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Abstract 

We report conventional and accelerated molecular dynamics simulation of Zn(II) bound to the N-

terminus of amyloid-β. By comparison against NMR data for the experimentally determined binding 

mode, we find that certain combinations of forcefield and solvent model perform acceptably in 

describing the size, shape and secondary structure, and that there is no appreciable difference 

between implicit and explicit solvent models. We therefore used the combination of ff14SB 

forcefield and GBSA solvent model to compare the result of different binding modes of Zn(II) to the 

same peptide, using accelerated MD to enhance sampling and comparing the free peptide simulated 

in the same way. We show that Zn(II) imparts significant rigidity to the peptide, disrupts the 

secondary structure and pattern of salt bridges seen in the free peptide, and induces closer contact 

between residues. Free energy surfaces in 1 or 2 dimensions further highlight the effect of metal 

coordination on peptide’s spatial extent. We also provide evidence that accelerated MD provides 

improved sampling over conventional MD by visiting as many or more configurations in much 

shorter simulation times. 
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Highlights 

• AMBER forcefield reproduces NMR structure of Zn(II) bound to N-terminal fragment of Aβ. 

• Implicit solvent performs at least as well as explicit in this regard. 

• Accelerated MD shows subtle difference in structure and dynamics for different binding modes. 

• Free energy surface shows restriction in size and flexibility due to Zn-binding.  
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Introduction 

Alzheimer’s disease is one of the greatest challenges facing 21st century healthcare.1 Its aetiology is 

complex and not fully understood, but the importance of the amyloid-β (Aβ) peptide seems clear. 

This peptide, typically 40 or 42 amino acids in length, is observed to aggregate into fibrils in diseased 

brains but is also present in healthy patients, such that the trigger for aggregation is one focus of 

research into disease onset.2–4 Environmental factors such as age, diet and smoking have all been 

implicated, along with inflammation due to reactive oxygen species (ROS).5 One hypothesis on 

disease onset involves the role of transition metals, most notably copper, zinc and iron:6–8 age and 

environment can affect the tightly controlled homeostasis of these metals. All three ions are known 

to bind to A through the N-terminal sequence (residues 1 to 16) and affect the structure and 

dynamics of the peptide, which may in turn affect aggregation properties.9–15 Moreover, the redox 

activity of Cu and Fe is a possible source of ROS.16,17,26,18–25 

Numerous experimental techniques, including scattering and diffraction, magnetic resonance, 

circular dichroism, etc have shown in detail the sites and specificities of metal binding and its effect 

on peptide structure and dynamics.13,27–30 Different models of transition metal ions of Zn, Cu, and 

Fe coordination have been proposed, with review articles summarising them.31,32 The most 

important metal-binding sites for Zn(II) are the imidazoles of His6, His13 and His14 and the 

carboxylate of Glu11, with minor contributions from  Asp1 and Glu3. It has also been stated that the 

peptide aggregates through intermolecular His-Zn-His bridges. Zirah et al used NMR to show that 

Zn(II) binds to Aβ (1-16) through Nδ of His6 and His14, Nε of His13, and Glu11 carboxylate.15 Another 

NMR study, this time in water-micelle solution, also showed that Nδ of His6 & His13 and His14 Nε 

are involved in Zn(II) interaction to human Aβ (1-28), along with Asp1 amine, and/or Glu-11 COO-
.
33 

Simulation has emerged as a valuable complement to experiment in this field, offering the ability to 

monitor metals and their effects at atomic resolution.34,35 Calculations based on quantum 

mechanics (QM), molecular mechanics (MM) as well as hybrid QM/MM methods have been applied 

to this problem.36–41 However, there are significant challenges to suitable simulation of such 

systems: the complex electronic structure of transition metals is typically treated with QM methods, 

especially density functional theory, whereas the flexible nature of Aβ requires extensive sampling 

over the conformational space of the peptide. Recent work has shown how the accuracy of DFT can 

be built into more efficient MM approaches by extracting key parameters from suitable QM 

calculations.40,42,43 However, there is significant debate in literature on the choice of MM forcefield 

for flexible peptides such as Aβ, as many parameter sets that are popular for biomolecular 
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simulation have been shown to be imbalanced in favour of more compact, folded structures.44–46 

Here, we have selected the experimental NMR study of Zirah et al to assess the suitability of 

simulation protocols, forcefields and solvent models for the specific problem of metal-A 

interaction.  

