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A number of experiments suggested that metal binding can promote the aggregation of the amyloid-β peptide.
In this work, the effects of the zinc binding on the conformational distributions of the full length amyloid-β
peptide are investigated on the basis of extensive molecular dynamics simulations. By comparing the
conformational distributions of the apo-peptide and the holo-peptide, we show that the zinc binding can affect
the conformational distribution of the amyloid-β monomer dramatically. Compared with the apo-peptide, the
holo-peptide samples more β-strand conformation for the central hydrophobic cluster 17-21. Meanwhile,
the formation probabilities of the salt bridge Asp23-Lys28 and the turn comprising 23-28 are also increased
significantly at room temperature. Since these local structures are essential for the amyloid-β aggregation,
the observed effects of the zinc binding indicate that the metal induced conformational change of the monomer
is one of the possible mechanisms for the metal promoted aggregation of the amyloid-β peptide.

I. Introduction
Aggregation of the amyloid-β peptide (Aβ) is believed to be
the main pathogeny of Alzheimer’s disease (AD).1,2 In aqueous
solvent or a membrane-mimicking environment, the Aβ mainly
adopts R helix and random coil conformations.3-6 However, in
fibrils, the secondary structures are dominated by parallel β
sheet.7 Therefore, during the aggregation of the Aβ peptide, the
monomer undergoes conformational conversion from R helix
or random coil to β strand. Since the conformations of the Aβ
monomer in solution may influence such conformational transition, investigating the conformational distribution and the factors
affecting it is fundamental for understanding the mechanisms
of the Aβ aggregation and fibrillation.8
Accumulating evidence suggests that the metal binding can
promote the protease resistent aggregation of the Aβ and the
development of the AD.9 For example, anatomy studies found
that the concentrations of the Zn(II) and Cu(II) in the Aβ plaques
of the AD patients are dramatically higher than the normal
level.10 Meanwhile, experiments found that the metal-induced
aggregation of both the synthetic Aβ and the Aβ derived from
human post-mortem brain specimens can be reversed by
removing the metal ions with the metal ion chelators.11 In
addition, in vitro experiments observed that the Zn(II) can
promote the aggregation of the Aβ within wide pH range.12 The
Cu(II) can also affect the aggregation of the Aβ at slightly acidic
environments.13,14 These results imply that the metal binding
plays major roles in the Aβ aggregation and the development
of the AD. Investigating the molecular mechanism of the metal
induced aggregation and fibrillation of the Aβ peptide and the
factors which can inhibit the pathogenic binding of the metal
ions will be helpful for treating the related diseases.
In literature, two possible mechanisms for the metal induced
aggregation of the Aβ peptide are proposed:15-17 (I) the metal
ion binds to two Aβ monomers simultaneously and promotes
* Corresponding author. E-mail: wangwei@nju.edu.cn.

the aggregation by bridging the peptides, and (II) each metal
ion binds to one monomer and results in conformational
transition, which contributes to the Aβ aggregation. During the
past decade, a number of experiments have been devoted to
studying the metal induced conformational transition of the Aβ
monomer and the amyloid fibril formation, and many valuable
results have been obtained.14-18 Most recently, the coordination
mode of the Zn(II) to the Aβ peptide was identified on the basis
of the nuclear magnetic resonance (NMR) spectrum of the Aβ
segment.18 It was found that the residues His6, His13, His14,
and Glu11 are the ligands that tetrahedrally coordinate to the
Zn(II). However, up to now, the effects of the metal binding
on the conformational distribution and the conformational
transition of the Aβ monomer are still unclear, requiring further
experimental and theoretical investigations. Experimentally, as
the Aβ peptide is prone to aggregate and difficult to crystallize,
the structural characterizations of the Aβ monomer in aqueous
solvent based on the regular NMR and X-ray diffraction
techniques are hindered. Such limitations make the experimental
investigations of the metal induced conformational transition
and amyloid fibril formation much more difficult. Molecular
dynamics (MD) simulations, because of its high temporal and
spacial resolutions, are extensively employed in studying the
conformational distribution and the structural transition of the
full length Aβ and its shortened fragments.8,19-27 In this work,
we try to use the MD simulations to study the metal ion induced
variation of the conformational distribution and the possible
mechanisms of the metal promoted aggregation of the Aβ
peptide.
By comparing the conformational distributions of the Aβ
peptides with and without zinc binding, we show that the zinc
binding can affect the conformational distribution of the Aβ
monomer dramatically. Particularly, it is found that the zinc
binding can increase the formation probabilities of the β-strand
in the central hydrophobic cluster 17-21, the salt bridge
Asp23-Lys28, and the turn comprising the residues 23-28.
Since these local structures play important roles in the Aβ aggre-

