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Effects of amyloid beta (Aβ) peptide Aβ40 on secondary structures of Aβ42 are studied by all-atom
simulations using the GROMOS96 43a1 force field with explicit water. It is shown that in the pres-
ence of Aβ40 the beta-content of monomer Aβ42 is reduced. Since the fibril-prone conformation
N* of full-length Aβ peptides has the shape of beta strand-loop-beta strand this result suggests that
Aβ40 decreases the probability of observing N* of Aβ42 in monomer state. Based on this and the
hypothesis that the higher is the population of N* the higher fibril formation rates, one can expect
that, in agreement with the recent experiment, Aβ40 inhibit fibril formation of Aβ42. It is shown
that the presence of Aβ40 makes the salt bridge D23–K28 and fragment 18–33 of Aβ42 more flexible
providing additional support for this experimental fact. Our estimation of the binding free energy
by the molecular mechanics-Poisson-Boltzmann surface area method reveals the inhibition mech-
anism that Aβ40 binds to Aβ42 modifying its morphology. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4730410]

I. INTRODUCTION

Alzheimer’s disease (AD) is the most common form of
dementia among the senior population and is characterized
pathologically by the progressive intracerebral accumulation
of β-amyloid (Aβ) peptides. These peptides are proteolytic
byproducts of the Aβ protein precursor and are most com-
monly composed of 40 (Aβ40) and 42 (Aβ42) amino acids.
Aβ peptides appear to be unstructured in their monomer
state but aggregate to form fibrils with an ordered cross β-
sheet pattern.1–4 The assembly of Aβ peptides is an impor-
tant event in the development of AD. Although Aβ40 is about
10 times more abundant than Aβ42 in vivo, Aβ42 is signifi-
cantly more neurotoxic than Aβ40.5 Increasing evidence from
recent studies indicates that soluble Aβ42 oligomers such as
dimer,6 trimer,7 12mer8 as well as mature fibrils are the toxic
agent.9–11 In contrast, the Aβ42 monomer is not toxic.5 There-
fore, any agent that prevents Aβ42 monomers from aggrega-
tion can play a protective role against the development of AD
by reducing the generation of neurotoxic species.

The role of Aβ40 in AD has not been well understood.
There are two possible scenarios that this peptide either in-
hibits aggregation or degrades aggregates of Aβ42. Recent
studies have suggested its protective role showing that re-
duced levels of Aβ40 are correlated with accelerated onset of
dementia.12, 13 However, at the molecular level, it is not clear
how Aβ40 executes its protective function in AD pathogene-
sis. One of possible scenarios is that Aβ40 inhibits fibril for-
mation of Aβ42 as evidenced from in vivo14, 15 and in vitro
experiments.15–18 This interesting problem has not been, how-
ever, considered theoretically and our goal is to understand
the mechanism of inhibition of Aβ42 aggregation by Aβ40 us-
ing molecular dynamics (MD) simulations. Because the es-
timation of fibril assembly rates of full-length Aβ peptides

a)masli@ifpan.edu.pl.

is computationally prohibited, we try to achieve this goal us-
ing the hypothesis that the higher are aggregation rates the
higher is the population of the fibril-prone conformation N*
in monomer state.19, 20 One of the examples supporting this
hypothesis is that Aβ42 peptides aggregate into β-sheet fibril
much faster than Aβ40 ones21 because the former has higher
beta-content (β-content) in the monomer state.20, 22

Using the GROMOS96 43a1 force field23 with explicit
water we have performed conventional MD simulations of
monomer Aβ40, Aβ42, and one mixed system of Aβ40 and
Aβ42. This mixed system will be refereed to as Aβ40+42. It
should be noted that previous computational studies24–27 fo-
cus either on Aβ40 or Aβ42 dimer but the interaction be-
tween Aβ40 and Aβ42 has not been considered. We have
found that Aβ40 reduces the β-content of Aβ42 compared
to the monomer case. The flexibility of the salt bridge D23-
K28 and fragment 18-33 of Aβ42 gets enhanced in the pres-
ence of Aβ40. These results suggests that, in agreement with
the experiment,18 Aβ40 inhibits the fibril formation of Aβ42.
In order to get more insight on the mechanism of inhibition
we have estimated the binding free energy �Gbind of Aβ40

to “receptor” Aβ42 using the molecular mechanics-Poisson-
Boltzmann surface area (MM-PBSA) method.28 Since �Gbind

followed from our simulations is negative, one can conclude
that in agreement with the experiment,16 Aβ40 interferes with
Aβ42 aggregation through the binding mechanism.

