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mation mechanisms of early
amyloid-b oligomers with lateral branching: graph
network analysis on large-scale simulations†

Miao Yuan, Xuan Tang and Wei Han *

Oligomeric amyloid-b aggregates (AbOs) effectively trigger Alzheimer's disease-related toxicity, generating

great interest in understanding their structures and formation mechanisms. However, AbOs are

heterogeneous and transient, making their structure and formation difficult to study. Here, we performed

graph network analysis of tens of microsecond massive simulations of early amyloid-b (Ab) aggregations

at near-atomic resolution to characterize AbO structures with sizes up to 20-mers. We found that AbOs

exhibit highly curvilinear, irregular shapes with occasional lateral branches, consistent with recent cryo-

electron tomography experiments. We also found that Ab40 oligomers were more likely to develop

branches than Ab42 oligomers, explaining an experimental observation that only Ab40 was trapped in

network-like aggregates and exhibited slower fibrillization kinetics. Moreover, AbO architecture

dissection revealed that their curvilinear appearance is related to the local packing geometries of

neighboring peptides and that Ab40's greater branching ability originates from specific C-terminal

interactions at branching interfaces. Finally, we demonstrate that whether Ab oligomerization causes

oligomers to elongate or to branch depends on the sizes and shapes of colliding aggregates.

Collectively, this study provides bottom-up structural information for understanding early Ab aggregation

and AbO toxicity.
Introduction

The onset and development of Alzheimer's disease is widely
believed to be linked with abnormal aggregation of amyloid-
b peptides (Ab).1 Aggregation of this peptide eventually leads to
the formation of amyloid plaques in patients' brains and can
also yield other intermediate aggregates, such as Ab oligomers
(AbOs). Evidence suggests that AbOs have key roles in Ab's
neurotoxicity, which has shied biomedical research focus
from amyloid plaques to AbOs.2,3 Abs are comprised of various
dynamically interconverting species differing in size, structure,
biophysical properties, and toxicity,4,5 with certain types of
AbOs, such as those with high molecular weight (HMW) (typi-
cally MW > 50 kDa), being particularly toxic.5–8 Knowledge about
their structures and assembly pathways is crucial for under-
standing Ab oligomerization mechanisms, the molecular basis
of AbO toxicity, and its interplay with other aggregation
diseases,9 based on which aggregation inhibition strategies may
be designed.10,11 There are two major Ab alloforms that contain
ogenomics, Guangdong Provincial Key

of Chemical Biology and Biotechnology,

ool, Shenzhen, 518055, China. E-mail:

tion (ESI) available. See DOI:

the Royal Society of Chemistry
40 and 42 amino acids, respectively. Ab42, which has two more
amino acids at the C-terminus, oligomerizes more easily and is
more neurotoxic.12,13 Comparing how the two alloforms oligo-
merize would further our understanding of AbO pathology.

Ab oligomerization has been difficult to characterize due to
AbO metastability and heterogeneity. Several spectroscopic and
imaging techniques have been applied14 but provided only low-
resolution structural information, such as secondary structure
contents, overall morphologies and, in some cases, the time
evolution of these properties with low8,15,16 to medium resolu-
tions.17,18 Intermediate-size and HMW AbOs that rapidly formed
during early aggregation stages were found to assume spherical
or elongated, curvilinear shapes,19–24 as well as annular struc-
tures.13,25–27 Recently, three-dimensional imaging of elongated
AbOs with high-resolution cryo-electron tomography (cryoET)
revealed that the curvilinear aggregates were more irregular
than previously thought and exhibited branched structures.28

Despite these structural insights, it remains largely unclear how
Ab peptides are spatially organized within AbOs, how they are
packed against each other, and how these structural properties
are realized through self-assembly. Addressing these questions
is key to elucidating AbO assembly mechanisms.

Molecular dynamic (MD) simulations are useful for deci-
phering the details of self-assembled supramolecular structures
that are experimentally inaccessible.14,29,30 Both atomic and
coarse-grained (CG) simulations have been applied to study
Chem. Sci., 2022, 13, 2649–2660 | 2649
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small AbOs ranging from dimers to hexamers.14,31 Recently,
Zheng et al. employed a CG model and the umbrella sampling
technique to determine the octamer formation free energy
surface from which brillar assembly pathways were inferred.32

Computational investigation of larger assembly systems is
signicantly more challenging due to the rapidly growing
number of degrees of freedom that need to be sampled and
analyzed.33 Only a few computational studies have employed CG
models or atomic models in implicit solvent to probe the
formation of AbOs containing more than ten full-length Ab
chains. These studies revealed the importance of hydrophobic
and charged interactions for early oligomerization of Ab40 and
Ab42,34,35 and demonstrated that AbOs with extended shapes
have greater ability to aggregate than compact ones.36,37 Large
AbOs of up to �20 chains were occasionally observed, but
a thorough examination of the structures and assembly path-
ways of large AbOs has not been possible, probably due to
insufficient sampling (e.g., a simulation length of 2–5 ms for
assembly of each alloform) and the small number of chains
(typically 20–30 chains) included in simulations, which does not
considerably outnumber large AbO size.14

In this study, we performed extensive simulations of Ab40
and Ab42 oligomerization. For each alloform, we followed the
aggregation of 100 interacting chains using 30 ms MD simula-
tions with an efficient model that simplies solvent represen-
tation but retains peptides' atomic details.38,39 This model has
proven to be reliable in predicting native structures of several
small proteins,38,39 determining the structures and assembly
pathways of Ab dimers,40,41 and elucidating the mechanisms of
Ab bril growth.42 Moreover, graph networks43 were adopted to
represent an AbO assembly hierarchy. This representation
abstracts essential topological characteristics of nano-
structured assembly, quantitatively describes an assembly
hierarchy, and enables advanced graph theory to recognize
structural patterns. It has been applied to self-assembly systems
such as colloidal clusters, DNA-bricks, and metallic glasses to
elucidate their assembly mechanisms.44–50 Here, we further
developed a network decomposition algorithm to facilitate the
understanding of assembly hierarchy.