In addition, solvation is a key aspect of both coordination chemistry and biomolecular structure: 

many simulations of biomolecules employ explicit solvents,47,48 while suitably chosen implicit 

models can offer improved sampling of conformational space but may favour compact 

conformations for flexible peptides.49–51 In such cases, sampling is another vital aspect of 

simulations: even with the speed of MM in implicit solvent, molecular dynamics can struggle to visit 

all the conformations available to a peptide such as Aβ.52 Enhanced sampling methods such as 

metadynamics or steered MD can be used to push simulations along a particular coordinate of 

interest.53–56 Accelerated molecular dynamics (aMD) can achieve similar goals, but does so without 

requiring any pre-defined coordinate; instead, it adds a boost potential to prevent simulations 

becoming stuck in local energy minima.57 Manipulation of variables permits the bias of sampling 

during the simulations. This is often done through the addition of a positive boost potential, for 

when the system’s potential is lower than an energy barrier.57 The disruption of the energy minima 

below the boost energy, allows the sampling of trajectories that would otherwise remain 

unexplored.58 The free energy profile of the system and the average NVT ensemble are retrieved 

after the simulations have been completed using reweighting. The Boltzmann distribution of the 

boost energy permits the estimation of the ensemble average, while reweighting of the boost 

energy allows calculation of potential of mean forces, as explained by Miao et al.57 

In this work, we use conventional and accelerated MD to simulate the N-terminal Aβ(1-16) sequence 

bound to divalent Zn(II) to probe the effect of metal coordination on structure and dynamics. This 

allows us to test a range of simulation protocols against experiment, to compare the effects of 

different Zn binding modes, and to compare the sampling obtained from aMD against previously 

reported conventional MD. 
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Computational Methods 

All simulations were performed within the AMBER16 package.59 Parameters suitable for AMBER-

style forcefields were calculated using the metal centre parameter builder (MCPB.py) package60 

from B3LYP/6-31G(d)61 data generated using Gaussian09.62 Harmonic force constants compatible 

with AMBER simulation for metal-bound residues were extracted from DFT optimisation/frequency 

data via the Seminario63 method, and atomic charges from DFT electrostatic potential using the 

restrained electrostatic potential (RESP)64–66 fitting scheme. These were integrated with parameters 

from ff99SBildn, ff14SB, ff14SBonlysc and fb15 forcefields67–69 using the LEaP utility.70 Explicit 

solvent, in the form of TIP3P,71 TIP4P72 and FB73 models, was added using LEaP and charge neutrality 

enforced by replacement of random waters with Na+ or Cl- ions as appropriate. Implicit solvent was 

simulated using the generalised Born surface area (GBSA) method,74–76 with both default (igb=1) 

and modified (igb=8) parameterisations tested. 

Tests of forcefield and solvent model were carried out using the NMR study of Zn(II) bound to the 

16 N-terminal residues of Aβ (PDB entry 1ZE9),15 for which 20 individual structures were reported. 

Experimental data was taken as mean/sd of these 20 structures, calculated using cpptraj.77 

Parameters were calculated for, and simulations started from, model 1 as reported in the PDB entry 

without any further modification. For comparison of binding modes, and with the metal-free 

peptide, the N-terminal Aβ sequence was built in MOE78 in fully extended form, amidated at C-

terminus but with N-terminus uncapped and so available for metal coordination. We then added 

Zn(II) ions following literature proposals,33,79,80 as summarized by Nasica-Labouze et al.32 The 

resulting structures minimised using the ligand field molecular mechanics (LFMM) approach set out 

by Deeth et al.81 These minimised structures were best described as random coil, which was then 

used to generate parameters using the MCPB/LEaP procedure outlined above. 

Conventional molecular dynamics (cMD) were carried out after minimisation in the chosen 

combination of forcefield and solvent model. These used the NVT ensemble at 310 K, with the 

Langevin thermostat,82 with a timestep of 2 fs made possible by the use of SHAKE83 restraints. For 

comparison of simulation with experiment, conventional MD simulation of three individual runs of 

250 ns were employed.  Parameters for the boost potential were taken from 250 ns of conventional 

MD. Once these parameters were established, three independent 250 ns aMD simulations were 

carried out and the first 50 ns discarded, resulting in 600 ns of aMD data six different binding modes 

and the free peptide. Figure S2 in Supporting Information shows evidence for 50 ns equilibration 

being suitable. Analysis of root mean square deviation (RMSD), root mean square fluctuation 
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(RMSF), the radius of gyration (Rg), secondary structure, backbone dihedrals, salt bridges, residue 

contacts, and free energy landscapes from this data were used to investigate the effects of metal 

binding on structure and flexibility of Aβ. 