II. MATERIALS AND METHODS

A. Structures of amyloid peptides used as starting
configurations for simulations

The NMR structures of full-length Aβ40 (protein data
bank (PDB) code: 1BA4 (Ref. 29) and Aβ42 (PDB code:
1Z0Q (Ref. 30), taken from the PDB, are rich in helix as they

0021-9606/2012/136(24)/245105/11/$30.00 © 2012 American Institute of Physics136, 245105-1
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have been solved in micellar solutions. To obtain unstructured
structures for starting configurations in simulations they were
heated up to T = 500 K. The 5 ns MD simulations were car-
ried at this temperature until one gets random coil structures
using the GROMOS96 43a1 force field.31

B. Fibril-prone conformation N*

Structure N* is defined as the structure of the pep-
tide/protein in the fibril state.19, 20 In the Aβ42 case first 16
residues are disordered and omitted. Therefore, N* is the
structured part Aβ17−42 (PDB entry: 2BEG (Ref. (4)) (see
Fig. S1 in the supplementary material (SM)77) that includes
the loop (27–30) and two fragments (1–26) and (31–42). For
Aβ40 N* is defined as the ordered fragment Aβ9−40 because
the 8 residues are disordered and excluded from fibril struc-
ture construction.32 The loop region of N* is extended over
residues 24–28, while two fragments are (1–23) and (29–40).
The structure of fragment Aβ9−40 has been provided by
Professor R. Tycko (Fig. S1 in SM77).

C. MD simulations

The GROMACS 4.5.4 package23 was used to run MD sim-
ulations with the GROMOS96 43a1 force field31 and the sim-
ple point charge (SPC) water model.33 This force field was
proved to be useful in studying aggregation of peptides34–36).
The equations of motion were integrated by using a leap-frog
algorithm37 with a time step of 2 fs. The LINCS algorithm38

was used to constrain the length of all bonds. The van der
Waals (vdW) forces were calculated with a cutoff of 1.4 nm,
and particle-mesh Ewald method39 was employed to treat
the long-range electrostatic interactions. The non-bonded in-
teraction pair-list was updated every 10 fs with the cutoff
of 1 nm.

For monomers 300 ns isothermal-isobaric ensemble
(NPT) MD runs have been carried out at T = 300 K starting
from random coil structures (Fig. 1, upper panel) obtained at
high T as described above. The 5.8 × 5.8 × 5.8 nm3 cubic
box, which contains about 6120 water molecules, has been
used for simulation. In the united-atom GROMOS model the
number of atoms is equal to 388 and 403 for Aβ40 and Aβ42,
respectively. For the mixed system Aβ40+42 four indepen-
dent 500 ns runs have been carried out starting from initial
configurations shown in middle and lower panels of Fig. 1,
where structures of two monomers are the same as in upper
panel. Positions of two monomers were randomly placed in
the 6.9 × 6.9 × 6.9 nm3 cubic box. The total number of water
molecules is about 10560.

D. MM-PBSA method

This part is available in SM.77

E. Equilibration

We monitor time dependence of energy E of the system.
The equilibrium is reached if this dependence gets satura-

FIG. 1. Starting conformations used in MD simulations for monomer Aβ40
and Aβ42 (upper panel), and four trajectories of the mixed system Aβ40+42
(middle and lower panel). Positions of two peptides in the mixed system have
been randomly placed in boxes with the periodic boundary conditions. Both
peptides in all starting configurations are unstructured. Plots have been made
using visual molecular dynamics (VMD) software.48

tion. In addition we calculate the specific heat CP = (〈E2〉
− 〈E〉2)/(kBT2) at T = 300 K in equilibrium for the entire and
half MD run. If values of CP obtained for short (between teq

and tfull/2) and long (between teq and tfull) trajectory coincide
then the system can be considered as equilibrated. Here, teq

and tfull are equilibration time and time of the entire MD run.

F. Tools and measures used in the structure analysis

1. Contact maps

The time evolution of formation of side chain–side chain
(SC–SC) and hydrogen bond (HB) contacts was monitored. A
SC–SC contact is formed if the distance between the centers
of mass of two residues is ≤6.5 Å. HB is formed if distance
between donor D and acceptor A is ≤3.5 Å and the angle
D–H–A is ≥135◦.

2. Secondary structures

Secondary structure (beta, helix, and coil) contents of
peptides were calculated using the STRIDE algorithm.40, 41
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III. RESULTS AND DISCUSSIONS

A. Monomers

The Aβ peptides have very high propensity to aggrega-
tion and for this reason it has not yet been possible to study the
full-length peptides in water solution. In water but at low pH
fragments of Aβ adopt mainly coil structures.42, 43 To avoid
aggregation experiments have been performed in a mixture
of water and organic solvents such as micellar solutions,29, 44

trifluoroethanol,45, 46 or hexafluoroisopropanol.30, 47 Under
these conditions the full-length Aβ peptides display substan-
tial helical structure.

