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Deposition of wild-type ß2-microglobulin (ß2m) into amyloid fibrils is a
complication in patients undergoing long-term hemodialysis. The native
ß-sandwich fold of ß2m has a highly conserved disulfide bond linking
Cys25 and Cys80. Oxidized ß2m forms needle-like amyloid fibrils at pH 2.5
in vitro, whereas reduced ß2m, at acid pH, in which the intra-chain
disulfide bond is disrupted, cannot form typical fibrils. Instead, reduced
ß2m forms thinner and more flexible filaments. To uncover the difference in
molecular mechanisms underlying the aggregation of the oxidized and
reduced ß2m, we performed molecular dynamics simulations of ß2m
oligomerization under oxidized and reduced conditions. We show that,
consistent with experimental observations, the oxidized ß2m forms
domain-swapped dimer, in which the two proteins exchange their
N-terminal segments complementing each other. In contrast, both dimers
and trimers, formed by reduced ß2m, are comprised of parallel ß-sheets
between monomers and stabilized by the hydrogen bond network along
the backbone. The oligomerized monomers are in extended conformations,
capable of further aggregation. We find that both reduced and oxidized
dimers are thermodynamically less stable than their corresponding
monomers, indicating that ß2m oligomerization is not accompanied by
the formation of a thermodynamically stable dimer. Our studies suggest
that the different aggregation pathways of oxidized and reduced ß2m are
dictated by the formation of distinct precursor oligomeric species that are
modulated by Cys25-Cys80 disulfide-bonds. We propose that the
propagation of domain swapping is the aggregation mechanism for
the oxidized ß2m, while “parallel stacking” of partially unfolded ß2m is
the aggregation mechanism for the reduced ß2m.
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Introduction

Amyloid fibrils are insoluble aggregates of
peptides or usually soluble proteins.1–3 Electron
microscopy4and X-ray diffraction5,6 studies have
established that the amyloid fibrils are straight, long
and unbranching filaments with a high content of
ß-sheets. Amyloid fibrils are typically 70–120 Å in
diameter, and several thousand angstroms in
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length. A wide variety of proteins and peptides
can self-assemble into amyloid fibrils with a
common cross-ß structure despite a large variation
in their sequences and native structures, suggesting
a common mechanism underlying amyloid fibril
formation. The deposition of proteins into amyloid
fibrils is associated with many human diseases,
such as Ab in Alzheimer’s disease,7,8 prion in
transmissible spongiform encephalopathy,9 and
ß2-microglobulin (ß2m) in dialysis-related amyloi-
dosis.10,11 Dialysis-related amyloidosis involves
deposition of ß2m amyloid typically in collagen-
rich tissues, such as cartilage,12 resulting in carpel
tunnel syndrome and pathological bone destruc-
tion. Deposition of ß2m amyloid is a serious
complication in patients receiving hemodialysis
for more than ten years.13
d.
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ß2m, the light-chain of the antigen class I major
histocompatibility complex (MHC-I), is localized on
the cell surface. ß2m is necessary for the cell-surface
expression of MHC-I. During its normal catabolic
cycle, ß2m dissociates from the MHC-I complex and
is transported in the serum to the kidneys where the
majority is degraded.11 Renal failure interferes with
normal clearance of ß2m in serum, resulting in an
increase in concentration of ß2m in serum.11

Through an undetermined mechanism, ß2m then
forms amyloid fibrils that typically accumulate in
the musculoskeletal system.12

ß2m is a 99 residue protein with a molecular mass
of 11.8 kDa that belongs to the immunoglobin
superfamily and has a seven-stranded ß-sandwich
fold.14,15 The two ß-sheets (one consisting of
ß-strands A,B,D,E and the other ß-strands C, F, G;
Figure 1(a) and (b)) are connected by a single
disulfide bond linking Cys25 and Cys80 in
ß-strands B and F (Figure 1(c)). This disulfide
bond is highly conserved in the immunoglobin
superfamily and stabilizes the native fold of these
proteins.16,17 In vitro oxidized ß2m is stable at
neutral pH, so that the formation of amyloid fibrils
requires significant destabilization, which can be
achieved via deletions of N-terminal six residues,18