10.1021/jp076213t CCC: $37.00 © 2007 American Chemical Society
Published on Web 11/15/2007

Effects of Zinc Binding

J. Phys. Chem. B, Vol. 111, No. 49, 2007 13815

gation,19,23,28-35 the enhancements of these local structures by
the zinc binding indicate that the zinc binding can contribute
to the Aβ pathogenic folding and amyloid fibril formation. Our
results suggest that the metal induced conformational variation
of the Aβ monomer is one of the possible mechanisms for the
metal promoted aggregation of the Aβ peptide.
II. Model and Methods
A. Replica Exchange Molecular Dynamics Model. Replica
exchange method is a high efficiency sampling technique which
was first implemented in molecular dynamics model by Sugita
and Okamoto36 and was widely used in the studying of protein
folding and aggregation.37-45 In replica exchange molecular
dynamics (REMD) simulations, N non-interacting replicas at
N different temperatures are conducted simultaneously in
parallel. After a certain MD step, the exchange of replica
between neighbor temperatures are attempted. The acceptance
ratio of exchange is determined by the energy difference and
temperature difference between the replica pair with Metropolis
criterion:

P(Xi f Xj) ) min(1, exp(-∆))

Figure 1. Temperature trajectories of four selected replicas.

(1)

where ∆ ) (βi - βj)(Ej - Ei) with β and E being the invert
temperature and potential energy, respectively. With this method,
the configurations at low temperatures have ability to overcome
high-energy barriers by being switched to high temperatures,
and it provides improved sampling at lower temperatures than
standard MD.
B. Simulation Details. In this work, the simulations are
performed employing the AMBER8 molecular dynamics simulation package with the standard ff03 force field being used.46,47
In treating the solvent effects, the generalized Born (GB) model
is used.48 With the implicit treatment of the solvent effects, the
simulation can be well-converged within reasonable simulation
time. We conducted two REMD simulations, that is, simulations
with zinc binding (holo-peptide) and without zinc binding (apopeptide). Both the simulations are started from random conformations.
For the simulation system with zinc binding, the nonbond
parameters of the Zn(II) used in this study were determined by
modeling the active site of HCAII (human carbonic anhydrase
II) using molecular orbital method by Hoops and co-workers.49
By combining with the AMBER force field, this parameter set
is widely used in simulating the conformational dynamics and
binding thermodynamics of the zinc containing proteins. In this
work, in addition to the above nonbond interactions, the distance
constraints are added between the Zn(II) and its liganding atoms
according to the experimental data, namely, the nitrogen atoms
in the side chain of the Histidine residues (His6, His13 and
His14) and the oxygen atom of the Glu11 carboxylate.18 Such
a strong bond interaction between the Zn(II) and the liganding
atoms significantly weakens the dependence of the conformational distribution on the nonbond parameters.
The covalent bonds involving hydrogen atoms are constrained
with the SHAKE algorithm, and the time step of 0.002 ps is
used. Totally, 28 standard MD are run from T ) 283 K to T )
655 K. The temperatures are selected with an exponential law
which makes the acceptance ratio a constant. The time intervals
between the exchange attempts are 0.8 ps, and the atomic
coordinations are recorded every 0.4 ps for further analysis. Each
replica is simulated for 70 ns, which results in the integration
time of 1.96 µs. The configurations of the last 60 ns for each
replica are used to extract the conformational distributions. In

Figure 2. Distributions of the radius of gyration (Rg) for the
conformations sampled during the time interval 10-40 ns (open circle
and dashed line) and 40-70 ns (close circle and solid line).

