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b2-Microglobulin (b2m) forms amyloid fibrils in patients undergoing long-term haemodialysis, leading to dialysis-related
amyloidosis. Proteolysis of the N-terminal region of b2m results in a truncation of the six N-terminal residues (DN6 b2m) in
,30% of the b2m molecules extracted from ex vivo fibrils. The DN6 b2m has been shown to exhibit a higher tendency for
self-association comparing to the wild-type (wt) b2m, particularly at neutral pH. In order to gain atomic insights into the
early stages of amyloid formation of the wt and DN6 b2m, various molecular dynamics simulations were conducted to
investigate the stability and dynamics of these two molecules at various temperatures and neutral pH in this study. Our
results, in agreement with previous experimental results, indicate that the structural stability of the DN6 b2m is lower than
that of the wt b2m. It can be attributed to fact that the removal of the N-terminal six residues results in the loss of the salt–
bridge interaction between residues R3 and D59, leading to the increased solvent exposure of the K3 peptide. It further
allows water molecules to destabilise the interior region of the K3 peptide, leading to the elongation between the B- and
E-strands. It may further accelerate the conformational changes of the DN6 b2m, leading to the formation of amyloid fibrils
more readily at neutral pH. Our results also suggest that the K3 peptide may be a potential initiation site of amyloid
formation for the DN6 b2m due to its increased solvent exposure. We further suggest that fibril morphology of the DN6 b2m
formed at neutral pH is similar to that of the wt b2m formed at low pH (1.5–3) since they adopt the similar conformation
with the elongation between B- and E-strands for their partially unfolded amyloidogenic intermediates.

Keywords: b2-microglobulin; dialysis-related amyloidosis; DN6 b2m; molecular dynamics simulations; K3 peptide;
amyloidogenic intermediate

1. Introduction

More than 20 human diseases, including Alzheimer’s

disease, prion diseases, and dialysis-related amyloidosis

(DRA), are associated with the pathological self-assembly

of various soluble proteins into cytotoxic oligomers and

amyloid fibrils [1–3]. Although these proteins share very

little sequence identity and structural similarity in

solution, the X-ray diffraction data show that all fibrils

exhibit a common cross b-sheet structure with b-strands

perpendicular and hydrogen bonds parallel to the fibril

axis, suggesting a similar aggregation mechanism for all

amyloidogenic proteins [4]. For DRA, the 99-residue

human b2-microglobulin (b2m) [5], the light chain of the

class I major histocompatibility complex (MHC-I), forms

amyloid fibrils that deposit in the musculo-skeletal system

in patients undergoing long-term haemodialysis [6]. After

its release from the cells expressing MHC-I, b2m is

carried to the kidney where it is degraded [7]. Patients with

kidney dysfunction have a reduced ability to filter b2m

from the plasma and consequently exhibit an up to 60-fold

increase in the circulating level of b2m [6]. Through an

undetermined mechanism, b2m forms amyloid fibrils that

typically accumulate in the musculoskeletal system [8].

The wild-type (wt) b2m, belonging to the immunoglobin

superfamily, adopts a seven-stranded b-sandwich fold

[9,10]. The two b-sheets (one consisting of the A-, B-, D-,

E-strands and the other consisting of the C-, F-, G-strands)

are connected by a single disulphide bond between

Cys25 and Cys80 from the B- and F-strands, respectively

(Figure 1).

Both experimental and theoretical studies have been

extensively performed to elucidate the amyloid formation of

the wt b2m. The results of previous experimental studies

have indicated that b2m forms two distinct fibril

morphologies under acidic pH conditions. In the pH range

of 3–5 in salt, the wt b2m forms short and curved fibrils;
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whereas in the pH range of 1.5–3 in salt, it forms long and

straight fibrils [11–13]. These two distant fibril mor-

phologies have been specifically related to two unfolded

intermediates, I (I1) and II (I2) [11]. Computationally,Armen

and Daggett [14] have determined the structures of the

partially unfolded amyloidogenic intermediates (I1 and I2)