The question about the structure of Aβ peptides
in aqueous environment remains open as different
groups have reported different results on their secondary
structures.20, 22, 36, 49, 50 Thus, it is worth to further explore
this problem. In our previous paper36 secondary structures
of Aβ40 and Aβ42 were probed using the GROMOS96 43a1
force field and 300 ns MD simulations starting from their
PDB structures (1BA4 and 1Z0Q are PDB codes for Aβ40

and Aβ42, respectively). It was found that the most probable
structure of Aβ40 contains roughly 60%, 30%, and 10% of
RC, α- and β-content, respectively. This result is in accord
with the United Residues (UNRES) force field50 but conflicts
with other groups20, 22, 49 reporting the lower helix content.
To see if the initial configurations change our previous con-
clusion about secondary structures36 we have performed 500
ns conventional MD simulations for monomers using random
coil structures (Fig. 1, upper panel) as starting configurations.

1. Cα chemical shifts of Aβ40 and Aβ42

To check if our canonical 500 ns MD simulations gen-
erate structures relevant to experimental ones, we calculate
chemical shifts δsim and compare them with experimental val-
ues δsim. The time dependence of energy (Fig. S2 in SM77)
shows that both monomers reach equilibrium after about
teq =110 ns and 70 ns for monomer Aβ40 and Aβ42, re-
spectively. We have also calculated CP for time intervals
[teq, tfull/2] and [teq, tfull] (see SM77) for both trajectories,
where tfull = 500 ns. The results obtained for these intervals
coincide (Table S1 in SM77) indicating that the systems reach
equilibrium at teq. Therefore, snapshots collected during last
390 ns and 430 ns are used for calculation of Cα chemical
shifts δsim using the SHIFT program.52, 53 The 500 ns canon-
ical MD (CMD) produces remarkable agreement with results
obtained by replica exchange MD (REMD)20 experiments51

for δsim of individual residues of Aβ40 (Fig. S3 in SM77) and
Aβ42 (Fig. S4 in SM).77 Moreover, our in silico result ob-
tained for Cα atoms is correlated with the NMR experiments
of Hou et al.51 (Figs. 2(a) and 2(b)) with correlation level
R = 0.98 and 0.99 for Aβ40 and Aβ42, respectively. Using
the REMD and recently improved assisted model building
with energy refinement (AMBER) force field PARM99SB54

Yang and Teplow20 have obtained R = 0.994 and 0.995 for
Aβ40 and Aβ42, respectively. The high correlation has been
also observed for atoms Nα (results not shown). It seems that
the strong correlation between our theoretical data and those
produced by experiment and REMD indicate that our 500 ns
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FIG. 2. Correlation between simulation and experimentally determined
chemical shifts51 for Cα atoms. δsim was estimated using the SHIFTS pro-
gram, while δexp has been obtained by NMR method.51 The data are collected
for residues 2–39 for both Aβ40 and Aβ42. Shown are results, obtained for
monomer Aβ40 (a) and monomer Aβ42 (b).

MD simulations produce acceptable monomer ensembles.
However, two different MD runs starting from random and
PDB helix-rich initial conformations of Aβ40 result in two
different structure distributions (with zero and 30% helix con-
tents for most populated structures) nevertheless demonstrate
excellent (0.98 and 0.96) correlation with the same experi-
mental set of chemical shifts.51 This result implies that the
correlation factor cannot serve as a good indicator of relia-
bility of in silico structural distributions. To understand this
problem better we calculate the secondary chemical shift de-
fined as �δ = δ − δRC , where δRC is a chemical shift for
amino acids in random coil state. Using values of NMR δRC

from Wishart et al.55 one can show that the correlation co-
efficient between the experimental �δexp and the simulation
results obtained from the CMD run starting from PDB struc-
ture of Aβ40 is rather low, R = 0.23 (Fig. S5 in SM).77 The
better correlation R = 0.37 is observed for the MD simula-
tion that initiates from random coil conformation, while the
best fit with R = 0.45 has been found by REMD. The sit-
uation becomes different for Aβ42 as REMD gives worse
correlation (R = 0.30) compared to the CMD (R = 0.45)
(Fig. S5 in SM,77 lower panel). Therefore, it is very difficult to
reach good correlation with experiments on secondary chemi-
cal shifts even with the use of REMD. Nevertheless, our CMD
presumably produces the structure ensemble of the same qual-
ity as REMD.
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FIG. 3. Time dependence of the secondary structure content of Aβ40 in
monomer (black lines), and first (green lines), second (blue), third (cyan), and
fourth (magenta) trajectories of the di-peptide system. Result were averaged
every 1 ns. The Stride’s definition was used for computation of secondary
structures.