determining the structures of the most probable conformation,
the cluster algorithm is used.50 The PROSS protocol is used in
assigning the secondary structures.51
It should be noted that the GB implicit solvent model used
in this work may underestimate the importance of solvent
screening in charge-charge interactions.52 This effect can affect
the secondary structure propensity of the peptide. Therefore,
the absolute values of the calculated secondary structure
probabilities may deviate from the real values. However, this
shortcoming of the GB model can be largely eliminated in this
work since we are just interested in the variation of the
conformational distributions for the peptide with and without
zinc binding. Such comparison dramatically reduces the influence of the systematic bias of the conformational distribution
resulted from the implicit treatment of the solvent effect.
III. Results and Discussions
One of the advantages of the REMD is that it can give
reproducible results in reasonable simulation time compared with
the standard MD. Figure 1 shows the temperature trajectories
for four selected replicas. One can see that a wide range of
temperatures are visited by the replicas, illustrating high
sampling quality. To further verify the convergence of the
simulations, the distributions of the radius of gyration (Rg) for
the conformations sampled during the time interval 10-40 ns
and 40-70 ns are presented in Figure 2. One can observe that
the distributions have no significant differences, which suggests
that the sampling is well-converged. This means that we can
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Figure 3. Percentages of the structures in each clusters of the holopeptide (close circle and solid line) and the apo-peptide (open circle
and dashed line) sampled at 300 K.

extract the effects of the zinc binding on the conformational
distribution of the monomer and investigate the mechanism of
the zinc induced conformational transition by directly comparing
the conformational distributions of the Aβ peptides with and
without zinc binding.
In order to investigate the difference of conformational
distributions for the holo-peptide and the apo-peptide, we
performed cluster analysis to the structures sampled by these
two peptides at 300 K. Figure 3 gives the relative populations
of each cluster for the holo-peptide (close circle with solid line)
and apo-peptide (open circle with dashed line). The cutoff of
the root mean square (rms) distance in assigning the clusters is
3.5 Å. One can find that the conformational distribution of the
apo-peptide is more uniform compared with that of the holopeptide. For example, the relative populations of the five most
probable clusters for the holo-peptide are 17.3, 12.7, 7.5, 5.3,
and 3.6%, respectively. In comparison, the relative populations
of the five most probable clusters for the apo-peptide are 4.8,
4.0, 3.9, 2.8, and 2.8%, respectively. The small relative
populations in the most probable clusters for the apo-peptide
indicate that the structures of the apo-peptide are more
heterogeneous than that of the holo-peptide. We also performed
principal analysis to the structures sampled by these two peptides
at 300 K. Figure 4 shows the free energy landscapes projected
onto the first two principal components for the holo-peptide
(a) and apo-peptide (b). One can see that the free energy
landscapes are quite different for these two peptides. For
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example, the two most major states (dashed circles) for the holopeptide are more dominantly populated compared with those
of the apo-peptide. Such remarkable differences between the
conformational distributions of the holo-peptide and those of
the apo-peptide indicate that the zinc binding has significant
influences on the conformational distribution of the Aβ monomer. Since the conformations of the Aβ monomer in solution
may influence the pathogenic conformational transition during
the peptide aggregation, the effect of the zinc binding on the
conformational distribution of the monomer implies that the zinc
binding could be involved in the conformational transition and
aggregation of the Aβ peptide.
In Figure 5, we give the structures of the most probable
clusters for the apo-peptide (a) and holo-peptide (b). One can
see that, for the apo-peptide, the R-helix can be sampled for
the segment 15-20. Meanwhile, the N-terminal segment 6-14
and the C-terminal segment 29-36 are tightly packed to each
other. The segment 23-28 (the black region) is relatively
extended. However, this segment forms a turn structure in the
amyloid fibrils and plays a crucial role during the pathogenic
folding of the Aβ monomer.28,33-35 In comparison, in the most
probable structure of the holo-peptide, there is no R helix being
sampled. Meanwhile, the turn structure between the Asp23 and
the Lys28 is largely formed. The segment 17-32 forms a
hairpin-like structure with the segments 17-22 and 28-32 being
the two strands. Such a structure is very similar to the strandloop-strand structure observed by Han et al. with long-term
molecular dynamics simulations of the Aβ10-35.25 The authors
proposed that this strand-loop-strand structure could be the
folding intermediate which contributes to the aggregation of the
Aβ peptide. The higher probability for the holo-peptide to
sample the 23-28 turn and the strand-loop-strand structure
suggests that the zinc binding can promote the formation of
the aggregation inclined monomer structures, which in turn
contributes to the aggregation of the Aβ peptide.
In Figure 5, the formation probability of the central turn 2328 is only qualitatively discussed. To further investigate the
effect of the zinc binding on the formation of this central turn,
we calculated the formation probability of the central turn for
the apo-peptide and holo-peptide, and the results are presented
in Figure 6. The results show that, at low temperature (<330
K), the zinc binding can increase the formation probability of
the central turn. At higher temperatures, such effect vanishes.
It is worth noting that in Figure 6, the formation probability of
the central turn may be overestimated since the turn structures
are assigned only on the basis of the dihedral angle of each