 

Results and Discussion 

We start by examining the performance of different forcefields and solvent models in reproducing 

key structural features of the Zn(II) complex with Aβ1-16, using the 20 NMR structures from PDB 

entry 1ZE9 as a reference. The mean Rg from these structures is 7.42 Å with a standard deviation of 

0.18 Å. Conventional MD was performed for 3 x 250 ns for multiple combinations of forcefield and 

solvent model: plots of RMSD relative to the experimental structure are shown in Supporting 

Information, showing the simulations are stable over this timescale. 

Table 1 shows that most forcefields result in mean Rg within 1 standard deviation of the 

experimental value when combined with the GBSA implicit solvent model. The exception is 

ff14SBonlySC with the igb=8 solvent model, for which a significantly greater average is found. The 

standard deviation of Rg within implicit solvent is generally rather small, although it is apparent that 

most simulations visit both larger and smaller conformations than the experimental ensemble. We 

also report globularity from the diagonalized Rg tensor, giving a measure of the shape of the 

complex. The experimental average over 20 structures is 0.24 with sd of 0.04, indicating an 

elongated, prolate shape. Most implicit solvent simulations broadly reproduce this shape, falling 

within one sd of the experimental value. However, these promising mean values encompass 

significant ranges: ff14SB for instance visits conformations with globularity as low as 0.09 and as 

high as 0.78. 
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 Table 1 Comparison of the radius of gyration and derived properties (Å). 

  Mean sd Max Min Glob a 

Experiment  7.42 0.18 7.74 7.11 0.238 

       

ff14SB igb=1 7.58 0.24 9.05 6.78 0.272 

ff99SBildn igb=1 7.66 0.42 9.93 6.64 0.267 

ff14SBonlySC igb=1 7.62 0.42 10.09 6.66 0.272 

ff14SBonlySC igb=8 8.42 0.37 10.36 7.04 0.203 

fb15 igb=1 7.54 0.32 9.95 6.95 0.259 

       

ff14SB TIP3P 7.73 0.41 10.14 6.85 0.267 

ff14SB TIP4P 7.95 0.38 9.58 7.10 0.228 

ff99SBildn TIP3P 8.22 0.63 10.47 6.74 0.261 

ff99SBildn TIP4P 8.31 0.68 10.55 6.95 0.248 

fb15 TIP3P 7.94 0.68 10.40 6.63 0.293 

fb15 TIP3P-fb 7.88 0.54 10.42 6.83 0.279 

a Globularity, defined as the ratio of smallest to the largest eigenvalue of Rg tensor 

 

Explicit solvent simulations give rise to greater Rg for all combinations tested: ff14SB with TIP3P 

gives similar mean Rg, but notably larger sd and maximum, compared to implicit solvent. Changing 

to TIP4P increases mean Rg slightly, but reduces sd and maximum value, indicating that a less varied 

set of larger conformations is sampled with this model. In contrast, both ff99SBildn and fb15 give 

rise to much larger mean Rg with greater sd and maximum value, the latter in particular exhibiting 

values almost 3 Å larger than any observed in the experimental ensemble. All explicit solvent 

methods give globularity that is in good agreement with experiment, albeit with even greater ranges 

than for implicit models: fb15/TIP3P, for instance, has sd = 0.13 and visits conformations with 

globularity between 0.07 and 0.84. 

 

Table 2 reports the overall secondary structure of experimental and simulated structures, with 

parallel/anti-parallel β-sheet, α/π/310-helix, and turn/bend/coil grouped into broader classes. A full 

breakdown of each secondary structure type can be found in Supporting Information. NMR finds no 

β-sheet character whatsoever, whereas all simulations give rise to a small amount of this structural 
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type. On average, one third of residues are found in helical form within the experimental ensemble: 

this is mostly in the form of 310-helices in residues 8 to 15. All implicit solvent models result in 

significant amounts of helix, with ff14SB and ff14SBonlySC/igb8 approaching the amount seen in 

experiment. Closer inspection (Figure 1) indicates that these simulations vary in the type and 

position of helical elements: both result in more α- but less 310-helix character than experiment, and 

in more helix formation closer to the N-terminal end of the peptide. Explicit solvent models 

significantly reduce the prevalence of helical character: ff14SB with either TIP3P/TIP4P maintain 

some of this form, but fb15 and especially ff99SBildn reduce it markedly.  