2. Secondary and tertiary structures of Aβ40
in monomer state

The time dependence of beta, helix, and RC contents of
monomer Aβ40 is shown in Fig. 3 by black curves. The no-
table β-content occurs after about 150 ns, while helix struc-
tures remain very low during the whole run. Random coil
structure is very high especially for first ≈150 ns. The β-
structure occurs mainly at residues 8, 9, 25, 26, 30, 31, 37,
and 38 (Fig. 4). The average value of beta, helix, and coil con-
tents, obtained in equilibrium, is 5.2%, 0.2%, and 94.6%, re-
spectively (Table I). With the help of a coarse-grained model,
Vitalis and Caflisch49 obtained the reasonable agreement with
the CD estimates of 5% α-content and 25% β-content in aque-
ous buffer at 298 K.56 However, one has to be cautious about
this comparison because the experimental results have been
obtained for Aβ10−35 fragment and there is no reason to be-
lieve that it has the same structure as full-length peptides. The
UNRES force field provides much higher helix structures.50

These results are different from our present results.
It seems that our simulations provide the α-content

lower than previous all-atom replica exchange simulations
with explicit22 and implicit water.20 Sgourakis et al. have
used AMBER-derived PARM94, PARM96, MOD-PARM,

FIG. 4. Population of β-content of each residue of Aβ40 for monomer (black
bar) and first (green), second (blue), third (cyan), and fourth (magenta) tra-
jectories for the Aβ40+42 system. Results were obtained using the Stride’s
definition.

GROMOS, and OPLS force fields, while an recently im-
proved version of the AMBER force field PARM99SB has
been employed by Yang and Teplow.20 However, our β-
content is compatible with the results reported by these
groups. Using the Cα root mean square displacement (RMSD)
conformational clustering method implemented in the GRO-
MACS software and snapshots collected in equilibrium of
500 ns MD run one can obtain representative structures of
monomer Aβ40 in aqueous environment. With the clustering
tolerance of 1.0 Å we have obtained the most populated struc-
ture (84.2%) shown in Fig. 5 (upper panel). The typical snap-
shot of the second dominant cluster that has population 5.8%
is shown in upper panel of Fig. S6 in SM.77 This conforma-
tion is fully unstructured (100% RC). Thus, our results with
poor beta structure (5.2%) and almost no helices (0.2%) (Ta-
ble I) agree with the experiment of Zhang et al.57 and Daniels-
son et al.58 showing that the Alzheimer’s Aβ peptide adopts
a collapsed coil structure in water.57

3. Secondary and tertiary structures of Aβ42
in monomer state

As follows from Figs. 3 and 6 the β-content of Aβ42 in
monomer state is markedly richer than that of Aβ40. On av-
erage the β-content of Aβ42 (13.9%) (Table II) is about three
times higher (compare with Table I). This is consistent with
the experimental fact21 that the former aggregates much faster
than the latter one having higher population of fibril-prone
state N*. The similar result has been also reported in prior the-
oretical works.20, 22, 36, 59, 60 Moreover, the C-terminal is rich in
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TABLE I. Average secondary structures of Aβ40 peptide in monomer and dimer Aβ40+42 systems. The β-contents in disorder (1–8), β-strand 1 (8–23), loop
(24–28), and β-strand 2 (29–40) regions are also given separately. Region identifications for β-strands and loop are the same as in the work of Petkova et al.32

Results have been obtained using snapshots collected in equilibrium.

Content (%) Region Aβ40+42 Traj1 Aβ40+42 Traj2 Aβ40+42 Traj3 Aβ40+42Traj4 Average Monomer

All (1–40) 0.1 4.7 1.6 6.5 3.2 ± 2.4 5.2
Disorder (1–8) 0.0 0.0 0.0 8.5 2.1 ± 3.2 1.9

β β-strand 1 (9–23) 0.3 11.6 4.3 7.7 6.0 ± 1.1 1.5
Loop (24–28) 0.0 0.0 0.0 1.7 0.4 ± 0.6 14.8

β-strand 2 (29–40) 0.0 1.1 0.1 5.5 1.7 ± 1.9 8.7
RC All (1–40) 92.0 87.0 98.0 92.7 92.4 ± 2.9 94.6
Helix All (1–40) 7.9 8.3 0.4 0.8 4.4 ± 3.8 0.2

β-contents (Fig. 7) having highly β-structured residues 37–
40, while other theoretical studies show that β-structure is
mainly located in region (38–41)22 or (32–36).20 This is in
line with that the C-terminal is fibril-prone as observed in the
experiment of Luhrs et al.4 and the fibril growth of Aβ42 initi-
ates by attaching to this terminal of peptides in the fibril form-
ing a β-sheet on the fibril edge.61

Contrary to other theoretical studies, it was shown that
the C-terminal is poorer in β-structure than the N-terminal62

FIG. 5. Typical snapshots of the most populated clusters obtained by clus-
tering technique with cutoff 1 Å. For monomer Aβ40 there are 90.0%, 0.0%,
and 10.0% of RC, helix, and beta contents, respectively. For monomer Aβ42
one has 85.7%, 0.0%, and 14.3% of RC, helix, and beta content, respectively.
In the case of first and third MD runs of the mixed system both peptides are
entirely unstructured with 100% RC. (100% RC for both peptides). For tra-
jectory 2 of the di-peptide complex, Aβ40 has 87.5%, 12.5%, and 0.0% of
RC, helix, and beta content, respectively, while Aβ42 has 100% RC. In tra-
jectory 4 both peptides have no helix structure. Aβ40 has 5% beta and 95%
coil, whereas Aβ42 has 4.7% beta and 93.3% coil. The population of the first
dominant clusters is shown next to structures.