mutations at terminal ß-strands,19 addition of
Cu2C,20 addition of pre-formed aggregation-nucle-
ating seeds,21 and by concentrating and drying the
protein on a dialysis membrane surface.22 At acidic
pH, oxidized ß2m can rapidly form fibrils with a
range of different morphologies.23–26 The fibrils
produced by incubation of oxidized ß2m at pH 3.6
are short (!600 nm) and have curvilinear mor-
phology, while those produced by incubation of
oxidized ß2m at pH 2.5 are long (w1 mm) and
straight.25,27 The latter amyloid fibril morphology is
typical for aggregates accumulated in patients’
tissues. In contrast, at a wide range of acidic pH
from pH 4.0 to pH 1.5, when the disulfide bond is
Figure 1. Schematic representation of the native fold of ß
diagram of seven b-strands from N to C terminus; (c) the disu
terminus, the seven b-strands are named sequentially A, B, C
disulfide bond between Cys25 and Cys80. One b-sheet is for
(green) and the other one is formed by strands C (cyan), F (go
and Raster3D.89
disrupted, ß2m does not form typical amyloid
fibrils like those observed in patients’ tissues.
Instead, reduced ß2m forms thin and flexible
filaments,26–28 suggesting a different molecular
mechanism for aggregation of reduced versus
oxidized ß2m. The molecular mechanisms leading
to distinct aggregation pathways and morphologies
of oxidized versus reduced ß2m are largely
unknown.

There is increasing evidence that assembly of the
partially unfolded state of proteins into non-fibrillar
oligomeric species29–35 precedes nucleation-depen-
dent fibril formation.32,33,36–38 This suggests that
structural properties of precursor oligomeric
species may differentiate the morphologies of
amyloid fibrils obtained under various experimen-
tal conditions. Therefore, understanding the differ-
ences in structure and aggregation mechanisms of
early oligomers of oxidized and reduced ß2m may
offer insights into large-scale morphological proper-
ties of ß2m aggregates.

Experimental structural and kinetic studies of the
oligomeric ß2m states are challenging because these
states are often short-lived. Computational
approaches have been pivotal in offering experimen-
tally testable hypotheses that aid in elucidating the
structure and formation mechanism of oligomeric
intermediates.39–42 All-atom molecular dynamics
simulations have offered important insights into the
partially unfolded states of the precursor proteins or
peptides under acidic or high temperature conditions
and the aggregation of small peptides.41,43–46 How-
ever, all-atom molecular dynamics simulations
have severe limitations on the time and length
scales that are accessible. Discrete molecular
dynamics (DMD)47 simulations of simplified pro-
tein models have extended the “visible” time and
length scales in a number of studies.39,42,48,49 Here
we capitalize on this strength of DMD50–52 to study
oligomerization of the reduced and oxidized ß2m.
2m: (a) the native structure of ß2m; (b) the connection
lfide bond between Cys25 and Cys80. Starting from the N
, D, E, F, and G. There are two b-sheets connected by the

med by strands A (blue), B (light blue), D (light green), E
ld), G (red). All structures are produced using Molscript88
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Results
Oligomerization of the reduced ß2m

It has been shown that protein oligomerization
occurs under destabilizing conditions, for example
by increasing a system’s temperature to folding
transition temperature Tf.

39 Therefore, we study
heat denaturation of reduced ß2m to determine Tf.
We perform DMD simulations of ß2m using the
Gō53,54 potential assigned based on the X-ray crystal
structure of ß2m (Materials and Methods). We
perform equilibrium simulations at various system
temperatures ranging from TZ0.1 to TZ2.0 (simu-
lation temperature is in the units of e/kB, where e is
the interaction energy unit and kB is the Boltz-
mann’s constant). The temperature dependencies of
the potential energy and the root-mean-square
deviation (RMSD) from the native state of reduced
ß2m are shown in Figure 2. The midpoint of the
sigmoidal increase in potential energy and RMSD
as a function of temperature corresponds to Tf.