With these computational techniques, we investigated the
anatomy of early AbOs with sizes up to�20-mers. We found that
these AbOs displayed curvilinear, irregular shapes with occa-
sional lateral branches, consistent with AbO morphologies re-
ported by recent cryo-ET experiments.28 Ab40 oligomers were
more likely to develop branches than Ab42 oligomers, which
may explain the tendency of Ab40, but not Ab42, to be trapped
in network-like aggregates, as reported previously,20,25 poten-
tially explaining the slower brillization kinetics of Ab40. Our
graph network analysis further revealed the molecular basis of
the observed AbO morphologies and the difference in branch-
ing propensities between Ab40 and Ab42 oligomers. Finally, we
found that Ab elongation and lateral branching are affected by
the topologies and geometries of interacting aggregates. Taken
together, our atomistic simulations provide bottom-up struc-
tural information for elucidating AbO structures and the
difference in early Ab aggregation of the two alloforms.
2650 | Chem. Sci., 2022, 13, 2649–2660
Results
Sampling a dynamic equilibrium of early metastable Ab
oligomers using ten-microsecond simulations

To investigate early-stage Ab40 and Ab42 oligomerization, we
performed simulations starting with 100 randomly dispersed
and oriented peptide chains. The chain conformations were
taken from monomeric state conformational ensembles (see
Methods). For each alloform, we conducted two independent 15
ms-long simulations to enhance sampling of AbOs with large
sizes. As shown in Fig. S1 in the ESI,† the AbO size distribution
(n) evolved quickly during the early stage (t < �2 ms) of simu-
lations from predominantly monomeric states to larger oligo-
mers. Similar oligomer size evolution has also been reported in
previous CG and atomic simulations on a time scale of 0.5–1
ms.34,36 The size distributions continued to evolve and reached
a steady state aer t ¼ 5 ms. At this stage, the largest Ab40 and
Ab42 oligomers observed were 27-mers and 33-mers, respec-
tively. Dynamic oligomerization events during t ¼ 5–15 ms were
further analyzed. These results are presented in detail in the last
part of the Results section; however, it should be noted that AbO
association and dissociation were frequently observed at steady
state (Fig. S2†). The numbers of these association and dissoci-
ation events were roughly equal, indicating that the observed
steady distribution in oligomer size is an outcome of dynamic
equilibrium between oligomeric species rather than certain
trapped oligomeric states.

Conformational dynamics of Ab during t ¼ 5–15 ms were also
examined. Abmonomers exhibited a signicant amount of turn
structures (43–47%) but few helical (2–3%) or b-sheet (14–15%)
structures, which agrees with previous CD measurements and
atomic simulations.51,52 Nonetheless, the conformational
ensemble of Ab monomers covers dynamically interconverted
conformations varying in secondary and tertiary structures
(Fig. S3†), including both the ones lacking in any helical or
sheet structures observed also in previous simulations,53 and
the partially folded ones with their helical and sheet contents
up to �15% and �35%, respectively, some of which, such as
multi-stranded conformations54 or conformations with a partial
helix around the central region,55 have been reported
experimentally.

Similar Ab peptide secondary structural contents were also
observed in oligomeric states, and there was no signicant
increase in b-sheet content with oligomer size (Table S1†). Thus,
our observations most likely corresponded to disordered inter-
mediates at the very early stage of the aggregation process
preceding any slow conformational conversion needed for bril
pathways.56 The presence of such oligomeric intermediates has
also been observed in recent microsecond atomistic simula-
tions of Ab oligomerization with implicit solvent36,37 and sup-
ported by experimental evidence for both small and large
AbOs.57,58 Nonetheless, we did occasionally observed slow
conformational change of Ab's tertiary structures in oligomers
based on our tertiary structural state analysis described in the
ESI (Fig. S4†).59 In this analysis, we identied for Ab40 and Ab42
several major tertiary structural states, each of which is
© 2022 The Author(s). Published by the Royal Society of Chemistry
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substantially different from the other in tertiary contact pattern.
Based on how soon Ab peptides in oligomers evolved from its
current tertiary structural state into a different one in the
simulations, we employed a two-state Poisson process model
(see the ESI†)60,61 to estimate the timescale of global recongu-
ration of these peptides. The reconguration timescales for
Ab40 and Ab42 were calculated to be �66 ms and �39 ms,
respectively. This result suggested that the observed oligomers
rearranged their structures very slowly and may even be off the
pathways. It has been shown that high Ab concentrations retard
brilization due to the rapid formation of off-pathway oligo-
mers exhibiting high conversion barriers.62 This nding is
corroborated with our result given that Ab concentration in our
simulations was rather high (3.9 mM). Regardless of whether
these oligomers are on or off the pathways, their conversion
timescales are far too long for our simulations.
Fig. 1 Elongated, curvilinear topologies of AbOs with lateral branch-
ing. Heat maps show the length distribution Pn(l) of Ab40 (a) and Ab42
(b) oligomers of a given size n. Circles denote the average l�for each n.
Dashed lines show the linear correlation between l�and n. (c and d)
Distributions of angles q (c) and dihedral angles f (d) formed by
consecutive nodes along the longest shortest paths of Ab40 (red dots)
and Ab42 (black dots) oligomers. The grey curve indicates a random
angular distribution. (e and f) Average branch counts b�(n, l) in Ab40 (e)
and Ab42 (f) oligomers as a function of l and n. Circles and triangles
denote the first and, if any, second peaks in the length distribution Pn(l)
for a given n. Errors reported hereafter were estimated by dividing the
two trajectories (t ˛ [5 ms, 15 ms]) into four blocks for each case unless
stated otherwise.
Both Ab40 and Ab42 form exible elongated oligomers with
branches, but Ab42 oligomers appear more extended and less
branched

With the data collected from t ¼ 5–15 ms of the simulations, we
rst examined the overall shapes of AbOs using topological
networks. In these networks, nodes and edges indicate mono-
meric building blocks and their physical contacts, respec-
tively.44,45,47,48,63 This representation allows us to quantitatively
describe the global topological features of supramolecular
structures. For instance, the longest dimension of a topological
network can bemeasured with the network diameter, dened as
the length (l) of the longest shortest path traversing the
network. Fig. 1a and b show the diameter distributions Pn(l)
with respect to oligomer size n. A wide oligomer diameter
distribution was observed, especially for AbOs with large sizes,
indicating that AbOs can assume distinct topologies varying in
diameter. However, the average diameter �l of oligomeric
topologies grew linearly with n, suggesting that AbOs in general
grow linearly and that there is an elongated backbone going
across the entire oligomer.

