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Abstract Aggregation of the amyloid f-peptide
(Ap) into insoluble fibrils is a key pathological event
in Alzheimer’s disease. Cu(Il) and Zn(Il) ions were
reported to be able to induce Aff aggregation at nearly
physiological concentrations in vitro. In this study,
the binding modes of Cu(II) and Zn(II) in this process
were explored by molecular modeling. In the pre-
associated Af, Nt atom of imidazole ring of His14, O
atom of carbonyl of main-chain and two O atoms of
water occupied the four ligand positions of the
complex. While in the aggregated form of Ap, the
His13(N)-Metals—His14(N) bridges were formed
through metal cross-linking action. These results
would be helpful to put insight on revealing the
formation mechanism of pathogenic Af aggregates in
brain.
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Introduction

Amyloid f-peptide (Af) is a natural peptide of about
39-42 amino acids, which can aggregate and accu-
mulate to senile plaque (SP) cores. When these cores
further co-localize with other numerous associated
proteins and nonprotein components, neurotoxic SPs,
a pathological character of Alzheimer’s disease (AD)
are thus formed (Hasegawa et al. 1999; Atwood et al.
2002; Storey and Cappai 1999). It has been reported
that the imbalances of metal ions in brain may be
related to the pathogenesis of AD. Microparticle-
induced X-ray emission analysis has shown that Zn
and Cu are significantly concentrated in the neurophil
of AD patients and are further concentrated within
the core and periphery of SPs (Lovell et al. 1998).
Although the self-assembly process of Aff has been
observed in vitro to follow the nucleation-dependent
growth in the absence of metal ions, the true
mechanism of amyloid fibril formation remains
obscure (Jarrett and Lansbury 1993; Padrick and
Miranker 2002). Moreover, recent findings of Cu and
Zn in the induction of significant Aff aggregation at
nearly physiological ion concentrations have received
much attention in the study of molecular mechanism
of Af aggregated form (Raffa and Gomez-Balderas
2005; Stellato et al. 2006; Dong et al. 2006). Circular
dichroism spectroscopy, sedimentation assays and
immobilized metal ion affinity chromatography show
that rat Af (substitution of Hisl3 by Arg) and
histidine-modified human Af are not aggregated by
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Zn(Il) and Cu(Il), indicating that histidine residues
are essential for metal-mediated A assembly (Liu
et al. 1999; Atwood et al. 1998). However, no
evidence reveals exact metal binding sites and
models on Afs (Zou et al. 2001; Luczkowski et al.
2002). In this study, we explored the possible binding
modes of metal ions on Afs in pre-associated Af
complexes and insoluble aggregates by molecular
modeling method under the assumption that the
His13 and His14 of Afs are the main ligands in the
aggregation.

Simulation methods

Electron microscopic studies indicate that intact SP
fibril cores are 40-80 A in diameter, which are
composed of two 20-40 A filaments. The filaments
are formed by aggreganon of Ap in repeat distances
of 48 A and 10.6 A (Dong et al. 2003). These
findings provide an experimentally constrained Af
filament structure for theoretical model construction.
It was also reported that metal coordinates mainly
involves the Tyr10 and His at the amino acid positions
6, 13 and 14 of natural Af peptide respectively, among
which His13 and His14 appear to be most critical for
aggregation (Miura et al. 2000; Curtain et al. 2001). To
increase the computational efficiency and emphasize
the impact of these interactions on fibril formation, an
experimentally reported Af variant (10-21) (amino
acids 10-21 of natural Af) (Morgan et al. 2002),
YEVHHQKLVFFA, was selected as a theory-model
variant of Apf(39—42). This Af(10-21) not only
contains the His13 and His14 residues implicated in
metal binding, but also keeps the overall amphiphilic
distribution of amino acids, polar N-terminal and
nonpolar C-terminal residues that exist in Af(39-42).
Therefore, the A (10-21) is a ideal model for Af
aggregation modeling, which possesses the features
and structures that might be presented in the SP cores.

It is assumed in our model that the fibrils are formed
by three AS(10-21) strands aggregated into register
f-sheets in parallel and anti-parallel modes, with a
spacing of 5.0 A between strands within a sheet. Four
such sheets with the same secondary structure are
laminated together, spaced by 10.0 A, to be a rectan-
gular fibril (Fig. 1). The side chains of the histidine
residues at positions 13 and 14 are directed to opposite
surfaces of the -sheet, thus His13 and His14 residues
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from two neighbor sheets are proximal. This arrange-
ment provides potential binding sites for chelating
metal. In the cases of anti-parallel 5-sheets, His13 and
His14 residues along or between the sheets can
combine to form a tetravalent site (Morgan et al. 2002).