 

Table 2 Comparison of overall secondary structure (%). 

  Sheet Helix Other 

    Experiment  0.0 33.3 66.7 

     

ff14SB igb=1 0.5 27.4 72.1 

ff99SBildn igb=1 1.6 16.1 82.3 

ff14SBonlySC igb=1 3.4 19.7 76.9 

ff14SBonlySC igb=8 2.0 22.6 75.4 

fb15 igb=1 1.5 19.5 79.0 

     

ff14SB TIP3P 0.9 20.5 78.6 

ff14SB TIP4P 0.3 23.4 76.3 

ff99SBildn TIP3P 3.7 8.4 87.9 

ff99SBildn TIP4P 3.9 6.1 90.1 

fb15 TIP3P 4.2 8.2 87.6 

fb15 TIP3P-fb 2.3 15.9 81.8 
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Figure 1 Secondary structure by residue for selected implicit solvent models. 

 

Salt bridges are a key driver of peptide secondary structure in Aβ, with eight possible interactions 

within the N-terminal region. Of these, only four have significant occupation within the ensemble of 

NMR structures, although none are present in more than 50% of structures (Table 3). Comparison 

with MD data shows that no combination of forcefield and solvent model successfully captures this 

pattern of salt bridges. Most implicit solvent models lead to overestimation of Asp1-Arg5 occupancy 

and underestimation of Arg5-Asp7, while none represent the 50% occupancy of Glu3-Lys16. 

ff14SBonlySC is strongly dependent on the solvent model: with the default GBSA options, we find 

significant occupancy of Glu3-Arg5, whereas with the igb=8 settings, most salt bridges are much 

reduced. Explicit solvent models perform rather better in this regard, although again no single 

combination tested performs well for all four contacts, while Glu3-Lys16 is still under-represented 

by all. The combination of ff99SBildn with TIP3P solvent performs reasonably well in most cases, 

whereas in general the use of TIP4P and TIP3P-fb leads to diminished performance. 
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Table 3 Comparison of salt bridge occupancy (%). 

  Asp1-Arg5 Glu3-Arg5 Arg5-Asp7 Glu3-Lys16 

Experiment  45 10 35 50 

      

ff14SB igb=1 72 49 1 18 

ff99SBildn igb=1 55 16 29 9 

ff14SBonlySC igb=1 52 23 56 16 

ff14SBonlySC igb=8 14 3 20 2 

fb15 igb=1 29 56 4 33 

      

ff14SB TIP3P 52 7 1 10 

ff14SB TIP4P 35 0 29 3 

ff99SBildn TIP3P 31 9 52 5 

ff99SBildn TIP4P 13 21 35 2 

fb15 TIP3P 25 13 47 2 

fb15 TIP3P-fb 15 33 1 4 

 

Other properties considered, including Ramachandran maps of backbone dihedrals and prevalence 

of hydrogen bonds, did not show significant differences between forcefields and solvent models, 

and so are reported in Supporting Information and not discussed in detail. We conclude that none 

of the models perform perfectly for all properties and that there is no clear advantage in using 

explicit solvent over implicit models. Our main interest is in the changes in size and secondary 

structure induced by metal coordination, and so we have chosen ff14SB with default GBSA implicit 

solvent for further study.  

 

Accelerated MD simulations were carried out using ff14SB/GBSA for the metal-free Aβ1-16 and six 

complexes with Zn(II) bound through different residues/atoms. Three separate 250 ns simulations 

were combined into a single 600 ns trajectory by discarding the first 50ns of each run (data from 

separate runs are in Supporting Information).  Figure 2 and Table 4 shows the proposed binding 

modes described in methodology and taken from literature,6,15,32,33,38,79,80,84,85 with binding mode 

number 6 representing that seen in experiment. 
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Figure 2 Different proposed binding modes of Aβ(1-16)binding to Zn(II)  

 

Table 4 Different proposed binding modes of Aβ(1-16)binding to Zn(II) 

