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Chapter 1 - Introduction 7 

Chapter 1  

PHD PROJECT 

1.1 Introduction 

1.1.1 Role of Metals in Biology 

More than 90 of the 118 elements in the periodic table are metals. Each metal 

has unique chemical and physical properties that can play crucial roles in biological 

reactions. In this regard, metals play an important role since the era of the so-called 

“RNA world”. Despite the fact that the concentrations of most of these metals in the 

prebiotic ocean are not known, it is believed that evolution took advantage of the most 

plentiful ones to develop numerous and fundamental biological processes1. As 

essential metals for all living organisms that are abundant in both the environment and 

in vivo, we find sodium (Na+) and potassium (K+) of the first group and magnesium 

(Mg2+) and calcium (Ca2+) of the second group2. Sodium and potassium ions play 

major roles in biological systems, from maintaining the membrane potential, a 

mechanism underlying muscle contraction and nerve impulse transmission, to osmotic 

pressure regulation in cell3. Magnesium is mainly involved in the maintenance of 

nucleotides stability and ATP activation4. Calcium is the most abundant metallic 

element of the human body and takes part in many crucial physiological activities as 

signal transduction, muscle contraction and relaxation, neurotransmission, bone 

formation, mitosis, secretion or can simply act as enzyme stabilizer and others5. The 

other essential metal ions are also known as “trace” elements because they act in low 

concentration and are cytotoxic in high amount. Molybdenum (Mo), tungsten (W), 

manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), and zinc (Zn) are all 

“trace” elements and belong to the d-block of the periodic table. In general, essential 

trace elements take part in different biological processes depending on their properties. 

For instance, the propensity of iron to make complexes and exchange electrons is 

extremely important in hemoglobin formation underlying oxygen transport and oxido-

reduction reactions, respectively6. Again, zinc is a fundamental cofactor for many 
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enzymes involved in metabolism and cell growth7. The maintenance of an optimal 

cellular or subcellular concentration requires the presence of mechanisms to regulate 

the uptake, storage and excretion of metal ions8. The balance of these processes is 

called metal homeostasis. Several and severe pathologies are directly related to 

disfunctions in metal homeostasis regulation9. Furthermore, there are also a number of 

non-essential metals that are present in many organisms and affect physiological 

processes. They are usually toxic even in very small concentration, hence specific 

homeostatic systems regulate their availability. Finally, some metal-dependent physio-

chemical properties of some non-biological metals can be specifically exploited to 

better understand physiological processes (for instance in imaging) or to therapeutic 

effects10. 

1.1.2 Metalloproteins 

Proteins that require one or more metal ions to perform their biochemical 

function are called metalloproteins. To date, metal ions are critical to the activity of up 

to an estimated one-third of all proteins in most of the organisms. Metals can play 

different functional roles in the interaction with proteins. As mentioned above, 

transport of electrons is a crucial activity that often relies on transition metal cofactors. 

As catalytic cofactors, it was estimated that 41% of enzymes contain metal ions at the 

catalytic centre and thus are named metalloenzymes11. As structural cofactors, metals 

ions are mainly required for correct protein folding or to stabilize the folded functional 

state, in both monomeric conformation and mediating protein-protein interactions in 

complex formation. Furthermore, a big portion of metalloproteins are directly involved 

in the maintenance of an optimal intracellular metal concentration i.e. in the metal 

homeostasis regulation. For instance, metallochaperones are employed for 

intracellular metal trafficking and for controlling the delivery of the appropriate metal 

ion to the target metalloprotein in a specific cellular compartment and through specific 

protein-protein interactions12. Metalloproteins usually use a specific metal ion to 

perform their function that, in most of the cases, cannot be substituted by other metals, 

thus requiring a metal-specific fine-tuned homeostasis regulation system13. In this 

context, a crucial role is played by metal-responsive transcriptional regulators, also 

known as metalloregulatory proteins or metal sensors14. The specific binding of the 

appropriate metal on the regulator triggers a rearrangement of protein structure and/or 

dynamics that modulates its affinity/specificity to DNA. The binding on the DNA in 
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turn triggers up- or down-regulation of proteins involved in metal homeostasis or that 

require metal to their biochemical activity. Thus, this class of metalloproteins can 

modulate gene expression in response to the metal intracellular concentration. A quick 

mention deserves also mellathioneins, a family of metalloproteins enriched of 

sulfhydryl groups mainly involved in the protection against metal toxicity and 

oxidative stress and in the maintenance of essential metal ion homeostasis15. 

1.1.3 Iron and Zinc 

Iron and zinc are the first and second most abundant trace element in the human 

body, respectively. They participate in many important physiological processes. Thus, 

disorders in their metabolism can lead to severe diseases. In particular, iron propensity 

to catalyze the propagation of ROS (reactive oxygen species) and the generation of 

highly reactive radicals (such as the hydroxyl radical) through Fenton chemistry 

requires a tight control of its availability by diverse mechanisms at different levels16. 