of the wt b2m. Furthermore, previous theoretical study has

revealed that the wt b2m forms domain-swapped dimer,

in which the two monomers exchange their N-terminal

segments complementing each other [15].On the other hand,

there is evidence that the 22-residue K3 peptide, Ser20–

Lys41, obtained by the digestion ofb2mwithAcromobacter

protease I, forms amyloid-like fibrils in various solutions

[16,17]. These results suggest that the K3 peptide forms

amyloid fibrils over a wide range of pH values with an

optimum around pH 7 [17]. Previous study also showed that

once the rigid native b2m is unfolded and additional factors

triggering the nucleation process are provided, it readily

forms amyloid fibrils at neutral pH [17]. The above

experimental results imply that this minimal K3 peptide

may be the initiation site for amyloid fibril formation of the

full-length protein and may constitute the core of the

resulting amyloid fibrils.

In addition, Bellotti et al. [18] have shown that

proteolysis of the N-terminal region of the wt b2m results

in a truncation of the six N-terminal residues (DN6 b2m)

in ,30% of the b2m molecules extracted from ex vivo

fibrils. The DN6 b2m was found to exhibit a higher

tendency for self-association than the wt b2m. Unlike the

wt b2m, the DN6 b2m is able to form amyloid fibrils at

physiological pH condition [18–20]. Recently,Myers et al.

[21] have shown that the DN6 b2m forms low yields of

amyloid-like fibrils at pH 7.0 in the absence of seeds,

suggesting that this species can initiate fibrillogenesis in

vivo. Furthermore, previous data have shown that the

addition of tiny amounts of the DN6 b2m to the wt b2m

leads to the formation of large aggregates rapidly,

suggesting a seeding capacity of this species in promoting

b2m aggregation [22].

Understanding the dynamic behaviours of the amyloi-

dogenic proteins is expected to provide insights into the

possible mechanism of conformational change responsible

for amyloid formation. Investigating the structural

fluctuations of these proteins may provide knowledge for

designing drugs to inhibit protein aggregation targeted at

the flexible portion. To date, atomistic information for the

aggregation of the DN6 b2m in explicit water is still

limited. Usually, molecular dynamics (MD) simulations

have four tactics to modify the physiological conditions:

temperature [23–28], pressure [29], pH [25], or solvent

[30]. Particularly, high-temperature (for example, 498K)

MD simulations have become a well-established tool to

accelerate protein unfolding without changing the pathway

of unfolding [31].

In order to investigate the atomistic details for the

conformational change of the wt and DN6 b2m responsible

for the early stages of amyloid formation, various MD

simulations at different temperatures (310, 398, and 498K)

at neutral pH were conducted in this study. We aim to

elucidate: (i) the structural stability and dynamics of the wt

and DN6 b2m; (ii) the importance of the N-terminal six

residues for the globular structural stability of b2m; (iii) the

possible role of the K3 peptide for the unfolding of b2m;

and (iv) the relationships between the fibril morphology and

its related partially unfolded intermediate.

2. Methods

2.1 The construction of the wt and DN6 b2m model

Molecular minimisation and dynamics simulations were

carried out using DISCOVER 2.9.8 of the Insight II

molecular simulation software (Accelrys, San Diego, CA,

USA) with the consistent valence force field [32]. The

trajectories were analysed using ANALYSIS module of

the Insight II program. All calculations were performed

with NVT and periodic boundary conditions [33]. An

atom-based distance cut-off was applied at 8 Å for both

non-bonded electrostatic and van der Waals interactions.

The X-ray crystallographic structure of the wt b2m was

obtained from the Protein Data Bank (ID: 1lds) [10] and

submitted to 5000 iterations with steepest gradient

method, followed by 5000 iterations with conjugated

gradient method. Six N-terminal residues of the wt b2m

Figure 1. X-ray crystallographic structure of the wt b2m
visualised by the Insight II program. Secondary structures are
predicted according to DSSP (Kabsch and Sander, 1983); seven
b-strands (A–G), red; The N- and C-termini are also indicated;
truncation of the N-terminal six residues for DN6 b2m, yellow.
The salt–bridge interaction between residues R3 and D59 in the
wt b2m is shown in ball-and-stick. The K3 peptide (residues
20–41) corresponds to the B- and C-strands and the connecting
B–C loop.
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were truncated to generate the DN6 b2m using the