We then analyzed AbO backbone structures. An AbO back-
bone is thought to be comprised of the monomers present on
the longest shortest path, as well as those in direct contact with
the path (see Methods). If monomers have a spherical shape,
the elongated structure formed by the monomers on the path
should accommodate exactly one monomer in its cross-section.
When additional monomers are attached laterally to the elon-
gated structure without increasing its length l, the cross-section
of the structure would on average accommodate more mono-
mers. Thus, if there aremmonomers included in the backbone,
the m/l ratio corresponds to the average number of monomers
that can be accommodated in the cross-section of the backbone,
thereby providing an estimate of its thickness. As shown in
Fig. S5a,† this ratio was calculated to be �1.3 for both Ab40 and
Ab42 oligomers and remained largely constant with oligomer
size. The average AbO thickness h was estimated according to h
z 2Rgm/l, where Rg ¼ �1.0 nm is the average radius of gyration
of an Ab chain packed in oligomers. Our calculation indicated
that AbOs are �2.6 nm in thickness, which roughly agrees with
© 2022 The Author(s). Published by the Royal Society of Chemistry
the diameter value (�2.7 nm) reported in a recent cryo-ET study
of large Ab42 oligomers.28

We also examined AbO backbone geometries through
conformational analysis of the longest shortest paths. These
paths can be simplied as a string of beads with each bead
representing the center of mass of each monomer. The AbO
backbone conformations are thus dened by all three-bead
angles q and four-bead dihedral angles f along the longest
shortest paths. As shown in Fig. 1c, both Ab40 and Ab42 olig-
omers avoided a sharp q angle (<60�) in their backbone parts,
probably due to the exclusion of self-volume. The dihedral angle
f distributions (Fig. 1d) were at with a 60% : 40% ratio of anti-
conformations (jfj > 90�) to syn-conformations (jfj < 90�). Thus,
the AbO backbone conformations observed here largely
resemble those of a freely rotating chain that has a large rota-
tional isomerism and high conformational exibility. This may
explain why AbOs have been reported to be highly curvilinear
and irregular.28 Despite the exibility of both types of AbOs, we
found that Ab42 oligomers were more extended than Ab40
oligomers, as indicated by a larger Flory's characteristic ratio
CN of Ab42 oligomers (3.01 � 0.21 versus 1.95 � 0.23) (see the
Chem. Sci., 2022, 13, 2649–2660 | 2651
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ESI and Fig. S5b†). For a freely rotating chain, its characteristic
ratio can be related to the local angle q by CN ¼ (1 � cos q)/(1 +
cos q). Based on this relationship, we predicted that the CN of
Ab42 oligomers is indeed larger than that of Ab40 (3.00 versus
2.28), since on average Ab42 oligomers have a wider q angle
(�120� versus �113�). This prediction is largely in accord with
our CN calculation.

Inspecting representative oligomeric structures revealed
further AbO branching structure, especially in AbOs with large
size (n > �10) (Fig. 2). Intriguingly, branched morphologies of
large AbOs have recently been reported in several studies using
advanced imaging techniques such as high-resolution AFM,
solution TEM, and cryo-ET.20,25,28 We evaluated the degree of
branching in AbOs by counting the number of branches (b)
present in these oligomers. This quantity was calculated by
nding disconnected components aer the entire backbone
part was removed from the topological networks.

Fig. 1e and f show plots of the average number of branches
�b(n, l) present in AbOs as a function of oligomer size n and
backbone length l. As expected, AbOs with larger size and
shorter backbones are more likely to have branches. With
a given oligomer size and a given backbone length, Ab40 olig-
omers contain more branches than Ab42 oligomers on average
Fig. 2 Representative structures of Ab40 (a and b) and Ab42 (c and d)
oligomers with n ¼ 13 and l ¼ 9 (a and c) or with n ¼ 19 and l ¼ 12 (b
and d). All peptides are shown in surface representations. The peptides
on the longest shortest paths are shown in blue with varying darkness
and the other peptides in the backbones are shown in red. The
peptides in the branches are shown in green.

2652 | Chem. Sci., 2022, 13, 2649–2660
(Fig. 1e and f). This difference in branch structure is further
exemplied by comparing representative Ab40 and Ab42 olig-
omer structures with select n and l values (Fig. 2a and c versus 2b
and d). On average, there are 0.6� 0.1 and 0.4� 0.1 branches in
mid-sized AbOs (n ¼ 11–15) formed by Ab40 and Ab42, respec-
tively. In larger AbOs (n ¼ 16–22), Ab40 oligomers developed
twice as many branches as Ab42 oligomers (1.4 � 0.1 versus 0.7
� 0.2 branches). Thus, our results suggest that Ab40 has
a greater tendency to form branched structures than Ab42 when
assembled into large oligomers.
Observed Ab oligomer mass distributions and cross collision-
section areas agree with previous experimental results

