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Recent cryoEM density maps of Aβ42 fibrils obtained at low pH
revealed two protofilaments winding around a hollow core raising
the question if such tubular structures also exist at physiological
pH. Based on the cryoEM measurements and on NMR data, we
probe amyloid fibril organizations corresponding to the observed
cryoEM density map. Our study demonstrates that the tubularAβ42
fibril models exist at both acidic and physiological pH; however, the
relative populations of the polymorphic models shift with pH. At
acidic pH, the hollow core model exhibits higher population than
the other models; at physiological pH, although it is less populated
compared to the other models, structurally, it is stable and repre-
sents 8% of the population. We observe that only models with C
termini facing the external surface of the fibril retain the hollow
core under acidic and physiological conditions with dimensions
similar to those observed by cryoEM; on the other hand, the hydro-
phobic effect shrinks the tubular cavity in the alternative organiza-
tion. The existence of the hollow core fibril at physiological pH
emphasizes the need to examine toxic effects of minor oligomeric
species with unique organizations.

amyloid fibril structures ∣ polymorphism ∣ self-assembly

Alzheimer’s disease (AD) is widespread with large social
impact. For more than a century, the accumulation of inso-

luble Aβ40∕Aβ42 fibrils in the brain has been recognized as a
pathognomic AD feature and its eventual end-stage product.
To understand fibril assembly pathways, considerable research
has focused on structural characterization of the oligomers
and fibrils. X-ray fiber diffraction revealed that Aβ fibrils have
a cross-β structure, with backbone hydrogen bonds between
β-strands aligned in parallel, perpendicular to the main fibril axis
(1–3). Although this arrangement is universal, Aβ fibrils are
highly polymorphic due to different packing in the three-dimen-
sional structures. Experimentally, different approaches under dif-
ferent environmental conditions obtained distinct Aβ40∕Aβ42
fibril morphologies (4–12). Among the fibril forms, a recent
cryoEM study revealed a unique structure of Aβ42 fibrils with
a tubular shape and a hollow core (8). The tubular structure
was incubated under acidic conditions (pH ∼ 2.0), and the ques-
tion arises whether such structure is relevant at physiological pH.
If so, it illustrates the range of oligomeric polymorphic forms that
have to be considered when addressing Aβ toxicity.

To probe molecular interactions that could lead to an amyloid
fibril that would correspond to the cryoEM density map (8), we
constructed various tubular Aβ42 fibril-like models based on the
cryoEM measurements (8) and on NMR data (4). Fitting
structures of Aβ42 based on NMR (4) to cryoEM density maps
is a reasonable strategy: Both are experimental data with well-cor-
related dimensions (SI Text). The constructed models are sub-
jected to explicit solvent molecular dynamics simulations to test
their structural stability, and their relative thermodynamic ener-
gies are subsequently evaluated. Our simulations cover the pH
range from neutral to acidic (pH ∼ 3–7). Through extensive
search, we found that if the C-terminal faces the inner fibril
surface, hydrophobic interactions lead to collapsed stable struc-

tures without a hollow core. On the other hand, a stable structure
with a hollow core can be obtained only when the C-terminal faces
outside and formshydrophobic interactions between theN termini
and the loop regions that stabilize the hollow core structure. Fig. 1
demonstrates the fitting of our constructed model to the cryoEM
density map. The relative stability and population of the hollow
core structure increase at low pH, providing an explanation for
the cryoEMmeasurements at low pH (8). Nonetheless, at neutral
pH, although the hollow core structure is less populated, structu-
rally it is stable, indicating its existence also at physiological pH.
Because the hollow core structure is less populated at physiologi-
cal pH, it is expected that it would be more difficult to detect in
experiments under these conditions.

Results
Experiment-Based Aβ42 Fibril Models Construction. Recently, based
on cryoEM measurements Zhang et al. (8) suggested that Aβ42
fibrils can have a tubular-like shape with a hollow core. They
further proposed that Aβ42 modeled based on the Aβ17–42 coordi-
nates (PDB ID code 2BEG) (4), can be arranged to fit the tubular
density obtained from the cryoEMdensitymap. Considering these
cryoEM (8) densitymaps and using theseNMR-based coordinates
of Aβ17–42 (4) (SI Text) we constructed ten 24-mer tubular
polymorphic models (Table S1, Fig. 1, and Figs. S1–S3) with
two 12-mer oligomers in a parallel arrangement for each model.