BIOPLYMER module of the Insight II program. The DN6

b2m was further refined by energy minimisation as for the

wt b2m. The energy-minimised wt and DN6 b2m were

separately placed in the centre of a rectangular box with

the size of 60 £ 50 £ 50 Å3 soaked with water

molecules. To consider the effect of temperature in our

simulation systems, solvent densities were adjusted by

changing the numbers of solvent molecules in the box

according to the experimental values of 0.993, 0.939, and

0.831 g/ml at 310, 398, and 498K, respectively [34]. These

systems were energy-minimised with the method

described above until the maximum derivative was lower

than 0.001 kcal mol21 Å21. To further optimise the

arrangement of the water molecules around the protein

and alleviate high energy regions, water molecules alone

were allowed to relax by running a short 150 ps MD

simulation with position restraints applied to all the protein

atoms at corresponding temperatures. Subsequently,

protein alone was minimised with 5000 steps, followed

by the minimisation of the entire system for additional

5000 iterations. Finally, several 10 ns MD simulations

were carried out with constant temperature constraint at

310, 398, and 498K. The time step of the MD simulations

was 2 fs. The trajectories and coordinates were saved every

1 ps for further analyses.

2.2 Structural analyses and definition

The Ca root-mean-square deviations (RMSDs) were

calculated from the minimal deviations of the Ca atoms

of the trajectories away from the energy-minimised

structure. The averaged Ca RMSD value of each residue

was also calculated for all trajectories. Secondary

structural analysis was carried out using the Kabsch and

Sander algorithm [35] incorporated in their DSSP

program. The residual b-sheet contents were defined as

the ratio of the number of the residues to the total residues

in b-sheet of the crystal structure. The distance of the salt–

bridge interaction formed by the R3–D59 pair in the wt

b2m was also calculated. The solvent accessible surface

area (SASA) of the K3 peptide was calculated by

the Insight II program as described previously [36]. The

distance between the B- and E-strands, defined as the

averaged value of the five selected residue pairs, S61–P30,

F62–G29, Y63–S28, L64–V27, and L65–Y26, was also

calculated.

3. Results

3.1 Analysis of RMSD

To investigate the conformational changes of the wt and

DN6 b2m, various 10-ns MD simulations at 310, 398, and

498K were conducted in this study. The degree of the

structural fluctuations for these two proteins during the

MD simulations was simply monitored by the Ca RMSD

relative to the corresponding energy-minimised structures

and the results are shown in Figure 2(a). It is obvious that

the structures of both wt and DN6 b2m are very stable at

310 and 398K, with the Ca RMSD values remaining

almost constant around 2–3 Å. It indicates that low

simulation temperatures (310 and 398K) cannot provide

sufficient kinetic energy to observe protein unfolding at

the simulation time-scale. Therefore, MD simulations at

higher temperature (498K) were required to accelerate

the conformational changes of the wt and DN6 b2m.

Figure 2(a) shows that the Ca RMSD of the DN6 b2m is

significantly higher than that of the wt b2m at 498K

during most of the simulation courses, suggesting that the

DN6 b2m is less stable and ready to unfold comparing to

the wt b2m.

To further explore the structural flexibility of the wt

and DN6 b2m at various temperatures, the Ca RMSD per

residue of these two proteins were calculated and the

results are presented in Figure 2(b). It shows that the

residues belonging to the secondary structural elements

(b-sheet) in the native state exhibit less structural

fluctuation at all simulation temperatures comparing to

those located in the other regions. In addition, the

largest structural fluctuations appear mainly in the N- and

C-terminal regions at 498K for the DN6 b2m. Moreover,

the Ca RMSD values of the B- and E-strands of the DN6

b2m are significantly higher than those of the wt b2m at

498K (black arrow in Figure 2(b)).

3.2 Analysis of secondary structure contents

The secondary structure contents of the wt and DN6 b2m

relative to the crystal structure during the 10-ns MD

simulations at various temperatures are depicted in

Figure 3. It is obvious that the initial secondary structures

tend to convert to turns or coils during the MD

simulations. Figure 3 also shows that both wt and DN6

b2m maintain their structural stability during the

entire MD simulation courses at both 310 and 398K.