To assess the relevance of our AbO observations to those re-
ported experimentally, we rst calculated the mass distribution
of AbOs that have been extensively characterized in experi-
ments. Nevertheless, our simulations were conducted at
3.9 mM, a concentration much higher than normal experi-
mental condition for characterizing the AbO mass distribution.
Following Kindt et al.,64,65 the oligomer particle densities rn

derived from the simulations were used to parameterize
a model of non-interacting aggregates with which one can
obtain the AbO partition functions q0n (Fig. S6a†) and thereby
determine their mass distributions at any given peptide
concentration. We paid attention to the oligomer mass distri-
bution at two particular concentrations, a lower one at 30 mM
and a higher one at 200 mM. At both concentrations, the mass
distribution of AbO has been probed experimentally.57,66 At 30
mM, Ab40 and Ab42 monomers, dimers, and trimers were pre-
dicted to be the major species, and their probabilities were close
to what has been reported at the same concentration in ion-
mobility mass-spectroscopy (IM-MS) experiments (Table 1).57

At 200 mM, oligomers up to 15-mer were predicted to exist for
both alloforms with a nonnegligible probability (>0.01), which
agrees with another IM-MS experiment conducted at the same
peptide concentration.66 At the two concentrations, Ab42 11-
mers to 15-mers were two to four times more probable than
those of Ab40, also in accord with previous experimental
observation.67 For AbOs of even larger sizes (n $ 15), there was
a linear correlation between ln q0(n) and n (Fig. S6b†), indi-
cating the existence of a critical oligomer concentration (COC)
for early metastable AbOs.24

Of note, the COCs of Ab40 and Ab42 were predicted based on
our statistical mechanical model to be about 500 mM and 300
mM, respectively. We also calculated the COC using reported
average monomer density from previous large scale simulations
(cf. Fig. 1 in ref. 34 and Fig. 3a in ref. 36). Our COCs are
comparable to the ones (COC40 ¼ �370 mM, COC42 ¼ �210 mM)
derived based on the study of Urbanc et al.34 using CG models
but larger than those (COC40 ¼ �54 mM, COC42 ¼ �46 mM)
based on the study of Barz et al.36 using atomistic peptide
models in implicit solvent. Several experimental studies using
different characterization techniques reported 18–50 mM COCs
for Ab40.68–70 Hence, the COC of Ab40 can be reproduced with
the atomic simulations in implicit solvent but appeared some-
what overestimated in the simulations by Urbanc et al. and by
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 AbO mass distributions reported experimentally and calculated in this study

n

Ab40 Ab42

30 mMa 200 mM Exptb 30 mM 200 mM Exptb

1 0.71 0.11 �0.61 0.60 8.2 � 10�2 �0.59
2 0.25 0.29 �0.19 0.36 0.37 �0.22
3 3.4 � 10�2 0.30 �0.11 2.9 � 10�2 0.22 �0.11
4 1.9 � 10�3 0.13 �4.0 � 10�2 1.9 � 10�3 0.11 �4.2 � 10�2

5–10 1.3 � 10�4 0.17 — 1.7 � 10�4 0.14 —
11–15 6.9 � 10�11 1.1 � 10�2 — 2.2 � 10�10 6.3 � 10�2 —
>15 5.8 � 10�14 5.4 � 10�4 — 2.4 � 10�14 1.2 � 10�2 —

a Monomer concentration at which the mass distributions were calculated. b Obtained from the IM-MS experiment carried out at 30 mM peptide
concentration.57

Fig. 3 Oligomeric topologies can be decomposed into linear and
cyclic fragments organized in an elongated fashion. (a) Illustration of
the topological decomposition procedure. Orange and grey circles
denote nodes in rings or outside of rings, respectively. Red edges
belong to rings and black ones do not. Grey dashed circles indicate
how topologies were partitioned. (b) Average counts of each type of
basic building fragments observed in Ab40 (red bars) and Ab42 (black
bars) fragments (for n > 10). (c) Percentage distributions of each type of
basic structural fragment coordination number D.
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us. The critical concentration of some prebrillar aggregates of
Ab42 was determined in a more recent study to be 90 nM,71

signicantly lower than the COC measured for Ab40 or derived
based on any of the above simulations. As such, these Ab42
aggregates were highly stable. The thermodynamic stability of
protein aggregates is governed by their structures. It has been
suggested24 that for aggregation-prone proteins including Ab,
© 2022 The Author(s). Published by the Royal Society of Chemistry
b sheet-rich aggregates such as brils assembled through
strong intermolecular hydrogen bonding (HB) are normally
more stable and have a lower critical concentration than early
aggregates induced by amphiphilic character of polypeptide
chains.72 As the stability of the Ab42 prebrillar aggregates
probed in that study even rivals that of Ab40/42 brillar aggre-
gates whose critical concentrations are 100–200 nM,73,74 these
aggregates may already develop a considerable b-sheet char-
acter, stabilized largely by intermolecular HBs. Conversely, the
Ab oligomers observed here, which have not undergone
conformational conversion yet, exhibit low b-sheet contents
(14–15%), and their incorporation of each newmonomer brings
about only �2.5 additional interchain HBs. This structural
difference between the aggregates probed in the experiment
study and our simulations may explain the large difference
between the measured and simulated critical concentrations of
Ab42.

We also examined the collision cross-section (CCS) values of
low order oligomers, a quantity related to the overall AbO
shapes that has been carefully characterized in IM-MS experi-
ments.57,66,67 As described in Methods, the oligomer structures
taken from solution simulations were relaxed in gas phase and
their protonation states were properly adjusted to be consistent
with experimental conditions reported by Bernstein et al.67 The
average CCS values agreed reasonably well with the experi-
mental data, with a better agreement observed for Ab40 than for
Ab42 (Table S2†). Compared to the data reported by Berstein
et al., our Ab42 tetramer CCS value was underestimated by�200
Å2, but agreed better with the CCS value reported more recently
by Zhang et al. (2100 Å2 versus 2172 Å2).75 Despite the deviation
from these experimental data, our calculations revealed that the
CCS values of Ab42 dimers to hexamers are always greater than
those of Ab40, suggesting that low order Ab42 oligomers tend to
be more “open” than those of Ab40. This trend is consistent
with our characteristic ratio calculations, as well as previous
experiments and atomistic simulations.36,67
Early Ab oligomer internal topological networks consist of
a mixture of line and small cyclic fragments organized in favor
of elongated morphologies

Having validated our observations of AbOs, we proceeded to
analyze molecular arrangements within the oligomers. In the
Chem. Sci., 2022, 13, 2649–2660 | 2653
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graph network representation framework each network repre-
sents a possible arrangement of monomers within an oligomer.
The molecular arrangement pattern could be identied from
the most representative networks. Using a network clustering
algorithm that considers particle labelling degeneracy (see
Methods),44,45,63 we examined the nonisomorphic arrangements
of AbOs sampled in our simulations (Fig. S7†).