Iron exists in vivo in two different oxidation states, the ferrous +2 and the insoluble 

ferric +3. Iron-containing systems can bind the metal as single ions or complexed with 

minerals and other cofactors, such as in ferritin, heme or iron-sulfur clusters.  

In contrast to iron, zinc is ubiquitous within cells and can be found in cellular 

compartments approximately with the following distribution: 50% in the cytoplasm, 

30-40% in the nucleus and the remaining 10% in plasma and organelle membranes17. 

Zinc is required by approximately 10% of human proteins18. As catalytic or structural 

cofactor it contributes to many physiological functions, from cell growth, development 

and differentiation, to processes such as gene expression, DNA synthesis, hormone 

storage and release, neurotransmission, memory and apoptosis19. Specific protein 

families are responsible of zinc transport inside and outside cells and cellular 

compartments. The removal of zinc from cell or from organelles is due to the Cation 

Diffusion Facilitator (CDF) proteins ZnT/Slc30. On the contrary, ZIP/Slc39 proteins 

uptake zinc in the cytoplasm from the extracellular space. There are at least 10 ZnT 

and 14 Zip transporters in human cells. Both ZnT and ZIP family members feature 

unique tissue-specific expression and respond differentially to zinc overload or 

deficiency.  
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1.2 Aim of the Project 

My doctoral project was focused on the investigation of structural properties of 

metalloproteins in silico. In this regard, the large diffusion of powerful and cost-

effective GPGPU units has allowed the computational exploration of a number of 

biological processes using techniques based on molecular dynamics (MD). In 

particular, the research projects addressed during my PhD can be grouped in two main 

chapters: i) structure determination of proteins and ii) role of metal ions in 

metalloprotein dynamics. 

 In the context of proteins structure prediction, three studies have been carried 

out. In the first one, the PseudoContact Shifts (PCS) module of the AMBER MD 

package was extended to handle multiple PCS datasets simultaneously and to refine 

NMR structures with the restrained molecular dynamics (rMD) method. In the second 

study, NMR-derived ambiguous contacts were simulated and provided to predictors 

(in addition to real data) of the CASP13 NMR-assisted competition. Eventually, 

evaluation of the models generated by NMR-assisted competitor groups was 

performed relative to the models generated using baseline methods and relative to the 

models generated using non-assisted regular methods. In the third study, we took 

advantage of coevolution analysis to develop a protocol for the prediction of homo-

oligomeric complexes from ambiguous NMR-data. 

 In the chapter “role of metal ions in metalloprotein dynamics” are grouped the 

four projects based on MD methods. In the first one, the metal-dependent folding 

process of rubredoxin was investigated using accelerated MD. In the second project, 

the iron release mechanism from human ferritin was explored as a function of pH. In 

the third study, zinc-dependent conformational transitions of the YiiP transporter were 

sampled. Finally, in an ongoing project the conformational motions of two variants of 

the human zinc transporter ZnT8 associated with type-2 diabetes are under 

investigation. 
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1.3 Methodological Aspects 

1.3.1 Molecular Dynamics 

An important step in the knowledge of biological systems is the characterization 

of their three-dimensional (3D) or quaternary structure and dynamics. Experimental 

methods for structural determination of molecules such as X-ray crystallography, 

NMR and Cryo-EM (and others) very often can resolve proteins structures in the 

corresponding global energetic minimum but less often the transient conformations 

corresponding to local energetic minima. However, transient conformations can 

provide important contribution in the description of molecular mechanisms, therefore 

they are fundamental for getting a complete overview of biological processes20. In this 

regard, the computational approach most suitable for the investigation of dynamics 

properties is the molecular dynamics (MD) method. Molecular dynamics can simulate 

the evolution of a system over time based on the forces (expressed as force-fields) 

affecting system particles. Basically, MD simulations solve Newton’s equations of 

motion (equation 1) for a system of 𝑁 interacting atoms: 

 

𝑚𝑖
𝜕2𝑟𝑖

𝜕𝑡2 = 𝐹𝑖  ;   𝑖 = 1, ⋯ , 𝑁     (1) 

 

where 𝑚𝑖, 𝑟𝑖 and 𝐹𝑖 are the mass, the position and the force acting on the i-th 

atom, respectively. Because of the high number of atoms typically involved in these 

systems, MD simulations are performed with the use of classical force-fields 

[𝑉(𝑟1, ⋯ , 𝑟𝑁)], which are functions of the atomic positions only: 

 

𝐹𝑖 = −
𝜕𝑉(𝑟1,⋯,𝑟𝑁)

𝜕𝑟𝑖
  ;   𝑖 = 1, ⋯ , 𝑁    (2) 

 

Equation 2 is integrated in short time steps, providing an atomistic view of the 

evolution of the system over time (the so-called trajectory). In fact, MD simulations 

are worthwhile to obtain an atomic-level description of protein systems and their 

mobility under different conditions such as during conformational transitions, protein 

folding or transport of molecules through the cellular membrane21. In the context of 

metalloproteins, MD can be effectively used in the investigation of metal perturbation 



12  

on systems. By analyzing the trajectory after its initial “equilibration” phase, during 

which system properties reach target mean values e.g. temperature, pressure or water 

molecules and ions distribution around the macromolecule, the macroscopic properties 

of interest can be extracted from the simulation. Furthermore, MD simulations can be 

harnessed to improve the structural features of protein conformations through 

restrained molecular dynamics (rMD).  