It is challenging to simulate the interaction of
transition metals with biochemical molecules by
computational methods due to the complexity of
electronic structure of these ions (multiple oxidation
and coordinating states). An assumption that the
metal binding works on the Aff assembling directly
is thus made to simplify the metal bridging function
by using the simple coordination modes in metal-
peptide complexes. As the consequence, the con-
straining function of metal on the conformations of
both the metal-peptide complexes and the Af itself
can be emphasized. Bonded approaches (Hou et al.
2001) and geometry optimization of molecular
mechanics were used to reproduce geometries of
Af(10-21) coordinated by metal ions. Such treat-
ment (actual bonds) is helpful to fix metal ions at
the site binding with designated ligand or in
designated binding models. It is also favorable for
comparing the relative stabilization of the Ap
structures among different binding modes. Several
atoms are assigned to bind with metal ions, includ-
ing the nitrogen atom (N) of the imidazole ring of
His (N7), N of deprotonated amide of His (Nn), the
oxygen atom (O) of the carbonyl of main-chain, N
of deprotonated amide of main-chain and O of
water. The localization of these ligand atoms is
illustrated in Fig. 2. Cu(ll) and Zn(II) can bridge
peptide chains through commonly-encountered tet-
rahedral coordination with the side chain residues of
peptides. Regardless of the various valence coordi-
nates actually adopted by metal ions, the number of
ligand atoms coordinated to a metal ion by actual
bond is fixed to four in our modeling process.
Moreover, explicit consideration of the influence of
water environment on the binding system is so
extravagant that only limited water molecules are
actually adopted to fill the metal valence. Most bond
and angle parameterization associated with the
Cu(l) and Zn(II) is derived from previous works
(Hoops et al. 1991; Reichert et al. 2001). Other
parameters are got following the default parameters
scheme described in the appropriate manuals of
Amber96 in Hyperchem6.0 (Hypercube Inc. 2000).
In this study, all atoms are represented with the
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Fig. 1 (a) Structure of the fibril made up of anti-parallel Af(10-21) sheets; (b) amyloid f-sheet laying side-by-side (I, II and III
represent strand numbering); (c) the lateral view of the f-sheets fibril (1, 2, 3 and 4 represent amyloid f-sheet lay numbering)
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atom types defined in the Amber96 force field and
the related metal parameters are listed in Table 1.

In the state of pre-associated Ap, the initial
structure of the simple A compounds, composed
of an Af strand with one metal ion, is manually built
by actual bonds as following: the metal ion is
initialized at the geometry center of the related ligand
atoms in the steric structure of a f-strand. These
compounds are hydrated by a box of TIP3P water
molecules. The optimum conformation of each
compound is determined by comparing the energies
of sample configurations from a molecular dynamics
(MD) trajectory. The MD protocol contains an
equilibration part lasting 5000 steps (1 step = 1 fs)
and a sample part lasting 500 steps in water box at
temperature of 298K. Each 100 steps is sampled for a
configuration, and total five configurations of a
compound are extracted from the water box. These
five configurations are energy-minimized and the
minimum one is chosen as the optimum configuration
of the compound.

In the cases of complex Aff compounds involving
the interaction of multi-Af strands with one metal ion
in the aggregated Ap state, two types of Ap fibrils, the
parallel and anti-parallel f-sheet are chosen for metal
binding modes analysis. In the Af(10-21) fibril the
metal binding sites are repeatable, depicted as Fig. 1c.
To focus on the impact of metal linking fashions on
fibril formation, two/four strands for parallel/anti-
parallel A5 complexes (i.e., dimeric and four-meric A f§
complexes, Fig. 4) are extracted from the rectangular
AS(10-21) fibril constructed previously (Fig. 1). For
the parallel f-sheet, the His13 and His14 residues of I,
IT and IIT strands are each parallel to approach on the
opposite surfaces of the ff-sheet; whereas for the anti-
parallel, the His13 and His14 residues of II strands are
not proximal with those of I and III strands. The
remarkable distinction of metal coordination environ-
ment leads to the different numbers of Af(10-21)

strands selected to simulate the part Af fibril. Many
possible linking fashions of the extracted multi-Af3
strands with a metal ion are built and energy minimized
in the same way as the simulation of single Af§ strand
case previously. The selected linking fashions, corre-
sponding to lower potential energies, are then applied
to the coordination of whole A fibril.

