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We use molecular dynam ics simulat ion to study the aggregation of Src
SH3 domain proteins. For the case of two proteins, we observe two
possible aggregation conformat ions: the closed form dim er and the open
aggregation state. The closed dimer is formed by “dom ain swapping”—
the two proteins exchange their RT-loops. All the hydrophobic residues
are buried inside the dim er so proteins cannot further aggregate into
elongated amyloid �br ils. We �nd that the open structure—stabilized by
backbone hydrogen bond interactions—packs the RT-loops together by
swapping the two strands of the RT-loop. The packed RT-loops form a
b-sheet structure and expose the backbone to promote furth er aggrega-
tion . We also simulat e more than two proteins, and �nd that the aggregate
adopts a �brillar doubl e b-sheet structure, wh ich is formed by packing the
RT-loops from differ ent proteins. Our simulation s are consistent with a
possible generic amylo idogenesis scenario.
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Introduction

Amyloid �bril is the insoluble aggregate of
usually solvable proteins or polypept ides.1,2 There
are 16 typ es of human diseases known to be
associated with amylo idogenesis.1,2 Amyloi d �br ils
are straight , unbranched, usually 70–120A� in
diameter, and several thousand angstroms in
length. Observed types of amyloid �brils consist
of differ ent precursor proteins wh ich share no
sequenceor structure similarity . However , differ ent
types of amyloid �brils explored by X-ray
diffraction 3–5 show some common core structural
features: the presence of a 4.7A� inter-strand
spacing along the �bril axis and a 9–10 A� inter-
sheet spacing perpendicular to the axis. Recently, a
group of proteins unrelated to any human disease
were found to be able to form amyloid �b ri l struc-
tures in vitro under denatur ing conditions.6,7 The
ability of proteins with dif ferent sequences and
native structures to form simi lar amyloid �b ri ls
suggests that amyloidogenesis is a common feature
of proteins in denaturing conditions.8

Alth ough many advances have been made in
structural characterization of amylo id �brils and
in understandi ng the mechanisms of their for-
mation, many aspects of this process remain
unclear. Due to dif�cu lties in crystallizi ng amylo id
�brils, the detailed intrin sic structure has yet to be
determi ned from X-ray diffraction. Lack of
knowled ge of the detailed structure of amylo id
�bril makes it dif�c ult to und erstand aggregation
mechanisms. Other experimental techniques have
been appli ed to understand the structure of
amylo id �bril core.9,10 Designing differ ent frag-
ments of amyloid b-peptide (Ab)10 that can
aggregate into �brils similar to those form ed by
wild-typ e pepti des shows that residues 14–23 are
the basic “bricks” compris ing Ab amyloid �brils.
However , no direct observations of the amylo id
�bril core structures have been reported. The
domain swapping mechanism11 posits that two or
more protein chains exchange identical domains
includ ing a helix, a loop, a single b-strand or an
entire domain to form a strongly bound
oligomer. In a propagational instead of reciprocal
manner, the domain swapping mechanism
explains the elongation of amylo id �brils. 12–15

However , the domain swapping hypothesis is
based on the aggregation of only two proteins into
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dimers, so the mechanism for �bril formation from
more than two identi cal proteins is still unclear.

Due to limita tions in computation power to
study large protein systems in molecular dynam ics
simulat ions, we employ the discrete molecular
dynam ics algorithm 16,17—a computatio nally fast
and dynam ically realistic simulat ion technique for
investigations of the protein folding
thermodynam ics17 and kinetics.18,19 We study the
aggregation of Src SH3 domain (PDB entry
1NLO), a globular protein, consisting of 56 amino
acids, extensively explored in experiments20,21 and
computer simulat ions.22 The longer SH3 fold
family homologue PI3-SH3 has been experimen-
tally shown to aggregate into amylo id �brils
under acidic conditio ns.6,23 PI3-SH3, a 84 residue
protein with the insertion of a long helical loop
between b2 and b3, shares the same fold as Src
SH3 domain. The rmsd between the structure of
Src SH3 and PI3 SH3 is 1.04A� wi th 48 amino acids
used for alignment.24 Experimental study of
PI3-SH325 shows a slow refolding with the time
constant 2.8 seconds in water, while the folding
kinetics still follow s a two- state foldin g scenario. It
is a challenge to simulate such a slow folding pro-
tein. With a modi� ed Gō model, we �n d the 84 resi-
due SH3 domain follows a two-state folding
transition and our simulation of two PI3-SH3
proteins shows the same aggregation scenario as Src
SH3domain (datanot shown). However, therequire-
ment to simulate more than two proteins in the
aggregation study is extremely time-consuming for
PI3-SH3. Thus, we use Src SH3 domain as the
model system to study the amyloidogenesis process.