The number of possibilities to join the N termini of one oligo-
mer to the loop regions in the second is very large. For tubular
models, two possibilities exist for the C termini: one with the
C-terminal of each Aβ monomer facing the external surface of
the fibril and the second when it faces the internal surface of
the fibril cavity. To examine both possibilities, we constructed
four tubular models, M1, M7, M8, and M10 with the C termini
of the Aβ monomers facing the external surface of the fibril, and
six tubular models M2, M3–M6, and M9 arranged with the C
termini facing the internal surface of the fibril. Within each
category the differences relate to different interactions between
the N termini and the loops.

M1–M6 models demonstrate hydrophobic interactions
between the N termini and the loops. Model M1 (Fig. 1C and
Fig. S1) presents contacts between F4 in the flexible N termini
of one 12-mer and G29 in the loop regions of the second
12-mer. Each monomer was rotated 5° along its fibril growth axis
to obtain the tubular 24-mer. Models M2 and M3 (Fig. S1) were
constructed by forming interactions betweenF4 in theN termini of
one 12-mer andA30 in the loop region of the second 12-mer.Mod-
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els M2 andM3 differ in the distances between the C termini of the
two 12-mers. M4 has similar structure and interactions between
the N termini and the loop region as M2 and M3, with additional
F4-I31 hydrophobic interactions in this domain (Fig. S1). Models
M5 and M6 present hydrophobic interactions between the N
termini and the loops: F4 and I31 forM5, andA2and I31 formodel
M6 (Fig. S2).

Considering possible nonhydrophobic interactions between
the flexible N termini and the loop region, we constructed four
models to test various interactions: M7 (Fig. S2) andM8 (Fig. S3)
with D1 and N27 interactions and M9 and M10 (Fig. S3) to test
side-chain interactions (D1 and I31 and D1 and G29 interactions,
respectively). Each monomer in M8 was rotated 10° along its
fibril growth axis, whereas in M7 the monomers were not rotated.
Monomers in M9 and M10 were also rotated 10° along the
fibril axis.

Tubular Structural Stabilities of Aβ42 Models at Physiological and
Acidic pH. We simulated the tubular models M1–M10 at different
pH values to analyze their stability and fit to the cryoEM density
map (8). Table 1 and Table S2 summarize variants derived from
models M1–M10. Four variants were examined at pH ¼ 7: M11,
M21, M31, and M41 (derived from models M1, M2, M3, and M4,
respectively) (Fig. S4). All four reveal that intermolecular hydro-
phobic interactions between the N termini of one 12-mer and the
loop regions of the second 12-mer exist along the simulations.
Variants M21, M31, and M41 collapsed during the simulations,
forming strong hydrophobic interactions in the internal surface
of the fibril, between V39 of one 12-mer and A42 of the second
12-mer. In contrast, M11 demonstrates a stable hollow core, fit-
ting the cryoEM density map (8). Apart from the differences in
the hydrophobic interactions between the N termini and the
loops, the main difference between M11 and M21, M31 and
M41 is in the orientation of the ends of the C termini. In

Table 1. The conformational energy and populations of the simulatedmodels derived frommodels M1–M10 at pH values 7, 5–6, and 3–4

Model pH C-termini face N-term-loop interactions Conformational energy, kcal∕mol* Populations, % Figure

