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The C-terminus of amyloid β-protein (Aβ) 42 plays an important role in this
protein's oligomerization andmay therefore be a good therapeutic target for
the treatment of Alzheimer's disease. Certain C-terminal fragments (CTFs)
of Aβ42 have been shown to disrupt oligomerization and to strongly inhibit
Aβ42-induced neurotoxicity. Here we study the structures of selected CTFs
[Aβ(x–42); x=29–31, 39] using replica exchange molecular dynamics simu-
lations and ion mobility mass spectrometry. Our simulations in explicit
solvent reveal that the CTFs adopt a metastable β-structure: β-hairpin for
Aβ(x–42) (x=29–31) and extended β-strand for Aβ(39–42). The β-hairpin of
Aβ(30–42) is converted into a turn-coil conformation when the last two
hydrophobic residues are removed, suggesting that I41 and A42 are critical
in stabilizing the β-hairpin in Aβ42-derived CTFs. The importance of
solvent in determining the structure of the CTFs is further highlighted in ion
mobility mass spectrometry experiments and solvent-free replica exchange
molecular dynamics simulations. A comparison between structures with
solvent and structures without solvent reveals that hydrophobic interac-
tions are critical for the formation of β-hairpin. The possible role played by
the CTFs in disrupting oligomerization is discussed.
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Introduction

Oligomerization of amyloid β-protein (Aβ) is be-
lieved to be a critical event in the development of
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Alzheimer's disease (AD).1,2 In vivo studies show that
Aβ oligomers (Aβ dimers3 or putative dodecamers4,5)
are the primary toxins causing AD. Aβ is found
primarily as either a 40-amino-acid peptide or a 42-
amino-acid peptide, differing only in the addition of
two hydrophobic residues (I41 and A42) to the C-
terminus of the former. This small difference in pri-
mary structure translates into large differences in the
oligomerization patterns of Aβ40 and Aβ42.6–10 Both
photo-induced cross-linking of unmodified proteins
experiments9 and ion mobility experiments10 have
shown that Aβ40 and Aβ42 have distinct oligomer
distributions. Monomers of Aβ40 oligomerize to form
dimers, trimers, and tetramers, but Aβ42 oligomerizes
further to form hexamers (paranuclei) and dodeca-
mers.9,10 Moreover, Aβ42 oligomers are significantly
more neurotoxic than Aβ40.11 Mutations in preseni-
lins that are associated with familial AD have been
shown to increase the Aβ42/Aβ40 ratio in vivo.12
d.

http://dx.doi.org/10.1016/j.jmb.2009.01.029


493The Structure of Aβ42 C-Terminal Fragments
Aβ42 fibrillizes faster than Aβ40—a process that
may be driven by the more hydrophobic C-terminus
of the Aβ42.13 Still, the mechanism by which the
C-terminus accelerates the oligomerization of Aβ42
is not well understood. Whether the C-terminal
residues (IA) in Aβ42 facilitate self-assembly via
nonspecific hydrophobic interactions and/or pro-
mote the formation of an ordered conformation
(e.g., β-sheet) is still an open question. A possible
mechanism is one in which increased hydropho-
bicity marginally favors not only generic hydro-
phobic association but also β-structuring (formation
of β-strand or β-hairpin) of the C-terminus. This
β-structuring may selectively increase the kinetics
of ordered oligomerization and fibril formation
of full-length Aβ42 relative to Aβ40.7,14–16 Previous
studies have provided some evidence. Solution
NMR experiments, as well as an in silico study, de-
monstrated that both Aβ40 and Aβ42 have similar
collapsed-coil configurations with one exception:
the C-terminus of Aβ42 contains a turn that is not
apparent in Aβ40.6,17–19 Many other studies15,17,20,21

show that the C-terminus of Aβ42 is more rigid
than that of Aβ40, suggesting the presence of a
quasi-stable conformation in the former. Still, a
higher-resolution structural characterization of the
C-terminal region is needed in order to determine
whether the assembly of Aβ42 is accelerated relative
to Aβ40 by the formation of β-conformation in the
C-terminus.
The apparent importance of the C-terminus in the