using the implicit solvent coarse-grained optimized potential
for efficient structure prediction model (OPEP). It is not clear
if this is due to drawbacks of coarse-graining or other reasons.
The discrete MD coupled with the four-bead model has also
predicted a β-strand in the N-terminus.59 The β-content ob-
tained in our simulations is slightly higher than that of Velez-
Vega and Escobedo,63 Yang and Teplow,20 and Cote et al.62

but significantly lower than the result reported by Mittere-
nacht et al.64 Such a high secondary structure, obtained by
these authors, may be associated with omission of the elec-
trostatic interaction in their force field.65

The α-structure of Aβ42 is poor remaining lower than 3%
during the whole run (Fig. 6). The average α-content is 1.1%
(Table II) which is a bit higher than Aβ40 (Table I). Our result

FIG. 6. The same as in Fig. 3 but for Aβ42.
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FIG. 7. Population of β-content of each residue of Aβ42 for the Aβ42
monomer (black bar), first (green), second (blue), third (cyan), and fourth
(magenta) trajectory of Aβ40+42 system.

on helix structure of Aβ42 monomer is comparable with sev-
eral groups,62, 63, 66 but lower than that reported by Yang and
Teplow.20

The RC varies between 75% and 85% (Fig. 6). In equi-
librium the average value RC is 85.9% (Table II) implying
that Aβ42 is more structured than Aβ40 which has 96.1% RC
(Table I). Note that in our definition RC includes also turns as
well as bends. Therefore our result is compatible with other
groups.20, 22, 62, 63 The lower RC content has been obtained64

using all-atom simulations with implicit water. Using the Cα

RMSD conformational clustering method with tolerance of
1.0 Å, we have obtained the most populated structure (37.4%)
shown in Fig. 5 (upper panel). This structure has 85.7%, 0.0%,
and 14.3% of RC, helix, and beta content, respectively. The
population of the second dominant cluster is 33.9% (Fig. S6
in SM,77 upper panel). The first and second dominant clusters

the same population of secondary structures but beta struc-
tures are located at different places (Fig. 5 and Fig. S6 in
SM77).

B. Mixed system Aβ40+42

1. Aβ40 in the di-peptide system

To study changes in structures of two peptides in the
mixed system we have carried 4 MD runs of 500 ns. The
time dependence of the energy, shown in Fig. S7 in SM,77

shows that this system reaches equilibrium after teq ≈ 90,
60, 115, and 70 ns for trajectory 1, 2, 3, and 4, respectively.
We have estimated the specific heat for intervals [teq, tfull/2]
and [teq, tfull] for four trajectories (Table S1 in SM77).
The largest difference between two time windows, �CP

= 0.195 kcal/(molK), is observed for trajectory 3. Since
�CP/CP ≈5%, the system reaches equilibrium for this
trajectory. Averaging over 4 trajectories we have CP

= 3.607 ± 0.123 and 3.634 ± 0.224 kcal/(molK) for the first
and second windows, respectively. So with error bars the val-
ues of the specific heat coincide implying that the system is
in approximate equilibrium after teq. The vdW interaction be-
tween Aβ40 and Aβ42 dominates over the electrostatic one
(Fig. S8 in SM77).

β-structure occurs in the second (blue curve in Fig. 3)
and fourth trajectory (magenta curve in Fig. 3) to greater ex-
tent than in the first and third ones. This is also evident from
Fig. 4. After 300 ns of the second run the β-content does not
fluctuate much. For this trajectory residues 14, 15, 19, and
20 are very rich in beta structure, while residues 4, 5, 11, 12,
16, 17, 30, and 31 dominate in run 4 (Fig. 4). Averaging over
4 trajectories we obtain the population of beta structures of
Aβ40 in the complex system (Fig. S9 in SM77). Obviously, re-
gion (11–19), especially residues 14, 15, 19, and 20 (Fig. 4),
is richer in β-structure than the remaining parts (Table I).

Overall, the presence of Aβ42 slightly reduces the β-
content of Aβ40 from 5.2% in the monomer to 3.2% in the
dimer (Table I). In the mixed system the helix content in-
creases from 0.2% to 4.4% (Table I).

2. Aβ40 can interfere with aggregation of Aβ42

The alternative way to study the inhibition of Aβ42 as-
sembly by Aβ40 is to monitor the change in aggregation rates

TABLE II. Average secondary structures of Aβ42 peptide in monomer and dimer Aβ40+42 systems. The β-contents in disordered (1–16), β-strand 1 (17–26),
loop (27–30), β-strand 2 (31–42), and two β-strands (17–26)+(31–42) regions are also given separately. Region identifications for β-strands and loop are the
same as in the work of Luhrs et al.4 Results have been obtained using snapshots collected in equilibrium.