Figure 4. Free energy landscapes projected onto the first (PC1) and second (PC2) principal components for the holo-peptide (a) and apo-peptide
(b) at 300 K. In this figure, the free energies are represented by -kBT lnP(PC1, PC2) with P(PC1, PC2) being the distribution probability calculated
by the structures sampled at 300 K. The unit of the free energy is kBT which T being the temperature, and kB being the Boltzmann constant.
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Figure 5. Structures of the most probable clusters for the apo-peptide (a) and holo-peptide (b) at 300 K.

Figure 6. Averaged turn formation probabilities for the residues 2328 as a function of temperature for the holo-peptide (close circle and
solid line) and apo-peptide (open circle and dashed line). The
assignment of the turn structure for each residue is based on the PROSS
protocol. The error bars are calculated from the block average of 3 ns
in length and represent the standard error.

residue in the 23-28 region using the PROSS protocol,51 and
the constraint of hydrogen bonds is not considered. However,
we can still observe that the zinc binding can promote the turn
formation by around 5% at room temperature, which can
contribute to the aggregation of the Aβ peptide.
Solid-state NMR spectra suggested that the amyloid fibrils
are dominated by parallel β-sheet structure.7,53 However, in the
aqueous and membrane mimicking environments, the Aβ mainly
adopts R helix and random coil structures.3-6 Therefore,
formation of the amyloid fibril demands secondary structure
conversion from the R helix and random coil to the β strand.
To understand the role of the metal binding on the secondary
structure conversion, we investigate the effects of the zinc
binding on the β-strand propensity of the Aβ peptide. Figure
7a shows the probability of each residue sampling the β strand
for the apo-peptide (open circle and dashed line) and holopeptide (close circle and solid line), respectively. One can see
that for both peptides, the hydrophobic cluster 17-21, the
N-terminal segment, and the C-terminal segment have high
probabilities to sample the β-strand structure. Particularly, one
can observe that the zinc binding enhances the β-strand
conformations of the hydrophobic cluster 17-21 significantly.
A number of experiments suggested that this hydrophobic
cluster, which has high β-strand propensity,54 plays a crucial
role in the aggregation of the Aβ peptide.29-31 Meanwhile, solidstate NMR showed that this hydrophobic cluster adopts a

Figure 7. (a) Probability for each residues to sample the β-strand
structure for the holo-peptide (close circle and solid line) and apopeptide (open circle and dashed line) at 300 K. (b) Probability for each
residues to sample the β-strand structure for the holo-peptide calculated
from the structures of group 1 (open circle), group 2 (cross), and both
(close circle) at 300 K. The structures are assigned to group 1 or group
2 alternately every 0.5ns.

β-strand structure in the amyloid fibrils.53 It was also found
that the shortened segment of the Aβ peptide comprising 1622 can form fibrils with the strand organization.55 These results
imply that the β-strand conformation of this hydrophobic
segment is critical for the aggregation of the Aβ peptide. The
enhancement of the β-strand content of this segment by the zinc
binding revealed in this work indicates that the zinc binding
can contribute to the aggregation of the Aβ peptide by affecting
the secondary structure distribution of the monomer. From
Figure 7a, it is also observed that the zinc binding can increase
the β-strand content of the C-terminal segment simultaneously.
In comparison, the β-strand content of the N-terminal segment
is decreased significantly.
To estimate the statistical error in Figure 7a, we divided the
structures sampled by the holo-peptide at 300 K into group 1
and group 2 alternately every 0.5 ns. The probabilities for each
residue to sample the β-strand structure for the holo-peptide
calculated from the structures of group 1 (open circle), group 2
(cross), and both (close circle) at 300 K are presented in Figure
7b. One can see that there is little difference between these three
groups, indicating that the statistic in Figure 7a is significant to
extract the effect of zinc binding.
In vitro studies found that the formation of the amyloid fibril
sensitively depends on the temperatures. Slightly elevated
temperatures can enhance the amyloid fibril formation rate
significantly. Therefore, it is important to explore the conformational distributions of the peptide at different temperatures
and the effects of the zinc binding on the temperature depen-
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Figure 8. Averaged probabilities of the R helix (a) and the β strand
(b) sampled by each residue in the holo-peptide (solid line) and the
apo-peptide (dashed line) as a function of temperature.