50 At
low temperatures, ß2m exists mostly in the folded
state as signified by small RMSD from the native
structure (!3 Å) and low average potential energy.
At high temperatures, ß2m exists mostly in unfolded
conformations with large RMSD (O29 Å), indicating
significant loss of structural similarity to the native
structure.

Next, we perform equilibrium simulations of two
copies of reduced ß2m at various temperatures
ranging from 0.1 to 2.0. Folding and dimerization
are two competing processes.3 We observe dimer
formation at temperatures between two threshold
temperatures TMz0.77 and TDz1.00. At tempera-
tures below TM, where the free energy folding
barrier of each monomer is lower than that of dimer
formation, two ß2m fold separately without dimeri-
zation. At temperatures between TM and TD, where
the free energy barrier of dimer formation is lower
than that of folding, ß2m dimerization is dominant.
At temperatures above TD, two monomers both
predominantly exist in unfolded states.

Experimental studies suggest that the arrange-
ment of ß strands in amyloid fibrils can be either
parallel or antiparallel. For example, amyloid fibrils
formed by residues 34–42 of Ab(1-42) were
determined to adopt an antiparallel configuration
by FTIR spectroscopy55 and solid-state NMR
spectroscopy.56 In contrast, Benzinger et al.57

showed by solid-state NMR that the Ab(10-35) fibril
adopts a parallel b-sheet structure. We find that the
reduced ß2m dimer adopts a parallel ß-sheet
structure formed by monomers in extended confor-
mations (Figure 3). The native ß-sandwich fold is
significantly unfolded in the reduced ß2m dimer.
The inter-sheet contacts connecting two ß-sheets
(consisting of ß-strands A, B, D, E and the other
ß-strands C, F, G) in the native structure are mostly
disrupted in the dimer structure and the hydro-
phobic core is exposed. The formation of inter-
molecular hydrogen bonds along ß2m backbones
stabilizes the parallel ß-strands structure between
monomers.

To investigate the formation of higher-order
oligomers, we perform DMD simulations with
three reduced ß2m chains following the same
simulation protocol as in the dimer simulations.
We observe that the reduced ß2m trimer adopts an
overall similar structure to the dimer (Figure 4(a)).
The monomers are significantly unfolded in
extended conformations, stacked in parallel to
each other, and form an inter-chain ß-sheet struc-
ture. The loss of intra-molecular native interactions
is compensated by the formation of inter-molecular
and hydrogen bond interactions along the back-
bones between monomers. The remarkable simi-
larity between trimer and dimer structures
suggests that the elongation of oligomers from
Figure 2. Heat denaturation
curve of the reduced ß2m. The
dependence on temperature of (a)
the potential energy (in the inter-
action energy units e) and (b) the
RMSD from the native structure.
The folding transition tempera-
ture, which is at the midpoint of
the heat denaturation curve, is
approximately Tfz0.80 (in the
units of e/kB).



Figure 3. The structures of dimers formed by (a)
oxidized and (b) reduced ß2m. The structures represent
typical snapshots from DMD simulation trajectories near
Tf. Two monomers in a dimer are represented using pink
and green colors. The oxidized ß2m forms a domain
swapped structure, while the reduced ß2m forms a
parallel b-structure between monomers with extended
conformations.
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n-mer to (nC1)-mer proceeds through the same
mechanism as from dimer to trimer. When the (nC
1)th monomer interacts with the n-mer, it tends to
adopt a similar extended structure to the monomer
structure in n-mer, so that the number of backbone
hydrogen-bond formations is maximized. We
further build a structural model of early aggregate
for reduced ß2m in this “parallel stacking” scenario
(Figure 4(b)). Due to the limit of computational
power, we develop and use a DMD-aided docking
methodology starting from a pre-defined, rather
than random, configuration (Materials and
Methods) to bring together five trimers to form
15-mers by taking into account the flexibility of
molecules without disrupting the overall topology
of each trimer.
Figure 4. (a) A trimer formed by the reduced ß2m. The tr
simulation trajectories near Tf. Three monomers in a trimer ar
model of the reduced ß2m aggregate. We built the aggrega
Methods). Each constituent trimer in the model is represented
the C-terminal segments of constituent monomers in the fron
distance along the aggregation axis is w5 Å. (c) Typical str
swapping and twisting the global parallel structure.
Oligomerization of the oxidized ß2m