1.3.2 Classical Parametrization Strategies for Metal Ions 

A common issue in performing MD simulations of metalloproteins is the 

parametrization of metal ions and/or metal centers. For instance, metal ions or clusters 

covalently bond to proteins need a reasonable distribution of their electronic densities 

on single particle charges. Furthermore, common force-fields used in MD simulations 

do not include parameters for d-block metals. Thus, using different approaches a 

number of models have been developed during years with the goal to obtain the best 

possible (closest to natural behavior) reproduction of metal properties and their effects 

on the interacting atoms22. In the following sections the most popular parametrization 

strategies for metal ions are discussed. 

The Nonbonded Model 

The most widespread potential for two atoms not covalently interacting is 

undoubtedly the sum of the Van Der Waals and electrostatic terms23 as described in 

Equation 3. The electrostatic function for two atoms i and j is given by their partial 

charges Qi and Qj, that for metal ions is usually assigned as integer charge 

corresponding to their oxidation state, separated by a distance rij in which a dielectric 

constant 𝜀0 defines the free space permittivity. The function describing Van Der Waals 

energy contributions is known as Lennard-Jones function (LJ), where 𝜀𝑖𝑗  is the well 

depth and measures how strongly the two particles attract each other, 𝜎𝑖𝑗 is the distance 

at which the intermolecular potential between the two particles is zero and 𝑟𝑖𝑗  is the 

distance separating the two atoms. Because in a system with N atom types there will 

be as many as N(N+1)/2 unique atom pair types, which require a considerable 

parametrization effort, different rules have been introduced to derive ij pair 

coefficients from each individual atom type. In this way, only two parameters per atom 

type (e.g., ε and σ) are needed (2N in total). The resulting potential is a good 
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approximation especially for low electronegative monovalent ions, where the 

polarization and charge transfer effects are small24.  

 

𝑈(𝑟𝑖𝑗) = 𝐸𝑒𝑙𝑒 + 𝐸𝑉𝐷𝑊 =
𝑄𝑖𝑄𝑗

4𝜋𝜀0𝑟𝑖𝑗
+4𝜀𝑖𝑗 [(

𝜎𝑖𝑗

𝑟𝑖𝑗
)

12

− (
𝜎𝑖𝑗

𝑟𝑖𝑗
)

6

] (3) 

 

 The parametrization of metal ions can follow different strategies with the 

common aim to reproduce one or more structural, kinetic and dynamic properties in 

addition to thermodynamic quantities. In particular, the three key parameters that 

should be accurately reproduced are: i) the hydration free energy (HFE) ii) the 

coordination number (CN) and iii) the ion-oxygen distance (IOD) of the first water 

shell. Among the parametrization strategies that can be adopted with MM 

computational methods, the force field or single point energy calculations, Monte 

Carlo or MD simulations are commonly used. Parameters derived by fitting against 

specific properties should be tested before being applied, since the derived model can 

be affected by transferability problem if it is used on bigger or more complex systems 

where multiple atom types are present simultaneously. Instead, metal ions parameters 

derived from QM fitting typically consider solely the first water molecule, therefore 

neglecting the many-body effects arising from fitting on multiple molecules. As a 

result, ion-water interactions are often overestimated especially for the HFE and CN 

properties. This can be partially compensated by using small basis sets, except for 

highly charged metal ions for which the many-body effect is too high. In the latter 

case, various approaches can be deployed to circumvent the many-body issue: (A) 

introducing many-body terms; (B) working with an effective potential; (C) working 

with a combined model. Parameterizations derived from experimental data are often 

effectively based on free energy. Thus, free-energy changes can be calculated using 

different computational methods such as free-energy perturbation25 (FEP), 

thermodynamic integration26 (TI), MM Poisson–Boltzmann surface area27 

(MM/PBSA), MM generalized Born surface area (MM/GBSA) and linear response 

approaches28.  

In general, parametrization based on the LJ model are affected by an error the 

increases with the square of the ion charge. Thus, a good agreement with experimental 

values is particularly difficult to achieve for all the parameters simultaneously (HFE, 

CN and IOD) in the case of highly charged ions. A straightforward way to reduce 
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errors is to refit specific parameters to satisfy individual experimental features. 