By contrast, at 498K, the structural integrities of these

two proteins are rapidly disrupted, particularly for the

DN6 b2m. Furthermore, the result shows that both A- and

G-strand of the DN6 b2m lose most of their b-sheet

contents after around 0.5 ns, indicating that these two

strands of the DN6 b2m are very sensitive to high

simulation temperature.

The averaged b-sheet contents of the wt and DN6 b2m

are summarised in Table 1. The results show that the

averaged b-sheet contents decrease with increasing

simulation temperatures. According to Table 1, we found

that the stability of the N-terminal A-strand in the DN6

b2m is lower than that in the wt b2m at all simulation
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temperatures. Additionally, our results further indicate

that the B- and E-strands in the DN6 b2m are also less

stable comparing to those in the wt b2m. The results of

secondary structures analysis are consistent with the above

analysis of the Ca RMSD per residue shown in Figure 2(b),

suggesting that the B- and E-strands are less structurally

stable in the DN6 b2m than in the wt b2m.

3.3 Analysis of the distances between residues
R3 and D59

The structural difference between the DN6 and wt b2m is

that the DN6 b2m lacks the N-terminal six residues. Due

to the deletion of the N-terminal six residues, the DN6

b2m loses a salt–bridge interaction between residues R3

and D59. To elucidate the role of this salt–bridge

Figure 2. (a) The Ca RMSD and (b) the Ca RMSD per residue of the wt and DN6 b2m at various temperatures during the 10-ns MD
simulations. The black arrow indicates the large fluctuations of the B- and E-strands for the DN6 b2m at 498K.
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interaction in maintaining the structural stability of b2m,

the distances between residues R3 and D59 in the wt b2m

were calculated and the results are shown in Figure 4.

It is obvious that the distances between residues R3 and

D59 reach to the equivalent value around 6–8 Å after

100 ps at all simulation temperatures from the initial

value of 14 Å, indicating that this strong salt–bridge

interaction contributes to maintaining the structural

stability of the N-terminal strand of the wt b2m. Our

results are in good agreement with the results from the

previous mutational analysis, in which the R3A mutant

reduces the unfolding free energy compared with wt

b2m, suggesting that the residue R3 play an important

role in maintaining the globular structure of b2m from

destabilisation [37]. The importance of the salt–bridge

interaction between Asp–Arg on protein stability is

further supported by a recent study [38], in which the

Asp–Arg interaction has been identified as a fork–fork

salt bridge with a interaction distance of nearly 6 Å.

This type of interactions, such as Asp–Arg and Glu–Arg

fork–fork salt bridges, are more favourable in the

thermostable proteins, with a nice energy progression

from the psychrostable to the hyperthermostable

proteins [38].

3.4 Analysis of the SASA of the K3 peptide

Previous study has found that the 22-residue peptide

fragment of Ser20–Lys41 (B- and C-strands), known as

the K3 peptide, retains the potential to form typical

Table 1. Averaged b-sheet contents of the wt and DN6 b2m at different temperatures during the entire simulation courses.

Averaged b-sheet contents (%)

Protein temperature (K) A B C D E F G Total

Wt 310 83.3 98.1 89.3 93.2 97.7 94.5 56.9 90.0
DN6 310 66.6 94.4 97.5 91.2 98.3 97.9 51.8 88.1
Wt 398 94.8 94.8 88.3 76.9 89.8 88.7 18.3 83.3
DN6 398 83.0 92.9 78.4 72.6 94.2 82.6 44.2 81.4
Wt 498 65.0 68.9 18.2 43.3 75.3 18.7 0.51 47.0
DN6 498 19.3 28.0 14.1 41.6 41.2 14.3 3.65 28.2

Figure 3. The secondary structures contents of (a) the wt b2m at 310K; (b) the DN6 b2m at 310K; (c) the wt b2m at 398K; (d) the DN6
b2m at 398K; (e) the wt b2m at 498K; and (f) the DN6 b2m at 498K. The b-sheet, turn, and coil estimated according to DSSP (Kabsch
and Sander, 1983) are shown in red, blue, and white, respectively.
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amyloid fibrils, suggesting that this short segment includes

a minimal region for the formation of amyloid fibrils of

b2m [16]. In order to investigate the role of the K3 peptide

in the conformational changes of the wt and DN6 b2m, the

SASAs of the K3 peptide was calculated at different

temperatures and the results were depicted in Figure 5. The

results show that the SASA values of the K3 peptide for

both wt and DN6 b2m are very stable during the entire

simulation courses at both 310 and 398K. By contrast, the

solvent exposure of the K3 peptide increased dramatically

at 498K, particularly for the DN6 b2m. These results

indicate that the K3 peptide of the DN6 b2m exhibits

greater structural fluctuation compared to that of the wt

b2m at 498K.

