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GRAPHICAL ABSTRACT

ABSTRACT

Relying on a combination of classical molecular dynamics and hybrid QM/MM computational methods, we study
the influence of the nature of the local physico-chemical environment on the structural features of 3-amyloid
peptides complexed with Zn*? ions. The analysis is carried out by comparing among themselves different
Zn"2-ligand force fields and studying their influence on metal coordination and long-range peptide folding.
The system in the non-physiological so-called “gas phase” (no solvent) was also simulated with the purpose of
identifying to what extent, if at all, the solvent can affect the Zn coordination mode, besides its long-range struc-
tural properties. There are two main results of this investigation. The first is that the Zn™2 coordination mode in
classical molecular dynamics simulations markedly depends on the partial charge attributed to the ion and the
atoms surrounding it. Comparing with experiments, it is possible to identify the most appropriate Zn"? force
field for the Zn*2?-AP_1¢ complex in study. Secondly, although the presence of water naturally influences the
peptide folding propensity, it does not affect the structure of the Zn*2 inner coordination shell. A useful way
to validate classical results and in particular those referring to the structural differences visible when different
force fields are employed, was to use a hybrid QM/MM optimization step. When the classical system configura-
tions are submitted to such a quantum minimization step, the geometries of the resulting Zn 2 site turn out to be
all very similar and structurally in good agreement with what is experimentally known.

© 2013 Elsevier B.V. All rights reserved.

* Corresponding author. Tel.: +39 06 72594554; fax: 439 06 2023507.
E-mail address: minicozzi@roma?2.infn.it (V. Minicozzi).

1. Introduction

A key feature in the development of the Alzheimer disease (AD) is
the formation of plaques made by -amyloid peptide (AB-peptide)

0301-4622/$ - see front matter © 2013 Elsevier B.V. All rights reserved.

http://dx.doi.org/10.1016/j.bpc.2013.07.002


http://dx.doi.org/10.1016/j.bpc.2013.07.002
mailto:minicozzi@roma2.infn.it
http://dx.doi.org/10.1016/j.bpc.2013.07.002
http://www.sciencedirect.com/science/journal/03014622
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpc.2013.07.002&domain=pdf

A. Maiorana et al. / Biophysical Chemistry 182 (2013) 86-93 87

fibrils [1-3]. At the basis of fibril formation there is a conformation-
al change of the AR-peptide that leads to the formation of extended
B-sheet like structures, capable of aggregating other peptides in long
{3-sheets with inter-molecular binding.

Metal ions like Cu, Zn and Fe, have been shown to be involved in
some key steps of the AP aggregation cascade [4,5], although their pre-
cise role is not yet fully understood. Copper and zinc are able to bind AR
directly and modulate aggregation in vitro. Evidence that this can also
happen in vivo has come from the finding that Zn and Cu were detected
at elevated concentrations in AD patient amyloid plaques [6,7]. Subse-
quent spectroscopic studies on amyloid plaques suggested that these
metals are bound to AR [8-13].

In the years quite a number of extensive experimental and theoret-
ical studies have been carried out on metal-Ap-peptide complexes and
a lot of structural information is nowadays available. For instance, it is
known that the metal ion binding site is located within the first 16
amino acids of the peptide [11]. Furthermore there is a general consen-
sus on the fact that the Cu™2-ApB-peptide binding mode is of intra-
molecular nature [10-12,14-17], while the Zn*? binding is more
flexible, and interestingly can even give rise to structures where two pep-
tides are bridged by a single Zn"? ion [10,11,18,19]. Despite all these
remarkable experimental efforts, many important details of the atomic
arrangement of the AB-peptide around the metal are still unknown.

In particular it is not clear where the difference between the Cu™?2
and Zn™?2 binding modes [11] comes from. It would certainly be of
great interest to be able to elucidate the origin of this difference as it
may hint at a different role played by the two metals in the crucial
first steps of the fibril aggregation process. Actually there are indications
that Cu™? tends to prevent and Zn*? to favor aggregation [11]. At the
moment there is not either a clear answer to the key question of what
is the correlation (if there is one) between the nature of the metal coor-
dination mode and the peptide propensity to form fibrils.