 Coordination 

Mode 1 His6 Nδ, His14 Nδ, Asp1 CO, Glu11 Oε 

Mode 2 His6 Nδ, His13 Nδ, Asp1 CO, Glu11 Oε 

Mode 3 His6 Nδ, His13 Nδ, Glu3 Oε, Glu11 Oε 

Mode 4 His6 Nδ, His13 Nδ, His14 Nδ, Glu11 Oε 

Mode 5 His6 Nδ, His13 Nε, His14 Nε, Glu11 Oε     

Mode 6 His6 Nδ, His13 Nε, His14 Nδ, Glu11 Oε  

 

Overall structural changes over simulation time are quantified using RMSD for stability measuring 

and Rg (Figure 3 and Table 5). Backbone RMSD relative to an initial minimized structure over a 

combined 600 ns of aMD simulation indicates that the free peptide explored more diverse and 

extended conformations than peptides bound to Zn, which remain more constrained and compact. 
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Mean RMSD of Aβ16 of 10.6 Å, with sd = 1.6 Å, is notably larger than for any Zn(II)-Aβ16 binding 

modes. Closer inspection shows that the free peptide undergoes larger and more frequent 

transitions in RMSD, ranging between ca. 5 and 15 Å, whereas Zn(II)-Aβ exhibits smaller and less 

frequent changes in RMSD ranged between 2.5 and 5.7 Å. Among all modes, Mode 1 shows the 

lowest RMSD values (Ave 2.65, Sd 0.37, and Max 4.63), whereas Mode 6 illustrates the highest 

average value.  

     

Figure 3 Backbone RMSD and Rg values of Zn(II)- and free Aβ-16. 600 ns of aMD data is reported, 
made up of the final 200 ns from each of three independent simulations each with different initial 
velocities. 
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Table 5 Backbone RMSD and Rg of free Aβ-16 and Zn2+, (Å). 

  RMSD Rg 

Mean sd Min Max Mean sd Min Max 

Zn(II)-Aβ16         

Mode 1 2.65 0.37 1.71 4.63 7.63  0.20 7.03 8.75 

Mode 2 4.48 0.97 1.78 6.95 7.56 0.44 6.57 9.27 

Mode 3 4.21  0.79 1.82 7.06 7.86 0.32 6.76 9.44 

Mode 4 5.52 0.70 2.84 7.59 7.62  0.44 6.60 9.51 

Mode 5 5.48 1.16 2.11 9.05 8.37 0.43 7.04 10.97 

Mode 6 5.77 0.82 2.67 9.03 8.14 0.40 6.88 10.02 

         

Aβ16 10.64 1.57 4.45 15.46 8.23 0.77 6.80 13.24 

 

Rg values are also shown in Figure 3 and Table 5, and broadly mirror the trends seen in RMSD where 

the free peptide has the highest sd and maximum values (sd 0.77 and Max 13.24 Å), which reflects 

the flexibility of the metal-free peptide. However, binding modes 5 and 6, in which Zn coordinates 

to middle residues of the peptide (Glu11, His6,13, and14) and leaving the N-termini residues 

unbinding, show the highest mean values that approach or exceed that seen for the metal-free 

peptide, albeit with smaller maxima and standard deviations. Mean Rg for binding modes 1 to 4 are 

smaller than the free peptide, with binding modes 1 and 3 particularly compact. The mean value for 

1-3 binding modes of Zn(II)-Aβ in which one of the coordinates is served by Asp1 or Glu3 and  

addition to binding mode 4 where the Zn bound to Nδ of His rings agree well with the experimental 

value of 7.4±0.2 Å.15 For the free peptide, a theoretical approach for the calculation of Rg86,87 from 

molecular weight 𝑀𝑟 = 1995 yields 𝑅𝑔 = 9.35 Å, in reasonable agreement with the simulated 

value of 8.23 ± 0.8 Å. Another experimental study of Aβ aggregation using hydrodynamic radii (Rh) 

reported by size exclusion chromatography and NMR found Zn complexes to be more compact and 

structured than metal-free peptide, in which Rh value of Aβ upon Zn(II) binding is 11.4 Å,88 which fits 

well with our values.  

Comparison of aMD data for binding mode 6 with that for conventional MD indicates that the 

former explores more conformational space than the latter, with larger sd and maximum value 

leading to a slightly larger mean value of Rg. However, accelerated MD cannot access smaller 

conformations, with both simulations having almost identical minimum Rg values. This lends 
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confidence that the aMD protocol and boost potential used result in realistic conformations and 

enhanced sampling of other binding modes. 