There are two theoretically possible trimer arrangements,
a linear arrangement and a triangular one, and we observed both
with similar chance (Fig. S7†). We also sampled all six and 18
possible arrangements of monomers in tetramers and pentam-
ers, respectively, but only three tetrameric arrangements and ve
pentameric arrangements were populated with a combined
probability >0.9, indicating that only certain types of molecular
arrangements are preferred in these oligomers. For larger AbOs,
the number of preferred arrangements grows exponentially with
oligomer size, but these arrangements account for only a small
fraction (e.g., 5–6 � 10�2 for n ¼ 6 and 2–4 � 10�6 for n ¼ 10) of
all those theoretically allowed (Fig. S8†),44 indicating that large
oligomers formed by Ab40 and Ab42 can only access a tiny frac-
tion of the theoretical topological space.

Despite their topological heterogeneity, our inspection of
representative topological networks indicated that AbOs exhibit
topological networks that appear to be made of structural
elements including line segments and triangles (Fig. S7†). The
triangular rings are either separated in the networks or share
common nodes or edges. Bigger rings containing more than
three nodes were also observed, but their probability of occur-
rence decays fast as ring size grows (Fig. S9†).

We then investigated how the line segments and triangle
rings are organized to form elongated oligomeric morphologies.
To this end, we developed an algorithm that decomposes the
topological networks into basic building fragments. This algo-
rithm is described in the Methods and illustrated in Fig. 3a. It
identies three building fragment types, namely nodes that do
not belong to any ring structures (thus termed ‘out-of-ring
nodes’), monocyclic fragments that do not share any edge
with other rings, and fused polycyclic fragments whose cyclic
members have common edges with one another.

Fig. 3b shows the average count of each type of building
fragment present in large Ab40 or Ab42 oligomers (n > 10). For
both alloforms, the out-of-ring nodes are the most frequently
observed fragment types (with 5–6 such nodes per oligomer).
The chance of observing a monocyclic fragment is 1/3–1/2 of
that of out-of-ring nodes. The probability of observing fused
polycyclic fragments is further reduced. There is a noticeable
difference in fragment compositions of Ab40 and Ab42 oligo-
mers. There are �20% more out-of-ring nodes in Ab40 oligo-
mers than in Ab42 oligomers, but Ab42 oligomers harbor twice
as many monocyclic fragments as Ab40 oligomers. This
suggests that although both Ab40 and Ab42 can form oligomers
with similar elongated shapes, the underlying pattern of
molecular arrangement is not the same.

Because topological features of supramolecular assemblies
are linked closely with the coordination behaviors of underlying
building blocks,46,47,49 we examined the coordination properties
of the building fragments identied above. A key coordination
2654 | Chem. Sci., 2022, 13, 2649–2660
property is the coordination number D, dened here as the
number of linkages between a fragment and the remaining part
of the network (see Methods). Building fragments with a single
linkage (D ¼ 1) form network termini. Those with a bivalent
coordination (D ¼ 2) can only elongate the networks and,
therefore, are necessary for elongated topology formation.
Fragments with a trivalent coordination (D ¼ 3) will cause the
network to bifurcate, and those with higher coordination
numbers (D > 3) could form even more complex network
structures. Therefore, an elongated network must be composed
predominantly of monovalent and bivalent fragments.

Fig. 3c compares the coordination propensities of the three
building fragment types. In general, all three types are most
likely coordinated with two neighbours and have a rather low
chance (<�15%) of being coordinated with more than two. Out-
of-ring nodes are less likely to interact with more than two
neighbours compared with the other two types. The prevalence
of bivalent fragments in the AbO topological networks explains
why AbOs normally prefer elongated topologies. Of note, Ab40
always has a greater tendency to form fragments with large
coordination umbers (D $ 3) compared with Ab42 (Fig. 3c),
which corroborates our nding that Ab40 oligomers are more
likely to branch than Ab42 oligomers.
Greater Ab40 oligomer branching propensity is attributed to
the ability of Ab40 to form strong C-terminal hydrophobic
interactions at branching interfaces

To further gain insights into AbO branching propensity, we
focused our analysis on where these oligomers branched.
Because a branch is an extension in different directions from an
oligomer backbone part, the nature of branch and backbone
interfaces is key to understanding AbO branching propensity.
We thus analyzed branching interfaces in the topological
networks. Our results showed that these interfaces were formed
mainly through interactions between a single node from the
branch and an out-of-ring node from the topological network
backbone or a backbone node that belongs only to a single ring
(Fig. 4a). The former type of interface is more favored by Ab40
oligomers (�40%) and the latter one is more favored by Ab42
oligomers (�50%). In addition, about 20% of branching inter-
faces in Ab42 oligomers consist of a backbone node and two
branch nodes in a triangular arrangement.