In this context besides experiments, theoretical investigations based
on computer simulations can be of help as they may allow identifying
what are the local physico-chemical features that determine the metal
coordination mode. This knowledge may hopefully bring some clarifica-
tion on the apparent different impact of Cu™? and Zn*?2 ions in the Ap
aggregation processes.

Having in mind this general goal, both Cu™2- and Zn*2-Ap-peptide
complexes have been extensively studied by a number of research
groups using classical as well as ab initio (quantum-mechanical, QM)
simulations [20-30].

One of the major problems with classical molecular dynamics (MD)
simulations is the determination and the choice of the partial charges to
be attributed to the atoms of the system. Especially delicate is this
choice when metal ions are present, because of the need of avoiding giv-
ing rise to unphysical Coulomb fields. Force fields of many popular MD
codes attribute to metal ions a partial charge that corresponds to their
ionization state (i.e. +2 for Cu™2, Zn™2). This choice may lead to a dra-
matically strong Coulomb potential centered at the metal site, which
may result in an unrealistic atom arrangement around the metal center
[31]. It is clear that ideally only full-fledged QM calculations can provide
effective partial charges for possible later MD simulations. However,
such a demanding theoretical work may be unnecessary in many
cases as a crude knowledge of partial charges or a more phenomenolog-
ical “trial and error” approach will be enough for the needs of most MD
simulations.

In this work we present the results of extensive combined MD and
QM/MM simulations of the Zn™2-AR;_,¢ complex with and without
water solvent. We have limited our study to the AP,_; fragment, be-
cause, as we said above, it has been established [11,16] that the metal
binding site resides within the first 16 amino acids of the peptide, and
we have used the coordination geometry determined in refs. [25,26].

The main purpose of the present investigation is to study to what ex-
tent the different classical force fields can affect the local structure of the
metal binding site and the long-range arrangement (folding) of the

peptide. The study was carried out both in the presence and in the ab-
sence of explicit water molecules.

We find that, depending on the partial charge attributed to Zn*2 and
its ligands, different coordination geometries around the metal are
obtained, while naturally water affects the long-range arrangement of
the peptide.

These results show that what is crucial in determining the Zn™2 local
atomic arrangement in classical MD simulations is the correct tuning of
the distribution of partial charges among the metal and the surrounding
atoms, more than the detailed values of the various force field bonding
constants.

This conclusion should sound like obvious given the significantly
larger strength of electrostatic forces in comparison with van der
Waals forces. However, since, at variance with the rest of the force
field, the charge distribution strongly depends on the local geometrical
atomic arrangement around the metal, in order to check the reliability
of classical MD conclusions, or to refine their outcomes, some sort of
first-principle calculations is necessary.

Given the size of the molecular system in study (about 1.5 x 10%
atoms, including water), the hybrid QM/MM approach [32] was
employed for this purpose. The use of this method is particularly
well suited here, as it is immediately clear which part of the system
should be treated quantum-mechanically (QM — metal ion and
the nearest atoms surrounding it) and which part can be treated
classically (MM — “rest” of the peptide and water solvent). The
structure of the metal site resulting at the end of the QM/MM optimi-
zation does not appear to depend on the details of MD force field that
was employed to generate the classical simulations. The geometric
configuration identified in this way is well compatible with other
theoretical studies (see refs. [25,26]) and with experiments (see
ref. [33]).

2. Methods

In order to study to what extent the specific features of the Zn*2
force field and the presence of the water solvent affect the local coordi-
nation geometry of the metal ion and/or the folding property of the pep-
tide at large, we performed extensive classical MD simulations of the
Zn"2-AP,_;¢ peptide complex in different physico-chemical situations,
successively followed by QM/MM optimization steps.