Calculated RMSF of free Aβ-16 and metal bound complexes (Figure 4) follow a similar pattern to 

RMSD and Rg, with the lowest values for Zn(II) and the largest values for free peptide. However, 

binding mode 5 has the highest Lys16 and amidated cap mobility, which may explain the high Rg 

value of this mode. Metal-binding residues (Asp1, His6/14/13, Glu3, and Glu11) present minimal 

RMSF values, indicating how metal coordination limits their freedom of movement. In general, for 

all binding modes and free beta, C-terminal (Gln15, Lys16, and amidated cap), as well as Asp7 and 

Tyr10 residues, exhibit the greatest flexibility; N-terminus of free Aβ-16 has high RMSF value, but 

when bound to metal; Zn(II) this shows less positional mobility. Metals themselves (residue 18) have 

low RMSF, with binding modes 1 and 3 exhibiting particularly low mobility. Those two modes also 

showed lower RMSD mean vales. 

Figure 4 RMSF of each residue of free and Zn-bound Aβ-16. The metal ion itself is denoted residue 

18, and the C-terminal amidated cap residue 17. 
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Clustering analysis of equilibrated trajectories on the basis of backbone dihedrals was used to extract 

key structural motifs: ribbon diagrams of the most representative clusters are shown in Figure 5 and 

Table 6. Binding mode 1 of Zn-(II)Aβ, which show the lowest Rg values, forms the lowest number of 

clusters with 3, of which one accounts for over 90% of frames, with the remaining clusters taking no 

more than 2%. Binding modes 2, 3, 4, and 6 form more clusters (16, 11, 20, and 15, respectively) 

with the most populated 14, 9, 16, and 29%, respectively. The most flexible, mode 5, forms 9 clusters 

with 60% of frames in the most populated one. Free Aβ-16 forms no clusters for which occupancy is 

more than 1% of total frames, providing further evidence for the flexibility of this peptide under 

these simulation conditions. Overall, the geometries of most populated clusters present tetrahedral 

shape around Zn.  

 

Table 6 Cluster analysis data for equilibrated trajectories. 

Clusters # clusters Most populated 2nd populated 

Mode 1 3 93% 2% 

Mode 2 16 14% 12% 

Mode 3 11 9% 7% 

Mode 4 20 16% 8% 

Mode 5 9 60% 18% 

Mode 6 15 29% 17% 

 

  

Mode 1 Mode 2 
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Mode 3 Mode 4 

 
 

Mode 5 Mode 6 

Figure 5 Ribbon diagram of the most populated clusters for Zn(II) and free AB. 

 

To monitor the impact of metals binding on the secondary structure of Aβ peptides, we have 

performed secondary structure analysis of Aβ for all aMD trajectories (Figure 6 and Table 7). This 

shows that Aβ-16 adopts helical (both α- and 310-) conformations in 27% of frames, whereas Zn(II)-

Aβ adopts more bend and turn structures, with a smaller abundance of helical structure in most 

binding modes and very small amounts of β-sheet. Monitoring of secondary structure over 

combined 600 ns trajectories shows that binding mode 1 of Zn(II)-Aβ maintains its structure without 

significant changes from the initial structure to the end of the simulation. Binding mode 2 shows 

more variation in structure and the only mode that shows 5 % of β-sheet folding and higher helical 

structure 12% comparing to other modes. Mode 2,3, and 6 show the highest percentage of helical 

structure among other modes. In contrast, free Aβ-16 is more varied suggesting a decreased 

abundance of defined secondary structuring in Aβ results from Zn binding.  
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Mode 6 

Figure 6 Secondary structure for Zn(II)-Aβ and free Aβ-16. 

 

Table 7 Total secondary structure percentages for each system (%). 
 

Helix Sheet Other 

experiment 33.0 0.0 66.7 

Mode 1 0.5 0.3 99.2 

Mode 2 13.0 5.0 82.0 

Mode 3 12.5 0.2 87.4 
Mode 4 6.6 0.1 93.3 

Mode 5 6.2 0.1 93.7 
Mode 6 14.5 0.1 85.4 
    
Aβ-16 27.2 0.4 72.4 

 

Ramachandran maps were used to explore the backbone structure Figure 7. All simulations give rise 

to the majority of frames in the broad general region of a right-handed helix. Free Aβ-16 has most 

residues in the region characteristic of a right handed helix, whereas Zn(II)-Aβ has a greater 

population of antiparallel β-sheet form and the greatest found in Mode 5, and also left-handed 

helical structures are shown in  binding mode number 1. Closer inspection shows that two aMD 

simulations out of three for Zn(II)-Aβ lead to a population of this region.  
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Mode 6 

Figure 7 Ramachandran maps for Zn(II)-Aβ and free Aβ-16. 