The oxidized ß2m has a similar heat denaturation
curve to that of the reduced form (data not shown),
except for the Tf, which is approximately 0.97 for
oxidized ß2m and is approximately 0.80 for reduced
ß2m (Figure 2). The lower Tf of the reduced ß2m
compared with the oxidized form indicates that the
loss of disulfide bond destabilizes the native state
and is consistent with the experimental findings.26

To study the formation of dimer, we perform
equilibrium simulations of two copies of the
oxidized ß2m at various temperatures ranging
from 0.1 to 2.0. We observe dimer formation in
simulations at temperatures between two threshold
temperatures TMz0.97 and TDz1.10. Below TM we
observe that two ß2m monomers fold separately
without dimerization. Above TD we find that ß2m
monomers are both in unfolded states. Ordered
dimer formation only occurs below Tz1.04. In
contrast to the extended dimer structures observed
in the simulation of reduced ß2m, we observe
formation of domain-swapped ß2m dimers, in
which the two proteins exchange their N-terminal
segment complementing each other39,58 (Figure 3).
Thus, most of the native fold and overall compact-
ness remain in this dimer structure.

There are approximately 40 structurally charac-
terized cases of domain-swapped proteins,58

including human prion,59 RNase A60,61 and staphy-
lococcal nuclease.62 The evidence of domain swap-
ping as a mechanism of amyloid fibril formation has
been observed in cystatin C63 and prion protein.59

In addition, domain swapping has been proposed
as a possible mechanism for the ß2m amyloid fibril
formation.19 Recently, Eakin et al.64 reported a study
of Cu2C-induced oligomer formation of ß2m under
physiological pH. Consistent with our observation,
imer structure represents a typical snapshot from DMD
e represented using yellow, pink and green colors. (b) The
te model by using DMD-aided docking (Materials and
by a distinct color. The aggregate model is presented with

t. The width of the aggregate is w10 nm. The inter-b-sheet
uctural defects in the trimer structure formed by locally
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their study suggests that oxidized ß2m form dimer,
tetramer, and other higher-order oligomers by
domain-swapping, based on the data from 1H
NMR, near-UV circular dichroism, and analytical
ultracentrifugation experiments. Hence, the propa-
gation of domain swapping is the plausible
mechanism through which the oxidized ß2m
monomers form oligomers.

Thermodynamic stabilities of the reduced and
oxidized ß2m dimers

To analyze the relative thermodynamic stability
between monomers and dimers, we first reconstruct
all-atom models based on the coarse-grained
models from DMD simulations. We then calculate
the free energies of both dimers and monomers by
the molecular mechanics-Poisson Boltzmann/sur-
face area (MM-PB/SA) method65 from the trajec-
tories of molecular mechanics simulations. We find
that the monomeric oxidized ß2m is more stable
than the reduced form by 121.3(G48.0) kcal/mol,
which is consistent with DMD simulations and
experimental results. The free energy difference
between dimeric and monomeric states is DGZ
GdimerK2Gmonomer, where Gdimer and Gmonomer are
the free energies of dimer and monomer, respect-
ively. We find that dimers formed by reduced and
oxidized ß2m are both less stable than correspond-
ing monomers. The free energy difference between
the reduced dimer and two monomers is
540.9(G71.3) kcal/mol. The free energy difference
between the oxidized dimer and two monomers is
406.9 (G71.4) kcal/mol. We note that free energy
calculations in molecular mechanics simulations are
a challenging task. Hence, we use the values of free
energies only for comparison of the relative
stabilities between oxidized and reduced forms of
dimeric ß2m.
Discussion