All calculations are performed on a “DELL”
workstation utilizing the Amber96 in Hyperchem6.0
(Hypercube Inc. 2000). Geometry optimization is
carried out by the conjugate gradient minimizer with
a convergence criterion of 0.1 kcal/mol per A
(assigning a dielectric constant of 4r).

Results and discussion
Binding mode of pre-associated AfS

Before Af aggregate, there used to be an allosteric
transition from a-helix to -fold for soluble Af. Since
a f-strand would be the key transitional structure of
Af before aggregations, the interaction between metal
ions and f-strands is studied to explore the soluble
binding mode. In basis of systematic combination of
the ligand atoms in Fig. 2, fifty possible binding sites
and modes (data not shown) are evaluated to deter-
mine the optimum configurations of Cu(Il)/Zn(II)
binding to Af(10-21). Nt of Hisl4, O of peptide-
bond in Vall2 and two O atoms of water coordinate
with Zn(II) to form the tetrahedron geometry of
[30,1N] (Fig. 3c), giving the lowest potential energy
—27.76 kcal/mol (the potential energy of Af(10-21)
peptide in the f-sheet structure is set to the reference
value). Nt of His14, O of peptide-bond in Glul1 and
two O atoms of water coordinate with Cu(Il) [30,1N]
(Fig. 3d), giving the lowest potential energy
—6.21 kcal/mol. Miura suggested that in the soluble
complex formed between Cu(Il) and Af3, the Nz atom

Table 1 Force field

parameters for Zn(II) and Atom type R¥(A)

Cu(Il) ions Zn 2.268
Cu 2.328
Bond Ry (A)
Zn-N 2.050
Zn-0 2.050
Cu-N 2.092
Cu-O 2.092

Eps

0.2000

0.2000

Kr (kcal/A?) Angle 0cq (degree) K, (kcal/rad?)
40.00 N-Zn-N 109.5 20.00

40.00 N-Zn-O 109.5 20.00

204.4 N-Cu-N 180.0 2.905

204.4 N-Cu-O 180.0 2.905
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Fig. 4 Distribution and
label of the atoms
coordinating to metal ions
in the part AB(10-21) fibril.
(a) Anti-parallel fibril; (b)
parallel fibril. I and II
represent strand numbering;
1 and 2 represent amyloid
p-sheet lay numbering

Fig. 3 (a) The soluble
natural structure of the part
AS(1-40); (b) the
conformation of Zn(II)
binding into the natural
A(10-21) by the [30,1N]
coordination; (c) the
conformation of Zn(II)
binding into the constructed
Ap(10-21) by the [30,IN]
coordination; (d) the
conformation of Cu(Il)
binding into the constructed
ApB(10-21) by the [30,IN]
coordination. The ribbon
represents the secondary
structure

of a histidine residue together with two or three
deprotonated amide nitrogens at the neighboring
position could chelate a Cu(Il) ion in a tetragonal
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geometry (Miura et al. 2000). However, our modeling
results show that it is unfavorable to bind to Cu(Il) or
Zn(Il) against the coordination linkage described by

@ Springer



194

Biometals (2008) 21:189-196

Miura due to their high positive potential energy.
When three or four neighboring atoms within an Af
strand coordinate with a metal ion, the notable
distortion of peptide f-structure is observed, accom-
panied with the remarkable increase of the bond
straining and system potential. As results, it is
suggested that two atoms at most from an Af strand
are allowed to simultaneously coordinate with a metal
ion by stronger coordinate bond.

