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Growing evidence suggests that the �-amyloid (A�) peptides of
Alzheimer’s disease are generated in early endosomes and that
small oligomers are the principal toxic species. We sought to
understand whether and how the solution pH, which is more acidic
in endosomes than the extracellular environment, affects the
conformational processes of A�. Using constant pH molecular
dynamics simulations of two model peptides, A�(1–28) and A�(10–
42), we found that the folding landscape of A� is strongly mod-
ulated by pH and is most favorable for hydrophobically driven
aggregation at pH 6. Thus, our theoretical findings substantiate the
possibility that A� oligomers develop intracellularly before secre-
tion into the extracellular milieu, where they may disrupt synaptic
activity or act as seeds for plaque formation.

�-turn � helix � pH-dependent � molecular dynamics � electrostatics

Protein aggregation and fibril formation have been implicated
in a number of human diseases, including amyloidoses and

neurodegenerative disorders such as Alzheimer’s disease (AD)
and Parkinson’s disease (PD) that are most prevalent in aged
populations. Although it is now widely known that the initial
aggregation step for globular proteins involves the formation of
a partially unfolded monomeric intermediate (1), little is under-
stood for natively unfolded proteins such as the �-amyloid (A�)
peptides of AD and the �-synuclein protein of PD. To elucidate
the conformational behavior of A�, fragments as well as the
full-length (40 or 42 residues) monomers have been intensively
studied by spectroscopic techniques such as circular dichroism
(CD) and solution NMR in both water and aqueous solutions of
TFE, a cosolvent known to stabilize local hydrogen bonding in
peptides with intrinsic helix propensity (2). In water, A� peptides
have been characterized as mainly unfolded (3, 4) whereas in
TFE solution, they display a pH-dependent helix profile with a
minimum helix content centered around pH 5.5 (3). An early
study showed that A�(1–28) forms mature fibrils only in the pH
range between 3 and 8 (5). A recent kinetics experiment revealed
that the full-length A� aggregates most rapidly at pH 4–5.7 (6).
However, conformational transitions in the early aggregation
step as well as its relationship to pH remain unknown. Under-
standing the role of environmental conditions such as solution
pH in the oligomerization of A� is important, because increasing
experimental data suggest that A� is cleaved from the amyloid
precursor protein in early endosomes, which have a pH of �6 (7,
8) and that dimers and trimers are necessary and sufficient to
disrupt synaptic activity (9, 10).

We have recently developed the continuous constant pH
molecular dynamics (CPHMD) method (11, 12), which allows
conformational dynamics to be microscopically coupled with
protonation equilibria in the atomic-level simulation of biolog-
ical macromolecules. Combined with a state-of-the-art confor-
mational sampling protocol, the replica-exchange (REX) algo-
rithm (13), and an improved continuum solvent model (14, 15),
this method has opened a door to first-principles pKa prediction
for proteins (16) and theoretical studies of pH-dependent con-
formational processes in biology (17, 18). We now use REX-
CPHMD simulations to explore the folding of two model
peptides, A�(1–28) and A�(10–42). A�(1–28) is a necessary

model for investigating the pH-dependent conformational be-
havior of A�, because it encompasses all of the ionizable residues
of the full-length peptide as well as the central hydrophobic
cluster (CHC, Leu-17ValPhePheAla-21), which forms the core
of the minimum fibril-forming sequence 16–22 (19). Our em-
phasis is on the physiologically relevant model, A�(10–42),
which incorporates both the CHC and the C-terminal hydro-
phobic region (sequence 29–42). These two regions form �
sheets in the proposed fibril models of A�(1–40) and A�(1–42)
based on the solid-state and hydrogen–deuterium exchange
NMR data (20, 21). To ensure conformational sampling con-
vergence, we removed the first nine residues in the full-length
A�, because they are disordered in fibrils (20, 21) and are likely
not important for aggregation (20). Our simulation data reveal
a conformational energy landscape for both peptides that is
nonrandom and displays preferential states that reconcile and
rationalize the existing structural and mutation data. Further-
more, modulation of the folding landscape by solution pH
unveils a molecular mechanism for the early aggregation of A�.