To understand why Ab40 oligomers exhibit a greater
branching propensity, we analyzed the inter-chain residual
contacts formed at branching interfaces. The resulting contact
probability maps (Fig. 4b and c) showed that at Ab40 oligomer
branching points, the backbone peptide mainly used its L34–
G37 region to contact the I31–L34 region of its neighbor. The
probabilities of these contacts were mostly >0.2. In contrast,
interfaces at Ab42 oligomer branching points were formed
between the G37–V40 and V12–H14 regions of the peptides
from the backbone and the branch, respectively, with a lower
probability (0.1–0.15). This result suggests that the greater
tendency of Ab40 oligomers to branch is likely attributed to the
ability of Ab40 to form stronger C-terminal hydrophobic inter-
actions at branching interfaces.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Ab40 and Ab42 oligomers exhibit different branching inter-
faces. (a) Probabilities of different branching interface types identified
in large oligomers (n > 10) of Ab40 (red bars) and Ab42 (black bars).
Blue dashed curves indicate the dividing surfaces between backbones
and branches. (b and c) Probability maps of residual contacts formed
between the backbones and branches at Ab40 (b) and Ab42 (c) olig-
omer branching interfaces. (d and e) Average probabilities of residual
contacts between peptide chains observed in Ab40 (d) and Ab42 (e)
oligomers.
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Regardless of their locations in oligomers, both Ab40 and
Ab42 can form extensive contacts with their neighbors (Fig. 4d
and e), mainly using their central region L17–F21 and C-
terminal region I31–V39/I41. Previous nuclear magnetic reso-
nance (NMR) studies as well as simulations also revealed that
the similar regions of both Ab alloforms participated in the
initial docking of monomers to early Ab aggregates.41,76–78 A
different docking region, namely F19–N27, was recently re-
ported by Brender et al.,79 but it was found to recognize brils
that are structurally different from AbOs observed here. In
addition, for both alloforms, the aromatic residues such as F4,
F19 and F20 were involved heavily in hydrophobic interactions
but direct intermolecular contacts between aromatic residues
were infrequent (with an average chance of <0.15, Fig. S10†),
suggesting that the aromatic p–p interactions might not be
crucial to early oligomer formation, as opposed to their reported
role in bril formation.80 Overall, the average intermolecular
contact patterns of Ab40 and Ab42 are markedly different from
the ones observed at branching interfaces. On average Ab42 can
form more interchain residual contacts than Ab40 (24.8
© 2022 The Author(s). Published by the Royal Society of Chemistry
contacts versus 23.2 contacts), largely due to additional inter-
actions associated with V40–A42 of Ab42 (Fig. S10†). This is
opposite to the observed tendencies of the two alloforms to
form interchain interactions at branching interfaces but in line
with the general notion that Ab42 has a greater ability to form
intermolecular interactions due to its enhanced hydrophobicity
by I41 and A42. Taken together, the above results indicate that
the difference in branching contact patterns between Ab40 and
Ab42 cannot be explained based only on their average contact
propensity.

As a polypeptide segment involved too much with intra-
molecular contacts can be hindered from intermolecular
contacts, we thus examined intramolecular tertiary contacts in
Ab40 and Ab42 to seek clues to the different contact propensity
at branching interfaces between the two alloforms. In partic-
ular, the tertiary contacts involving the C-terminal region of Ab
were carefully analyzed since Ab40, but not Ab42, can use this
region to form extensive hydrophobic interactions at branching
interfaces. As shown in Fig. S11a and b,† Ab42 is more likely to
form a C-terminal reversed loop than Ab40. This loop is
centered at V36–G37 and promoted by intramolecular interac-
tions involving V39–I41, a structural feature of Ab42 monomers
reported previously in NMR and MD studies.81 At branching
interfaces, Ab42 was observed to lose more intramolecular
contacts in its C-terminal region than Ab40 (�2.3 versus �0.9
residual contacts) when it needs to use this region to form
substantial intermolecular contacts ($5.0 residual contacts)
(Fig. S11c and d†). In other words, Ab42 needs to disrupt its C-
terminal tertiary structure to a greater extent to form C-terminal
intermolecular interactions at branching interfaces. Therefore,
the stronger tendency of Ab40 to form interchain C-terminal
interactions at branching interfaces is a special coordination
property of Ab40, probably due to its lesser tendency to form
loop or turn structures at its C-terminus.
Oligomer elongation and branching are affected by their size
and shape

Finally, we sought to understand how AbOs elongated them-
selves or developed branches. We rst monitored the associa-
tion events that took place during the simulation period t ˛ [5
ms, 15 ms] (see Method). There were �2.5 � 104 total association
events each for Ab40 and Ab42, during most of which the
resulting initial binding complexes quickly dissociated within
�1–2 ns and failed to generate metastable AbOs. Only a fraction
(�0.04) of the events led to the formation of rmly bound
complexes. The initial binding was stabilized mainly by elec-
trostatic interactions (0.9–1.0 salt bridges) involving Ab's N-
terminal regions and, to a lesser extent, by non-specic hydro-
phobic interactions (0.3–0.4 contacts). In most cases (>0.97),
there was only a single Ab from each colliding aggregate that
participated in the binding interfaces. Hence, the ring struc-
tures in topological networks did not arise from the association
events but instead were formed through the internal structural
rearrangement of AbOs.

We then monitored the change in the backbone length (l)
and the number of branches (b) in topological networks aer
Chem. Sci., 2022, 13, 2649–2660 | 2655
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Fig. 5 AbO elongation and lateral branching mechanisms. (a) Sche-
matic representation of AbO elongation and side/tip branching
observed in the present study. The backbone parts are marked with
thick outlines. (b and c) Positional preference of branching points
observed during side and tip branching of Ab40 (b) and Ab42 (c)
oligomers. The position of a branch point is measured as d/l where l is
the length of the backbone and d is the length of the shortest path
connecting the branch point and the closer end of the backbone. (d
and e) Elongation and side/tip branching occurrence frequencies for
small (4# n# 10) and large (n > 10) oligomers formed by Ab40 (d) and
Ab42 (e).
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each association event (see the ESI†). An increase in l indicates
elongation of oligomers and an increase in b indicates the
formation of new side branches (Fig. 5a). Intriguingly, we also
observed events in which both l and b increased. These events
involved the attachment of a monomer/oligomer to a site near
a second oligomer's backbone tips, unlike the side branching
events in which the attachment point was close to the center of
the second oligomer's backbone (Fig. 5b and c). As these events
effectively caused the newly formed oligomers to bifurcate at its
tip, they were henceforth termed tip branching.