However, this approach usually results in some parameters reproduced with high 

accuracy but big errors in the others. Furthermore, classical approaches neglect charge-

induced dipole and dipole-induced dipole interactions, a drawback particularly 

relevant for multivalent ions. To correct this, a new 12-6-4 LJ model was proposed in 

2014 and applied to parametrize various metal ions in conjunction with three common 

water models29–31. The new 12-6-4 model has an additional term representing the ion-

induced dipole interaction. Similarly, classical force fields adopting single point 

charges that are kept fixed during simulations lack of polarization effects. In this case, 

the charge scaling (CS) approach can be applied to introduce long-range screening 

effects into account as in the MD electronic continuum (MDEC) approach32. A model 

of water based on the CS approach features fluctuating charge and, because it does not 

introduce additional terms, has the advantage to be suitable for use in conjunction with 

classical force fields while preserving computing performances33. Despite CS models 

are unable to reproduce correctly the microscopic environment, they can be used to 

predict some statistical properties such as different polarization of water molecules 

binding metal ion at the macromolecular surface and in the bulk phase. 

The Bonded Model 

Together with the nonbonded terms, the functional used in MM-based 

calculations is formed by the bonded interactions illustrated in the Equation 4. In the 

first three terms we find bond, angle and dihedral interactions described as follow: for 

each group of bonds, the kr (force constant) and req (equilibrium length), for each group 

of angles, kθ (force constant) and θeq (equilibrium value), for each group of torsion 

angles, Vn (energy barrier), n (periodicity), and γ (phase). The latter two terms define 

electrostatic, with atomic charges, and VDW interactions that largely contribute to the 

quality of the force field. The most widely used classical force fields for biological 

systems are based on the same functional shown in Equation 3, that can slightly differ 

in the LJ term. The parameters for dihedral and improper torsion angles have distinct 

minima depending on the repulsions between bond electrons34. However, in the case 

of metal ions all angle values are considered accessible at physiological temperature, 

therefore the corresponding energy barriers are normally set equal to zero35. 
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𝑈 = ∑ 𝑘𝑖(𝑟 − 𝑟𝑒𝑞𝑏𝑜𝑛𝑑𝑠 )2 + ∑ 𝑘𝜃(𝜃 − 𝜃𝑒𝑞𝑎𝑛𝑔𝑙𝑒𝑠 )2 + ∑ ∑ 𝑉𝑛[1 +𝑛=1,2,3,4𝑡𝑜𝑟𝑠𝑖𝑜𝑛𝑠

cos (𝑛𝜙 − 𝛾)] + 𝐸𝑒𝑙𝑒 + 𝐸𝑉𝐷𝑊  (4) 

 

Even though modern force fields can have high power and cross terms36,37, most 

of the classic force fields are still based on a harmonic representation of the bonded 

and angle terms, making the parameters transferability feasible and easy. Force field 

parameters are usually derived based on agreement with QM or experimental data and 

then transferred on larger target systems. This basic transferability assumption is a 

good approximation for equilibrium bond and angle distances, whose values are often 

similar in different environments. However, in QM calculations the bonded and 

nonbonded interactions are coupled together, making it difficult in some case to 

disentangle the two contributions.  

Among the QM methods to derive force constants, the potential energy surface 

(PES) scanning approach is one of the simplest. Despite simplicity, every bond and 

angle that is part of the metal environment requires a PES scan, making the 

computational cost expensive. This approach was applied to develop a force field for 

various heme species38. Instead, the Z-matrix method relies on the computation of the 

Hessian matrix that usually is executed calculating the derivative of the energy 

analytically and in combination with the DFT level of theory39. This method has some 

well-known drawbacks, we list here the most relevant ones. First, it is dependent on 

the internal coordinates chosen. Second, it considers only harmonic terms, thus 

requiring corrections of final force constants. Finally, the harmonic potential used 

prevent the application of calculated dihedral force constants within modern force 

fields. Similarly, the Seminario method calculates force constants using a sub-matrix 

of the Cartesian Hessian matrix40. However, these constants incorporate the influence 

of the environment and may not be suitable for isolated bonded terms. To date, several 

metal ion parameters are present in literature based on the use of this method within 

the MCPB toolkit41. Furthermore, it was recently used for the development of a python 

based metal center parameter builder42 and a visual force field derivation toolkit43 

(VFFDT). A mention deserves also the automated parametrization method (APM), an 

approach to derive parameters directly from the parameter space. APM has the 

advantage of not presenting the double counting issue of bonded and nonbonded 

interactions that affect other methods as the Z-matrix approach. Nevertheless, the 

number of possible combinations raises exponentially with the parameter space 
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dimension. This can be partially managed dividing the parameter set in subsets or 

performing the parameter optimization as a geometry optimization. A number of free 

programs are available to perform APM, such as Parmfit96 and ForceBalance97. 