dence. Figure 8 shows the averaged probabilities of the R helix
(a) and the β strand (b) sampled by each residue in the apopeptide (dashed line) and the holo-peptide (solid line) as a
function of temperature. One can see that, with the increasing
of the temperature, the R-helix content decreases rapidly, while
the β-strand content increases slightly. These results suggest
that slightly elevated temperatures can disrupt the R-helix
structure, which in turn helps the peptide adopt a more extended
β strand. This result is consistent with the experimentally
observed acceleration of the aggregation process at slightly
elevated temperatures. Compared with the apo-peptide, the holopeptide samples less R-helical structures and slightly more
β-strand structures. The less R-helical structures sampled by
the holo-peptide may result from the geometric constraints
imposed to the N-terminal segment. However, one can see from
Figure 8b that the β-strand content for the holo-peptide is equal
to or slightly higher than that for the apo-peptide, suggesting
that the increasing of the β-strand propensity by the zinc binding
for certain segments is accompanied by the decreasing of the
β-strand content for the other segments. This result is consistent
with the observation of Figure 7 which shows that the β-strand
contents of the segment 17-21 and the C-terminal segment are
increased significantly with the zinc binding, while that of the
N-terminal segment is decreased largely. The counteraction
between these two effects results in the overall enhancement
being limited.
In both Figure 5a and Figure 8, the R-helical structures can
be sampled by the peptide. However, there is no strong
experimental evidence for the existence of helical structure for
the Aβ monomer in the state simulated. Such high helical
content observed in this work may be related to the force field
used. In addition, the secondary structure assignment method
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used in this work may also overestimate the helical content since
the secondary structure is assigned only on the basis of the
dihedral angle of the main chain, and the constraint of the
hydrogen bonds is not considered. However, the existence of
helical structure in this simulation does not affect the conclusion
of our work since we are only interested in the variation of the
secondary structure contents with the binding of the metal ion
but not the absolute secondary structure contents for each
peptide.
It is worth noting that other simulations with explicit solvent
in literature also observed helical structures.26,27 Meanwhile, a
recent experiment also gives signature that the R-helical content
can be populated for the peptide with a similar condition.54
To further understand the effects of the zinc binding on the
conformational distribution of the Aβ peptide, we constructed
the contact maps for the Aβ peptides with and without zinc
binding. Figure 9 shows the averaged contact maps for the holopeptide (a) and apo-peptide (b) at 300 K. We define the contacts
as occurring whenever two amino acid side chains, which
separated by less than four amino acids, have any two heavy
atoms within 5.0 Å. One can see that, compared with the apopeptide, the holo-peptide has more long-range contacts which
are mainly formed between the segment 28-40 and the segment
5-25. In comparison, the long-range contacts mainly formed
between the segment 29-36 and the segment 6-14 for the apopeptide, which is consistent with the structure of the largest
cluster shown in Figure 5a. In the holo-peptide, because of the
geometry constraints imposed by the zinc ion, the N-terminal
segment has much higher contact probability.
From the solid-state NMR data of the amyloid fibrils, the
backbone hydrogen bonds are mainly formed between the
peptides and are responsible for the stabilization of the parallel
β sheets.7,53,56 In comparison, the intrapeptide interactions are
dominated by the long-range side chain-side chain contacts
(hydrophobic interaction, electrostatic interaction, and hydrogen
bonds involving side chains). These long-range contacts not only
define the interface of the β sheets, but also can contribute to
the stabilization of the monomers within the fibril. The
increasing of the long-range contacts by the zinc binding
suggests that the intrapeptide interactions can be enhanced by
the zinc binding, which may lead to the stabilization of the
pathogenic monomer structure and contribute to the peptide
aggregation. In particular, the contacts formed between the
segment 28-40 and the segment 5-25 for the holo-peptide are
helpful for the stabilization of the turn between Asp23 and Lys28
which is believed to be the folding nucleus for the pathogenic
folding of the monomer during the Aβ aggregation.