The ability of proteins with differ ent sequences
to aggregate into common amyloid �brils suggests
that non-speci�c hyd rogen bonding between the
main chain carbonyl oxygen and the amide
nitrogen may play an impor tant role in amyloid
form ation. Here we use the coarse-grained protein
model as described by Ding et al.,22 with a native-
state speci�c Gō interaction potential between Cb

atoms representing the side-chains, and non-
speci�c interactions between Ca atoms represent-
ing the hyd rogen bonding interactions between
the backbones of proteins.

The folding kinetics of our Src SH3 domain
model, a Ca –Cb model with a Gō interaction
between side-chains, has been studied by discrete
molecular dyn amics and has shown agreement
with experimental observations.22 We simulat e the
model proteins near the foldin g transition
temperature, Tf, where the protein has a high prob-
ability to be found in the partially folded states. It
is most likel y to observe amyloid �bril form ation
under these conditio ns because complete unfold -
ing was shown to lead mostly to amorphous
aggregation23 while highly stable proteins do not
aggregateat all.

The Src SH3 domain under study consists of �ve
b-strands and a long RT-loop (see Figure 1(a)). It
was observed that the RT-loop plays a critical role
in the folding kinetics of Src SH3 domain despite
the low experimental f values.22 Experiments and
simulat ions reveal that the RT-loop is �exible.
However , the RT-loop itself is stable and persists
in the partiall y folded states. The unfoldi ng/fold -
ing events correspond to the opening/c losing of
the RT-loop with respect to the rest of the
protein. 22,26 Accordingly , we expect that the RT-
loop may play an impor tant role in the amyloid
form ation of Src SH3 domain.

Dimerization
First, we study the dimeri zation of two identical

Src SH3 domains. The two proteins are con�ned
to a cubic cell with length of 150 A� . Starting from
fully unfol ded states, we perform simulation s to
differ ent temperatures. We observe an aggregation
temperature threshold, Ta, below which we �nd
aggregation, and Ta � 1.03 is only slight ly higher
than foldin g transiti on temperature Tf � 0.95.
Ordered aggregations only occur near Tf. At Tf,
the tim e needed for aggregation, t a, is of the order
of 104 time units. This time is signi�cantly smaller
that the time needed for a single protein to fold
into native state, t f, which is in the order of 105

time uni ts, indicating that the kinetic barrier for
the two- protein system to aggregate is much
smaller than the foldin g barrier of each ind ividual

Figure 1. Dimerization of Src SH3 domain. (a) The native state of Src SH3 domain. Molecular dynamics simulations
yield two types of aggregates:(b) the closed dimer formed by exchanging RT-loops and (c) an open aggregation state
formed by swapping two parts of RT-loop from dif ferent proteins. In (b) and (c) the �rst protein is red and its RT-
loop is yellow , while the second protein is blue and its RT-loop is cyan. The pictures are produced with Molscript. 34
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protein. As temperature decreases,t a increasesand
t f decreases. Below a certain temperature threshold
Tc � 0.85, the two time scalesare comparable and
we observe the separate folding of the two proteins
without dimeri zation.

For ordered aggregation, we observe a closed
form dimer structure by domain swappi ng (see
Figure 1(b)), wh ere the two proteins exchange
their RT-loops. We also observe an open aggrega-
tion state (Figure 1(c)), which relates to the packing
of RT-loops. Unlike the usual domain swapping
where the swapped part interacts with the comple-
mentary domain from a differ ent protein, in our
open aggregation state the �rst/s econd strand of
the RT-loop from one protein forms contacts with
the second/�rst strand of the RT-loop from another
protein. During this process, amino acids in the
RT-loops reorient their side-chains. The origin al
interactions that stabilize the RT loop are replaced
by similar contacts between the complem entary
strands of RT-loops from differ ent proteins.
Stabilized by hydrogen bonds along the backbone,
RT-loops form a b-sheet structure (Figure 1(c)).