assembly of Aβ42 and the particularly strong link of
Aβ42 to AD suggest that the C-terminus of Aβ42 is a
good target for developing inhibitors that disrupt
Aβ42 oligomerization as a means of preventing and
treating AD. Recent experiments have shown that
C-terminal fragments (CTFs) of Aβ42 were capable
of disrupting the oligomerization and of inhibit-
ing the neurotoxicity of full-length Aβ42.22 Among
the CTFs [Aβ(x–42); x=28–39] tested, three frag-
ments showed particularly strong inhibitory effects:
Aβ(31–42), Aβ(30–42), and Aβ(39–42), the shortest
CTF tested. In particular, Aβ(31–42), Aβ(30–42),
and Aβ(39–42) inhibited 100%, 80%, and 80% of
Aβ-induced toxicity, respectively. Although both
Aβ(31–42) and Aβ(39–42) formed nontoxic hetero-
oligomers with Aβ42 monomers, the mechanism
was different: Aβ(31–42) was a stronger inhibitor of
intermolecular interactions among Aβ42monomers,
whereas Aβ(39–42) was a stronger inhibitor of
intramolecular interactions within Aβ42 monomers.
Further study showed that an Aβ40-derived CTF,
Aβ(30–40), did not affect paranucleus formation,
but did inhibit Aβ42-induced toxicity to the same
extent that Aβ(30–42) did (H. Li, B. H. Monien, A.
Lomakin, E. A. Fradinger, S. M. Spring, B. Urbanc,
G. B. Benedek, G. Bitan, Mechanistic investigation of
C-terminal fragments as inhibitors of Aβ42 assem-
bly and neurotoxicity, manuscript in preparation),
indicating that the mechanism of Aβ42 toxicity in-
hibition by Aβ(30–40) may be similar to that of
Aβ(39–42). Taken together, the data suggest that
inhibition is structure-specific rather than based on
generic hydrophobic association. To obtain a better
understanding of the inhibition mechanisms of the
assembly and toxicity of full-length Aβ42 by CTFs,
we conducted a detailed study of the structures of
the CTFs themselves.
Here, we have applied replica exchange mole-

cular dynamics (REMD)23–26 with an explicit solvent
to probe the structures of selected CTFs [Aβ(x–42);
x=29–31, 39]. In addition, solvent-free simula-
tions of Aβ(x–42) (x=29–39) were performed for
comparison with ion mobility mass spectrometry
(IM-MS),10,27,28 a powerful tool used for investi-
gating the structure of biological molecules, includ-
ing Aβ42.10 The roles of the structures of the CTFs
in disrupting oligomerization and inhibiting Aβ42-
induced neurotoxicity are discussed.
Results

Ion mobility and solvent-free structures of CTFs

REMD solvent-free simulations with a cumulative
time of 320 ns (16×20 ns) were conducted for each of
the CTFs [Aβ(x–42); x=29–39]. In order to char-
acterize the secondary structural features of each
fragment, secondary structural propensity was
calculated from the last 10-ns trajectory at 300 K,
as described in Materials and Methods. Results of
this analysis are shown in Supplementary Material
(Fig. S1). No β-sheet propensity (0%) is present in
any fragment. Turn (∼72%) and coiled conformation
(∼24%) are dominant for every fragment, and α-
helical propensity (∼10%) exists only for the three
longest fragments [Aβ(x–42); x=29–31]. To further
characterize the tertiary fold, the major structural
families of each fragment were obtained by applying
the pairwise GROMOS clustering method29 on the
last 10-ns trajectory at 300 K. The abundance and
representative structure of each structural family
are presented in Fig. S2 of Supplementary Material.
In summary, the two predominant conformations
for each of the three longest fragments [Aβ(x–42);
x=29–31] are a U-shape fold and a turn-coil confor-
mation. Two medium-length fragments [Aβ(x–42);
x=32–33] primarily adopt only a turn-coil confor-
mation. The remaining short fragments [Aβ(x–42);
x=34–39] mainly adopt a turn conformation. To
compare with experimental data, the cross section of
each representative structure was calculated and
listed in Table S1.
Mass spectra and arrival time distributions (ATDs)

were obtained for each of the CTFs [Aβ(x–42);
x=29–39], and experimental cross sections were
calculated from the ATDs (see Figs. S3–S5 and Tables
S1 and S2 in Supplementary Material for details).
The cross sections from the REMD simulations
generally agree well with experimental values, as
shown in Fig. 1 (numerical values are listed in Table
S1). The calculated values are within experimental
uncertainty (±2%) for all CTFs, except for Aβ(31–42)
(±5%) and Aβ(36–42) (±10%). In addition, multiple