Results and Discussion
pH-Dependent Helix Propensity. To provide a theoretical explana-
tion for the disparity between the pH-dependent helix formation
in TFE solution (3) and the mainly unfolded structure in water
(3, 4), we performed a set of REX-CPHMD simulations for
A�(1–28) at pH 2, 4, 6, and 8. Each 60-ns REX-CPHMD
simulation was initiated from 16 replicas in a canonical helix
structure (see Materials and Methods). The helix content of
A�(1–28) rapidly decreases in the first 15 ns of simulation
[supporting information (SI) Fig. 7]. Analysis of the equilibrium
data reveals that the peptide is mainly unfolded with three
regions, around residues 2–5, 10–13, and 18–22 displaying
pronounced helix propensity (Fig. 1A). We denote these regions
as ‘‘nascent’’ helices following the terminology introduced by
Dyson et al. (2) for describing the induction of helices in natively
unfolded peptides with turn-like motifs in the presence of
organic cosolvent. The helix propensity of these segments de-
pends on pH and reaches its lowest value at pH 6 and its highest
value at pH 2. We note that the CHC region is particularly
strongly modulated by pH (Fig. 1 A). To facilitate a direct
comparison with CD data, we obtained helix content based on
the theoretical mean residue ellipticity at 222 nm. In agreement
with the CD measurement (3), computed helix content is below
10% at all pH and shows a weak pH dependence (Fig. 1B). The
contrast between the negligible total helix content and the
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appreciable propensity at the residue level can be readily un-
derstood because CD measurements are insensitive to short
nascent helical fragments (see Materials and Methods).

To verify that pH-dependent nascent helix formation is also
present in the full-length A�, and to ensure that this is not a
biased result because of the helical starting structure, we carried
out REX-CPHMD simulations of A�(10–42) starting from a
fully extended structure. The equilibrium data shows that the
peptide has two nascent helices, around 18–22 and 29–35 (Fig.
1A). Both regions are involved in �-sheet formation in the fibril
(20, 21). Although the propensity for the first helix diminishes at
pH 6 and 8, consistent with that in A�(1–28), the 29–35 region
remains helical under all pH conditions, which can be attributed
to the lack of adjacent residues that titrate in this pH range, 2–8.
The calculated total helix content of A�(10–42) as well as its pH
profile is almost identical to that of A�(1–28) (Fig. 1B). A�
peptides were observed to undergo an �-helix-to-�-sheet tran-
sition with a bell-shaped pH profile in TFE solution (3). Because
the �-sheet formation involves the CHC and C-terminal hydro-
phobic residues in the full-length A�, our data suggest that the
CHC region is, in fact, responsible for the pH-dependent �-to-�
transition. Thus, our data support the notion of a discordant
region that has the highest predisposition for the �-to-� inter-
conversion (22). Mutations that increase the helicity of this
region would prevent the �-to-� conversion and consequently
abolish fibril formation (23).

pH-Dependent Solvent Exposure. A solution NMR study of A�(10–
35) revealed that the CHC residues form a hydrophobic patch on
the protein surface (24). A most recent study using Bis-ANS
fluorescence suggested that residues 13–21 and 30–36 are
solvent-exposed (25). Because the nonspecific association of
solvent-exposed hydrophobic residues represents a major driving
force for protein aggregation (1), we hypothesized that the

pH-dependent fibril formation (5), early aggregation kinetics
(6), and deposition to AD authentic plaques (26) may be a result
of the pH-modulated solvent exposure of the hydrophobic
regions in A�. To test this hypothesis, we computed the solvent-
accessible surface area using the equilibrium conformations of
A�(1–28) and A�(10–42) at all pH. Fig. 2 shows that the CHC
region in both A�(1–28) and A�(10–42) becomes more exposed
as pH increases from 2 to 6 but more buried as pH is further
increased to 8. In contrast, solvent exposure of the C-terminal
hydrophobic region in A�(10–42) remains unchanged with
respect to pH (data not shown). Thus, our data suggests that a
pH-dependent exposure of the CHC region may help explain the
observations that A� peptides form fibrils at pH 3–8 (5),
aggregate most rapidly at pH 4–5.7 (6), and become plaque
active at pH 5–9 (26).