The closed dim er has a stable structure with
lower potential energy than the more �exible open
structure. However, the probability to observe the
closed form is lower than the open aggregation
state because the entropy of the open structure is
higher than that of the closed form . As temperature
decreases, the probability to form closed dimers
increases. We observe that when the quenching
temperature drops below Tc � 0.85, the two pro-
teins fold separately, avoidin g aggregation. We
also �nd that aggregation process depends on the
diffusion coef�cient D and the density of proteins
r : as D and/or r increase,Tc decreases, and, there-
fore the aggregation becomes more likel y (data
not shown).

The closed dim er has a well-de �ned 3D structure
with the hydrophobic core buried inside, so the
closed dim er cannot further aggregate into
elongated amylo id �bril. However, according to
amylo idogenesis hypothesis,12,13 domain swapping
may lead to elongated amyloid �brils if the
swapping is not reciprocal but propagational. The
open aggregation state is more �exible and has the
hydrophobic core exposed. The closely packed RT-
loops form a b-sheet structure stabilized by hyd ro-
gen bonding interactions and the two exposed
ends can accept furth er condensation to form the
�bril structure. In order to test wh ich process
leads to the amyloid �bril formati on for Src SH3,
we study aggregation of more than two proteins
in molecular dynam ics simulat ions.

Amyloidogenesi s
From the simulat ion of two proteins, we �nd

that the optim al temperature to observe aggrega-
tion is Tf. Next, we perform the molecular dynam ic
simulat ions of eight Src SH3 domains in a cubic
cell with the length of 300A� at Tf. All simulat ions

from differ ent initia l con�g urations show similar
equili brium structures of SH3 aggregates (Figure
3). Snapshots during the aggregation (Figure 2)
demonstrate that the initia l step of aggregation is
the dim erization and the formation of the open
states which are the nuclei of aggregation process
(Figure 2(a)). Other partiall y unfold ed proteins
grow on these open states. Usuall y, there are more
than one nucleus; they merge with each other
forming �br ils (Figure 2(b) and (c)). Finally, all
eight proteins form one aggregate. However , the
initial aggregate has only short-rang e order (Figure
2(c)). As system equili brates, proteins rearrange
themselves so that the equil ibrium structure
shows distinct long-range order (Figures 2(d) and
3).

At equili brium, all eight proteins exhibi t a
tendency to form aggregates with a preferred
direction of condensation (Figure 3(a)), wh ich can
be identi�ed as the amylo id �bril axis. In the
aggregated state, proteins pack their RT-loops on
the top of each other by swapping the two parts
of the RT-loops. We do not observe the aggregation
states formed by propagational domain swapping
as described.12,13 Packed RT-loops form a double
b-sheet structure (Figure 3(b)). As discussed
above, the aggregation process invo lves the
reorientation of amino acids along the RT-loop.
Thus, the side-chains (usually the hydrophobic
residues) from the two parts of one RT-loop
directed to each other and the separation of the
two b-sheets is around 10 A� (Figure 3(b)). Due to
the saturation and angular dependence property
of the backbone hydrogen bonds, only the exposed

Figure 2. Snapshots during the aggregation of eight
SH3 domains at Tf. The simulations start from fully
unfolded conformations. The snapshots are taken at
dif ferent times (a) 105, (b) 2 � 105, (c) 3 � 105, and (d) 106

time units (t.u.).
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proteins on the two ends can allow furthe r aggre-
gation by making backbone hydrogen bonds to
form an extended b-sheet structure. Thus, by add-
ing more proteins to the two ends of the aggregate,
it continues growth to form an elongated �bril
structure–amyloid �bril.

In order to characterize the structure of in vivo or
in vitro amylo id �brils, experimental X-ray scatter-
ing analysis has been widely appli ed.3–5 The X-ray
scattering patterns of differ ent amylo id �br ils
share the same features: (i) a relatively sharp and
intense 4.7 A� merid ional re�ection, and (ii) a
weaker and more diffuse 7–10 A� equatorial re�ec-
tion. The �rst peak corresponds to the b-strands
spacing along the direction of the �bril axis, and
the second, much weaker peak, is understood as
the spacing between b-sheets. In order to compare
our aggregates to experiments, we compute the
X-ray diffraction pattern (Methods) for the aggre-
gation structure obtained from molecular
dynam ics simulat ions (Figure 4(a)). We observe a
distin guished peak corresponding to 4.7A� along
the meridional direction, which is related to
b-strand spacing (Figure 3(b)). We also �nd a peak
along the same direction with the spacing, 9.4A� ,

whic h is due to the doubling of the b-strand
spacing. In the equatorial direction, we observe a
weak peak of 9.6A� which is related to the separ-
ation of the two b-sheets (Figure 3(b)). Therefore,
the structure of the aggregates derived from the
molecular dyn amics simulat ions agrees fully with
the experimental observations.