We counted the elongation and side/tip branching occur-
rence frequencies. As shown in Fig. 5d and e, AbOs with rela-
tively small sizes (4 # n # 10) were mainly formed via
elongation at a chance of 60–70%. On the other hand, larger
AbOs (n > 10) were formed more oen via side or tip branching.
This observation is expected since AbOs exhibit a linear
topology that can only elongate at its tips, but new branches can
be developed from any other AbO part. In addition, tip
branching is the preferred branching mode for both Ab40 and
Ab42 oligomers, especially when their sizes are large (n > 10).
We attributed this preference for tip branching mode to the
curvilinear shapes of AbOs whose center parts are likely less
accessible, a disadvantage to side branching. Moreover, the
ratios of tip branching events to side branching events were
2656 | Chem. Sci., 2022, 13, 2649–2660
�2.5 and �1.8 for Ab40 and Ab42 oligomers, respectively,
indicating that side branching is even less favored by Ab40
oligomers. This nding is consistent with our characteristic
ratio calculation which showed that Ab40 oligomer shapes are
more curvilinear and compact (Fig. S5b†). Taken together, our
results suggest that both AbO elongation and branching can be
affected by oligomeric topologies and geometries.

Discussion

In summary, we used computer simulations to reveal the
anatomy of early Ab oligomer (AbO) aggregates. These AbOs had
curvilinear morphologies, consistent with experimental
reports.28 Of particular interest is our observation that AbOs
could occasionally develop branched structures, with larger
sized oligomers (e.g., n > 15) having a greater branching
tendency. There have been several reports of oligomer branch-
ing for both Ab40 and Ab42 using imaging techniques such as
AFM82 and, more recently, liquid-state TEM,20 as well as high-
resolution cryo-ET.28 Especially considering their curvilinear,
irregular appearance and assembly thickness, the oligomeric
species observed here most likely represent one type of early
AbO that was reported in the cryo-ET study.28 Although previous
atomistic and CG simulations of systems containing 20–30 full-
length Ab chains permitted for the observation of large oligo-
mers (nz 20) with linear topologies,34,36 our simulations of 100
chain-containing systems allowed us to observe AbO branching.
Lateral branching was also observed in recent studies of shorter
peptide fragment (2–7 amino acids) self-assembly through
simulations of hundreds of interacting peptides.83–85 These
studies, together with ours, highlight the need to include
enough peptide chains in self-assembly simulations to observe
events like oligomer branching, which takes place on a longer
length scale than small oligomer formation.86,87

We have elucidated how Ab coordination properties dictate
topological and geometric features of resulting AbOs. We found
that in AbOs, Ab peptides with low coordination numbers tend to
form AbO's linear parts while those with high coordination
numbers tend to form cyclic (mostly triangular ring) or fused
polycyclic fragments, which on their own can be deemed as
building blocks that were predominantly bivalent. AbOs, being
composed of primarily bivalent building blocks, thereby prefer
elongated topologies. The adjacent Ab peptides along the elon-
gated AbO backbones exhibited no clear preference for any
rotational isomeric arrangement, indicating that the AbOs are
expected to behave like a freely rotating chain that is character-
ized by its oppy appearance, consistent with what was observed
experimentally. We also found that the more extended Ab42
oligomer shapes (compared to Ab40 oligomers), which has been
reported experimentally and computationally,36,67 could largely be
attributed to a larger bond angle formed by every three consec-
utive monomers along the Ab42 oligomer backbone.

Of particular interest is our nding that Ab40 oligomers are
more likely to branch than Ab42 oligomers. The growth of
branches from linear aggregates is one of the important ways of
cross-linking linear aggregates, which leads to the formation of
brous network structures required for gelation.86,87 Although
© 2022 The Author(s). Published by the Royal Society of Chemistry
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the formation of gels by Ab has never been reported, both AFM
and liquid-state TEM experiments have conrmed that Ab40,
but not Ab42, could form network-like early aggregates.20,25

These ndings corroborate our observation that Ab40 oligomers
have greater branching propensity. The network-like aggregates
appeared kinetically stable20,25 and may be off the bril
pathway,56,88 which could explain in part why Ab40 brilization
kinetics are slower than Ab42.12 Furthermore, we ascribe the
greater branching ability of Ab40 peptides to the formation of
strong hydrophobic interactions between the C-terminal parts
of the peptides at branching interfaces (Fig. 4b). Conversely,
Ab42 does not exhibit such strong interchain interactions at
these interfaces (Fig. 4c) even though in oligomeric states, on
average, Ab42 can form stronger interactions with its neighbors
than Ab40 (Fig. 4d and e). It seems that C-terminal turn struc-
ture formation in Ab42, but not in Ab40 (Fig. S11†), prevented
strong contacts formed between the C-terminal parts of the
peptides at early stage, a consequence of competition between
intramolecular and intermolecular interactions. These ndings
raise the possibility of redirecting early assembly processes
either away from or toward the formation of branched or
network-like aggregates by targeting those specic C-terminal
interactions that are essential for oligomer branching. This
prediction awaits further experimental and computational
assessment.

Materials and methods
Model setup and simulation details

The PACE force eld (version 1.4, https://github.com/hanlab-
pkusz/hanlab/tree/master/PACE%20for%20GROMACS) was
used for all simulations.39 It couples a united-atom peptide
model with explicit coarse-grained solvent. The details of PACE
and its parameterization can be found in ref. 38 and 39 PACE, as
used here, has proven to be accurate in reproducing experi-
mental observations of Ab aggregation, including Ab monomer
3J-coupling constants,42 Ab42 dimer rupture force and distance
patterns,40 Ab17–42 bril growth thermodynamics and
kinetics,42 and the affinity of Ab40 brils for peptides.89,90 For
both Ab40 and Ab42, 100 peptide chains were randomly
dispersed and orientated in a 35 � 35 � 35 nm3 box containing
CG water particles and neutralized and buffered with a 0.15 M
NaCl solution. Initial chain conformations were randomly
taken from 700 ns replica of Ab40/42 monomer exchange
molecular dynamic (REMD) simulations. Of note, for each
alloform, two independent self-assembly simulations were
performed, each starting with a distinct set of conformations
randomly selected from the pool of disordered or partially fol-
ded ones (Fig. S3†). As shown in Fig. S12,† for both alloforms,
the two simulations yielded vary similar results, all consistent
with the main ndings of the present study including the linear
growth of AbOs with their size, a more extended shape of large
AbO42, and a greater branching propensity of large AbO40,
indicating that our ndings are independent of initial mono-
mer conformations used.

