands takes

the TTR fibril structures have revealed that the A, B, and place earlier in the fibril formation than that between the A
E—H strands retain their nativelike conformation, and the and A strands as well as between the B aridsBands. In

aggregated intermolecular interface is formed between the experiments at high concentrations, the'tidd FF
strands A and A B and B, F and E, and H and Hwith the interfaces may form before the monomer continues to unfold,
C strand-loop—D strand region protruding from the fibril and the newly formed interface can in turn stabilize other
core (L8—20). The formation of a new interface in the fibril ~ strands. Therefore, the subsequent unfolding as summarized
state between the A and Atrands as well as that between in Table 2 that suggests the B and E strands could be more
the B and B strands requires exposure of the AB strands stable than the A, G, and H strands, leading to the N-terminus
that are protected by the CD strands in the native monomer.of the C strand and the BE strands as the final core, may be
As seen in Table 2, the disruption of the D strand takes placenot relevant to amyloid formation. Another scenario is that
in the first step of unfolding in each protein, where the D the HH interface is stabilized by the-sheet structure as
strand moves apart from the A strand and adopts a surfaceproposed previously5¢, 58), but we have never seen an
loop. This initial step was also reported in our previous o-sheetwith an AMBER/GB model. There is strong evidence
simulation results and directly validates early speculation that that surface charges can exert a profound influence on the
the separation of the D strand from the core of the protein stability of the protein§9). As shown in Figure 1, there are
initiates the conformational changes and facilitates amy- four titratable groups under acidic conditions, His31, Glu42,
loidogenesis Z4, 25). Afterward, the D strand can be re- Glu72, and Glu92, on the CBEF sheet, but only two such
formed and stabilized by moving to the side of the CBEF residues, Aspl8 and Glu54, exist on the DAGH sheet.
sheet via the close interaction with the C strand. The Additionally, if the N- and C-termini are excluded, seven
following unfolding of the C strand occurs in the fashion of more such residues, Asp38, Asp39, Glu66, Asp74, His88,
unzipping from the B strand starting at its C-terminus, and Glu89, and His90, are located in the loop regions on the
the N-terminus unzips in a later stage. This observation is CBEF side, while only two more such residues, Glu51 and
not surprising because the N-terminus of this strand is His56, are in the loop regions on the DAGH side. Therefore,
stabilized by three pairs of strong hydrophobic contacts, the selective destabilization of one half of thesandwich
Val32 with Phe44, Lys35 with Trp41, and Phe33 with Pro43, (54), the CBEF sheet, can be simply explained by the fact

DISCUSSION
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that the CBEF sheet contains more titratable groups underonly in the aged population, we speculate that the physi-

acidic conditions than the DAGH sheet, instead ofdh&heet ological changes, e.g., pH, with age may cause the deposition

as previously suggeste&, 58). of wild-type TTR, which is supported by the fact that acidic
The Dislocated C StrandlLoop—D Strand Intermediate  conditions can facilitate WT-TTR fibril formatiors().

Is on the UnfOldlng Pathways of V30OM-TTR and L55P-TTR The Sequence-Dependent Unf0|d|ng Pathways May Or|g|-
but Not on That of the Wild Typédt is believed that the  nate from the Disruption of Side Chain Correlated Motions
amyloid fibrils of TTR result from the self-assembly of QOur analyses of the concerted motions near native states have
amyloidogenic intermediates that in turn are formed by revealed the substantial difference in the side chain dynamics
partially denatured monomers. The purpose of carrying out petween the wild type and its pathogenic variants which may
PCoorA is to capture the partially denatured monomeric account for the variance of their unfolding pathways. The
intermediates that may lead to an amyloid deposit. The side chain motions of the CB strands in the wild type are
mapped unfolding pathways are summarized in Table 2, strongly correlated, as are those of the BE and EF strands.
among which the intermediate states with the C strand The greater amount of collective fluctuations that correspond
loop—D strand partially or completely dislocated are the most to contact interactions can be considered to reflect a larger
interesting. The C and D strands are torn apart from the reststapility. With the V30M mutation in the B strand, such
of the protein and turned into random coil, whereas the A, correlations are significantly reduced, reflecting that the
B, and E-G strands retain their secondary structure and stability of the CBEF strands is lowered. For the same
tertiary structure4 and7 in Figure 5B andB in Figure 5C).  mutant, we have uncovered the dislocated C strdoop—D

We call the structures with these characteristics the dislocatedstrand intermediates on the unfolding pathway. To our initial
C strand-loop—D strand intermediate. This intermediate is surprise, similar reductions are also seen with the Lett55
captured on the unfolding pathways of both V30M and L55P prg mutation that takes place in the D strand. This could be
mutants, but not on the pathway of WT-TTR. This observa- attributed to the fact that side chain 55 is in the proximity
tion is supported by the fact that the wild-type monomer is of the CB strands. The statistical analysis of the different
nonamyloidogenic unless the pH is reduc@@)( whereas  supstitutions of TTR has pointed out that the amyloidogenic
the V30M and L55P mutants can form amyloid protofibrils yariants promote the growth of an intermolecufasheet
under physiological conditions after a long incubatid@,(  via altering structure or stability of the “edge strand82)(

60). The wild-type monomeric intermediate which was Qur calculations on the concerted motions have comple-
capable of amyloid deposits at low pH was found to be mented the early analyses and linked the disruptions of the
predominantly g-sheet structure with conformational rear-  delicate side chain concerted motions in the edge strands to
rangements in the C strantbop—D strand region without  the unfolding pathway that leads to the formation of

a large exposed hydrophobic surface ad.(The confor-  amyloidogenic intermediates. Lines of evidence support the
mations of the intermediate states identified in this work are hypothesis that collective atomic fluctuations are linked to

consistent with all of these structural features characterizedpinding affinity and specificity §3). Herein, we further
experimentally. The exposure of the C stratmbp—D strand ~ hypothesize that the collective atomic fluctuations in the
region was also proposed to be in the initial phase of amyloid native state are linked to an unfolding mechanism. Of course,
formation on the basis of the epitope mapping of TTR more work needs to be done to test the hypothesis.
mutants that exhibit amyloidogenic folding4). Therefore, In summary, we projected partially unfolded ensembles

we CO”C'“‘.’? that the C strartbop—D ;trand dislocation_ of the wild type and its two pathogenic variants, V30M- and
can be facilitated either by the pH environment or by point L55P-TTR, onto the two-dimensional plane and visualized

mutations. Further along the unfolding pathway after the C . ; : C .

i . their unfolding pathways. The amyloidogenic intermediates
Istrarjd—l%op;\g Sttfandd dlséot(;]atlgnE, tthe g sttr?nd lf[nfOIt(\j;’ with the dislocated C strardoop—D strand motif were
e;awr:jg ﬁ i s Fa”F_S an SBe d48' ralrzl_ s 1o gcr:m ;"O h O identified only on the unfolding pathways of the pathogenic
strandfi-sheets & in Figure andt in Figure 5C). Suc variants. This observation suggests that the effect of the

an EnfOId'ng sequen(;e IS c\?gg:\jtentdvxll_lghséhe e?rl'fﬂ_.D th pathogenic mutations may be to alter the denaturation
exg angte texpetrlments IonH th tan led mu ?an in the pathways, which in turn arise from the disruption of side
native state at neutral p at revealed a stable core i correlated motions.

consisting of strands A, B, E, and G and the AB lo8p)(
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