We calculate the correlation functio n of the struc-
ture of our aggregate (Figure 4(b)) and compare it
with that of the native structure. Because the native
structur e of Src SH3 contains �ve b-strands already,
the correlation functio ns for the aggregation and
native state has simil ar, although weaker, peak at
inter b-strand spacing distance, 4.7A� . Howev er,
the aggregation state has a weak long-range peak
corresponding to the inter b-sheet spacing, � 10A� ,
whic h is not present in the native state.

Discussion
We perform molecular dynam ics simulation s to

study the aggregation of Src SH3 domain. We �nd
that the proteins start to aggregateat the threshold
temperature Ta. Simulations at high temperature

Figure 4. (a) Computed X-ray diffraction pattern of the aggregation structure formed by eight SrcSH3 domains from
the molecular dynamics simulations. (b) The correlation function of the native state of the SrcSH3 domain (K) and the
aggregate of eight Src SH3 domains (W) from Figure 3.

Figure 3. The typical equilibrium
aggregation state for eight protein s:
(a) xy and (b) zy projections of the
aggregate. The preferred aggrega-
tion direction is along the x-axis.
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usually produce amorphous aggregates. Near the
foldin g transiti on temperature Tf � 0.95, protein
conformations in the unfol ded states are partia lly
folded and there are two competing processes:
foldin g and aggregation. When the kin etic barrier
for aggregation is smaller than that for folding , we
observe ordered aggregation. As temperature
decreases,the foldin g kineti c barrier decreases,so
that t f decreases. Below some temperature
threshold Tc, the partiall y folded protein states are
near transition states at �rst and then rapid ly des-
cend into the native state, by-passing aggregation.

For two proteins, we observe two possible
ordered aggregation conformations: a stable closed
form dimer and an open aggregation state. The
dimer is form ed by domain swapping, where the
two proteins exchange their RT-loops. We do not
�nd any experimental evidence of the existence of
this type of dimer for Src SH3 domain. However,
our simulation s suggest that it is a possible candi-
date oligomer state that may be found in future
experiments. For the open form structure, the two
proteins have their RT-loops packed together by
swapping their two stands of the RT-loop. The
open dimer structure allows furth er protein aggre-
gation into �brils. In our stimulation s, we do not
observe the aggregation scenario by propagational
domain swapping.12,13 The closely packed RT-
loops are stabilized by hydrogen bonds form ing
double b-sheets that face each other. From the
molecular dynam ics simulation s we conclude that
the core structure of Src SH3 amylo id �brils is com-
posed of RT-loop. Such a scenario may furth er be
tested by experiments.

Our study reveals a general amyloidogenesis
mechanism. Proteins, containing unstable b hair-
pins or loops, may be vulne rable to aggregation,
and these unstable secondary structure elements
can serve as the “build ing block” of amylo id
�brils. 14,27 In the partiall y unfolde d states, “build -
ing blocks” break apart from the rest a single
protein. Then, these “b uilding blocks” pack on top
of one another by exchanging two complementary
strands. Durin g the aggregation process, amino
acid residues in build ing blocks may reorient to
make a stable connection, mainly by hydrogen
bondi ng interactions. Due to the saturation and
angular dependence of hydrogen bonds, only the
exposed two ends can accept furthe r deposition of
buildi ng blocks from unbounded proteins and
form an elongated double b-sheet structure. Thus,
the resulting structure has the b-sheets parallel to
the �bril axis and the b-strand perpendicular to
the direction of �bril.

The presented model is similar in spirit to the
b-nucleation model28 to explain pri on propagation.
An impor tant differ ence of our model from prion
aggregation models is that in the case of prions
aggregation, b structure is formed in the fragments
of the chain that are a-helical in the monomeric
state of the protein, PrPC, i.e. amylo id form ation is
accompanied by secondary structure transform -
ations. However, in both casesthe phenomenon of

infectivity may be observed whereby existing
�brils may low er the kin etic barriers for mono-
meric proteins to join them form ing larger �br ils.

Finally, we note that our model may shed light
on the observation that complex b-topologies are
more often found in genomes than more simple
meander-like ones.29,30 The former are unl ikely to
have contiguous fragments that are stable by them-
selves,while the latter, being simple topologies, do
have such fragments. They are, therefore, more
prone to aggregation/amyloid form ation placing
organisms that carry such proteins at evolutio nary
disadvantage.