In this section we describe the salient features of the simulation
strategy we have followed and give details of the procedure we devel-
oped to cope with some of the well-known difficulties of classical MD
and hybrid QM/MM simulations and with the unavoidable limitations
of computer resources (Table 1).

2.1. Classical MD

In the absence of a commonly accepted Zn™? force field, it is crucial
to monitor the possible impact of modifying its parameters and bonding
constraints on the resulting geometrical structure of the metal site. To
this end we have performed classical MD simulations of the Zn™2-
AR1_16 peptide complex with the help of the open source GROMACS
code [34], trying three kinds of Zn™? force fields called FF1, FF2 and
FF3, respectively, in the following. To comply with the atomic structure
of the Zn™?2 coordination sphere (see the results of ref. [25,26]), in all
the force fields we have used, specific bonding interactions between
Zn"2 and the four His6, His13, His14 and Glu11 residues have been in-
troduced. FF1 is the standard CHARMM?27 force field complemented
with the missing bond and angle parameters of Zn™2 and its ligands
taken from ref. [35]. In FF2 and FF3, bond and angle parameters as

Table 1
APB1_43 amino acid sequence. Amino- and carboxyl-terminal groups are explicitly displayed.

APi-a3

H3N'-DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIAT-COO
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well as the point charges of Zn™2 and its ligands, are taken from ref. [36]
and ref. [35], respectively.

In Table 2 we schematically summarize the salient features
(concerning bonding constants and partial charge distribution) of the
three force fields we have employed, stressing similarities and differ-
ences. In Tables T1 and T2 of the supporting information we report
the rest of the information on the force fields used for the Zn ion and
its ligands.

In the supporting information we also briefly report MD simulations
of the AR;_16 peptide in water and in the gas phase without Zn (using
the CHARMM_27 force field) that we carried out with the purpose of
studying to what extent the presence of Zn*? affects the long-range
folding propensity of the peptide. The results of the simulations indicate
a little effect of Zn on the long-range peptide structural properties.

Special care has been exerted to identify the “most suited” initial
configuration from which to launch our MD simulations that minimizes
the well-known bias related to this choice. We decided to pick up the
geometry of the PDB structure of ref. [18] (ID: 1ZE9), where three
nitrogen and two oxygen atoms lie within the Zn™2 coordination
sphere, i.e. are at a distance smaller than 2.5 A."' The nitrogen atoms be-
long to the imidazole ring of His6, His13 and His14. More specifically
they are N6 of His6 and His14, and Ne of His13, while the two oxygen
atoms both belong to the Glu11 carboxyl group.

Before starting the actual MD simulations, the PDB configuration
was subjected to an energy minimization step (using the standard
GROMACS' Conjugate Gradient and Steepest Descent algorithms). The
system is then gradually brought to a temperature of 300 K. At this
point one continues in the NVT ensemble with the temperature kept
fixed by means of a Nosé-Hoover thermostat [37]. MD simulations are
performed at neutral pH.? The dynamics of bound hydrogen atoms is ig-
nored. Solvated systems include 2517 TIP3P water molecules and are
contained in a cubic box® of side L = 4.272 nm, while systems in vacu-
um live in box with L = 6.179 nm.? Periodic boundary conditions are
used throughout. The Particle Mesh Ewald algorithm is employed to
deal with Coulomb interactions [38]. A nonbond pair list cutoff of
1.4 nm was used, with the pair list updated every ten steps. For each
system in study in the various situations of interest for this paper we
have collected 0.75 ns long trajectories. A time step of 1.5 fs was used.

All in all we have performed 3 x 2 = 6 independent MD simula-
tions of the Zn"2-AR;_; complex corresponding to the three force
fields FF1, FF2 and FF3 we have tried and whether we consider the sys-
tem in its gas-phase (GP) or in water (W). For short in the following the
six simulated models will be labeled with the notation (S;)°" and (S;)%,
i=1,2,3, respectively.