Figure 4. The distances of the salt–bridge interaction between the R3–D59 pair in the wt b2m at various temperatures during the 10-ns
MD simulations. The salt–bridge interaction is simply measured by the distances between the nitrogen atom on the side chain of R3
residue and the oxygen atom on the side chain of D59 residue.

Figure 5. The SASA of the K3 peptide of the wt and DN6 b2m in water at various temperatures during the 10-ns MD simulations.
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Figure 6 shows the snapshots of the solvation of the K3

peptide for the wt and DN6 b2m taken from the

simulations at 498K. It is obvious that the increased

solvent exposure of the K3 peptide for the DN6 b2m

inevitably allows water molecules to directly contact with

the interior region of the K3 peptide. Moreover, some

water molecules were found to penetrate into the interior

region between B- and E-strands in the DN6 b2m,

indicating that the exposure and mobility of the K3

peptide is possibly associated with the disruption of the

B- and E-strands.

3.5 Analysis of the SASA against the Ca distances
between the B- and E-strands

To further investigate the effects of the solvent exposure

and mobility of the K3 peptide on the disruption of the

B- and E-strands, two plots of SASA of the K3 peptide

against the distances between the B- and E-strands are

presented in Figure 7. It shows that the trajectories of the

wt and DN6 b2m assemble to clusters at 310 and 398K,

indicating that the SASA values of the K3 peptide and the

distances between the B- and E-strands remain approxi-

mately constants during the simulation course. By

contrast, our results show an L-shaped profile for the

DN6 b2m at 498K, suggesting that the K3 peptide in

the DN6 b2m exposes to solvent significantly, followed by

the elongation of the B- and E-strands.

Figure 8 shows the averaged structures of the B- and

E-strands in the wt and DN6 b2m during the MD

simulations at 498K. In the wt b2m, it is clear that the

distances between the B- and E-strands increase slightly

during the simulation course. By contrast, the distances

between the B- and E-strands increase rapidly in the DN6

b2m, leading to accelerating protein unfolding more

effectively than in the wt b2m.

4. Discussion

4.1 The DN6 b2m exhibits lower structural stability
comparing to the wt b2m

Previously, analysis of ex vivo fibrils from DRA patients

has shown that around 30% of the b2m molecules display

truncations in the N-terminal strand, suggesting that these

strands are not involved in the core of the assembled fibril

[6,18]. Limited proteolysis has shown that a b2m lacking

the N-terminal six residues (DN6 b2m) exhibit a higher

tendency to form amyloids at neutral pH [18–20]. Myers

et al. [21] have shown that the DN6 b2m forms low yields

of amyloid-like fibrils at pH 7 in the absence of seeds,

suggesting that this species could initiate fibrillogenesis

in vivo. Piazza et al. [22] suggested that the addition of

tiny amounts of the DN6 b2m to the wt b2m rapidly leads

to the formation of large aggregates, demonstrating a

seeding capacity of this species in promoting b2m

aggregation. Additionally, several studies have suggested

that the unfolding of the protein into a partially unfolded

conformation is required for the formation of aggregates

and fibrils [6,39]. Altogether, these evidences imply that

the DN6 b2m exhibit higher tendency to form amyloid

fibrils due to its lower structural stability compared with

the wt b2m.

The results of the current MD simulations, in

agreement with the above viewpoints, show that the Ca

RMSD value of the DN6 b2m is higher than that of the wt

b2m at 498K, indicating that the entire structure of the

DN6 b2m is more flexible than that of the wt b2m at high

simulation temperature (Figure 2(a)). Moreover, the

analysis of the secondary structure contents also indicate

that the b-sheet stability of the DN6 b2m is lower than that

of the wt b2m (Figure 3 and Table 1), particularly at 498K.