pH-Dependent �-Turn Formation. To further understand the link
between folding and aggregation in A�, we probed the structural
features of residues around 24–28. Solution NMR data of
A�(1–40) and A�(1–42) suggested turn-like structures in resi-
dues 20–26 (4) or a turn in residues 22–25 (27). Solution NMR
data of A�(10–35) (24) and A�(21–30) (28) indicated a double
turn in residues 22–27 and 24–28, respectively. The formation of
the turn is intriguing because it coincides with the structural loop
region in the fibrils of A�(1–40) (20) and A�(1–42) (21). The
existence and nature of the electrostatic interaction between
Lys-28 and either Asp-23 or Glu-22 has been highly debated. The
NMR data for A�(21–30) revealed long-range electrostatic
interactions between Glu-22/Asp-23 and Lys-28 (28). Whereas
an intramolecular salt bridge between Asp-23 and Lys-28 was
proposed for the fibrils of A�(1–40) (20), the same salt bridge
was suggested to be intermolecular in the fibrils of A�(1–42)
(21). The stability of the turn (24–27) in A�(10–35) and the turn
(24–28) in A�(21–30) has previously been tested in simulation
studies (29, 30) using the respective NMR structure models (24,
28). The simulation study of A�(21–30) also revealed a salt
bridge between Glu-22 and Lys-28 (30). In this work, we focus
on the role of pH on the turn forming propensity in A�(1–28)
and A�(10–42). Our results are not biased toward any particular
sequence location for the turn because we performed folding
simulations starting from an extended configuration.

Because our secondary structure analysis shows that residues
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Fig. 1. pH-dependent helix formation. (A) Residue-based helix propensity of
A�(1–28) and A�(10–42) computed from simulations at pH 2 (red), 4 (orange),
6 (green), and 8 (blue). Nascent helices containing ionizable residues are
depicted in cyan, and those in the CHC and C-terminal hydrophobic regions are
depicted in brown. (B) Total helix content as a function of pH computed as the
percentage of helical residues (open symbols) and from the theoretical mean
residue ellipticity at 222 nm (filled symbols).
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between 22 and 29 have low helix propensity at all pH but 8 (Fig.
1A), we scanned this sequence for tetrapeptides that form a
�-turn according to a widely used definition based on the
backbone (�, �) angles (31). At pH 2, the probability for �-turn
formation in the region 22–29 of A�(1–28) and A�(10–42) is
�20% (Fig. 3A). In contrast, at pH 4–8, residues 23–26 form a
�-turn with a probability of 35–70% in both peptides (Fig. 3A).
Considering that the intrinsic turn-forming potential in these
resides (AspValGlySer) is independent of pH (32), the signifi-
cantly increased turn propensity at pH �2 must be due to the
interactions of nearby titratable residues. Consequently, we pro-
ceeded to examine whether the turn formation is facilitated by the
electrostatic attraction between Glu-22 and Lys-28, or between
Asp-23 and Lys-28, as was suggested for A�(21–30) (28).