Fig. 1. A comparison of cross-sectional data from ion
mobility experiments and REMD calculations. Experi-
mental data were takenwith both a nano-ESI source [black
diamond; only available for Aβ(x–42); x=32–39] and a
MALDI source (red square). In some cases, a second fea-
ture was seen in MALDI spectra, indicated by MALDI2
(red triangle). In these cases, cross sections were calculated
for representative structures of the first and second
clusters, as indicated by Theory (black square) and Theory
2 (black triangle), respectively.
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features in the ATDs correlate directly with the
theoretical results (Fig. S5), pointing to the ability of
theory to predict relevant peptide structures that
exist in the experiment.

Solution structures of Aβ42 CTFs

Four CTFs [Aβ(29–42), Aβ(30–42), Aβ(31–42), and
Aβ(39–42)] were selected for further analysis with
REMD simulations in water to probe their solution
structures. The most populated structures obtained
from the solvent-free REMD simulations (Fig. 2)
were solvated in water and used as initial structure
for REMD simulations with explicit water. REMD
simulations with a cumulative time of 800 ns
(40×20 ns) were conducted for each CTF. The
secondary structural propensity was calculated
from the last 10-ns trajectory at 300 K (see Fig. 3).
Based on main-chain φ and ψ torsion angles, 55%,
10%, and 35% of the residues in the conformational
ensemble of the shortest fragment Aβ(39–42) are in
β-extended, α-helical, and coiled conformation,
respectively. In comparison with its solvent-free
propensities (0%, 43%, and 56% for β-extended,
α-helical, and coiled conformation, respectively), the
solvent environment significantly populates the
Fig. 2. Overlap of the solvent-
free structure (represented by a
color ribbon: coil in silver and turn
in cyan) and the solution-phase
structure (silver ribbon) of selected
CTFs at 300 K. The root mean
square distance of the solvent-free
structure from the solution struc-
ture is given under each structure.
The cross-strand main-chain hydro-
gen bonds in the solution structures
are shown with a dashed line.



Fig. 3. Secondary structure abundance of Aβ(29–42),
Aβ(30–42), Aβ(31–42), Aβ(30–40), and Aβ(39–42) in
water, as well as Aβ(29–42) and Aβ(39–42) in a solvent-
free environment (SF) at 300 K. STRIDE was used to
classify the peptides, except for Aβ(39–42), which was
classified by a “course-grained” scheme based on main-
chain φ and ψ torsion angle combinations.
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β-conformation (i.e., from 0% to 55%). Similar trends
exist for the three longest CTFs [Aβ(x–42); x=
29–31]. As a representative example, the β-sheet
propensity of Aβ(29–42) increases from 0% in the
solvent-free environment to 20%, α-helical propen-
sity decreases from 11% to 1%, and propensity for
turn or coil conformation decreases from 90% to 80%.
To characterize the tertiary fold in water, the 10

most populated clusters of each peptide [Aβ(29–42),
Aβ(30–42), Aβ(31–42), and Aβ(39–42)] were ob-
tained by applying the pairwise GROMOS cluster-
ing method to the last 10-ns trajectory at 300 K. The
most populated clusters (see Fig. S6 in Supple-
mentary Material) were further merged into two
superclusters: those with a β-hairpin or extended
β-strand, and those with a turn-coil conformation.
The abundance and representative structures of the
two superclusters are presented in Fig. 4. Aβ(29–42),
Aβ(30–42), and Aβ(31–42) have moderate tenden-
cies to adopt β-hairpin structures rather than turn-
coil conformations. It is also important to note that
the abundance of β-hairpin decreases with CTF
length. For example, 43% of the conformation en-
semble of Aβ(29–42) is on β-hairpin conformation,
whereas only 25% of Aβ(31–42) molecules adopt a
similar structure. The shortest CTF Aβ(39–42) has a
71% structural abundance of a β-extended strand
and an 11% structural abundance of turn.
Figure 2 offers a direct comparison between