4.2 The increased exposure of K3 peptide results
in the elongation between B- and E-strands

Previous study has shown that the K3 peptide (Ser21–

Lys41) constitutes the essential region of the b2m-related

amyloid fibril formation [16]. This minimal sequence

provides various pieces of information useful for

addressing amyloid fibril formation. It is likely that the

K3 peptide includes the initiation site for the amyloid fibril

formation of the full-length b2m molecule. Moreover, it

may constitute the core of the consequent amyloid fibrils.

Previous study has shown that an optimum for the K3 fibril

formation exists at neutral pH, suggesting that, once the

rigid native b2m is unfolded and additional factors

triggering the nucleation process are provided, the full-

length b2m discloses an intrinsic potential to form

amyloid fibrils at neutral pH [17].

In the present study, the analysis of SASA of the K3

peptide was conducted to investigate the role of the K3

peptide in the unfolding process of the wt and DN6 b2m.

Figure 6. Solvation of the K3 peptide of the (A) wt and (B) DN6
b2m at 498K. The truncation of the N-terminal six residues for
the DN6 b2m, yellow; The interfacial water molecules at a
distance of ,2.4 Å from the K3 peptide are also shown.
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Our results show that the K3 peptide of the DN6 b2m

exposed to solvent more significantly comparing to that of

the wt b2m, particularly at 498K (Figure 5), suggesting

that the K3 peptide may be a potential nucleation site for

the amyloidogenic process of the DN6 b2m. Furthermore,

our results also indicate that the increased exposure of the

K3 peptide of the DN6 b2m results in the elongation

between the B- and E-strands (Figures 7 and 8). These

observations are in good agreement with the results from

the previous study, where the main effect of the removal of

the N-terminal six residues in the wt b2m was found to

increase the separation between the B- and E-strands [40].

4.3 The importance of the N-terminal six residues and
salt–bridge interaction between R3-D59

It has been suggested that the A- and G-strands are the most

unstable segments of b2m and are involved in the

amyloidogenic process. The A- and G-strands were found

to be the most sensitive strands to urea denaturation [41].

Ahydrogen–deuteriumexchange study has revealed that the

A- andG-strands do not participate in the amyloid fibril [42].

Furthermore, the A- and G-strands were found to be

protected in the globular state and unprotected in the

fibrillar state, using limited proteolysis [43]. The involve-

ment of theA- andG-strands in amyloidogenesis was further

Figure 7. The relationships between the SASA of the K3 peptide and the distance between the B- and E-strands of the (a) wt and (b) DN6
b2m at various temperatures during the 10-ns MD simulations.
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demonstrated in the observation that mutations of the

residues in these strands accelerate amyloidogenesis [44].

Moreover, it has been shown that partially unfolded b2m

formed by acidification to pH 3.6 displays significant

destabilisation of both the N and C-terminal strands [41].

These data all demonstrated that the perturbation of the

N- and C-terminal edge strands is an important feature in the

generation of assembly-competent states of b2m.

The results of the present simulations, in agreement

with the above experimental findings, show that both the

N-terminal A-strand and C-terminal G-strand exhibit

lower structural stability, particularly for the DN6 b2m at

498K (Figure 2(b) and Table 1). Furthermore, our results

also show that the deletion of the N-terminal six residues

leads to the increased exposure of the K3 peptide

significantly (Figure 5), which allows water molecules to

destabilise the interior region of the K3 peptide (Figure 6),

leading to greater mobility and the elongation between the

B- and E-strands (Figures 7 and 8). These evidences all

suggest that the N-terminal six residues play an important

role in protecting the globular structure of b2m from

destabilisation, which is also consistent with the results

from the previous study [43].

A salt–bridge interaction between residues R3 and

D59 was found in the wt b2m in this study (Figure 4). Our

simulation results show that the distances between

residues R3 and D59 reach to the value around 6–8 Å

from the initial value of 14 Å at different temperatures,

indicating that this strong salt–bridge interaction contri-

butes significantly to the structural stability of N-terminal

A-strand in the wt b2m. It further plays a role to protect the

global structure of the native protein from partially

unfolding. Our results are consistent with the previous

mutational and free energy analyses showing that the R3A

mutant is less stable than wt b2m [37]. In summary, the

lack of the N-terminal six residues and the loss of the salt–

bridge interaction between R3 and D59 in the DN6 b2m

result in the destabilisation of its native structure, which

further accelerates the conformational changes leading to

the formation of amyloid fibrils at neutral pH.