The prevalence of salt-bridge contacts is shown in Figure 8 (numerical data can be found in 

Supporting Information). Most of the binding modes, except mode 2, of Zn(II)-Aβ show strong 

contact between Asp7 and Arg5, especially mode 1 in almost 100% of frames, and also 40% between 

Asp7 and Lys16 in modes 1 (which show low RMSD and Rg), but no contact at all between Arg5 and 

Glu 11 in most of binding modes but weak interaction that seen in Mode 3 less than 5%. For mode 

2, there are few contacts except strong interaction between Glu3 and Arg5. Free Aβ-16 shows many 

more salt-bridges but with lower occupancy, with only Arg5-Glu11 being present for over 50% of 

frames. 

  

Aβ-16 Mode 1 
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Mode 6 

Figure 8 Salt bridge maps of Zn(II)-Aβ and free Aβ-16. 

 

Contact maps showing the average distance between residue pairs are shown in Figure 9 for binding 

mode 1 and free peptide (maps for all other binding modes can be found in SI). This makes it clear 

that free Aβ-16 shows less interaction between distant residues than the Zn complex, with long 

distances between N and C-termini reflecting the flexibility of the peptide in absence of metal 

effects. Zn(II)-Aβ shows shorter distances between N- and C-termini, and also short contacts 

between specific residues. These are primarily involved in metal binding (His6-His14, His6-Glu11) 

but other close contacts are also evident (Asp1-Gly9, Glu11-Gln15), reflecting the profound effect 

of Zn binding on the structural flexibility compared to the free peptide. 
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Mode 6 

Figure 9 Contact map of binding modes of Zn(II)-Aβ and free Aβ-16. 

 

Hydrogen bond formation is an important factor for the dynamics and stabilization of proteins. The 

number of H-bonds formed between residues is shown in Table 8. This shows that Zn(II)-Aβ of all 

modes and free Aβ-16 exhibit very similar patterns of hydrogen bonding, each with a mean of ca.5 

and a maximum of 15 in some frames. The most persistent H-bonds are 45 and 49 % for binding 

mode 1 and 6  form between His14 (donor) and Glu11 (acceptor) with a percentage of 45 and 49%, 

respectively, but just 16% for Aβ-16 intra-residue H-bond within Glu3. Mode 3 and 5 show the 

maximum number of hydrogen bonds with 11 only which is less than other modes. This data also 

shows that every aMD simulation visits at least some frames in which no hydrogen bonds are 

present.  
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Table 8 HB count for Zn(II)-Aβ and free Aβ-16. 

Number of HB Mean sd Max Min 

Mode 1 5.08 1.94 14 0 

Mode 2 3.71 1.70 13 0 

Mode 3 3.65 1.67 11 0 

Mode 4 4.74 1.85 14 0 

Mode 5 3.77 1.68 11 0 

Mode 6 4.50 1.77 14 0 

     

Aβ-16 5.14 1.98 15 0 

 

The tables below include a summary of the conventional and accelerated MD results, for the 

systems using ff14SB, for binding mode 6. Rg data shows that aMD samples a greater range of 

molecular size, with a maximum Rg of more than 1 Å greater than conventional MD, with notably 

larger mean and sd values. The secondary structure of the peptide remains rather similar between 

cMD and aMD, especially when looking at the β-sheet character which is low in both cases, whereas 

helical content is higher in conventional MD. Both methods sample conformations with no helix or 

sheet (100% other), with aMD spending more time in such conformations. Hydrogen bond counts 

are also similar between sampling methods: both methods sample conformations with no H-bonds 

and others with 14, although the mean value from aMD is slightly smaller. Taken together, this gives 

a picture of aMD leaving potential energy wells more quickly than conventional MD, visiting more 

extended conformations with less defined secondary structure more often before collapsing again 

to more compact conformations, as required for proper sampling of a flexible peptide such as A. 