Content (%) Region Aβ40+42 Traj1 Aβ40+42 Traj2 Aβ40+42 Traj3 Aβ40+42 Traj4 Average Monomer

All (1–42) 6.5 4.3 4.3 7.8 5.7 ± 1.4 13.9
Disorder (1–16) 4.3 0.0 5.7 9.6 4.9 ± 2.8 7.9

β β-strand 1 (17–26) 1.4 0.3 0.0 2.7 1.1 ± 1.0 21.3
Loop (27–30) 5.9 11.4 5.5 6.2 7.2 ± 2.1 9.5

β-strand 2 (31–42) 13.7 11.1 5.6 10.2 10.2 ± 2.3 17.2
(17–26)+(31–42) 8.1 6.2 3.1 6.8 6.1 ± 1.8 19.1

RC All (1–42) 91.4 95.7 95.2 91.4 93.2 ± 2.0 84.9
Helix All (1–42) 2.1 0.0 0.5 0.8 0.9 ± 0.6 1.2
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in the presence of the latter. Because this task is computa-
tionally prohibited for such long peptides as full-length Aβ

peptides we try to get indirect evidences using the correla-
tion between the population of the fibril-prone state N* and
fibril formation rates.19 As mentioned above, Aβ42 aggregate
much faster than Aβ40 having higher population of N* in
monomer state. This fact is supported not only by the present
study but previous ones.20, 63, 67, 68 Another example is that a
recent experiment69 showed that the aggregation rate of Aβ40-
lactam[D23–K28], in which the residues D23 and K28 are
chemically constrained by a lactam bridge, is nearly a 1000
times greater than in the wild-type. This is because the salt
bridge constraint increases the population of the N* confor-
mation in the monomer state.70 The decisive role of popula-
tion of this conformation in self-assembly has been also con-
firmed by simulations of short peptides using different all-
atom models with explicit water35 as well as off-lattice71 and
lattice models.19

In the presence of Aβ40 the β-content of Aβ42 is reduced
in all of four MD runs (Fig. 6). It becomes even more pro-
nounced if one considers individual residues (Fig. 7). Aβ40

substantially decreases the β-content in fibril-prone regions
(17–21) and (37–40). In the second trajectory β-structure al-
most disappears in the wide region (1–29) (Fig. 6) but with
substantial increase in residues 30, 31, 34, and 35. In the
third MD run residues 15, 16, and 35 are highly structured.
The enhancement of β-content appears in the N-terminal and
residues 33, 36, and 37 in the fourth trajectory (Fig. 6). Av-
eraging over 4 trajectories we obtain individual β-content for
Aβ42 in the complex system (Fig. S10 in SM77). In the pres-
ence of Aβ40 the β-content of fibril-prone regions (17–21)
and (36–42) is nearly reduced to zero, but some enhancement
is seen in (30–35) fragment. The beta content of β-strand 1
(region 17–26) is reduced from 21.3% in the monomer to
1.1% in the dimer (Table II). In contrast, the β-strand 2 con-
tent (region 31–42) does not vary much.

Within error bars the average total β-content clearly
drops from 13.9% in monomer system to 5.7% in the two-
peptide system Aβ40+42 (Table II). The decrease in β-content
is also visible from comparison of the most (Fig. 5) and sec-
ond (Fig. S6 in SM77) populated structures obtained by the
clustering technique for monomer and di-peptide systems.
For the first dominant clusters Aβ42 has nonzero beta content
(4.7%) in trajectory 4 only. For the second central clusters this
peptide has 9.5% beta in trajectories 3 and 4 but populations
of these clusters are rather low (Fig. S6 in SM77).

Since the loop region of Aβ42 is small and within error
bars Aβ40 does not affect its β-content (Table II) one can fo-
cus on two β-strands of N*. The β-content in these two re-
gions drops from 19.1% in monomer state to 6.1% in dimer
state (Table II). This reduction means that the population of
N* is decreased leading to our main conclusion that, in agree-
ment with the experiments,16–18 Aβ40 can inhibit aggregation
of Aβ42. One may think that reduction of β-content by 19.1
− 6.1 = 13% has minor effect on fibril formation rates. How-
ever, as has been shown in our previous work, the fibril for-
mation time τfib ∼ exp(−cPN∗),19 where c ≈ 1 is a constant
and population of the fibril-prone state PN* is measured in
percents. Since the beta-content is proportional to PN*, one

can expect that its reduction by about 13% would result in
increase of τfib by ≈ five orders of magnitude. This estima-
tion is made using c = 1 followed from simple lattice models
with 8-bead sequences.19 For all-atom models with sequences
of 42 amino acids constant c is presumably larger and the in-
hibitory effect becomes more pronounced. Thus the reduction
of beta-content of about 13% is not marginal from this point
of view.