solution-phase and solvent-free CTF structures.
When solvated in water, Aβ(29–42) and Aβ(30–42)
retain the U-shape topology, whereas Aβ(31–42)
and Aβ(39–42) change topology. Overall, the water
solvent environment significantly favors β-hairpin
and β-extended conformations. For Aβ(29–42) and
Aβ(30–42), two twisted strands with helical turn
conformations exist in the solvent-free structures.
These are converted into extended β-strands in the
solution structures, and local hydrogen bonds in
the helical turns are replaced by cross-strand hydro-
gen bonds. For Aβ(31–42), the trend is even more
dramatic, as a coiled conformation is converted
into a β-hairpin upon solvation. The data demon-
strate that hydrophobic interactions, which exist in
water but not in vacuum, are required for the cross-
strand hydrogen bonds of the β-hairpin to exist.
For Aβ(39–42), a turn conformation becomes a β-
extended conformation upon solvation (Fig. 2). This
may be explained by the screening effect of polar
water molecules that reduce electrostatic interac-
tions between termini.
In order to probe the role of the last two hydro-

phobic residues (IA) in stabilizing the β-hairpin
conformation of Aβ(30–42), REMD simulations
starting from the truncated β-hairpin structure of
Aβ(30–42) were carried out for a cumulative time of
800 ns. The results of secondary structural analysis
show that the β-sheet propensity of Aβ(30–40) is 7%,
three times as low as that of Aβ(30–42). The pro-
pensity for a coiled or turn structure is 92% in
Aβ(30–40), compared to 75% in Aβ(30–42) (Fig. 3).
Overall, Aβ(30–40) predominantly adopts a turn-
coil structure (Fig. 4g) rather than the β-hairpin
conformation seen in Aβ(30–42) (Fig. 4c).
Discussion and Conclusions

Previous studies6,7,15,17,19–21 have pointed to the
existence of metastable structures in the C-terminus
of Aβ42, although few have provided all-atom
structures. Here, we conduct a detailed structural
study combining experimental and theoretical
results and gain a more in-depth understanding of
the forces governing the β-structuring of the Aβ42
C-terminus. A positive correlation between the
hydrophobicity of the C-terminus of Aβ and its
ability to form ordered aggregates has already been
established. For example, when hydrophilic resi-
dues were introduced at positions I41 and A42,
Aβ42 was less prone to assembly than wild-type
Aβ40,30 whereas substitutions with residues exhi-
biting greater hydrophobicity were more prone to
assembly than Aβ42.30,31 Still, it remains unclear
why these hydrophobic residues promote ordered
assembly (e.g., β-sheet) rather than disordered
assembly if driven only by nonspecific hydropho-
bic interactions. Here, we demonstrate that the
increased hydrophobicity due to the IA residues
promotes β-hairpin formation in Aβ42. In turn,
metastable β-hairpin may promote ordered oligo-
merization/β-sheet formation of Aβ42, which may
be more toxic than disordered oligomers by Aβ40.
Thus, the hydrophobic interactions may stabilize
cross-strand hydrogen bonds and thereby increase
the formation of ordered toxic structures.
The solution-phase REMD simulations indicate

the presence of a metastable β-hairpin structure for
Aβ(x–42) (x=29–31). Secondary structure analysis
shows a notable abundance of turn (∼35%) and β-
sheet (∼20%) within these peptides in water solvent
(Fig. 3). The β-turn in the hairpin-like structure
generally consists of four residues with a varied



Fig. 4. Representative structures of superclusters (hairpin-like and non-hairpin-like) of each CTF from simulations in
water at 300 K. The backbone is shown in cartoon. Secondary structure is coded by color: coil in silver, β-sheet in yellow,
isolated β-bridge in tan, and turn in cyan. The N-terminus is indicated by a ball. The abundance of each supercluster (sum
of the abundance of each cluster in a supercluster in Fig. S6) is given in parentheses.
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location (residues 34–37/LMVG, residues 35–38/
MVGG, or residues 36–39/VGGV). Similar results
were obtained in two discrete molecular dynamics
(MD) studies of full-length Aβ42 folding in implicit
solvent, which showed a turn at residues G37 and
G38.6,7 Although the location of the turn changes
slightly among the structures presented here, the
turn always includes one or two glycine residue(s).
Glycine is often found in turns because of its very
low barrier for rotating φ or ψ torsion angles into
turn regions. The two β-strands in the hairpin-like
structures are stabilized by hydrophobic interac-
tions between side chains, cross β-strandmain-chain
hydrogen bonds, and van der Waals interactions
(Fig. 4).
Our results on CTFs further suggest that the forces