Analysis of the probability distribution for the distance be-
tween Glu-22 and Lys-28, and between Asp-23 and Lys-28,
revealed that the electrostatic interaction between Glu-22/
Asp-23 is strongest at pH 4 and weakest at pH 8 (SI Fig. 8). At
pH 4, the probability density for the distance between Glu-22
and Lys-28 is bimodal, revealing two conformational families in
simulations of both A�(1–28) and A�(10–42). One has a
Glu-22. . . Lys-28 distance �6 Å, whereas the other has a
Glu-22. . . Lys-28 distance �12 Å (SI Fig. 8). In contrast, the
probability for the Asp-23. . . Lys-28 distance is unimodal,
displaying a maximum at 6 Å for A�(10–42) but at 12 Å for
A�(1–28). Thus, we decided to focus on the interaction between
Glu-22 and Lys-28. Another reason is that, as will be shown later,
this interaction is also involved in the disruption of helix
formation. We asked whether the �-turn at 23–26 is favored by
one of the two conformational states. Fig. 3B shows the com-
puted relative free energy in the presence and absence of the
turn formation. Although the turn exists in both conformations,
absence of the turn is seen exclusively in the latter conformation.
Thus, our data support the hypothesis that the Coulombic
electrostatic interaction Glu-22. . . Lys-28 promotes stability of
the �-turn. However, this interaction is clearly not the only
contributing factor as seen in Fig. 3B. In fact, we found that, at
pH 8, a hydrophobic interaction between Phe-19 and Leu-34, a
residue remote in sequence to the turn region 23–26, is corre-
lated with an increased turn propensity (SI Fig. 9). Considering
that the �-turn localizes within the bend region that connects two
�-strands in the fibril (20), the decreased turn propensity in the

monomer A� at pH 2 may be another contributing factor for the
retarded aggregation under low-pH conditions (5, 6).

The Role of Residue-Specific Interactions. Variation of solution pH
allows us to probe the role of residue-specific interactions in
modulating the folding of A�. A relative free-energy map as a
function of the backbone CO. . . NH distance between Val-18
and Glu-22 and the side-chain distance between Glu-22 and
Lys-28 reveals that Glu-22 and Lys-28 are further apart in
conformational states that maintain a backbone hydrogen bond
between Val-18 and Glu-22 (Fig. 4, upper left arrows). Con-
versely, the backbone hydrogen bond between Val-18 and
Glu-22 is disrupted in states displaying a strong electrostatic
interaction between Glu-22 and Lys-28 (Fig. 4, lower right
arrows). Thus, the attraction between Glu-22 and Lys-28 not only
facilitates the formation of a �-turn as discussed earlier but also
destabilizes helix formation in the CHC region at pH 4. This
explains the decreased helicity at pH 4 relative to that at pH 2.
Although this relationship holds true for pH 6 as well, we found
that the nonspecific aromatic interaction between His-14 and
Phe-19, which is absent at pH 4 when His-14 is charged, also
prevents helix formation in the CHC region (SI Fig. 10). Thus,
the helicity of the CHC residues is further reduced as pH is
increased from 4 to 6.

An obvious explanation for the increased solvent exposure in
the CHC region as the solution medium becomes less acidic (pH
2–6) is the reduced probability for nascent helix formation.
However, why are the CHC residues sequestered from solvent
despite their low helix propensity at pH 8? We suggest that this
is due to shielding by the C-terminal residues. Representative
conformations at pH 8 obtained from clustering reveal hydro-
phobic interactions between the CHC residues Leu-17, Val-18,
and Phe-19 and the C-terminal residues Val-40, Ile-41, and
Ala-42, because the CHC region is oriented parallel to the
C-terminal segment. This orientation is further stabilized by a
backbone �-bridge between Phe-19 and Ile-41 (Fig. 5A). Alter-
natively, the CHC and C-terminal residues Val-18, Phe-19,
Val-40, and Ile-41 can form a hydrophobic cluster in a confor-
mation that favors helix formation at residues 23–28 (Fig. 5B).
Although the latter seems to be in conflict with the significant
�-turn propensity in residues 23–26, an argument involving the
helix dipole may offer a clue. At pH 8, because the electrostatic
interaction between Glu-22/Asp-23 and Lys-28 is very weak, the
main effect of these charged residues is stabilization of the helix
dipole (33), which allows the formation of a nascent helix at
23–28 when these residues do not adopt a �-turn conformation.