Methods

Model

We model the Src SH3 domain by beads representing
Ca and Cb atoms. In order to mimic the �exibility of real
proteins, we apply additional constraints:22 (i) “covalent”
bonds between Cai and Cbi, (ii) “peptide” bonds between
Cai and Ca(i^ 1), (iii) effective bonds between Cbi and
Ca(i^ 1), and (iv) effective bonds between Cai and Ca(i^ 2),
where the subscript i denotes the amino acid residue
sequencenumber.

The principal dif�culty to study the protein folding ab
initio is the lack of knowledge about the energetics
between amino acid residues. The native-state speci�c
Gō potential 16,31,32 has been successfully used to model
amino acid residue interactions. It has been shown22

that our coarse-grained model with a Gō interaction
potential for the Src SH3 domain can faithfully repro-
duce the thermodynamic and kinetic properties
observed in experiments. Thus, we use the Gō potential
to model interactions between Cb atoms for a single pro-
tein. In order to reproduce the process of aggregation,
we need to simulate more than one protein and to
model the interaction between dif ferent protein s. For
simplicity , we apply the Gō potential for Cb atoms
between differ ent proteins by assuming that two amino
acid residues that attract to eachother in a single protein
will also have attraction in differ ent proteins. The cutoff
distance to de�ne a contact is set as 7.5A� .

The ability of proteins with no sequencesimilarity to
aggregate into the same amyloid structure indicates that
the non-speci�c backbone hydr ogen bonding interaction
may play an important role in the process of amyloido-
genesisprocess.It has been shown33 that only backbone
hydr ogen bonds can lead to a cooperative formation of
two-dimensional b-sheet. We add to our model a non-
speci�c interaction between any two Ca atoms to model
the hydr ogen bonding interaction between protein back-
bones. We set hydrogen bonding interaction range
between the Ca atoms to 5.0A� and the interaction
strength as n1, where 1 is the Gō interaction strength
and the variable n can be adjusted. In our study, we set
n � 3 so that the hydr ogen bond strength is more stable
than the Gō interaction strength. It has been observed in
many globular protein s that the number of backbone
hydr ogen bonds for the each residue does not exceed
two (bifur cated hydr ogen bonding is very rare and is
not considered here). Another important property of the
two hydr ogen bonds formed by one peptide block is
that they are linear. This is a reason for the formation of
two-dimensional b-sheet. In the present study, (i) one Ca
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atom cannot make more than two effective hydr ogen
bonds, and (ii) the two hydro gen bonds must be aligned
linearly . We perform the simulation of a single protein
and the result (data not shown) shows thermodynamic
behavior similar to the one described by Ding et al.,22

with a cooperative folding transition and a slightly
higher folding transition temperatur e.

We perform discrete molecular dynamics simulation
to model the protein system. The number of protein s we
studied varies from 2 to 8. The concentration of proteins
in our simulation system is usually higher than in vivo
and in vitro conditions, so that the condensation process
is much faster and enablesus to accessthe amyloidogen-
esis process by discrete molecular dynamics. First, we
heat the system to high temperatur es so that all the
proteins are fully unfolded and moving freely inside the
system box. Then, we quench the system to the tempera-
tur e around Tf and wait for the system to equilibrate. The
�nal equilibrium states result in possible amyloid �bril
structures of Src SH3 domain.

X-ray

In order to compare with experimental X-ray diffrac-
tion patterns, we calculate the intensity of dif fraction
using the elastic dif fraction formula:

I �k f � �
�

j

exp�i�k f � k i �r j �

�
�
�
�
�
�

�
�
�
�
�
�

2

�1�

where k i is the wave vector of the incoming X-ray, k f is
the wave vector of the diffracted X-ray, r j is the position
vector of jth atom, and the summation is over all the
atoms in the structure. We align the aggregation struc-
tur e along the x-axis as in Figure 3 and choosethe incom-
ing X-ray with a wavelength of 1 A� along the y-axis. The
dif fraction intensity is collected in projection of the y–z
plane varying the defecting angle, u � cos� 1�k fk i � k2� �
from 0.05 to 0.25 in radian. As in the X-ray dif fraction
experiments, the amyloid �bril has no preferred orien-
tation in the y–z plane. We rotate the aggregation struc-
tur e around the x-axis n times by angle 2p/ n and add
all the diffraction intensities.

PDB accession numbers

The coordinates have been deposited in the Protein
Data Bank with accessioncode 1NLO.
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