2.2. QM/MM

The QM/MM computational scheme was used to study the quantum-
mechanical stability of the system structures obtained from the classical
MD simulations described above. The idea of QM/MM is to split the
whole system in two layers with the highest-level layer treated
quantum-mechanically (QM) and the rest (the lowest-level layer) treat-
ed at the molecular mechanical (MM) level. In our case the natural sep-
aration of the Zn"2-Ap;_;¢ complex is to have at the highest level the

1 We conventionally define, as it is customary, the metal coordination sphere by
assigning to it a radius of 2.5 A. We say that an atom is coordinated to the metal if it enters
the coordination sphere, even if not explicitly bound to the metal.

2 This means that the protonation state of the peptide was chosen with the N-terminus,
arginine and lysine protonated and positively charged while the C-terminus, glutamic and
aspartic acid deprotonated and negatively charged. This corresponds to the expected pro-
tonation of the free amino acids at neutral pH.

3 A smaller box has been used in the case of the solvated system, owing to the screening
effect of Coulomb potentials offered by the presence of water.

4 A penta-coordination has been observed in EXAFS experiments on Zn-+2-AR1-16
complexes in solution with the fifth ligand being a water oxygen [10,11]. In this case, how-
ever, four of the ligands are histidines, implying that Zn+2 (which is present at a sub-
stoichiometric concentration) is binding pairs of AR1-16-peptides.

Table 2
The Zn force field parameters of the three force fields used in the paper. The quantities K,
and by are the elastic binding constant and the bond length, respectively.

Zn point charge Bond parameters

FF1 +2 Ky (k] mol~! nm~2) bo (nm)
Zn-N(His) 82804.0 0.205

FF3 +0.7 Zn-0(Glu) 110404.0 0.196

FF2 +0.5 Ky (k] mol~! nm~2) bo (nm)
Zn—N(His) 346435.2 0.210
Zn-0(Glu) 346435.2 0.210

Zn™2 jon and its nearest residues, leaving for the lowest MM level all
what is left.

The two-layered hybrid ONIOM [39-41] method, as implemented in
the GAUSSIAN-03 code [42], was employed to perform QM/MM simula-
tions. The first layer is treated at the QM level by using the B3LYP hybrid
exchange-correlation functional. The QM cluster includes the Zn™?2 ion
and the directly coordinated amino acid residues (His6, His13, His14
and Glu11) plus Gly9 that, although not directly coordinated, is expected
to play a significant role owing to its proximity to the metal center. The
QM treatment of these amino acids does not include the entire residues
but only the imidazole ring and the C3H, side chain for histidine, carbox-
ylate and the C,H, side chain for glutamic acid and the main chain for
glycine (see Fig. 1). For H, C, N and O atoms the 6-31 + G(d,p) basis
set was used, while for the Zn ion the Stuttgart-Dresden (SDD) valence
basis set coupled with their relative pseudopotentials was employed.
The second layer that includes the remaining amino acid residues, as
well as some moiety of those coordinated to the metal (see above) as
well as 2517 water molecules, was treated at the molecular mechanic
(MM) level employing the Universal force field (UFF). The parameters
of the UFF are estimated using general rules based for each atom only
on its nature, hybridization status and connectivity [43].

Like in the case of the MD simulations, also within the QM/MM com-
putational strategy the choice of the particular system configuration
that has to be subjected to the quantum-mechanical optimization step
is rather delicate. Since the purpose of this part of the work is to
verify/check the stability of the classically generated configurations,
the problem arises of deciding which ones of the many “pictures” col-
lected along the MD trajectories should undergo the QM/MM step. In
order to minimize the bias introduced by this choice, we have devised
the following procedure. First of all, we randomly extract from the
pool of the available (equilibrated and structurally stable) classical
configurations a few of them (about 10) among which we pick up the
one that has the lowest potential energy. The atomic coordinates
are then moved to bring the system to its mechanical equilibrium by
minimizing (via steepest descent) its potential energy. The resulting
configuration is the one that is finally exported to ONIOM. This proce-
dure is of course carried out for each of the six MD trajectories that
have been generated in correspondence of the six simulated models,
(S)%"and (SHW,i =1, 2, 3.