Figure 9. Averaged contact maps for the holo-peptide (a) and the apo-peptide (b) at 300 K.
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Figure 10. Distance distributions between the Asp23 and Lys28
(square) and between the Glu22 and Lys28 (circle) for the peptides
with (close symbol and solid line) and without (open symbol and dashed
line) zinc binding at 300 K. The distances between the anionic and the
cationic residues are represented by the distances between the N of the
NH3 group and the O of the carboxylate.

It was found that the salt bridge between Asp23 and Lys28
is well-formed in the amyloid fibril. Experimental studies also
showed that the preformation of the salt bridge between Asp23
and Lys28 can increase the Aβ1-40 fibrillogenesis rate by a factor
of 1000.32,28 Meanwhile, as the Asp23-Lys28 salt bridge locates
at the ends of the central turn, formation of the salt bridge can
contribute to the stabilization of this turn structure. Therefore,
it is widely accepted that the formation of this salt bridge during
the monomer folding is essential for the peptide aggregation.19,28,32 Since the metal binding can dramatically influence
the electrostatic interactions, we anticipate that the zinc binding
can affect the formation of this salt bridge. Figure 10 shows
the distance distributions between the Asp23 and Lys28. The
distance distributions between the Asp22 and the Lys28 are also
presented in the figure. One can see that, for both peptides, the
distance between the Glu23 and Lys28 can vary within a wide
range. At the distance of around 3.0 Å, there exists a sharp peak,
which represents the formation of the Asp23-Lys28 salt bridge.
We define the salt bridge formed whenever the distance between
the N of the NH3 group and the O of the carboxylate is less
than 5.0 Å. With this definition, the formation probabilities of
the Asp23-Lys28 salt bridges for the peptide with and without
zinc binding are ∼7% and ∼10%, respectively. Therefore, this
salt bridge only populated in a minority of structures for the
Aβ monomer. There is no direct experimental measurement on
the formation probability of the Asp23-Lys28 salt bridge in
the Aβ monomer, whereas, among the 15 NMR structures of
the Aβ10-35 deposited in the Protein Data Bank,5 6 of them form
salt bridge according to the above-defined criterion, indicating
that the Asp23-Lys28 salt bridge does not dominate the
monomer structures of the Aβ peptide. Meanwhile, based on
molecular dynamics simulations with CHARMM force field and
explicit solvent, Thirumalai and co-workers investigated the
formation of the Asp23-Lys28 salt bridge.19 Consistent with
our results, they found that the population of the Asp23-Lys28
salt bridge in the Aβ10-35 monomer is minor. On the basis of
this observation, they proposed that the early stage of the Aβ
oligomerization must involve the further formation of the
Asp23-Lys28 salt bridge with the help of interpeptide interaction. However, the salt bridge formation probability obtained
in the present work (∼10%) is lower compared with that of ref
19 (∼25%). This difference may be related to the differences
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of the force field and the length of the Aβ peptide (Aβ10-35
versus Aβ1-40).
The most important result observed in this figure is that the
holo-peptide has higher probability to form the Asp23-Lys28
salt bridge compared with the apo-peptide, which indicates that
the zinc binding can promote the formation of the salt bridge
Asp23-Lys28. In comparison, although the Glu22 is very close
to the Asp23, the formation probability of the salt bridge
Glu22-Lys28 is very low and is decreased by the zinc binding.
Since the formation of the Asp23-Lys28 salt bridge can
contribute to the amyloid fibril formation significantly, the
enhancement of this salt bridge by the zinc binding suggests
that the zinc binding can contribute to the Aβ aggregation by
promoting the formation of the Asp23-Lys28 salt bridge.
Assuming that the aggregation rate is proportional to the
exponent of the concentration of the Aβ peptide with the
Asp23-Lys28 salt bridge formed, the increase of the formation
probability of the salt bridge (from ∼7% to ∼10%) by zinc
binding can double the aggregation rate of the Aβ peptide,
although the formation probability of this salt bridge is not
predominant in the simulated monomer structures.
Previously, it was proposed that there exists competition
between the carboxylate anions of the Glu22 and those of the
Asp23 for the NH3 group of the Lys28. The present results show
that the salt bridge Asp23-Lys28 has a much higher formation
probability compared with the salt bridge Glu22-Lys28, and
the zinc binding can enhance this difference. Other simulations
with discrete molecular dynamics also showed that, in conformations with a propensity for fibril formation, the electrostatic
interactions between the Asp23 and the Lys28 are favored over
those involving Glu22 and Lys28,23 which is consistent with
the above observations that the zinc binding can promote the
formation of the aggregation inclined monomer conformations.
To understand the mechanism of the zinc binding enhanced
formation of the salt bridge Asp23-Lys28, we explored the
detailed interaction network between the anionic residues and
the cationic residues. Figure 11 gives the salt bridge maps
formed between all of the anionic and cationic residues of the
Aβ peptides with (a) and without (b) zinc binding. One can see
that the formation probabilities of the salt bridges are very
different for these two peptides. Compared with the apo-peptide,
the holo-peptide has a higher probability to form the salt bridge
Asp23-Lys28, which is consistent with the observation of
Figure 10. By comparing the salt bridge maps of the apo-peptide
and the holo-peptide, one can observe that the salt bridges
Glu3-Lys28 and Asp7-Lys28 are dramatically decreased
because of the constraints imposed by the zinc binding, which
makes the Asp23 and Lys28 have a higher probability to form
a salt bridge.
In ref 19, Thirumalai and co-workers observed that the
hydrogen bonds involving the discrete water molecules may
affect the formation of the Asp23-lys28 salt bridge. However,
because of the use of the implicit solvent model, such an effect
cannot be captured in this work. Therefore, the absolute value
of the formation probability for the Asp23-lys28 salt bridge
may deviate from the real value.
It is interesting to note that Hummer and co-workers proposed
that the charge-charge interactions between the intra- and the
interpeptide Asp23-Lys28 in the manner of one-dimensional
ionic crystalline interactions contribute to the stabilization of
the fibril structure significantly.57 The above results show that
the zinc binding, by imposing geometric constraints to the
N-terminal charged groups, decreases the charge-charge interactions between the N-terminal charged groups and the Lys28.
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Figure 11. Salt bridge maps formed between all of the anionic and cationic residues of the Aβ peptide with (a) and without (b) zinc binding.