4.4 Insights into the morphologies of amyloid fibrils
of the DN6 b2m from MD simulations

Figure 9 summarises the amyloid morphologies and the

related unfolding intermediates of the wt and DN6 b2m

reported previously. Two distinct fibril morphologies of

the wt b2m under various low pH conditions have been

reported. One is the short curved fibrils at pH 3.5 and the

other one is the long and straight fibrils at pH 2.5 [11–13].

Smith et al. [11] have pointed out that these two distinct

morphologies are specifically related to the two unfolding

intermediates, I1 and I2, respectively. Some evidences

have suggested that the curved fibrils are derived from the

native-like I1, which is the dominant conformation at pH 4

[45]; whereas the linear fibrils form slowly from the more

disordered I2, which is the dominant conformation at pH

1.6 [45]. Interestingly, ex vivo fibrils exhibit predomi-

nantly curved morphology [46,47] and they are pre-

sumably formed from I1 or something similar. Recently,

Armen and Daggett [14] have proposed that I1 forms fibrils

primarily via the stable B- and E-strands, which exhibit the

largest difference in the numbers of contacts between I1
and I2, as well as the greatest stability against urea

denaturation at pH 3.5 [41].

The results of this study show that the B- and E-strands

of the DN6 b2m are more dynamic and less stable

comparing to those of the wt b2m, particularly at 498K,

which are consistent with the findings from the previous

study [40]. However, the domain-swapped model of the wt

Figure 8. Snapshots of the averaged structures (per 2.5 ns) of the (a) wt and (b) DN6 b2m at 498K. The averaged distances between the
B- and E-strands are shown below theses averaged structures.
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b2m proposed by Chen and Dokholyan [15] reveals that

B- and E-strands are very stable, suggesting the difference

in molecular mechanisms underlying the aggregation of

the wt and DN6 b2m. Moreover, the DN6 b2m may be

difficult to aggregate through domain swapping due to the

removal of the N-terminal six residues. Here, our results

indicate that the increased exposure of the K3 peptide of

the DN6 b2m leads to the elongation between the B- and

E-strands (Figures 7 and 8), which is one of the important

structural features of I2 proposed by Armen and Daggett

[14]. The previous findings and the present simulation

results led us propose that the amyloidogenic intermediate

of the DN6 b2m at neutral pH may be similar to I2 due to

the elongation between the B- and E-strands. Therefore,

we suggest that the fibril morphologies of the DN6 b2m at

neutral pH is similar to that of the wt b2m at low pH

conditions (1.5–3), which is also in good agreement

with the previous experimental results showing that

fibril morphologies of the DN6 b2m at pH 7 and wt b2m

at pH ,2.5 are long and straight [11–13].

5. Conclusions

In this study, various MD simulations were conducted to

investigate the conformational changes of the wt and DN6

b2m at various temperatures (310, 398, and 498K) at

pH 7. Present analyses indicate that the loss of the structural

stability of theDN6 b2mmay accelerate the conformational

changes, leading to the formation of amyloid fibrils at

neutral pH more readily comparing to the wt b2m. There is

always an open question about what is the role of N-terminal

six residues in the structural stability ofb2m.Our simulation

results indicate that the removal of the N-terminal six

residues and the loss of the salt–bridge interaction between

residues R3 and D59 lead to the increased exposure of the

K3 peptide (Figure 5), which allows water molecules to

destabilise the interior region of the K3 peptide (Figure 6),

leading to the greater mobility and the elongation between

the B- and E-strands (Figures 7 and 8).We further found that

the amyloidogenic intermediate of the DN6 b2m at

neutral pH may be similar to I2 due to the elongation

between the B- and E-strands. Therefore, we propose that

the fibril morphology of the DN6 b2m formed at neutral

pH may be similar to that of the wt b2m formed at low pH

(1.5–3) conditions. Furthermore, our results also demon-

strate that the solvent exposure of the K3 peptide of theDN6

b2m increases significantly, suggesting that the K3 peptide

may be a potential initiation site for the amyloid formation.
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