Charge parameters for classical force fields are in most of the cases inferred by 

QM calculations. Among them, the most used methods to derive partial charges of 

metal sites is the electrostatic potential fitting (ESP)46 and in particular the restrained 

charge fitting (RESP)47. The former method is applied in combination with algorithms 

able to pick ESP points and their spatial location for fitting. For instance, the CHarges 

from Electrostatic Potentials (CHELP)48 approach uses points that are symmetrically 

distributed on four spherical shells from the VDW surface separated by 1 Å, with 14 

points on each shell. Similarly, the CHarges from ELectrostatic Potentials using a 

Grid-based (CHELPG)49 strategy picks the points between the VDW surface of the 

molecule and a surface 2.8 Å away based on a cubic grid where the points are separated 

by 0.3 Å. The RESP method using the DFT functional with the 6-31G* showed 

excellent performance in calculating the atomic charges of metal sites, despite 

sometimes an effective core potential can be preferable (for instance with negative 

charged clusters50). Both the mentioned methods are unable to take in account charge 

fluctuations due to conformational dynamics around the metal site. However, the 

metal-protein bonds usually confer rigidity to the protein region, making the 

calculation on a single conformation a reasonable approximation. 

In addition to QM calculations, atomic charges can be inferred by empirical 

methods, by fluctuating charges methods (FQ) and by experimental derivation 

methods. However, all these approaches have limited applicability for different 

reasons. Empirical charge methods are time consuming and perform poorly in 

addressing transition and excited states. The FQ model is difficult to apply on 

macromolecules. Finally, the presence of a structure with very high resolution and low 

B-factors allows to derive charges from XRD experiments. 

The Polarizable Model 

Highly charged metal sites are affected by strong local polarization effects that 

are impossible to be accurately reproduced with fixed partial charges. As consequence, 

the polarizable model was developed to account for charge delocalization as a function 

of the coordination environment. The three most used polarization models are, the FQ 

model51, the Drude oscillator52 and the induced dipole model53. Nowadays, MD 
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simulations with polarization models have a reasonable computational cost if 

performed in combination with extended Lagrangian algorithms54. However, the 

applicability of these models is still limited. 

The Cationic Dummy Atom and the Combined Model 

The cationic dummy atom model (CDAM) representation splits the total charge 

and mass of the metal atom in a number of dummy atoms around the metal core that 

depends on the coordination number of the metal ion (Figure 1). This model was 

originally developed for Mg2+ and then extended for other cations where it showed 

excellent performances in reproducing the native coordination of ions in solution55. 

Despite it might reduce the energy of the interaction between metal and amino acids, 

CDAM was applied also in nonbonded models to improve experimental HFE and IOD 

parameters together56.  

 Alternatively, the combined model incorporates the first water shell around the 

metal core in a combined unit exploitable in MM calculations57. This approach has the 

advantage of immediately including many-body effects in the first water shell, while 

taking into account electronic state crossing. However, it works well only for highly 

charged metal ions (+2 or higher) and in short simulations because of long mean 

residence time of water molecules in the first shell.  

 

 

Figure 1. Example of an octahedral dummy model coordinating water molecules58. 

  



18  

 



Chapter 2 - Introduction 19 

Chapter 2  

PROTEINS STRUCTURE PREDICTION 

2.1 Introduction 

2.1.1 NMR-based Structure Determination of Metalloproteins 

Function of metalloproteins strongly depends by the physical-chemical 

properties of the bound metal ion/cluster, in turn affecting the coordination chemistry 

of the metal center. In this regard, the investigation of the metal coordination by NMR 

can be performed only on the metals with a magnetic susceptibility. Unfortunately, a 

significant number of biologically active metals lack of nuclear magnetic susceptibility 

(e.g. 67Zn, 43Ca) or have unpaired electrons (e.g. Mn2+ and Cu2+), making the 

investigation of the metal coordination unsuitable. In some cases, this issue can be 

addressed by replacing physiological metals with NMR-active metals, for instance 

using 113Cd in zinc binding proteins59. In the case of diamagnetic metals, the 

information collected mainly derive from the metal-dependent NMR chemical shift 

perturbation of the environment around the metal, both through chemical bonds and 

through space. Stoichiometry of metal binding and its affinity can be estimated simply 

by mapping the chemical shift perturbations on the protein structure. However, in most 

of the cases this method alone is not sufficient to derive the 3D structure of a 

metalloprotein. Thus, the NMR structure determination of metal-binding proteins 

usually relies on the combination of NMR with other techniques such as SAXS or X-

ray crystallography. Interestingly, despite the complexity of the approach, quantum 

mechanical/molecular mechanical (QM/MM) molecular dynamics simulations 

restrained by NMR-derived data has proved effective in the structural determination 

and refinement of zinc metal binding sites in absence of other experimental 

information60.  

In the case of metalloproteins binding paramagnetic ions, additional information 

can be collected from the interaction between the magnetic nuclei of the protein and 

the unpaired electron spin density of the metal. This kind of interactions typically 
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cannot be used to derive the coordinates of the nuclei of the protein residues that 

coordinate the paramagnetic metal because of signal broadening or because of 

negligible contributions. However, paramagnetic interactions between residues distant 

in space can be exploited as long-range restraints that, in combination with classical 

short-range restraints as NOEs, can be applied in structure refinement. Besides residual 

dipolar couplings (RDCs), the two most used paramagnetic restraints are called 

paramagnetic relaxation enhancements (PREs), derived from the enhancements of 

nuclear relaxation rates, and pseudocontact shifts61 (PCSs).  