The presence of Aβ40 does not affect helical structure
of Aβ42 (Fig. 6) leaving the average α-content unchanged
(Table II). However, the RC content increases (Fig. 6) from
85.9% to 93.2% (Table II). Taken together, in the mixed sys-
tem Aβ42 becomes less ordered compared to the monomer
case.

3. Side chain–side chain interaction between Aβ40
and Aβ42 is more important than HB one

To shed light on the nature of ordering of peptides
in dimer, we have constructed the SC (Fig. 8) and HB
(Fig. S11 in SM)77 contact map using snapshots collected in
four MD runs. Obviously, the hydrophobic interaction dom-
inates over the HB one and this is in line with the NMR
study of Aβ10−35 peptide of Zhang et al.57 In the first tra-
jectory, about 18 residues from two N-terminals prefer to
stay together. The C-terminal of Aβ40 forms contacts with
the middle part of Aβ42 but with lower probability. For the
second trajectory, the situation becomes different as the N-
end of Aβ40 has almost no contact with Aβ42 (Fig. 8). In the
third MD run a few residues from C-terminals of two pep-
tides show the strong interaction. Residues 1–16 of Aβ40 has
high propensity to have contact with the loop region of Aβ42

(Fig. 8). For the fourth trajectory residues 33–39 of Aβ40 pre-
fer to interact with not only C-terminal but also N-terminal
of Aβ42. Residues from loop region of Aβ40 have high affin-
ity to be near the Aβ42 C-terminal. The difference between
four contact maps reflects the complexity of the underlying
free energy landscape of the dimer. The existence of the large
number of local minima constitutes the diversity of structures
and this may be consistent with the NMR experiment that
the fibril structure depends on the precise details of growth
conditions.72

The contact maps (Fig. 8 and Fig. S11 in SM77) do not
show any interaction between the two CHC regions (17–21).
This fact is in line with the scenario that Aβ40 interferes with
Aβ42 aggregation because the strong interaction of these re-
gions would stabilize Aβ42 leading to enhancement of fibril
formation.

4. Salt bridge D23–K28

As mentioned above the salt bridge D23–K28 plays the
important role in stabilization of the turn region. This bridge
is not stable as its forming atoms are solvated,70, 73 but if one
makes it stable by forming a bond, the loop will now be
stable and will assist the peptide in forming a hairpin like
structure leading to acceleration of the fibril formation pro-
cess. The substantial enhancement of aggregation by con-
straining the salt bridge D23–K28 has been demonstrated
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FIG. 8. Side chain contact map for Aβ40 and Aβ42 in the di-peptide system. Results were obtained for four trajectories in equilibrium.

experimentally.69 Although a similar experiment has not been
performed for Aβ1−42 yet, one can also expect that the in-
crease in distance between D23 and K28 would interfere with
fibrillogenesis of this peptide.

To monitor salt bridge flexibility we calculate the dis-
tance dD23−K28 between atom Cγ of residue Asp23 and Nζ of
Lys28. As evident from the time dependence and distributions
(Fig. 9), dD23−K28 of Aβ42 in dimer is larger than in monomer
state. This is true for all four MD trajectories performed for
the Aβ40+42 complex. In the monomer case we have the av-
erage distance dD23−K28 = 8.5 Å , while dD23−K28 = 12.3
± 2.1 Å for dimer, where error bars come from averaging
over 4 trajectories. The increase in dD23−K28 is quite substan-
tial, about 3.8 Å . Thus Aβ40 is expected to inhibit aggregation
of Aβ42 as its presence makes the salt bridge of the latter more
flexible.

The effect of Aβ42 on dynamics of the salt bridge of Aβ40

is demonstrated in Fig. S12 in SM.77 In monomer state the
average distance dD23−K28 = 6.9 Å. For the dimer case the
visible effect is seen in trajectories 1, 2, and 4. Averaging
over 4 trajectories we obtain dD23−K28 = 8.5 ± 1.0 Å which
is larger than the monomer value. Therefore, Aβ42 tends to
interfere with aggregation of Aβ40 but this effect is presum-
ably less pronounced compared to the influence of Aβ40 on
Aβ42.

5. Flexibility of fragment 18–33

It has been suggested that 18–33 fragment could nu-
cleate Aβ folding and the formation of a bent structure
within residues 22–28 could be the rate-limiting step in fibril
formation.43, 46, 74 We have computed Cα-RMSD of this frag-
ment from its fibril-prone structure (Fig. S1 in SM77) for Aβ42

in monomer and di-peptide system (Fig. 10). For monomer we
have average RMSD = 7 Å , whereas RMSD = 7.8 ± 0.3 Å
for dimer, where error bars come from averaging over 4 trajec-
tories. Thus the presence of Aβ40 increases RMSD of 18–33
fragment of Aβ42 or reduces probability of existence of fibril-
prone state N*. This result supports the inhibitory mechanism
of Aβ42 aggregation by Aβ40.