Distinct aggregation mechanisms of the
oxidized and reduced ß2m

We find that the oxidized and reduced ß2m
oligomers are formed through distinct mechanisms.
Oxidized ß2m forms oligomers by propagation of
domain swapping, whereas reduced ß2m forms
Figure 5. Two scenarios of the aggregation. (a) The oxid
swapping. (b) The reduced ß2m scenario is the parallel stacki
represent the N-terminal segment and rest of the native state o
monomers represent hydrogen bonds.
oligomers by a “parallel stacking” mechanism:
extended monomers form inter-chain ß-sheet struc-
ture by stacking to each other in a parallel fashion
(Figure 5). The domain swapping and parallel
stacking mechanisms have different origins. The
domain swapping occurs mainly due to competition
between native interactions within and between
like proteins. Under conditions favoring domain
swapping, the fluctuation of unstable structural
elements increases and these elements tend to break
apart from the rest of the protein and pack onto the
complementary parts of other proteins. Thus, a
perturbation of these unstable structural elements
can have larger effects on promoting fibril for-
mation than others. Jones et al.19 showed that point
mutations truncating buried hydrophobic side-
chains on N-terminal and C-terminal strands of
oxidized ß2m promote rapid fibril formation at
neutral pH even in unseeded reactions and increase
the rate of fibiril formation at neutral pH. In
contrast, similar mutations in the remaining
ß-strands of the native protein have little effect on
the rate or pH dependence of fibril formation.19 The
domain-swapped structure observed in our simu-
lations is consistent with these results, showing that
the N-terminal segments are the exchanging
domains. This observation suggests that the local
conformational dynamics of N-terminal segment is
important for fibrillogenesis onset of ß2m.

The parallel stacking of reduced ß2m results from
the competitions of native interactions and non-
specific backbone hydrogen-bonding interactions
within and between like proteins. Non-specific
backbone hydrogen-bonding interactions have
been suggested to contribute significantly to amyl-
oidogenesis.39,66 For example, Guo et al. showed
that it is possible to form a two-dimensional ß-sheet
cooperatively with only backbone hydrogen-bond-
ing.66 In the native state of the protein, the hydrogen
bonds between ß-strands stabilize the sheet struc-
ture and the number of dangling hydrogen bonds is
minimized.43,67 When the protein is in a partially
folded state, many of the hydrogen bonds within
proteins are disrupted. The presence of a large
number of unsatisfied hydrogen bonds promotes
intermolecular association by forming an intermo-
lecular hydrogen-bonding network. However, the
backbone hydrogen bonding may be not the sole
factor contributing to the formation of the intermo-
lecular parallel ß-sheets observed in our simulations.
ized ß2m scenario is the propagation of ß2m domain
ng of the misfolded ß2m. Semicircles and broken squares
f ß2m, respectively. The dotted lines between reduced ß2m
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Specific interactions between like parts of proteins
are also important for bringing the partially
unfolded monomers close to each other and
establishing parallel orientations between them.
When a monomer interacts with oligomers, it
tends to adopt a similar extended structure to the
monomer structure in oligomers, so that the
number of backbone hydrogen bond formations is
maximized. Thus, a pre-formed oligomer seeds
further aggregation by propagation of a hydrogen-
bonding network along the aggregation axis.

Both the reduced and oxidized dimers are less
stable compared to their corresponding monomers,
suggesting that that ß2m oligomerization is not
accompanied by the formation of a thermodynami-
cally stable dimer. Interestingly, in a parallel study
of Aß oligomerization, Urbanc et al.40 also found
that all ten different planar ß-strand dimers formed
by Aß peptides have larger free energies with
respect to their corresponding monomeric states.
These observations suggest that kinetics may play
an important role in structure formations of early
aggregates.41

In spite of the overall structural similarity
between dimer and trimer formed by reduced
ß2m, there is a difference in structural details.
There are more structural irregularities (“defects”)
in a trimer than in a dimer, whereby they tend to
form locally, swapping and twisting the globally
parallel structure (Figure 4(c)). These defects, when
accumulated within aggregates, disrupt regular
organization of the hydrogen-bonding network
along the aggregation axis, and ultimately prohibit
further formation of fibrils with regular linear
geometry. We hypothesize that reduced ß2m are
prone to form more defects than the oxidized ß2m
upon oligomerization, and, therefore, the reduced
ß2m form more flexible filaments than the oxidized
ß2m. In addition, the presence of the defects may
lead to the curvilinear morphology of the fibrils due
to the angular dependence of hydrogen-bonding
interactions. Oligomers that are formed without
defects grow linearly along the aggregation axis.
Oligomers that are formed with defects tend to
curve, because defects force favorable hydrogen
bonding between monomers to deviate from being
parallel to the aggregation axis.