Mutations of Glu-22 (Glu-22/Gln and Glu-22/Gly) and Asp-23
(Asp-23/Asn) have been linked to early-onset Alzheimer’s dis-

2 4 6 8
0

0.2

0.4

0.6

0.8

2 4 6 8

pH

0

0.2

0.4

0.6

0.8

0 5 10 15 20 25
0

1

2

3

0 5 10 15 20 25

Distance (Å)

0

1

2

3

ytisned ytilibabor
P

Aβ(1-28)

Aβ(10-42) ∆
)lo

m/lack ( 
G

Aβ(1-28)

Aβ(10-42)

A B

Fig. 3. Correlation between the formation of a �-turn in residues 23–26 and
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Fig. 4. Correlation between the backbone hydrogen bond formation and
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�G (in kcal/mol), as a function of the backbone CO. . . NH distance between
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Lys-28 (y axis) in the simulation of A�(1–28) (A) and A�(10–42) (B) at pH 4. The
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ease and higher aggregation rates for A� in vitro (34). Our data
suggest that the electrostatic interaction between Glu-22 and
Lys-28 may accelerate aggregation by reducing nascent helix
formation in the CHC region and providing stabilization for a
�-turn at 23–26. Our data also shows that both Glu-22 and
Asp-23 can interact with Lys-28, whereas the former interaction
appears to be slightly stronger. Although we do not have direct
evidence for the explanation of the effects due to mutations of
Glu-22 and Asp-23, our data are consistent with the proposal
that deletion of a charge at either of these residues may
strengthen the alternative electrostatic interaction. thereby pro-
moting the aggregation of A� (28).

Conclusions
Although our calculated pH profile of the total helix propensity
for A�(1–28) and A�(10–42) is in accord with the pH-
dependent helix formation of A� peptides in TFE solution as
measured by CD (3), other conformational features that
emerged from our simulations are consistent with a collapsed
coil model consisting of loops, strands, and turns, as proposed
based on the solution NMR data of A�(10–35) (24, 26). Our
simulation data revealed a �-turn in residues 23–26 for both
A�(1–28) and A�(10–42) at a pH �4, consistent with the
solution NMR data of the full-length (4, 27) as well as various
fragments of A�(24, 28). A kink or hinge in this region has also
been found in the full-length A� in a water–TFE (35) or
water–micelle environment (36–38). Thus, our theoretical study
combined with the existing experimental data led us to propose
that the full-length A� is in a conformational equilibrium
comprising an ensemble of rapidly interconverting compact coil
states with nascent helical fragments, which are transformed into
longer helical fragments in the presence of TFE (35, 39) or
membrane-mimicking detergent (36–38).

The most striking finding from our simulations is that the helix
propensity and solvent exposure of the CHC region as well as the
�-turn formation for residues 23–26 in A�(1–28) and A�(10–42)
are strongly modulated by solution pH. At pH 6, the CHC
residues display the lowest helix propensity and the highest
degree of solvent exposure, all of which are promoting factors for
nonspecific intermolecular hydrophobic association of A� pep-
tides. Our theoretical prediction of the significant loss of helix
propensity in the CHC region as pH increases to 6 is in
agreement with the observation by NMR that the helical region
15–24 in A�(1–40) starts to unwind at pH �6 in a water–micelle
medium (36). Our data suggest that the CHC region is respon-
sible for the pH-dependent �-helix-to-�-sheet transition in TFE
solution. Although our prediction of the pH-dependent seques-
tration of CHC residues has no direct experimental verification

to date, it is nonetheless consistent with the following NMR data.
A�(10–35) and A�(1–40) bind to AD plaques in a pH-
dependent manner at pH �5; an increase in pH from 2.1 to 5.6
induces a conformational transition (with unknown details) in
residues flanking the CHC region (24, 26). Our simulations
showed that specific electrostatic interactions, e.g., between
Glu-22 and Lys-28, contribute to the destabilization of nascent
helices but promote the formation of a �-turn in residues 23–26
as pH is raised from 2 to 4. The latter is consistent with the NMR
data (28) as well as a previous simulation study of A�(21–30)
(30). Thus, we propose that the residual structure of A� is
strongly modulated by solution pH through changes in intramo-
lecular electrostatic interactions. Remarkably, at pH 6, A�
peptides adopt conformations that contain ‘‘fibril-friendly’’ el-
ements, poised to form �-sheet-based oligomers via hydrophobic
association of the CHC residues (Fig. 6).