critical for forming the turn andβ-strand are distinct:
the former can be stabilized in solvent-free environ-
ment by electrostatic interactions and van der Waals
interactions within the peptide, whereas the latter
requires the additional contribution of hydrophobic
interactions provided by a water solvent environ-
ment. For example, solvent-free simulations show
that aswater solvent is removed, the turn population
increases, possibly by enhanced electrostatic inter-
actions, and the β-sheet conformation disappears,
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due to loss of hydrophobic interactions [Fig. 3 for
Aβ(29–42)]. On the other hand, upon solvation,
hydrophobic clusters help to stabilize the cross-
strandmain-chain hydrogen bonds that are crucial in
forming the β-hairpin. For example, in supercluster
C1 of Aβ(29–42) in water (see Fig. 4a), main-chain
hydrogen bonds between two β-strands are stabi-
lized by hydrophobic clusters (L34-I32-V40 and
I31-V41). In contrast, in the solvent-free environment,
α-helical or turn conformations dominate, stabilized
by short-range hydrogen bonds. It is clear that
hydrophobic forces are essential in maintaining the
β-hairpin structure, which is consistent with previous
theoretical studies on other peptide systems.32–34
Considering the importance of hydrophobic inter-

actions in maintaining the β-hairpin of Aβ(30–42),
it is not surprising that the absence of the two
C-terminal hydrophobic residues (IA) causes a sig-
nificant structural change. Our results show that the
β-hairpin is almost completely absent in Aβ(30–40)
(Fig. 4h) and, instead, the predominant conforma-
tions of Aβ(30–40) are in a turn-coil conformation
(Fig. 4g). This dramatic change points to a similar
structural difference between full-length Aβ42 and
Aβ40. The metastable β-strand or β-hairpin in the
C-terminus may help seed aggregation of the pep-
tide14,15 and/or make aggregation entropically
favorable.5,15,16

Based on ensemble experiments, Aβ42 monomer
is believed to adopt a collapsed-coil structure35 with
metastable local structural elements. All-atom
simulations10,36 and selective experiments10,37 have
shown that local structural elements, including a
bend region (Aβ22–28) stabilized by a K28-D23 salt
bridge and the central hydrophobic core (Aβ17–21),
play important roles in the β-structuring of Aβ.
Along this same line, our results underline the im-
portance of I41 and A42 in creating the β-structure
of the C-terminus of Aβ42. This β-structuring cor-
relates with the role of these two residues in sup-
porting paranucleus formation by Aβ42, but not by
Aβ40,9,31 as well as the higher toxicity of oligomers
of Aβ42 relative to those of Aβ40.11

Our study reveals an intriguing length depen-
dence on the propensity for forming β-hairpin by
the CTFs. While Aβ(29–42) and Aβ(30–42) have
similar β-hairpin propensities (∼40%), shortening
the sequence by just one residue to Aβ(31–42)
reduces the β-hairpin propensity almost by half (to
∼25%). Even more striking is that the removal of the
last two residues of Aβ(30–42) changes the β-hairpin
propensity from ∼40% to ∼0%. This length depen-
dence may partially explain the differences in the
ability of these CTFs to disrupt oligomerization and
to inhibit Aβ42-induced neurotoxicity.
Fradinger et al. hypothesized that molecules with a