The collection of a PCS dataset relies on the determination of the magnetic 

susceptibility anisotropy tensor (), that arise from the paramagnetic metal ion, and 

its fitting on a protein structural model62. Then, the structural model is iteratively 

refined against PCS restraints (together with other restraints) and its  updated63. In 

particular, this approach has been extensively applied in the study of calcium-binding 

proteins by replacing Ca2+ ions with lanthanide ions or by attaching lanthanide binding 

tags to proteins64,65 (Figure 2). Each lanthanide ion has a different number of unpaired 

electrons and therefore can induce a paramagnetic effect in a shell located at variable 

distance from the metal ion. This lanthanides feature is typically exploited to collect 

multiple PCS datasets that potentially bring structural information on metalloproteins 

in a distance range from the metal site up to ca. 40 Å66.  

 

 

Figure 2. Lanthanide series in the periodic table. 

 

2.1.2 Refinement of Proteins Structure with restrained MD 

The calculation of protein structures based on NMR data usually is executed with 

specific computer packages as Cyana or Xplor-NIH67,68. These programs can manage 

a number of NMR data that can be used as restraints in simulated annealing 

calculations, at the end of which a 3D model of the molecule of interest is generated. 

Usually, NOE-derived distance restraints are given as pseudopotential in the 

calculations to the determination of the molecular structures (Figure 3). Moreover, 

NMR data can provide further relevant structural information, such as dihedral angles 
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(derived from chemical shifts) or other restraints derived from paramagnetic data 

(RDCs, PCSs and others). Once that a data-driven simulated annealing calculation is 

completed, the generated NMR structure needs a final energetic refinement to improve 

its structural quality, in particular for stereochemical parameters69. In this regard, other 

possible approaches are the so-called structure rebuilding or statistical potential70,71.  

 

 

Figure 3. Parabolic flat-bottom potential often used for NOE-driven structural determination. Upper 

(uij) and lower (lij) limit for the NOE distance rij. 

 

Energetic refinement relies on the force fields and water treatment (explicit or 

implicit), implemented in NMR-based structure calculation programs, that often have 

lower quality than those implemented in classical MD packages as AMBER or 

GROMACS72,73. Thus, restrained molecular dynamics (rMD) can improve 

significantly the accuracy of the generated structure both in term of agreement with 

experimental data and stereochemical quality. The restraints given in input to MD 

packages need to be converted to the supported format in order to retain the structure 

consistent with the experimental data. This step can be tedious due to conflicting rules 

and other format differences. To facilitate the format conversion and speed up the 

calculation, a web interface exploiting computational grid infrastructure called AMPS-

NMR (AMBER-based Portal Server for NMR structures) is available free of charge 

for academics at http://py-enmr.cerm.unifi.it74. Furthermore, the portal implements 

predefined protocols greatly simplifying rMD set up for who is not familiar with MD 

packages.  

2.1.3 Solid-State NMR in the Investigation of Protein Assemblies 

Protein assemblies are defined as a combination of different proteins or multiple 

copies of the same monomeric unit. In the first case are called hetero-complexes and 

lij uij

0

VNOE

http://py-enmr.cerm.unifi.it/
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in the second case are called homo-complexes. The structural characterization of 

protein complexes is extremely important since many proteins can perform their 

biological function only as biological assembly. The correct complex formation 

depends on specific protein-protein interactions (PPIs) that play a crucial role in the 

partner recognition. The diffusion of Cryo-EM methods has exponentially increased 

the investigation of big complexes and molecular machines. However, other 

techniques based on X-ray crystallography and NMR spectroscopy can provide 

information on structure and dynamics by giving a contribution to the characterization 

of individual subunits and by pinpointing PPIs. 

Among the experimental methods, solid-state NMR (SSNMR) has an increasing 

potential in the study of complexes because is not limited by protein size, solubility, 

crystallization difficulties, presence of inorganic/organic matrices or lack of long-

range order that often make the application of other structural biology methods 

extremely difficult or unsuitable. In the NMR context, SSNMR can yield good quality 

spectra by the identification and assignment of through-space nucleus-nucleus 

interactions also in experiments on high molecular weights, such as protein assemblies. 

For this purpose, DARR is a diffused pulse sequence based on 13C-13C magnetization 

transfer through proton-driven spin diffusion75. By tuning experimental DARR 

parameters, users can select the range of distances at which inter-nuclear interactions 

are sampled. Although solid-state resonance lines of protein complexes are narrow, 

spectral congestion coming from resonance overlap makes the assignment of DARR 

peaks a challenging task (Figure 4). As a result, SSNMR DARR experiments collect a 

number of ambiguous contacts in which the tertiary and quaternary contacts cannot be 

distinguished, thus precluding the correct identification of protein-protein contacts and 

the determination of the complex structure. In hetero-complexes this problem can be 

mitigated by using different schemes for the enrichment of stable NMR-active isotopes 

(13C, 15N) in different complex units. Unfortunately, this procedure is extremely more 

tedious for homo-complexes, in which the identification of inter-monomeric contacts 

remains largely a manual task that requires a lot of time and user efforts. 
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Figure 4. Example of a scheme for the generation of ambiguous contacts from 2D 13C-13C DARR 

experiment. 