Finally in order to verify whether the resulting QM/MM geometries
are real minima of the potential energy surface, a vibrational analysis
was carried out, checking that all the eigenvalues of the relevant
Hessian matrices were indeed positive.

3. Results

We now discuss the simulation results we have obtained for the
local structure of the peptide around the metal when different force
fields are used. We present at the same time a comparison of what we
get for the whole system in its gas phase versus what we get in water.
We separately illustrate what it is found from classical simulations
and the successive QM/MM calculations.
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Fig. 1. QM region (ball and stick) and MM region (wireframe).

3.1. Classical MD simulations

We start by illustrating the structural features characterizing the
local geometry of the metallic site resulting from the classical MD simu-
lations carried out with the force fields, FF1, FF2 and FF3 of Table 2, and
what is the effect of water. We then pass to discuss how the global fold-
ing properties of the peptide are affected by the choice of the force field
and the presence of water.

All MD simulations start from the same initial configurations, where
Zn™"2is coordinated to the four ligands N6(His6), Ne(His13), N&(His14),
and O(Glu11) (see first column of Table 3).

In Table 3 together with the starting configuration (first column),
the mean (taken along the MD 300 K simulation) distance from Zn of
all the atoms that enter the coordination sphere is reported for every
force field both in the gas phase (GS) and in solution (W). The fluctua-
tion width around the mean distance is given in parenthesis.

-FF1: From the initial tetra-coordinated metal site structure, inter-
estingly the simulation of the Zn™2-Ap,_¢ complex in the gas
phase (the (S;)°F model system) ends up with a penta-coordinated
Zn"2 geometry with O(Gly9) as a fifth ligand.

When the solvated system, (S;)V, is let to evolve, the structure of the
Zn 2 site gets further modified as a water molecule enters the metal
coordination sphere as a sixth ligand.

Table 3

In the first column we list the atoms lying within the Zn coordination sphere (d < 2.5 A).
In parenthesis we report the amino acids (or water molecule) they belong to. In the second
column we give the distance from Zn of the atoms within its coordination sphere at the be-
ginning of classical MD. From columns 3 to 8 the mean distances from the Zn of the atoms
entering coordination sphere during the 300 K classical MD simulations in the six model
systems we have considered, are listed. Errors are on the last digit and given in parenthesis.
They have been computed as the standard deviation along the MD trajectory.

Atom Distance from Zn (A)

Starting (S (S)W ()% ()W (S (S)W

config.
No(His6) 210  222(5) 228(6) 211(3) 2.11(3) 2.08(6) 2.11(6)
0e(Glull) 212 215(5) 222(5) 212(3) 2.13(3) 2.06(4) 209 (5)
Ne(His13) 215  2.14(5) 223(5) 211(3) 2.11(3) 2.06(6) 208 (6)
No(His14) 229  220(5) 231(5) 211(3) 2.11(3) 2.08(5) 208 (5)
0(Gly9) 2.14(9) 220 (10)

(

0(H,0)
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-FF2: Along the MD trajectories produced with this force field only
little changes occur. In fact, the Zn™2 jon remains tetra-coordinated
as it is at the beginning of the MD simulation irrespective of the
presence of water, i.e. both for the (S,)°” and (S,)" systems.

-FF3: The situation here is very much like the one we have in the FF2
case for both (S3)°F and (S3)" model systems, with the only small dif-
ference that, owing to the fact that bond constants are weaker than in
the FF2 case, now metal-ligand distances fluctuate significantly more
than in the previous case, similarly to what happens with FF1.