There were 24 replicas at temperatures of 310–450 K in each
REMD simulation. Exchange was attempted every 2 ps and
© 2022 The Author(s). Published by the Royal Society of Chemistry
accepted with a probability �30%. All simulation systems were
rst energy minimized for 5000 steps, followed by 10 000 steps
of pre-equilibrium simulations with heavy atoms being
restrained before production runs. Self-assembly simulations
were conducted at 1 atm and 310 K. Simulation timestep was set
to 4.5 fs, a typical value used in PACE simulations.38,39 GRO-
MACS soware (version 5) was used to conduct the simulations
mentioned above.

To calculate the CCS values of a given oligomeric structure,
we rst estimated the pKa values of all titratable groups with
PROPKA.91,92 Those groups with the highest pKa were proton-
ated such that the oligomer charge states were adjusted to those
reported experimentally.67 The structure was energy-minimized
in gas phase with PACE for 5000 steps each, and its CCS value
was calculated using the trajectory method93,94 implemented in
the IMPACT soware.95
Graph network analysis of topological networks

The topology of an oligomer of size n can be described by
a graph G(V, E), where V are nodes, each representing one
monomer, and E are edges of connecting nodes. Two nodes are
connected by an edge if not less than 10 pairs of atoms from the
corresponding monomers are closer to each other than
0.45 nm. The longest shortest path of G was detected by rst
identifying the shortest paths between any pair of nodes via the
breadth-rst search and then choosing the longest one. All ring
substructures in G were identied through a depth-rst search
excluding those containing shortcuts, followed by the removal
of redundancies using a bookkeeping list.

To decompose a topological graph G, we rst constructed an
auxiliary graph G0 whose nodes denote rings found in G and
connectivity indicates whether rings share edges. Each discon-
nected component of G0 corresponds to a monocyclic or poly-
cyclic fragment. Any ring fragment sharing at least one edge
with the longest shortest path was considered to belong to the
backbone part of an oligomer. The coordination number of
a building fragment was the summation of the coordination
numbers of all its nodes. Of note, a direct coordination with
another ring fragment is only counted as a single coordination
(red dashed lines in Fig. 2a) as ring structures are closed.

The similarity between two topological networks GA and GB

was measured with a score Q expressed as follows

Q ¼ kMAXMBðtÞk
kMAWMBðtÞk0 (1)

where the adjacency matrices MA and MB describe the connec-
tivity of GA and GB, respectively. To consider permutation
degeneracy, we attempted to randomly swap two rows and two
columns ofMB(t) each time, generating a new MB for a better Q.
The calculation was stopped when Q no longer increased for 30
� n attempts in a row. Only a value of Q ¼ 1 indicates that GA

and GB are isomorphic and correspond to the same topology.
Mass distribution calculation

Considering a system of N peptide chains in a volume V that can
form various clusters, there will be different partitions of the
Chem. Sci., 2022, 13, 2649–2660 | 2657
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system into clusters, each of which must satisfy
XN
n¼1

nNn ¼ N,

where Nn is the count of clusters of size n. Assuming that the
system is ideal, the total partition function of the system can be
written as64

QtotðV ;TÞ ¼
X

�
Nn

����PN
n¼1

nNn¼N

�
 YN

n¼1

1

Nn!

�
V

V0

q0nðV0;TÞ
�Nn

!
; (2)

where q0n is the partition function of a single cluster of size n at
a reference state whose particle density r0 is 1/V0 with V0 equal
to the simulation volume (353 nm3). From eqn (2), one can
derive the expression of the average counts Nn of clusters of any
size and t these average counts to those from simulations to
obtain q0n. The resulting q

0
n values (Fig. S6a†) permitted a best t

to the simulation cluster counts with a square sum of deviation
<10�6.

Now let rn be the equilibrium density of n-mers in unit r0.
For a system with innite peptide chains,

rn ¼ q0n
ðq01Þn

r1
n ¼ Knr1

n, where Kn is the equilibrium constant of

the formation of n-mers. Thus, the mass percentage of n-mers
can be expressed as a function of monomer concentration r1,
i.e.,

PmðnÞ ¼ nKnr1
n

XN
n
0¼1

n0Kn
0r1

n0
(3)

Of note, the estimation of Kn with q0n is not reliable for large n
due to insufficient sampling. Instead, they were extrapolated
according to an apparent linear relationship between ln q0n and
n for n $ 20 (Fig. S6b†).
Detection of association and dissociation events

The association events and dissociation events that took place
between t and t + dt were identied with an algorithm illus-
trated in Fig. S13.† We rst determined the oligomerization
status of the systems at two time points based on peptide
chain contact status. Two unbound peptide chains were
thought to form a contact if they have no less than 10 pairs of
atoms within 0.45 nm and, thereaer, they remain in contact
unless the minimum atomic distance between them is beyond
0.45 nm. This approach avoids considering oligomer reorga-
nization as dissociation.96 We constructed a graph whose
nodes represent oligomers from either frame t or frame t + dt,
and two nodes from different frames can be connected if they
share the same peptide chains. Each node from frame t with
more than one linkage indicates a dissociation event and each
node from t + dt with more than one linkage indicates an
association event. Starting from an association event, we
constructed an event tree of four subsequent association/
dissociation events. If at any point of the event tree the
dissociated oligomers were identical to one of the original
2658 | Chem. Sci., 2022, 13, 2649–2660
two, the original association event was thought to be
nonreactive.
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