 

2.1.4 Coevolution in the Investigation of Protein Assemblies 

PPIs of protein assemblies can be also predicted by investigating their 

evolutionary conservation across many different proteins of the same family. The so-

called coevolution analysis assumes that the conservation of fundamental residue 

interactions is favored during protein evolution76. This implies that residues in contacts 

in the tertiary structure or among the complex subunits show correlations in their 

aminoacidic occurrences. The information derived can be exploited by structural 

biologists, alone or in combination with experimental data, to predict tertiary or 

quaternary structures or even putative multiple protein conformational states. In the 

case of homo-complexes, the identification of evolutionary couplings (ECs) consistent 

with PPIs is based on the construction of a single large multiple-sequence alignment 

(MSA) in which are present the homologue protein family sequences. On the contrary, 

in hetero-complexes the ECs prediction requires a joint MSA of two protein families, 

in which each line corresponds to an interacting protein pair. This crucial step is very 

often much difficult to implement due to the presence of paralogs that must be 

identified and removed prior to the covariance analysis. Although the construction of 

the MSA is simpler for homo-complexes, the identification of ECs belonging to inter-

molecular contacts is much more complicated because such information is hidden 

among thousands of ECs that can belong to either tertiary or quaternary contacts77. The 

removal of ECs corresponding to tertiary contacts requires the knowledge of the 

tridimensional structure of the monomeric subunit of the complex. Nevertheless, at the 

2D 13C-13C DARR Chemical shift list
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time of writing (2019) there is a relevant number (about 2000) of protein families 

annotated as forming homo-oligomeric assemblies in vivo with a deposited monomeric 

structure in the Protein Data Bank (PDB). These families potentially constitute an 

interesting target for homo-oligomeric structural predictions. 
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2.2 Research Projects 

As described above, PCS are information-rich paramagnetic restraints that can 

be measured when the protein binds a paramagnetic metal ion. For lanthanide-

substituted proteins it is possible to measure multiple sets of PCS data. In principle, 

these data sets can be used simultaneously and in combination with diamagnetic 

restraints to generate structural models, thanks to the incorporation of specific routines 

in different structure generation programs. However, there were no available protocols 

for rMD using multiple PCS datasets as part of the restraints. Thus, the 

PSEUDOAMBER routine was extended to allow the energetic refinement of structural 

models in the presence of all available PCS restraints. This new extension implements 

a refinement protocol that is a finely tuned version of the AMPS-NMR standard 

protocol. To test the new implementation, NOEs and multiple independent PCS data 

sets were used to refine bovine calbindin D9k. In each PCS dataset, a different member 

of the entire series of lanthanide trivalent cations (excluding the radioactive Pm3+ and 

the isotropic Gd3+) was used. How much the protocol affects the structural quality was 

evaluated performing rMD on the NMR bundle models generated from the beginning 

(i.e. in CYANA) only with traditional restraints or with traditional restraints in 

combination with multiple PCS datasets. With respect to improving the local 

energetics and geometric features of the protein structure, the protocol was equally 

effective in the refinement of structures initially generated with or without inclusion 

of the PCS data. The content of secondary structure elements was not significantly 

affected by the refinement, yet there was a small but consistent improvement in the 

distribution of residues in the most favoured regions of the Ramachandran plot. The 

Procheck G-factor all (Z-score) featured a much greater improvement than its 

counterpart focusing only on the backbone conformation. This significant difference 

was due to the impact of the refinement on the rotameric states of all side chains. 

Another improvement was the extensive removal of bumps between atoms, as 

indicated by the large improvement of the MolProbity clashscore. Finally, correlation 

between experimental and back-calculated PCS data before and after rMD refinement 

indicated a relevant improvement of the agreement in the refined models. Overall, this 

new implementation delivered the expected improvement of protein geometry, 

resulting in final structures that were of suitable quality for deposition in PDB. 
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 In the CASP-NMR project, CASP13 predictors were provided with 

“ambiguous contact lists” derived from the analysis of simulated or real NOESY peak 

lists using the program ASDP78. In the case of generating simulated NOESY data, the 

procedure was started by using structure coordinates as input to the SHIFTX2 program 

to generate chemical shift values for 1H, 13C, and 15N atoms (Figure 5). The simulated 

NOESY peak lists and the final table of the simulated chemical shifts were used to 

generate a list of ambiguous distance restraints using the EC0-NMR method from the 