M11 7 O F4, G29 −24,505.5 (432.6) 8 S4
M21 7 I F4, A30 −25,477.6 (426.5) 28 S4
M31 7 I F4, A30 −25,624.0 (391.9) 32 S4
M41 7 I F4, A30, I31 −25,671.7 (369.8) 32 S4
M12 5–6 O F4, G29 −25,677.5 (406.8) 7 S5
M22a 5–6 I F4, A30 −25,942.4 (408.9) 10 S5
M22b 5–6 I F4, A30 −26,251.3 (395.6) 15 S5
M32a 5–6 I F4, A30 −25,773.4 (421.6) 8 S5
M32b 5–6 I F4, A30 −25,761.7 (381.1) 8 S5
M42a 5–6 I F4, A30, I31 −26,109.1 (403.0) 13 S6
M42b 5–6 I F4, A30, I31 −26,206.6 (402.6) 14 S6
M52 5–6 I F4, I31 −26,264.6 (414.6) 15 S6
M62 5–6 I A2, I31 −25,882.6 (405.3) 10 S6
M13 3–4 O F4, G29 −24,167.4 (460.2) 20 S7
M23 3–4 I F4, A30 −24,090.2 (440.3) 20 S7
M63 3–4 I A2, I31 −23,405.4 (486.1) 11 S7
M73 3–4 O D1, N27 −23,574.9 (510.7) 14 S7
M83 3–4 O D1, N27 −23,987.4 (489.6) 19 S8
M93 3–4 I D1, I31 −23,107.7 (491.7) 8 S8
M103 3–4 O D1, G29 −23,174.5 (463.8) 8 S8

Populations computed separately for each pH value.
*Conformational energies were computed using the GBMV calculations (refs. 14 and 15). Standard deviation values are presented in parenthesis.

Fig. 1. The fittingofmodelM1 to the cryoEMdensitymap (ref. 8) is demonstrated. Theexperimental cryoEMdensitymap (yellow)wasgenerated from thePNAS
program (SI Text). Topview (A) and side view (B): Coordinates forAβ17–42 wereextracted fromref. 4 (PDB ID code2BEG), and fragments 1–16were linked to the L17
of eachmonomer by forming intermolecular hydrophobic interactions between F4 (yellow) in the N termini of one 12-mer and G29 (blue) in the loop regions of
second12-mer (C). Top view (D) and side view (E) of the twofold axial symmetry of the simulated cryoEMmapofmodelM1 at resolution of 10Å, generated by the
PNAS program. The continuous helix of the simulated cryoEM map of model M1 (E) is in agreement with the experimental cryoEM map (F).
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M21, M31, and M41, the ends of the C termini are protected in
the internal core of the fibril, whereas in M11 the ends of the C
termini face the external fibril surface. Previously (8), it was sug-
gested that the C termini face the internal surface of the fibril;
however, our models M21, M31, and M41 revealed that this mor-
phology results in strong intermolecular hydrophobic
interactions between the two ends of the C termini of the two
12-mers and the hollow core does not appear to be sustainable.

To examine the effect of acidic pH on the models, we simulated
nine models at pH ¼ 5–6: M12 (derived from M1), M22a and
M22b (derived from M2), M32a and M32b (derived from M3)
(Fig. S5), M42a and M42b (derived from M4), M52 (derived from
M5), and M62 (derived from M6) (Fig. S6). M2a and M2b, M3a
and M3b, and M4a and M4b differ in the initial simulation times
with the geometrical constraints (Table S2). We further simulated
seven variants at pH ¼ 3–4: M13 (derived from M1), M23 (de-
rived from M2), M63 (derived from M6), M73 (derived from
M7) (Fig. S7), M83 (derived from M8), M93 (derived from
M9), and M103 (derived from M10) (Fig. S8). The hydrophobic
interactions between the N-termini-loop regions in both M12 and
M13 remain stable, and intermolecular hydrophobic interactions
in the internal surface of the fibril are not observed along the
simulations. Overall, the structural features of variants derived
from model M1 that fit well the cryoEM density map are not
affected by pH. However, as in physiological pH, variants derived
from M2–M10 collapsed and/or exhibit less N-termini-loop
hydrophobic interactions at lower pH, e.g., M22b and M62 at
pH ¼ 5–6, and M23 andM63 at pH ¼ 3–4. Furthermore, whereas
at pH ¼ 5–6 some variants demonstrate intermolecular hydro-
phobic interactions in the internal surface of the fibril, at pH ¼
3–4 only M23 illustrates such interactions. Consequently, acidic
pH decreases both the N-termini-loop regions’ hydrophobic in-
teractions and intermolecular hydrophobic interactions in the
internal surface of the fibril. Typical examples of such a case
are models M62 and M63, both derived from M6.