Such an effect can in turn increase the charge-charge interaction
between the intra- and the interpeptide Asp23-Lys28. Therefore, the effect of the zinc binding on the salt bridge formation
between the Asp23-Lys28 can also contribute to such onedimensional ionic crystalline interactions as suggested by
Hummer and co-workers, which is helpful for the formation
and stabilization of the Aβ amyloid fibril.
In literature, two possible mechanisms are proposed for the
metal promoted aggregation of the Aβ peptide: (I) the metal
ion binds to two monomers simultaneously and contributes to
the aggregation by bridging the peptides, and (II) each metal
ion binds to one monomer and promotes the peptide to convert
to a new conformation which is prone to aggregate. However,
which mechanism is adopted by nature is still in debate. The
present results demonstrate that the zinc binding can promote
the formation of the aggregation inclined monomer structures
of the Aβ peptide, which indicates that the metal ion induced
conformation transition of the monomer is one of the possible
mechanisms for the metal promoted aggregation of the Aβ
peptide.
IV. Conclusions
In this work, we investigated the effects of metal binding on
the conformational distribution of the full length Aβ peptide
based on replica exchange molecular dynamics simulations. The
results show that the zinc binding can affect the conformational
distribution of the monomer dramatically. The peptide with zinc
binding samples more conformations which is prone to aggregate compared with the peptide without zinc binding. Our
results suggest that the metal induced conformational variation
of the Aβ monomer is one of the possible mechanisms for the
metal promoted aggregation of the Aβ peptide. The present work
provides a deeper understanding to the metal dependent
pathogenic folding and aggregation of the Aβ peptide which is
essential for understanding the initial stage of the metal induced
amyloid fibril formation.
Note that, in our simulations, the coordination bonds between
the Zn(II) and the liganding atoms of the Aβ are preformed
according to the NMR data. With this treatment, the convergence
of the simulation can be better achieved, and we can investigate
the effects of the zinc binding on the conformational distribution
of the Aβ monomer. However, because of the preformation of
the corresponding coordination bonds, the kinetic process of
the zinc binding induced conformational transition cannot be
described. To fully describe such effects, the whole binding
process of the Zn(II) to the liganding atoms needs to be

simulated. In addition, the present work only investigated the
role of zinc binding on the conformational distribution of the
Aβ monomer. To fully understand the zinc induced amyloid
fibril formation, the aggregation of Aβ peptide involving Zn(II)
needs to be simulated. These works are underway in our group.
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