The role of the disulfide bond

Several studies indicate that the change of
disulfide bond formation can result in protein
aggregation. It is established that improper dis-
ulfide bond formation, concomitant with oxidiza-
tion, is a main cause of heat-denatured aggregation
of T4 lysozyme.68 It is also proposed that improper
disulfide bond formation between intra-molecular
free cysteine residues is a mechanism for trapping
monomeric SOD1 to the aggregation-prone state.69

In both cases, structural rearrangement of protein
leading to aggregation is directly caused by
improper disulfide bond formed either between or
within proteins. Along with the improper formation
of the disulfide bond, the loss of the disulfide bond
is another mechanism to promote the formation of
amyloid fibrils in vitro.70,71

The loss of the disulfide bond does not
necessarily cause a direct conformational change
in a protein. Instead, such loss may both destabi-
lize the native state and enhance the conformation-
al flexibility of a protein, so that a protein will
sample partially folded aggregation-prone states
more often. For ß2m, both experiments and our
simulations indicate that reducing the disulfide
bond results in the destabilization of its native
state. The destabilization of the native state has
also been shown to be a crucial feature in
amyloidosis of transthyretin,72 immunoglobulin
light chains,73,74 lysozyme,75 SH3 domains,39,76

and acylphophatase.77 However, the destabiliza-
tion of native state ß2m is not sufficient for the
formation of amyloid fibril in vitro. It is found that
the reduced ß2m monomers are prone to oligo-
merization but do not form any fibril-like struc-
tures when incubated for up to 8 M concentration
at pH 7.0 in 0.4 M NaCl.26 At low pH, the reduced
ß2m can only form thinner and flexible fibrous
structures that are presumably dead-end products
of aggregation.27 It is other factors such as
accumulation of structural defects in the course
of the reduced ß2m aggregation that prohibit the
formation of typical amyloid fibrils.

The loss of disulfide bond in ß2m also increases
the ß2m conformational flexibility, which results in
significant loss of its native topology upon oligo-
merization. In contrast, monomers in domain-
swapped dimers formed by oxidized ß2m keep
native-like topology. The global native-like top-
ology is also one of the key features shared by
several other structural models of oxidized ß2m
aggregates, even though the structural details of the
models vary.64,78,79 We postulate that the intact
disulfide bond reduces large conformational fluc-
tuations, thereby maintaining the global native-like
topology and only allowing local fluctuation of
unstable structural elements.
Conclusions

The hierarchical assembly of amyloid fibrils
begins with the formation of oligomers. Unique
structures and forming mechanisms of these
oligomers define the later pathways of aggregation
and final morphology of aggregates. Therefore, the
knowledge of the oligomerization process and
structural characterization of the precusor oligo-
meric intermediates is central to understanding the
mechanism of fibril assembly and toxicity in
amyloid diseases, as well as developing proper
therapeutic strategies to inhibit the amyloidogen-
esis in early stages.31,34,35 Our study suggests that
different aggregation pathways of oxidized and
reduced ß2m are dictated by distinct structures
and forming mechanisms of precursor oligomeric
species (Figure 5), and are modulated by
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the disulfide bond. Although environmental vari-
ations, such as different pH, ionic strength, and
additions of Cu2C affect the precursor oligomeric
states and protein aggregation pathways, it is
striking that a single disulfide bond modulates
ß2m aggregation.
Materials and Methods

Protein and interaction model

We perform DMD47 simulations using a simplified
four-bead protein model,80 in which each residue is
represented by three backbone beads N, C, Ca and one
side-chain bead Cb (only Ca for Gly). The detailed
implementation of covalent bonds and constraints that
maintain the correct geometry of each residue in the
model can be found.80 In addition to the covalent bonds
and constraints, we use the Gō potential53,54 to model the
non-bonded interactions within monomers. The non-
bonded interactions between amino acids are only
assigned between Cb atoms (Ca for Gly) of corresponding
residues:

Vij Z

CN; jri Krjj%a

g; a! jri Krjj!b

0; jri KrjjOb

8>><
>>:

(1)

where jriKrjj is the distance between Cb atoms (Ca for
Gly) of residues i and j (isj). The parameters a and b
are the hard-core diameter (3.25 Å) and the cut-off
distance (7.5 Å). An attractive potential (gZK1) is
assigned to all pairs of residues i and j (isj) whose
Cb atoms (Ca for Gly) are less than 7.5 Å in the native
state. A repulsive potential is assigned for the inter-
action between those whose Cb atoms (Ca for Gly) are
separated by more than 7.5 Å in the native state. The
ß2m crystal structure (Protein Data Bank accession code
1LDS) is used as native structure to assign the Gō
potential. To model the interactions between proteins,
we apply the Gō potential between different proteins by
assuming that two amino acid residues that attract to
each other in a single protein will also have attraction in
different proteins.39 We also incorporate non-specific-
backbone hydrogen bonding interaction into the simu-
lations, the detailed implementation of which is
described.80 The strength of the hydrogen bond is K3.
The disulfide bond interaction between Cys25 and
Cys80 is effectively modeled as a covalent bond
between Cb atoms by restraining their distance within
the interval from 3.7 Å to 4.2 Å.

DMD-aided docking

The large protein conformational space makes it
impossible to assemble a model of an early aggregate
from a random configuration followed by random search
strategy. Instead, we position five trimers to form a
15-mer in the parallel stacking scenario to build a
structural model of an early aggregate. We use DMD
simulations to search for energetically favorable states in
the conformational space near a pre-formed configuration
of an early aggregate that is consistent with the parallel
stacking scenario. The simulation is guided by the
following energy function: to keep the overall structure
of the ß2m trimers, while allowing backbone flexibility
upon docking, we assign the Gō potential of
interactions between amino acids based on the starting
trimer structure. Hydrogen bonds and inter-molecular
interactions are assigned as described in the above
oligermization study. Starting from the configuration, in
which five trimers are positioned in parallel to each other
and separated by 20 Å from each other, a w103 time units
DMD simulation is performed at TZ0.1 until the system
reaches equilibrium.
All-atom structure construction and free energy
calculation by MM-PB/SA method

We reconstruct all-atom structures of ß2m oligomers
by first adding side-chains to coarse-grained models of
dimers. We then determine the optimal rotamer states of
side-chains by a Monte-Carlo minimization procedure
(F. Ding & N.V.D., unpublished results). We further
perform molecular dynamics simulations of the recon-
structed all-atom models in the explicit solvent using
AMBER 8 package.81 The counter ions of NaC are
added to neutralize the system accordingly. Prior to
productive simulations, we perform six rounds of
energy minimization. First, two consecutive 1000 step
energy minimizations are performed with the harmoni-
cally constrained protein with spring constants
500 kcal/(mol* Å2) and 250 kcal/(mol* Å2), respectively.
Second, two consecutive 1000 step energy minimiz-
ations are performed with harmonically constrained
water molecules with spring constants 300 kcal/
(mol* Å2) and 150 kcal/(mol* Å2) respectively. Third, a
1000-step energy minimization is performed with a
harmonically constrained protein with a spring constant
100 kcal/(mol* Å2). Fourth, a 1000 step energy minimiz-
ation is performed with harmonically constrained water
molecules with a spring constant 50 kcal/(mol* Å2).
Fifth, a 2500 step energy minimization is performed
with the harmonically constrained protein with a spring
constant of 10 kcal/(mol* Å2). Last, a 2500 step energy
minimization is performed on the whole system with-
out restraints. Prior to the 1000 ps production simu-
lation, 100 ps MD simulation from initial temperature
0 K to 300 K and 1000 ps equilibration simulations at
temperature 300 K were performed. The bond length
was maintained fixed by the SHAKE algorithm82 and
constant temperature maintained by the weak-coupling
algorithm.83 The trajectories from the 1000 ps pro-
duction simulations were then used to calculate the
free energy of a given molecule by the MM-PB/SA
method.65 The calculation was performed using the
AMBER 8 package84 and the FAMBE program.85–87
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