We further investigated the effect of pH on the tubular model
M1 that fits the cryoEM density map. We compared the F4-G29
distances of the three simulated variants derived from M1 at dif-
ferent pH values: M11 at 7, M12 at 5–6, and M13 at 3–4. Fig. S9
illustrates three different F4-G29 distances for each model along
the simulations: The first is between the N-termini and loop
regions in the same plane of the initial model. The second distance
is between the N termini of one plane and the loop regions, in a
cross-first sequential plane. The third is between the N termini of
one plane and the loop regions in a cross-second layer plane. Be-
cause the β-sheets and theN-termini fragments are initially twisted

and continue to twist along the simulations, the F4-G29 distance at
the same plane is relatively large for all three models. Whereas in
acidic pH, this distance does not vary, at physiological pH this
distance increases. The second distance is similar in all models
(∼8 Å). Finally, the third distance F4-G29 slightly increases in
acidic pH: for M11 the distance is ∼8 Å, for M12 it is ∼8.5 Å,
and for M13 it is ∼9 Å. Interestingly, though the N termini fluc-
tuate extensively during the simulations, the F4-G29 interactions
hold the hollow core both at physiological and acidic pH. To
further examine the structural stability of model M1 under differ-
ent pH conditions, we followed the change in the number of
hydrogen bonds between the β-sheets along the simulations for
models M11, M12, and M13. Fig. S10 shows that all variants
derived from M1 demonstrate stable backbone hydrogen bond
interactions (SI Text).

Remarks on EMReconstruction and Segmentation.The atomic model
of Aβ42 established in this study leads to two suggestions regard-
ing helical EM reconstruction and the subsequent image analysis
of a β-sheet filament. The construction of a 2-start helical Aβ42
filament from a single monomer structure requires a combination
of two symmetry operations: the first is based on given helical
parameters (azimuthal angle and axial rise) to specify how the
monomers arrange in the protofilament, and the second applies
a twofold axial symmetry to relate one protofilament to the other.
Two possible axial symmetries can construct a seamless helical
tube, i.e., where each monomer in the constructed tube has
the exact same environment (interactions with neighboring
monomers). In the earlier Aβ42 model (8) only an axial symmetry
(C2 symmetry along the fibril axis) was applied in the helical EM
reconstruction. Such C2 axial symmetry corresponds to the (2,0)
symmetry notation specifying a helical tube (13). This suggests
that the other possible (2,1) symmetry was not applied in the
EM reconstruction process (8), although it is unclear if it would
have led to a better fitting.

In order to align an atomic model into an EM map, the first
step is to identify the regions in the density map that correspond
to distinct components. This process is usually called EM map
segmentation. Isosurfaces in different colors usually reflect the
result of segmentation. Separation between two protofilaments,
which are shown in two different colors, appears reasonable; on
the other hand, an inherent continuous helical symmetry in the
cryoEM map implies that the boundary between the Aβ42 mono-
mers cannot be identified. The fitting of our model into cryoEM
map further suggests that segmentation either through an inter-
active, manual method or via an automatic segmentation algo-
rithm for a β-sheet filament might not give a correct separation.

Interpretation of the Density Map. Model M1 appears compatible
with the experimental density map (8). Fig. 1 demonstrates the
fitting of model M1 to the cryoEM density map. The cross-section
of the density region gives the dimensions of ∼40 Å × 20 Å. This
size is in agreement with the cryoEM image (8). Fig. 1 D and E
illustrate the top and side views of the simulated density map of

Fig. 2. Top view of model M1 of the Aβ42 fibril at different pH values:
(A) M11, at pH ¼ 7, (B) M12, at pH ¼ 5–6, and (C) M13, at pH ¼ 3–4. First,
the simulated models were averaged for the last 5 ns of the simulations,
and then the average structures were generated from the PNAS program.
The hollow core holds for all three models: Fig. 3 demonstrates the estimated
dimensions of the hollow core.