A 90°-turn is found in the conformation of metal
ions bounded Af(10-21) (Fig. 3c, d). This feature is
dramatically similar to the soluble natural structure
of AP(1-40) (Coles et al. 1998), as shown in
Fig. 3a. Since the AS(10-21) is optimized by itself
not to produce a 90°-turn, the metal binding may be
responsible for the 90°-turn. Moreover, the binding
of a Zn(Il) ion to the AB(10-21) fragment extracted
from natural Apf(1-40) exhibit the same binding
mode of [30,IN] as the constructed AB(10-21)
variant (Fig. 3b). The potential energy of the natural
Af(10-21) bound by Zn(I) (—19.00 kcal/mol) is
just slightly more negative than that of before
binding (—17.80 kcal/mol), and the whole confor-
mation of the natural AS(10-21) hardly changes
before and after the Zn(II) binding (Fig. 3a and b).
This implies that the 90°-turn region of the natural
Af(1-40) might be a good site for Zn(II) binding,
and the binding might be a reversible process.
Furthermore, the Apf(10-21) potential energy of
o-helical structure, o-helix with Zn(Il) binding
(Fig. 3b) and f-fold with Zn(II) binding (Fig. 3c)
obviously decrease gradually from —17.80 to
—19.00 to —27.76 kcal/mol. It hints that the Zn(II)
interaction with N terminus of A may be respon-
sible for inducing or enhancing the f-fold confor-
mation. It can be further inferred that the
complexation of Af with Zn(Il) play as a confor-
mational switch, which triggers the conformational
transition between o-helix and f-sheet. Different
from Zn(II) binding, the Af(10-21) potential energy
of wo-helical structure, o-helix with Cu(Il) binding
and f-fold with Cu(Il) binding (Fig. 3d) are —17.80,
—10.84 and —12.06 kcal/mol, respectively. It indi-
cates that the structural basis for Cu(Il) binding and
the allosteric basis for cooperativity may be med-
iated by the f-sheet conformations. In other words,
only the Af conformations contain mainly f-sheet,
could Cu(ll) have higher affinity for Af and
accelerate Afj to associate.
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Solvent pH is a key factor in controlling the
coordination between Afis and metal ions. Under
certain pH environment, the metal ions can coordi-
nate with the Afs. The metal ion affinity abilities
determine the effects of Zn(II) and Cu(Il) in the
induced aggregation. The stronger affinity ability the
metal ion own, the shorter the binding bond lengths
and the stronger the drawing force of the metal ions
bind to the Af residues. The drawing force can
induce the changes in the peptide secondary structure.
Through observing the changes of potential energy,
we find that Zn(IT) can induce Af to aggregate in
p-sheet and o-helical conformations, while Cu(Il) can
only induce f-sheet aggregation form. Figure 3c, d
shows that the bond lengths of Nrt(His14)-Zn(Il)
(1.990 A), O(Val12)-Zn(II) (2.028 A) and O(water)—
Zn(I1) (1.998 A and 2.002 A)are shorter than those of
Nt(His14)-Cu(Il) (2.086 A), O(Glul1)-Cu(II)
(2090 A) and O(water)-Cu(Il) (2.084 A and
2.085 A) respectively. These results indicate that
Zn(II) binding makes the coordination residues
closer, thus leads to more obvious changes in peptide
conformation than Cu(Il) binding. The results of low
affinity for Cu(Il) binding and high affinity for Zn(II)
binding are well consistent with earlier report
(Atwood et al. 1998). While solvent pH promotes
the o-helical conformation, the Af aggregation by
Cu(II) is rapidly abolished, but Zn(Il)-induced Ap
aggregation shows much more resistant to pH at
similar conditions. Therefore, a-helical conformation
may be unfavorable for the Cu(Il) coordination that
mediates peptide assembly(Atwood et al. 1998).

Binding mode of aggregated Af

Some experiments have reported the presence of
covalently crosslinked dimeric and trimeric Af species
with metal ions in neuritic plaque (Roher et al. 1996).
According to this fact, a possible mechanism on Apf
from soluble phase to fibril would be simulated by the
crosslink model with metal ions. It has been charac-
terized that the secondary structure of synthetic Af
fibril is a repeating, parallel or anti-parallel, f-pleated
sheet structure. However, up to now, there is no direct
evidence for the configuration of Ap fibril within SPs
(Zou et al. 2001; Luczkowski et al. 2002; Dong et al.
2003). Therefore, two types of Ap fibril (parallel and
anti-parallel f-sheet) are investigated for their metal
binding modes in the study. The potential energy of the
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Ap fibril with different metal-bridge bonds are listed in
Table 2, and illustrated in Fig. 4.