The results reported above indicate that FF1 is the less realistic of the
three force fields as it gives rise to Zn ™2 local site structures (five ligands
in the gas-phase and six ligands in water) that are not the ones emerg-
ing from experiments, where indications are that in most proteins Zn™?2
is tetra-coordinated (see the statistical analysis of ref. [31] and refer-
ences therein).”

An effective way to monitor the overall structural differences possi-
bly emerging from the FF1, FF2 and FF3 force fields is to measure the
relative root mean square distance (RMSD) between pair of configura-
tions. The calculation of RMSD is done by using the standard analysis
program provided within the VMD visualization program [44]. It con-
sists of the following steps. First of all, for each trajectory, a cluster anal-
ysis of the generated configurations is performed, using the g_cluster
GROMACS routine [34]. Clusters of configurations are defined by includ-
ing in each cluster pairs of configurations whose relative RMSD is small-
er than a preassigned threshold that we fixed to 1 A. It turns out that no
matter which system trajectory we take (among (S1)%, (S2)" or (S3)W)
all the configurations belonging to it are very similar so that they all be-
long to the same cluster. Secondly, for each system we identify within
the cluster the most representative among the configurations, as the
one that has the smallest average distance to the others. Finally the
most representative configuration of each system is used to compute
the relative RMSD among (S;)", (S,)W or (S3)%, obtaining the following
numbers

RMSD[(S3)W vs ( 1)W] —35A
RMSD[(SZ)W vs ( 1)‘”] —29A
RMSD|(5,)" vs ($5)"] = 1.9A.

S
S

These results confirm the conclusions we draw above, according to
which FF2 and FF3 force fields give rise to very similar system configura-
tions, but they both significantly differ from what one gets if FF1 is
employed.

Again, using the most representative configuration for each system,
we have compared the overall folding features of the Zn*2-Ap_; com-
plex in the different physico-chemical conditions we have considered
by computing how many residues are found in a a-helix secondary
structure. The calculation is performed using the VMD Ramachandran
plot routine [44]. The result of the analysis of the solvated systems
(see Fig. 2, Fig. 3 and Fig. 4) is that FF1 and FF3 yield a larger number
of amino acids in an a-helix configuration than FF2 that is essentially
all p-sheet. These differences point to the fact that also the Zn site geom-
etry in turn influences the long-range arrangement of the peptide.

As largely expected, the conclusion we can draw from the MD simu-
lation results is that what makes FF1 generally different from and less
reliable than the other two force fields® is not so much the choice of
the bonding parameters of the Zn™2 ligands (FF3 has the same bonding

5 A penta-coordination has been observed in EXAFS experiments on Zn*2-AB,_;s com-
plexes in solution with the fifth ligand being a water oxygen [10,11]. In this case, however,
four of the ligands are histidines, implying that Zn*? (which is present at a sub-
stoichiometric concentration) is binding pairs of AR;_16-peptides.

6 Except for what FF1 yields on the number of amino acids in an a-helix configuration
that is in a slightly better agreement with experimental results [11] than what one finds
with FF2 and FF3.

parameters as FF1) but rather the unphysical values of partial charges
assigned to Zn"? and the nearest atoms surrounding it, at variance
with the more realistic assignments provided by FF2 and FF3 (see
Table 2).

3.2. QM/MM simulations

The power of quantum-mechanical calculations is that bond and
charge parameters can be self-consistently computed from first-principle
and not, as one is forced to do in any classical simulation, more or less
ingenuously guessed from experience and/or other MD calculations
(based on a careful use of the transferability assumption [45]). Quantum
calculations thus allow testing the stability of MD configurations, hence
the reliability of classical modeling.

In Table 4 we report for each of the six model systems we have con-
sidered the distance from the metal of the atoms lying within the Zn™?
coordination sphere from which the ONIOM minimization step is
started.