Fig. 3. The hollow core of models derived from model M1 holds both at
neutral and low pH. The structural stability examined by following the aver-
aged E11-E11 and E22-E22 distances along the simulations for models derived
from model M1. M11 (pH ¼ 7), M12 (pH ¼ 5–6), and M13 (pH ¼ 3–4) show
slight changes.
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M1 at 10-Å resolution, generated by our newly developed Protein
Nanoscale Architecture by Symmetry (PNAS) program using
only one monomer. Each protofibril was constructed with two
helical parameters: unit twist of −4.0° and unit pitch of 4.9 Å,
consistent with the experimental cryoEM density map. A twofold
axial symmetry was then applied to generate the fibril. Fig. 1E
presents a left-handed twist, which is consistent with the experi-
mental density map (Fig. 1F). Our model M1 demonstrates two
parallel oligomers winding together around a hollow core with a
diameter of ∼50 Å between E11 of one oligomer and E11 of the
second oligomer and with a diameter of ∼30 Å between E22 of
one oligomer and E22 of second oligomer. Fig. 2 exhibits the
simulated variants that derived from M1 at different protonation
states: M11, at pH ¼ 7, M12, at pH ¼ 5–6, and M13 at pH ¼ 3–4.
To investigate the diameters in these variants, we computed these
two distances along the simulations (Fig. 3). The E11-E11 dis-
tance is around 50 Å for all variants. The E22-E22 distance
decreases by ∼5 Å for models M11 and M12; however, in M13
this distance increases by ∼5 Å. Consequently, the diameters
hold for all variants and in particular in M13. The experimental
tubular fibril was incubated under extreme conditions; however,
the hollow core dimensions were not reported.

Populations and Relative Stabilities for Aβ42 Tubular Models Are
Affected by pH. For the complex kinetics of amyloid formation,
the 20 tubular models are likely to represent only a very small
percentage among the ensemble. Nevertheless, the carefully
selected models cover the most likely organizations. Based on
Monte Carlo simulations with the energy landscape computed
with the generalized Born method with molecular volume
(GBMV) (14, 15) (SI Text), we estimated the overall populations
and stability for each tubular conformer for each pH value
(Table 1).

Based on the populations and the relative stabilities, we divide
the 20 simulated models into two categories: the first includes
models with the C termini facing outside that retain the organi-
zation and the dimensions in agreement with the experimental
cryoEM density maps (8), among them M11, M12, and M13
(all derived from M1). The second includes the other 17 that
do not fit the density map. At physiological pH, i.e., pH ¼ 7,
M11 is relatively less stable than other models with a similar pro-
tonation state (M21, M31, and M41) that demonstrate fairly high
populations compared to M11. At acidic pH, i.e., pH ¼ 5–6, M12
is relatively less stable compared to the other models with a
similar protonation state, but the energy differences between
M12 and the other models are smaller than at physiological
pH, the population distribution is wider, and the differences
decrease. At more acidic pH, i.e., at pH ¼ 3–4, the “story”
switches: M13 is relatively more stable than the other models with
a similar protonation state, and it has the highest and similar po-
pulations as M23. Interestingly, at neutral pH, the three variants

(M21, M31, and M41) have a significant preference over M11 that
fits the cryoEM measurements. However, at low pH (pH ¼ 5–6)
M12 and other variants with a similar protonation state have si-
milar preferences, and at acidic pH (pH ¼ 3–4) M13 is preferred
over the others (Fig. 4). The cryoEM density map (8) is observed
at pH ∼ 2, and therefore our study provides a model that fits the
cryoEM observations and insight as to why this model is observed
at acidic pH and not at physiological pH. However, at physiolo-
gical pH, although this model is not highly populated, it still
represents ∼8% of the ensemble. Polymorphic behavior may also
be seen by comparing the intermolecular interactions between
the two 12-mers in the fibril at different pH values (SI Text).

The stabilization of the hollow core structure at acidic pH
could derive from the E22 neutralization. Water molecules inter-
acting with backbone carbonyl groups may be trapped by β-sheets
(16). Our calculations show that at pH ¼ 7 and pH ¼ 5–6, the
average backbone atom solvation of A21 and E22 is higher than
that of the nearby hydrophobic residues L17-F20. However, at
lower pH, the protonation of E22 decreases the A21 and E22
backbone solvation, thus stabilizing the β-sheet interactions
(Fig. S10).