 

Table 9 Comparison of conventional and accelerated MD for binding mode 6 

 Mean Sd Max Min 

Rg cMD 7.58 0.24 9.05 6.78 

      aMD 8.14 0.40 10.02 6.88 

Helix % cMD 27.4 29.3 90.6 0.0 

      aMD 14.5 13.0 37.7 0.0 

Sheet % cMD 0.5 1.2 3.5 0.0 
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      aMD 0.1 0.1 0.3 0.0 

Other % cMD 72.1 28.8 100.0 9.4 

      aMD 85.4 12.9 100.0 62.4 

H-bond cMD 6.17 1.89 14 0 

      aMD 4.50 1.77 14 0 

 

 

Reweighting of the accelerated MD boost potential allows reconstruction of the free energy surface. 

Figure 10 shows 1D free energy as a function of hydrogen bond count and end-to-end distance  

(RE–E), defined as the distance between the N-terminal and C-terminal C atoms, for binding mode 

1 and free peptide (all binding modes can be found in SI). This shows broad minima centred on 4 or 

5 H-bonds for both the Zn complexes and the free peptide. A second low free energy state is found 

about 2 kcal mol-1  at 13 H-bonds for free Aβ-16 peptide, reflecting the greater number of these 

interactions in this more flexible system. A large range of RE–E is accessible at low energy: for Zn, the 

lowest energy lies at around 13 Å, but values of between 6 and 16 Å are within 5 kcal mol-1 of this 

minimum. In comparison, the metal-free peptide shows the minimum ranged within a wider 

distance from 5 to around 40 Å and the lowest located at ca.14 Å in which lies at a similar place as 

the minima of Zn.  
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Mode 6 

 Figure 10 1D-Free energy surface of binding modes of Zn(II)-Aβ and free Aβ-16 as a function of end-

to-end distance (Å)  

  
 

Aβ-16 Mode 1 Mode 2 

 
  

Mode 3 Mode 4 Mode 5 
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Mode 6 

Figure 11 2D free energy landscapes as a function of end-to-end distance and Rg (Å) Zn(II)-Aβ and 
free Aβ-16 (kcal/mol).  

 

2D free energy surfaces were calculated using the radius of gyration and end-to-end distance (Figure 

11). This shows that the favourable structures of free Aβ16 have many different RE–E but a much 

narrower range of Rg. Without metal, RE–E varies from 6 to 30 Å, with the most stable of these found 

around 15-25 Å. Binding modes 1, 2, and 3 of Zn(II) bound to the beginning of Aβ-16 residues (Asp1, 

or Glu3) reduces the RE–E  range dramatically due to the constrained of N-terminus, an aspect also 

evident in RMSF data, whereas binding modes 4, 5, and 6 in which Zinc bound to His 6, 13 and 14 in 

the centre of the peptide can access a much wider range of RE–E, nearer to free peptide values. These 

results demonstrate that transitions between the structures located in the most stable basins 

require the overriding of large energy barriers more than 2 kcal mol-1 for metal binding and more 

than 6 kcal mol-1 for free Aβ.    

  

Conclusions 

We have explored the performance of different forcefields and solvent models for the description 

of Zn(II) bound to Aβ1-16 by comparing the results of 100 ns conventional MD with the ensemble 

of 20 NMR structures reported as PDB entry 1ZE9. We find that implicit solvent models give better 

reproduction of overall size and shape, measured by radius of gyration and globularity, compared 

to explicit solvent. Secondary structure is also well reproduced by some forcefields with implicit 

solvent, with ff14SB performing particularly well. In contrast, no combination of forcefield and 

solvent model is found to satisfactorily reproduce all aspects of salt bridges, although some do well 

for some of the more common interactions found in the experiment. Taken together, we conclude 
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that ff14SB with the default GBSA model is at least as good a choice as any other since our chief 

interest is in the size and secondary structure of metal complexes of Aβ. 

 

Accelerated MD enhances sampling by flattening the hills and ridges on energy surfaces which can 

prevent conventional MD from accessing certain states. We performed aMD to explore the 

structures of Aβ1-16 and its complex with Zn(II). Our data show that the metal ion reduces the 

flexibility of the peptide, and significantly alters the pattern of salt bridges, but affects hydrogen 

bond interactions rather less. Our simulation of different binding modes of Aβ-16 bound to Zn(II) 

shows that variation in specific atoms/residues involved in binding affects results in respect of 

secondary structure, clusters, salt bridge, RMSF and compactness. Here, the modes where the first 

residues of N- terminal side coordinated to Zn(II) are more compact and restricted peptides. 

However, in the cases where the Zn(II) coordinated to two His rings and two carboxylate groups 

those located on the middle of Aβ-16 chain are less constrained and more flexible ensembles. 
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