high affinity for the C-terminus of Aβ42 would dis-
rupt Aβ42 oligomerization and inhibit Aβ42-induced
neurotoxicity.22 Fragments of the C-terminus of full-
length Aβ42 proved to be good candidates. A higher
inhibitory activity of some CTFs compared to others
suggests that inhibition is structure-specific rather
than based on generic hydrophobic association.
Inhibition of paranucleus formation was strongest
for Aβ(29–42) and decreased upon shortening of the
sequence to Aβ(30–42) and Aβ(31–42).22 This result
correlates with the decrease in the extent of the
β-hairpin conformation observed in the results of
our REMD simulations. In contrast, inhibition of
Aβ-induced toxicity increased from Aβ(29–42) to
Aβ(31–42), correlating with the increase in the
abundance of coil-turn conformations displayed by
these CTFs. Moreover, Aβ(30–40), which was found
to be predominantly in a coil-turn conformation,
was a strong inhibitor of Aβ-induced toxicity (H. Li,
B. H. Monien, A. Lomakin, E. A. Fradinger, S. M.
Spring, B. Urbanc, G. B. Benedek & G. Bitan, Mecha-
nistic investigation of C-terminal fragments as inhi-
bitors of Aβ42 assembly and neurotoxicity, manu-
script in preparation). It is therefore tempting to
speculate that the inhibition of paranucleus forma-
tion and Aβ42-induced toxicity correlate with the
tendencies of these CTFs to adopt β-hairpin and
coil-turn conformations, respectively. The data
suggest that subtle structural differences among
Aβ(29–42), Aβ(30–42), and Aβ(31–42) at the mono-
mer level lead to differences in each CTF's folding,
self-assembly, and coassembly with full-length Aβ42,
resulting in different inhibitory activities. The potent
inhibitory activity of Aβ(39–42) likely is achieved by
mechanisms or interactions that are distinct from
those of 12- to 14-residue CTFs. Aβ(39–42) adopts a
metastable extended β-conformation, which may
play a role in binding to full-length Aβ42 and in
interrupting intramolecular interactions within Aβ42
monomers. Currently, IM-MS studies are underway
to investigate mixtures of Aβ42 and various CTFs.
Materials and Methods

Sample preparation

All CTFs (x–42, where x ranges from 29 to 39) of Aβ42
[DAEFRHDSGY10EVHHQKLVFF20AEDVGSNKGA30
IIGLMVGGVV40IA] were synthesized using N-(9-fluo-
renyl)methoxycarbonyl) chemistry, purified by reverse-
phase HPLC, and characterized bymass spectrometry and
amino acid analysis as described previously.38

For IM-MS analysis, samples were dissolved in 5.8%
NH4OH and diluted in 20 mM NH4OAc (pH 7.4) to make
a 10 μM solution of peptide. Between 2 and 5 μl of the
sample solution was placed into nano-electrospray ioniza-
tion (nano-ESI) gold-coated borosilicate capillaries (outer
diameter, 0.1 mm; inner diameter, 0.78 mm) purchased
from Proxeon (Germany) for delivery into the instrument.
For analysis with a matrix-assisted laser desorption/
ionization (MALDI) source, samples were dissolved in
hexafluoroisopropanol, and 2,5-dihydroxybenzoic acid
was added as matrix to the solution.

Instrumental setup

Ion mobility measurements were recorded on two
home-built instruments. The first instrument has a nano-
ESI source. Droplets containing the CTFs are sprayed from
this source. Peptide ions pass through a capillary and
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travel through an ion funnel where they are dehydrated
and stored. From the ion funnel, the ions enter a 5-cm
temperature-controlled drift cell that is filled with ∼5 Torr
of helium. For mass spectrometry measurements, the ions
pass through the drift cell into a quadrupole mass filter
where they are mass-selected and continue to the detector.
For ion mobility measurements, ions stored in the ion
funnel are pulsed into the drift cell. Ions travel through the
drift cell under the influence of a weak electric field. Exiting
the drift cell, the ions are mass-selected and detected, creat-
ing an ATD. A more detailed explanation of the instrument
configuration has been published elsewhere.10

Three CTFs, Aβ(29–42), Aβ(30–42), and Aβ(31–42), are
hardly soluble in aqueous buffers.22,38 These peptides
aggregated quickly and clogged the nano-electrospray
tips. Therefore, ion mobility measurements were also
recorded using a MALDI time-of-flight instrument. Here,
the sample is inserted into the MALDI source, where it is
desorbed and ionized by a nitrogen laser. For mobility
measurements, a linear mass gate is turned on, and the
time-of-flight reflectron is turned off so that the ions may
travel through to the drift cell. The cylindrical glass drift
cell is 20 cm long and filled with∼1.5 Torr of helium. Once
through the drift cell, ions pass through a quadrupole
mass filter and are detected as a function of time, yielding
an ATD of a given ion. A more thorough explanation of
this instrument may be found elsewhere.39