Discussion It is well documented that fibril morphology depends
on environmental conditions, e.g., pH, temperature, and agita-
tion (9, 17–21). However, even under the same conditions and
within the same sample, variation of the fibril morphology
may exist. The same Aβ segment may interact in various ways
to form the basic cross-β structure leading to variations in the
three-dimensional fibril organization. Experimentally, Petkova
et al. (9) illustrated that distinct fibril morphologies at different
pH reflect the variation in the structure of Aβ1–40 at the proto-
filament level. However, the effect of the pH on structural mor-
phology at the detailed molecular level has not yet been
investigated. Here, using all-atom molecular dynamics (MD) si-
mulations in explicit solvent, we investigate polymorphic architec-
tures of Aβ42 models with a tubular-like shape at physiological
and acidic pH. All constructed models were based on the cryoEM
density map (8) and the NMR-based coordinates (4). Overall, our
study provides an insight into the molecular morphology of a re-
cent cryoEM density map of a tubular-like shape of Aβ42 fibrils
that form a hollow core (8). We further present other poly-
morphic tubular-like shape states of Aβ42, which do not form
a hollow core and are the prevailing species at physiological pH.

To interpret the recent cryoEM density map of Aβ42, we exam-
ined two main possibilities of the arrangement of the C termini
along the main fibril axis: C termini facing the internal fibril cavity
and C termini facing the external surface of the fibril. Our simu-
lations reveal that when the C termini face the external surface of
the fibril, the hollow core exists along the simulations, whereas
when the C termini face the internal surface of the fibril, the
hydrophobic effect involving interactions between residues at
the C termini leads to fibril collapse. Zhang et al. (8) performed
a partial proteolysis assay to determine which of the residues are
protected in the fibrillar structure. The observed cleavage sites
for the Aβ monomer include L17, F19, F20, and A30 in the
C-terminal segments and residues in the N-terminal segments.
The pH of the buffer used in the assay (pH ¼ 6.5 to
pH ¼ 7.5) differs from that of the fibril incubation (pH ¼ 2.0),
suggesting an altered amyloid landscape, with a different distri-
bution of the polymorphic states. Cleavage at positions 20 and 30
was observed for nonhollow Aβ40 fibril (22). Correlation of poly-
morphic fibrils and proteolysis products is best illustrated by the
observation that the N terminus in ∼20% of the peptides could be
protected, and buried C terminus can be cleaved around Met35
by chymotrypsin (23). Thus, the cleavage data may be for the
ensemble, rather than corresponding to the specific low pH state
of fibril growth.

Fig. 4. Population of polymorphic states of Aβ42 is shifted by pH. The
relative energy differences between models derived from M1 [M11 (simu-
lated at pH ¼ 7, blue), M12 (simulated at pH ¼ 5–6, red), and M13 (simulated
at pH ¼ 3–4, green)] and the most and least stable models at different pH
values: At pH ¼ 7: EðM11Þ − EðM41Þ and EðM11Þ − EðM21Þ. At pH ¼ 5–6:
EðM12Þ − EðM52Þ and EðM12Þ − EðM32bÞ. At pH ¼ 3–4: EðM13Þ − EðM23Þ
and EðM13Þ − EðM93Þ.
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Two important observations emerge from our study. First, we
demonstrate how pH values shift the population of the structural
morphologies. At physiological pH, the model that fits the
cryoEM density map is less populated, whereas other poly-
morphic states are more populated. At acidic pH, this model
is more populated than the other polymorphic states. Our study
offers an explanation why this model is observed in acidic pH and
provides an interpretation to the density map. Moreover, our
simulations further reveal that at physiological pH, the tubular
hollow structure is also stable and exhibits nonnegligible popula-
tion and, therefore, may be present also at physiological pH.
Obviously, its population is low compared to other models,
including those not tested here; nonetheless, it does exist in phy-
siological pH. Second, the polymorphic tubular-like shape Aβ42
fibril models studied here reveal that the N-terminal of the Aβ
peptide plays a crucial role in the protofilament assembly. So
far, it was believed that the disordered N-terminal segment is
not involved in fibril formation because of its high flexibility,
although earlier studies suggested that the N-terminal segments
may form β-sheet in parallel orientation (24, 25), which is also
observed here (SI Text and Fig. S10). Our results show that
the intermolecular interactions between the flexible N-terminal
of one Aβ peptide and the loop region of a second stabilize
the models; these interactions may also present polymorphic
forms.We also note that in the “standard” fibril form, the charged
states and N-terminal association could relate to fibril formation.
Hori et al. (26) reported that the D7N and H6R N-terminal
mutations enhance fibril elongation, but do not change protofibril
formation.