3.2.1. S; model

We need to note that, because of the peculiar features of the ONIOM
computation, in the case of the (S;)" solvated model, we estimated to
be necessary to have in the highest QM layer also those water molecules
that are found to be within the 2.5 A coordination sphere around Zn. For
this reason we have considered two different solvated models. In the
first model, (S;)Waw in the following, out of all the water molecules
present in the initial configuration, two are added to the highest QM
layer (see above in Methods — QM/MM), while all the other water mol-
ecules are simply canceled out. In the second model, (S;)",y in the fol-
lowing, all the remaining water molecules are taken into account but
are included at the lowest MM level.

The very reassuring result of the ONIOM optimization step is that in all
the three variants of the S; model we have considered (i.e. irrespective
of how water is treated) the Zn™2 ion ends up to be always tetra-
coordinated to the nitrogen atoms of His6, His13, and His14 and the
carboxyl oxygen of Glu11 (see Table 5). Water molecules are never in-
volved in the Zn coordination. Indeed, the two oxygen atoms, that en-
tered the Zn"? coordination sphere along the MD trajectory (a water
molecule and O(Gly9), see Table 3), are pushed away in the course of
the ONIOM minimization. As we already noticed, the unphysical Zn™?
coordination mode brought up by the MD simulations of the S; model
is (we believe) due to the unrealistic partial charge assignments of
FF1. We report in Table 6 the ESP charges computed by Gaussian 03 at
the end of the ONIOM geometrical optimization. As expected, this com-
putation leads to a value of the Zn ion partial charge that is quite smaller
than the nominal + 2 value employed in FF1.”

As a last observation we note that the geometries of the Zn™ 2 site of
the (S1)Waw and (S;)W.n models are essentially indistinguishable. Thus
in the case of the S, model, when water is present, we limited the
ONIOM analysis to only the (S;)"aw system.

3.2.2. S, model

The ONIOM geometrical optimization of the (S;)¢ and (S;)",
models does not bring any substantial modification of the initial Zn™?
site structure, leaving the metal in its initial tetra-coordination mode,
with the nitrogen atoms of His6, His13, and His14 and the carboxyl ox-
ygen of Glu11 as ligands (see Table 6) and almost unaltered geometry.

3.2.3. S5 model

Given the strong similarity of the S, and Ss structures one obtains
after the steepest descent minimization of the MD classical configura-
tions, it was unnecessary to repeat the ONIOM optimization in this case.

7 Since only the charges of the atoms belonging to the Zn 2 coordination sphere are re-
ported, their sum may not be exactly equal to zero.



A. Maiorana et al. / Biophysical Chemistry 182 (2013) 86-93 91

| (S )™

His1

a2
p7

Args Vall2

Fig. 2. Upper panel: Ramachandran plots relative to the most representative configurations of the classical MD simulation at 300 K for (S; )" and (S;)" systems (see text, end of Methods
section). Lower panel: cartoons of the most representative configurations (residues in a-helix are drawn as sticks).

In summary the main results of the QM/MM calculations are the fol- all the computed ESP charges are seen not to depend much on the
lowing. First of all one unequivocally finds that in the Zn*2-Ap;_¢ details of the simulated model system, and clearly favor the FF2/FF3
complex the metal ion likes to be locally tetra-coordinated. Secondly partial charges.

(SZ)GP

S)"

Fig. 3. Same as Fig. 1 for (S;)" and (S,)" systems.


image of Fig.�2
image of Fig.�3

92 A. Maiorana et al. / Biophysical Chemistry 182 (2013) 86-93

(Ss)cp

8™

Fig. 4. Same as Fig. 1 for (S3)®" and (S3)" systems.

4. Conclusions

In this paper we have presented complementary classical and hybrid
QM/MM calculations of the Zn*2-Ap,_;s complex with and without
water. We have shown that the micro-environmental properties of
the metal site are specially influenced by the partial charges attributed
to the metal and the nearest atoms surrounding it, while the presence
of the solvent mainly influences the a-helix propensity of the peptide.