Ion mobility measurements

The time it takes for an ion to drift through the cell td is
inversely proportional to the cell length ℓ and the electric
field E. The proportionality constant is (K)−1, where K is
termed ion mobility:

td = tA � t0 = S EKð Þ�1 =
S 2

K0

237:16
760T

p
V

ð1Þ

where V is the cell voltage (E=V/ℓ) and K0 is the mobility
at standard temperature and pressure. In Eq. (1), the
pressure p is expressed in Torr and the temperature T is
expressed in Kelvin. K0 is determined from the slope of a
plot of arrival time tA versus p/V for a series of voltages,
and the time outside the cell t0 is the intercept. The value of
K0 obtained from such a plot is inversely proportional to
the collision cross section σ (Ǻ2), which yields the
averaged cross section of the ion of interest:

j =
A
k0

ð2Þ

where A is a collection of known constants and system
parameters obtained from kinetic theory.40 The collision
cross section reflects the dimensions of the molecule.

Molecular modeling

All REMD simulations were performed using the
GROMACS simulation package.41 Gas-phase REMD simu-
lations were carried out for all CTFs [Aβ(x–42); x=29–39)]
for comparison to IM-MS data. The AMBER94 force field42

was selected to model the peptides in gas phase because
AMBER94 performed better than GROMOS9643 andOPLS-
AA44 in modeling Aβ(21–30) gas-phase structures.37

GROMACS ports of AMBER force fields were provided
by Sorin and Pande.45 Sixteen replicas of the peptide system
in the gas phase were simulated at temperatures exponen-
tially spaced from 300 to 2200 K (i.e., 300.0, 342.6, 391.3,
446.9, 510.4, 582.8, 665.6, 760.2, 868.2, 991.5, 1132.4, 1293.2,
1476.9, 1686.7, 1926.4, and 2200.0 K; see below for the
algorithm used to determine them). An extremely high
temperature (i.e., up to 2200 K) was used to overcome slow
structural relaxation in the gas phase. We verified that the
high temperatures used in our simulations did not produce
any notable structural artifact such as trans-to-cis isome-
rizations of the peptide bonds within the duration of the
simulations (20.0 ns). Replica exchange trials between
neighboring pairs were attempted every 250 MD steps
(0.5 ps). The average exchange probability was ∼13%. The
simulations were started from an extended conformation.
The simulation lengthwas 20.0 ns for each replica, resulting
in 320.0 ns of accumulated simulation time for each pep-
tide. The nonbonded Lennard–Jones potential was normal
out to 15.0 Å, after which it was switched off to reach zero at
25.0 Å. A cutoff of 40.0 Å was set for the long-range
electrostatic interactions. The centers of mass translation
and rotation were removed every 1000 steps. Neighbor lists
for nonbonded interactions were updated every 10 simula-
tion steps. The temperature was controlled by a Nose–
Hoover thermostat46 with a 0.05-ps time constant. The
LINCS protocol47 was used to constrain all bonds involving
hydrogen atoms. A shorter time step of 0.5 fs, rather than
the typical 2.0 fs, was used to avoid the LINCS failure
associated with large atomic displacements at the high
temperatures used in our simulations (up to 2200 K leading
to a higher kinetic velocity).
The most populated structure of each of the four CTFs

Aβ(29–42), Aβ(30–42), Aβ(31–42), and Aβ(39–42) ob-
tained from the gas-phase REMD simulations was used
as an initial structure for REMD simulations with explicit
water solvent. The initial structure for simulating Aβ(30–
40) in water was obtained from the most populated solu-
tion structure (β-hairpin) of Aβ(30–42) by removing the
last two residues. Since the OPLS-AA force field44 per-
forms better in modeling Aβ in a condensed phase than
GROMOS96 or AMBER94,21,48 OPLS-AA was used to
model these five CTFs in water. The initial peptide struc-
ture was solvated in an octahedron box (42–52 Å×39–
49 Å×34–42 Å of an equivalent triclinic box) filled with
TIP3P water molecules,2 and the peptide was positioned
15 Å away from the box wall. There were 3146, 3606, 3123,
3404, and 1885 water molecules for Aβ(30–40), Aβ(29–42),
Aβ(30–42), Aβ(31–42), and Aβ(39–42), respectively. Forty
replicas of the peptide system in water were simulated in
each case at temperatures exponentially spaced from 300
to 600 K (i.e., 300.0, 305.4, 310.9, 316.4, 322.1, 327.9, 333.8,
339.7, 345.8, 352.0, 358.4, 364.8, 371.3, 377.9, 384.7, 391.6,
398.6, 405.8, 413.1, 420.5, 428.0, 435.7, 443.5, 451.4, 459.5,
467.8, 476.2, 484.7, 493.4, 502.3, 511.3, 520.4, 529.8, 539.3,
548.9, 558.8, 568.8, 579.0, 589.4, and 600.0 K; see below for
the algorithm used to determine them). Replica exchange
trials between neighboring pairs were attempted every
250 MD steps (0.5 ps). The average exchange probability
was ∼20%. A short 0.2-ns MD simulation at 300 K in the
NPT (n particles, constant pressure and temperature)
ensemble was performed to equilibrate the system. Then,
REMD simulations were performed for 20.0 ns in the NVT
(n particles, constant volume and temperature) ensemble,
resulting in an aggregation time of 800.0 ns for each peptide
system. A time step of 2.0 fs was used. The nonbonded
Lennard–Jones potential was normal out to 10.0 Å, after
which it was switched off to reach zero at 11.0 Å. The
particle-mesh Ewald method49 was used to treat the long-
range electrostatic interactions. The other simulation pro-
tocols such as thermostat, restraints on bonds involving
hydrogen atoms, and so on were the same as those in the
solution-phase simulations.
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Structural analysis