The idea that pH-dependence of A� oligomerization and fibril
formation may be due to the pH-dependent intermolecular
electrostatic interactions follows naturally from the observation
that proteins precipitate most at the isoelectric point where the
net charge is zero (40). We argue that, although minimum
charge–charge repulsion at the isoelectric point provides an
initial driving force for aggregation, the folding landscape of the

Fig. 5. Representative conformations of A�(10–42) at pH 8. (A) Centroid of
the largest conformational cluster. This conformation contains a �-turn at
residues 23–26 and a parallel orientation of the CHC region with respect to the
C-terminal residues. The latter is stabilized by a �-bridge between Phe-19 and
Ile-41 as well as the side-chain hydrophobic interactions between the CHC
residues Leu-17, Val-18, and Phe-19 and the C-terminal residues Val-40, Ile-41,
and Ala-42. (B) Centroid of the second largest conformational cluster. This
conformation contains a helix at residues 23–28 as well as a hydrophobic
cluster composed of residues Val-18, Phe-19, Val-40, and Ile-41.

Fig. 6. A proposed mechanism for the pH-dependent aggregation of A�.
Depicted are representative structures obtained as the centroids of the most
populated conformational clusters under the pH conditions of 2, 4, 6, and 8,
respectively. The N-terminal residues 1–28 are shown in blue; the C-terminal
residues 29–42 are shown in red. In the most aggregation-prone state (pH 6),
the side chains of Leu-17, Val-18, Phe-19, Phe-20, and Ala-21 are shown as van
der Waals spheres in pink, gray, cyan, purple, and green, respectively.
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monomeric A� is strongly modulated by pH, leading to an
enhanced intermolecular hydrophobic association that stabilizes
the �-sheet-based aggregates. According to our data, the opti-
mum pH condition for aggregation is not the isoelectric point,
which requires all histidines to be charged. In contrast, His-13 is
neutral at pH 6 in our simulations (SI Table 1). This surprising
finding is consistent with the experimental data showing that the
pH for maximum turbidity of A�(1–40) is close to but does not
coincide with the pH for maximum fibril formation (40). It is also
consistent with the observation of spherical particulates rather
than �-sheet-based fibrils at the isoelectric point of several
amyloidogenic proteins (41). Thus, we propose that an optimal
pH for structured aggregates is near but not matching the
isoelectric point at which amorphous aggregates may be more
likely to occur.

In light of the emerging experimental evidence revealing the
acidic early endosomes with a pH of 6 as the principal generation
site for A� (7, 8), and dimers and trimers as the major toxic
species (9, 10), our findings support a hypothesis that small A�
oligomers may form intracellularly before being released into the
extracellular medium where they may interfere with synaptic
activity or act as seeds to accelerate fibril formation (42). Our
work represents an early effort toward understanding the envi-
ronmental effects on protein folding and aggregation. The
pH-dependent intramolecular mechanism of A� unveiled by our
study may underlie the aggregation phenomena of other natively
unfolded proteins such as �-synuclein from Parkinson’s disease.
The theoretical and computational methodology illustrated here
is general and can be applied to elucidate various roles of pH in
mediating biological processes.