For what concerns the Zn ™2 partial charge, by setting it to its nominal
value, i.e. 2, one ends up in classical MD with the metal coordinated to
six atoms in a configuration that, however, is not stable under the subse-
quent QMI/MM optimization. The situation changes drastically if the
Zn™?2 partial charge is reduced to something like +0.5. In this case a
tetra-coordination geometry, compatible with what is experimentally
known [18,25,26,28,31] and stable under QM/MM, is instead found. It
should be noted that, on the other hand no appreciable modifications
of the Zn™?2 binding mode is visible if force field bond constants are
varied (within reasonable ranges).

The interesting outcome of QM/MM calculations is twofold. First
of all we see that the optimized metal coordination geometry is inde-
pendent of the details of the classical force field used in MD and the

Table 4

Same as in Table 3. Now in columns from 2 to 7 the distances from Zn of the atoms in its
coordination sphere at the beginning of the QM/MM calculation (namely as they come
out in the last configuration after 0.75 ns MD at 300 K and classical minimization) are
reported.

Atom Distance from Zn (A)
(S)<* (sW (S2)°° ()W (S3)°* (SsW

No6(His6) 221 2.28 211 2.10 2.07 213
Og(Glul1) 2.16 224 211 213 2.05 2.08
Ne(His13) 2.14 221 212 2.10 2.06 2.08
N&(His14) 2.20 234 211 2.12 2.07 207
0(Gly9) 208 211

0(H,0) 220

way the solvent is treated in QM/MM. This stability is the result of the
fact that in the QM/MM computational approach Zn*? is endowed
with an effective charge that is self-consistently determined by the
quantum-mechanical treatment of the valence electrons of the atoms
comprised in the Zn"2 binding site. Secondly, one finds that the final
long-range arrangement of the peptide secondary structure strongly de-
pends, instead, on whether the peptide is solvated or not.

We regard these conclusions as physically rather satisfactory as they
show that the local environment of the Zn*2 binding site is quite stable,
if partial charges are correctly chosen, while the structural arrangement
of the peptide at large also depends on the long-range physico-chemical
properties of the environment.

Moreover we find that the presence of water is necessary to obtain
the kind of overall peptide folding properties that is visible in FTIR ex-
periments of ref. [11]. Finally, we have identified a good quality and
rather simple Zn "2 force field, namely FF3, that appears to be particular-
ly well adapted to perform extensive classical MD simulations in the es-
pecially important case of 3-amyloid peptides.

Naturally one can imagine extending to other similar situations the
strategy we have successfully employed in the Zn™?2 case, bringing it
to a workable computational tool capable of validating and optimizing
classical metal force fields.

Table 5

Detailed geometry of the Zn coordination sphere in the three configurations (see text) of
the S; model and the two configurations of the S, model at the end of the QM/MM calcu-
lation. Only four atoms remain within the Zn coordination sphere.

Atom Distance from Zn (A)

($1)%° (S1)Waw (S)an (S2)%P (S2)%2
N&(His6) 2.10 2.05 207 207 2.03
0Og(Glu11) 1.98 1.96 1.99 1.93 1.94
Ne(His13) 2.09 2.09 214 2.08 2.07

No6(His14) 213 2.05 2.05 2.09 2.07
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Table 6
A comparison of the ESP partial charges of Zn?* and atoms listed in Table 5 computed after
the ONIOM minimization with those employed in the FF1, FF2 and FF3 force fields.

Atom ESP from ONIOM Classical force field
(S S S)Wa (S ()W, FF1 FR2 FR
Zn 094 082 0.80 089 070 2 05 0.7
No1(His6) —048 —025 —040 —032 —022 —07 —03 —0.11
Og(Glull) —062 —070 —077 —062 —061 —076 —0.76 —0.81
Ne2(His13) —049 —037 —047 —040 —030 —07 —03 0.01
N61(His14) —026 —026 —0.16 —065 —013 —07 —03 —0.11
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