We have also monitored time dependence of RMSD of
Aβ40 (Fig. S13 in SM77). For monomer one has average
RMSD = 6.5 and 6.4 ± 0.5 Å for monomer and dimer, respec-
tively. Therefore within error bars RMSD of fragment 18–33
of Aβ40 remains unchanged in the presence of Aβ42.

6. Estimation of binding free energy of Aβ40 to Aβ42
by MM-PBSA method

In order to calculate �Gbind we have used snap-
shots collected in equilibrium for four trajectories and the
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FIG. 9. Time dependence (a) and populations (b) of the distance between
D23 and K28 of Aβ42. Black curve refers to monomer while color curves
refer to 4 trajectories of dimer. Averaging over the whole time window one
has dD23−K28 = 8.5 Å for monomer, whereas dD23−K28 = 12.0, 9.0, 14.9, and
13.1 Å for trajectories 1, 2, 3, and 4 of dimer.

MM-PBSA method (see SM77 for more details). The con-
tribution of the vdW interaction is superior to the electro-
static one (Table III). For all trajectories the binding free en-
ergy is negative supporting good binding of Aβ40 to Aβ42.
Averaging over four MD runs we obtain �Gbind = −34.12
± 11.95 kcal/mol. Thus, the underlying mechanism of inhibi-
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monomer while color curves refer to 4 trajectories of dimer. Averaging over
the whole time window one has RMSD = 7Å for monomer, whereas RMSD
= 8.1, 7.5, 7.9, and 7.7 Å for trajectories 1, 2, 3, and 4 of dimer.

TABLE III. Binding free energy of Aβ40 to Aβ42 in the di-peptide system.
The data were obtained using snapshots collected in equilibrium (last 390,
440, and 430 ns for trajectory 1, 2, and 4, respectively (Fig. S7 in SM77)
and the MM-PBSA method. For third trajectory snapshots between 115 and
380 ns have been used skipping high energy structures from 380 to 500 ns.75

All quantities are measured in kcal/mol.

Aβ40+42 �EvdW �Gsur �Eelec �GPB −T�S �Gbind (kcal/mol)

Traj1 −118.88 −13.80 −32.49 61.07 61.29 −42.81
Traj2 −83.20 −9.17 76.91 −59.58 54.57 −20.47
Traj3 −107.06 −12.46 36.73 −28.05 60.69 −49.75
Traj4 −84.35 −10.07 14.39 −5.53 59.45 −26.11
Average −98.37 −11.38 23.89 −8.02 59.00 −34.12 ± 11.95

tion lies in association of two peptides reducing the β-content
or the population of N* conformation of Aβ42. Our result is
in good agreement with the experiment of Yang and Wang.16

IV. CONCLUSION

As follows from Figs. 3 and 6 the β-structure occurs in
Aβ42 much faster than in Aβ40. Consistent with this finding,
solvent conditions that facilitate the initial coil → β-structure
transition would significantly accelerate fibril assembly. The
N-terminal is less ordered than the C-one (Figs. 4 and 7) but
not completely unstructured. This may be in line with the re-
cent experiment showing that the English (H6R) and Tottori
(D7N) mutations alter Aβ assembly at its earliest stages and
produce oligomers that are more toxic to cultured neuronal
cells than wild-type oligomers.76 The experiments17, 18 have
shown that the inhibition of Aβ42 fibrillogenesis by Aβ40 in-
creases with increasing concentration of Aβ40 and the best in-
hibitory effect is achieved at stoichiometric ratio Aβ40:Aβ42

∼ 10:1.
However, the change in morphological properties of

Aβ42 by the latter is observed in our simulations with ratio
1:1. This is presumably because the concentration used in our
simulations (≈10 mM) is much higher than that used in ex-
periments (∼1 μM).

In order to understand in more detail why the efficient
inhibition happens at stoichiometric ratio Aβ40:Aβ42 ∼ 10:1,
we have calculated the binding free energy of Aβ42 to Aβ42.
We obtained �Gbind ≈ −55.8 kcal/mol (Viet and Li, unpub-
lished results) that is lower than the binding free energy of
Aβ40 to Aβ42 (Table III). This implies that Aβ42 peptides pre-
fer to bind to each other more than to Aβ40 and one needs,
therefore, high concentration of Aβ40 to observe pronounced
inhibition.

We have shown that, in accord with the inhibitory mech-
anism, the presence of Aβ40 increases the beta content, dis-
tance between D23 and K28 of salt bridge and RMSD of
18–33 fragment of Aβ42. Therefore these three quantities are
sensitive indicators for studying Aβ42 aggregation.

We have shown that the protective role of Aβ40 is as-
sociated with preventing Aβ42 from aggregation. However,
there is another possibility that Aβ40 can reduce toxicity by
degrading oligomers or fibrils of Aβ42. This question requires
further investigation but our preliminary result on the binding
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free energy suggests that Aβ40 can bind to Aβ42 aggregates
and degrade them.
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