Materials and Methods
We have described the details of the continuous CPHMD
method elsewhere (11, 12). Briefly, this method enables molec-
ular dynamics simulations to be performed simultaneously with
the titration of ionizable side chains under an external pH
condition in the presence of a generalized Born (GB) implicit
solvent model. Combined with a state-of-the-art conformational
sampling protocol, the REX algorithm (13), benchmark studies
demonstrated that REX-CPHMD simulations can offer accu-
rate and robust first-principles prediction for protein pKa values
(16) and atomically detailed molecular mechanisms for pH-
dependent protein folding (17, 18). It should be noted that our
simulations used a recently improved implicit solvent model, GB
with a simple switching (GBSW) (14, 15). Its application to
protein folding studies has been validated by comparison be-
tween simulated and experimental folding behavior for a series
of helix- and �-sheet-based peptides (15, 17).

We carried out REX-CPHMD folding simulations for pep-
tides A�(1–28) and A�(10–42) using the CHARMM molecular
dynamics program (version c33a1) (43), in which the CPHMD
and GB with a simple switching methods were implemented, and
the MMTSB Tool Set for controlling the REX sampling (44).
We used the CHARMM22 (45) force field with the dihedral
cross-term corrections (CMAP) (46). A cutoff distance of 24 Å
was used for both nonbonded and GB calculations. Simulations
of A�(1–28) were initiated from an ideal helix structure of an
uncapped sequence at pH 2, 4, 6, and 8. The side chains of
�-amino, Asp, Glu, His, and �-carboxyl residues were allowed to
titrate. A REX simulation at one pH used 16 replicas (60-ns
each) occupying an exponentially spaced temperature scale

between 298 K and 600 K. A conformational exchange was
attempted every 2 ps between replicas adjacent in temperature
with an acceptance ratio of 38–42%. The REX-CPHMD sim-
ulation of A�(10–42) used 20 replicas (50-ns each) exchanging
at a ratio of 43–50%. The starting structure was an extended
sequence with a free C terminus and an acetylated N terminus.
Unless otherwise specified, all analyses were based on the
coordinates recorded every 10 ps during the last 30 ns of
simulation at 298 K. Previous REX and REX-CPHMD folding
simulations for peptides of comparable size using the same
implicit solvent model and a similar time scale were able to
generate conformational equilibria in agreement with experi-
ment (15, 17). The convergence of the current simulations is
further demonstrated in SI Fig. 7.

The secondary structure assignment was performed by using
the DSSP program (47). The residue-based helix and turn
propensities were obtained as the fractional occurrence of these
states during the last 30 ns of each simulation. The total helix
content was computed as the fraction of helical residues. This
value cannot be directly compared with the helix content de-
duced from a CD experiment, because the latter depends not
only on the number of helical residues but also on the helical
length as well as the deviation of backbone torsion angles from
the ideal helix values (48). To facilitate comparison with exper-
iment, we derived the helix content Fhelix from a calculated mean
residue ellipticity at 222 nm, [�]calc, using the following relation-
ship (49):

Fhelix �
��calc� � ���coil

���helix � ���coil
, [1]

where [�]coil is the mean residue ellipticity for a complete random
coil, taken as 640 (50), whereas [�]helix is the mean residue
ellipticity for a complete helix given as

���helix � 42,500�1 � 3/Nr	 , [2]

where Nr is the total number of residues in the peptide. The
calculated mean residue ellipticity was obtained as (48)h:

���calc �
���helix

Nr
�
i
1

Nh

�r i � k	 , [3]

where Nh is the number of helical fragments, ri is the number of
helical residues according to the DSSP assignment (47), k is the
minimum number of helical residues required to produce a CD
signal, taken as 3 (49). The unit of mean residue ellipticity is
deg�cm2�dmol�1.

The solvent-accessible surface area for the CHC (17–21) and
the C-terminal hydrophobic (29–42) residues was calculated by
using the Lee and Richard’s algorithm (51) with van der Waals
radii for all atoms and a solvent probe radius of 1.4 Å.

Conformational clustering of the recorded coordinates was
performed by using the GROMACS molecular dynamics soft-
ware package (52) with a hierarchical algorithm based on the
root mean square deviation between backbone atoms with a
cutoff of 1 Å (53).
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