As indicated in Table 2, the anti-parallel Af fibril
gives the minimum potential energy of —405.02 kcal/
mol. This is subject to the Zn(II) optimum binding mode
that His13(Nt), His14(Nt) and 2Wat(O) atoms form the
tetrahedron conformation. The graphics corresponding
to the optimum binding mode (Fig. 1c), illustrates that
the His13(Nt)-Zn(II)-His14(Nt) bridges formed by
Zn(II) cross-linking action may be an intrinsic force to
transform Af§ from soluble phase to fibril phase. This
finding is in well agreed with Miura’s deduction from
the Raman spectra (Miura et al. 2000). The effects of
Zn(Il) binding were observed by histidine Raman
bands. Upon the binding of Zn(II), the 1570 cm ™' band
of metal-free histidine was diminished in the spectrum
of insoluble aggregates, and concomitantly a band at
1604 cm ™' gained intensity. The peak at 1604 cm ™!
could be assigned as Zn(II) binding to the Nt atom of
histidine in the insoluble Zn(II)-A $(1-40) complex. In
the view of theoretical computation, the more negative
of potential energy, the more stable of binding
composite. Though Cu(Il) displays similar role as
Zn(II) in Ap binding, its capability of inducing Af
assembly is markedly weaker than Zn(II). The bridge
formation leads to the system potential energy drop-
ping rapidly from —36.40 (without metal) to
—405.02 kcal/mol (Zn(IT) binding) and
—281.38 kcal/mol (Cu(Il) binding). Accordingly, it
stabilizes the structure of the constructed SP core. It
indicates that metal ions not only play an important role
in maintaining the structural integrity of the Ap
aggregated form, but also provide a seed for the
formation of amyloid steric structure, i.e. Af strands in

a f-sheet are linked by intermolecular H-bond and Af
strands among f3-sheet are linked by metal-bridge bond
(Fig. 1). In the case of the same metal binding modes
the potential energy of the anti-parallel Af fibril is
obviously lower than that of parallel. Consequently, it
can be explained as follows: (1) the difference in
secondary structure of Ap fibril itself determines the
different potential energy. Without metal binding, the
potential difference between anti-parallel and parallel
for the AB(10-21) fibril is —36.40 kcal/mol (the
potential energy of anti-parallel is more negative); (2)
the metal-bridge bonds in I, IT and III strands of parallel
structural locate in a plane, which goes against
stabilizing the binding system due to the overwhelming
concentration of positive charge injected by metal ions.
Therefore, it can be deduced that an anti-parallel rather
than a parallel ff-sheet is favorable for Af aggregated
form.

To sum up, in this study the detailed information
of Cu(Il) and Zn(II) binding modes in Af fibril are
investigated by theoretical simulation approach. It is
depicted that the process of the Aff aggregated form
induced by metal ions might be present in the SPs.
These results would provide potentially useful infor-
mation for the pathological and biochemical studies.
In particular, regardless of single Af strand or multi-
strands within A fibril, the metal-His(N<t) ligation is
the common feature that can effectively decrease the
potential energy. It may be reasonable to deduce that
the breakage of the metal-His(Nt) bond might lead
to the recovery of the peptide solubility. However,
from the mechanism of Af§ aggregation presented here,
it is clear that there is a theoretical thermodynamic
basis for exploring metal binding modes. It is so

Table 2 Potential energies of the Af fibril with metal-bridge bond among Af sheets (kcal/mol)*

Ligand atom

Anti-parallel Af fibril

Parallel Af fibril

Cu(ID) Zn(II) Cu(ID) Zn(II)
HI13Nz[1(I)], H14Nz[2(])], 2Wat(O) —236.41 —405.02 —198.78 —327.49
HI3Nz[1(])], H14N=[2(D)], 2Wat(O) —279.05 —363.62 —183.32 —288.38
HI3Nz[1(I)], HI4N=[2(])], 2Wat(O) —281.38 —367.50 —210.47 —301.06
QI150[1(1)], H14Nz[2(D], 2Wat(O) —233.52 —361.46 —181.22 —292.59
HI3Nz[1(I)], HI13N<[1(I)], HI4N=[2(I)], Wat(O) —183.17 —232.75 —133.67 —180.75
HI13N<[1(ID], H14N=[2(1)], 2Wat(O) —132.70 No convergence  —86.24 —192.61
HI13N7 [1(D)], H14N=[2(I)], 2Wat(O) —167.31 —254.56 —129.99 No convergence
HI13N7 [1(D], H14N=[2(I)] H14N7 [2(ID)], Wat(O)  No convergence = —255.39 No convergence  —179.72

? The potential of the parallel Af fibril is regarded as reference value
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expected that further experimental study may provide
additional data to support such work.
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