For analysis of secondary structure, the STRIDE program
of Frishman and Argos was used whenever possible (i.e.,
the peptide contains more than five residues).50 In the case
of Aβ(x–42) (x=38, 39), a course-grained scheme based on
main-chain φ and ψ torsion angle combinations was used
instead: right-handed helical conformation was assigned
to regions where −140°bφb−30° and −90°bψb45°;
β-extended conformation was assigned to regions where
−180°bφb−30°, 60°bψb180°, and −180°bψb−150° and
to coiled regions where the values of φ and ψ are outside of
these regions. For analysis of tertiary structure, the snap-
shots of the ensemble were clustered by the GROMACS
protocol,29 in which the structure similarity score is based
on pairwise rootmean square distance over Cα atoms of the
peptide. This was performed in order to reduce a large
number of the sampled structures into a few structure
families. The structure that has the largest number of
neighboring structures within the cutoff [1.0 Å for Aβ(x–
42), x=29–34 or 0.5 Å for x=35–39] was selected as the
representative structure of the structure cluster. The
representative structure of the structure family was used
to calculate the cross section by a trajectory method51,52 for
solvent-free simulations.

Convergence of REMD

The convergence of the REMD simulation was rigor-
ously checked by block analysis: the total 20.0-ns sampling
at 300 K was divided into four blocks of 5.0 ns, and the
secondary structure and tertiary structure clustering
analysis detailed above was performed for each block.
For all sets of REMD simulations, a good convergence was
found during the last 10 ns [e.g., see the data for Aβ(30–42)
in Fig. S7 of Supplementary Material]. The structural re-
sults presented in this work were calculated from the last
10-ns trajectory at 300 K.

Algorithm for determining the temperature
distribution for REMD

Temperature distribution is optimized to yield a good
energy overlap between two neighboring replicas at tem-
peratures Ti and Ti+ 1 (T0 is equal to the lowest temperature
given Tmin). In other words, the mean energy gap between
the two neighboring replicasΔEi,i+1 is set to be comparable
to the energy fluctuation δEi of replica i, that is,

DEi;i + 1

yEi
= 1 ð3Þ

The energy distribution of replica i at temperature Ti is
approximated by a Gaussian distribution model with two
parameters: a mean energy Ei and a spontaneous energy
fluctuation δEi. The mean energy Ei is proportional to the
product of temperature Ti and to the number of degrees
of freedom f of the simulated system, leading to the
following expression for the mean energy gap between two
neighboring replicas:

DEi;i + 1~DTi;i + 14f ð4Þ

The standard energy fluctuation δEi is proportional to the
product of the temperature Ti and the square root of f:

yEi~TiT
ffiffi
f

p
ð5Þ
By substituting Eqs. (4) and (5) into Eq. (3), the optimized
temperature gap between the two neighboring replicas is
obtained as:53

DTi;i + 1 =
Tiffiffi
f

p ð6Þ

The total number of replicas is determined from the highest
temperature Tmax. Finally, the temperature distribution is
manually fine-tuned to obtain an average exchange
probability of ∼10–20% based on a short REMD trial.
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