To conclude, the amyloid landscape is well documented to
present a broad range of aggregated conformational states
(27), and the relative populations of the species are the outcome
of conditions (4, 28): Different conditions will shift the landscape
(4, 28, 29). Conformational ensembles can present monomer
states with different turns (30) and parallel/antiparallel organiza-
tions (30). The availability of the cryoEM map of the tubular
organization at low pH (8) allows a clear demonstration of the
population shift of preexisting states as a function of conditions
(4, 28) and emphasizes the role of the N-terminal in amyloid
aggregation.

From the standpoint of toxicity, our conclusion of the existence
of the hollow core fibril at physiological pH emphasizes that non-
conventional polymorphic forms should also be considered in AD
drug regimes. Currently, overwhelming data point to oligomers as
the toxic species in AD, rather than fibrils. Our study highlighted
the stability of the hollow core seed, which is expected to be the
toxic species rather than the mature hollow core fibril that is the
end product. This suggests that it is necessary to examine also the
toxic effects of the minor oligomer forms with unique arrange-
ments that differ from those seeding the dominant fibril forms.
We expect that the polymorphic range is broad; the discovered
species simply reflect higher population states under the experi-
mental conditions (27, 29, 30).

Material and Methods
Determination/Estimation of pH Conditions.To study the effect of the
pH on the structural stability and the populations, we used differ-
ent protonation states of titratable side chains to simulate
constructed models at different pH values. For pH ¼ 7, only
the positive charged residues (Lys and Arg) were protonated.
For pH ¼ 5–6, all histidines were also protonated, whereas
for pH ¼ 3–4, all Lys, Arg, His, Glu, and Asp residues were
protonated.

Protein Nanoscale Architecture by Symmetry Program.We generated
the cryoEM image of our constructed model M1 using the PNAS
program (SI Text). The helical cryoEM reconstruction of our
model was based on the C2 axial symmetry (13).

MD Simulations Procedure.MD simulations of solvated Aβ42 oligo-
mers were performed in NPT (N, number of particles; P, pressure;
and T, temperature) ensemble using the NAMD program (31)
with the CHARMM27 force field (32, 33) for 60 ns. The oligo-
mers were explicitly solvated with TIP3P water box. The Langevin
piston method with a decay period of 100 fs and a damping time
of 50 fs was used to maintain a constant pressure of 1 atm. The
temperature (300 K) was controlled by Langevin thermostat with
a damping coefficient of 10 ps−1 (31). The short-range van der
Waals interactions were calculated using the switching function,
with a twin range cutoff of 10.0 and 12.0 Å. Long-range electro-
static interactions were calculated using the particle mesh Ewald
method with a cutoff of 12.0 Å for all simulations. The hydrogen
atoms were constrained to the equilibrium bond using the
SHAKE algorithm (SI Text).

Analysis Details. The fitting to the cryoEM density map and
the simulated properties in comparison with the experimental
measurements were performed by the PNAS program (SI Text).

To obtain the relative stability and populations of the tubular
Aβ42 models, the Aβ trajectories of the last 5 ns were first
extracted from the explicit MD simulation excluding water
molecules. The solvation energies of all systems were calculated
using the GBMV (14, 15) (SI Text).

Finally, for the structural stability analysis details of the Aβ42
oligomeric tubular M11, M12, and M13 variants, see SI Text.
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