ASDP program79. In total, data for 13 different proteins or protein domains were 

provided to competitors. In so doing, for each dataset a number of resonance 

assignments and NOESY peaks were deleted to simulate line broadening due to 

conformational dynamics and incomplete assignments. In fact, protein dynamics and 

signal overlap are the main causes of errors in the conversion of NMR observables into 

structural restraints. The first case can lead to missing observable peaks involving a 

given nucleus. The second case can lead to less reliable assignments of resonance 

frequencies e.g. due to accidental degeneracies. In the latter case, peaks are observable 

but cannot be converted to the appropriate structural restraints. To mimic realistic data, 

both types of problems were introduced in the simulations by randomly selecting loop 

residues. For each extracted residue, it was randomly decided whether to remove the 

assignments of all its nuclei and all corresponding peaks, or to discharge only the 

frequency assignments while retaining the peaks, hence leading to the inclusion of 

ambiguous restraints that are impossible to satisfy. In addition, random noise peaks 

were added by randomly combining shifts of the direct and indirect dimensions. In 

general, considering both the removal of assignments from the chemical shift list and 

the addition of random noise to the spectra, in each simulated dataset the fraction of 

ambiguous restraints that were impossible to satisfy was kept around 10% of the whole 

list. Unfortunately, the program Talos+ used to predict the chemical shifts not always 

was consistent with the X-ray structure. Thus, backbone dihedral angles of all the 

structured residues present in the final table of chemical assignments were randomized 

in a range +/- 30 of the value observed in the X-ray structure.  
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Figure 5. Scheme adopted for the simulation of ambiguous contacts in CASP13. 

 

 As already anticipated, many proteins carry out their functional role acting as 

part of protein assemblies. The assembly of the correct biological complex strongly 

depends upon specific protein-protein interactions (PPIs) that often are evolutionary 

conserved. If this is the case, coevolution analysis can detect quaternary contacts 

besides tertiary contacts. However, in homo-oligomers the separation of evolutionary 

couplings (ECs) belonging to protein-protein interface from the others is not 

straightforward. Similarly, solid-state NMR (SSNMR) is often used in the 

investigation of protein assemblies, as the quality of SSNMR spectra does not decrease 

with increasing molecular weight, but spectral congestion makes the investigation of 

homo-complexes largely a manual task.  

In this project, a protocol was developed to automatically predict the structure 

of homo-complexes from SSNMR-derived ambiguous contact lists using coevolution 

analysis. The same protocol can be also applied using only solution-state NMR data. 

Our protocol calculates a list of putative interface residues to be used as input for 

docking calculations. It needs four inputs: one or more files with the list of ECs, the 

structure of the monomer, the experimental NMR-derived list of ambiguous contacts 

and the Naccess file (rsa format) with the per-residue relative solvent accessible area. 

The protocol was validated on a tetrameric and a dimeric protein. The ECs for both the 

proteins were collected using 3 servers available online: Gremlin, RaptorX and 

ResTriplet. The monomer-monomer docking calculations were carried out with 

HADDOCK. The structural prediction of the tetrameric E. coli L-asparaginase II 

(PDB: 6EOK) is not trivial since this protein features a D2 symmetry, hence two 

distinct dimeric conformations must be recognized to reconstruct the functional 

complex. Nevertheless, the calculated ECs were matched with a solid state 2D13C-13C 
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DARR dataset yielding a relevant number of predicted interface residues for both the 

protein interfaces. In fact, the docking calculation mainly sampled a structural 

configuration with an RMSD of about 1 Å from the crystallographic dimer with the 

largest interface in the tetrameric protein. After the removal of the restraints already 

satisfied by the most favored configuration, the second docking run resulted in a 

second dimer that, despite being less favored, had an RMSD of 1.3 Å from the 

crystallographic dimer with the smaller interface. The final tetrameric structure can be 

easily reconstructed by symmetry. In addition, the agreement between side chains 

orientation and docking accuracy was assessed building template-based monomeric 

conformations with side chains randomly oriented. Finally, the robustness of the 

protocol in the identification of residues belonging to small interface regions was 

tested in the prediction of dimeric human apo Sod1 (PDB: 3ECU). The match between 

the calculated ECs and solution-state 3D 1H-15N NOESY-HSQC dataset resulted in 

residues that, given to docking calculation, yielded clusters with comparable 

HADDOCK score values. Nevertheless, the distribution of the desolvation energies 

discriminated the best cluster with high accuracy, showing this energetic contribution 

as an excellent scoring function.  
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2.3 Results 

2.3.1 A protocol for the refinement of NMR structures using simultaneously 

pseudocontact shift restraints from multiple lanthanide ions 
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2.4 Conclusions 

In conclusion, my Ph.D. project contributed in an important aspect of 

metalloproteins: development of methods to the prediction/determination of 

(metallo)proteins structure. All of these studies were performed with the contribution 

of computational methods. In particular, experimental NMR-based data were 

integrated in theoretical calculations to develop new protocols for the prediction of 

proteins structure or complex and the refinement of NMR bundles. 

In this chapter, we started implementing a rMD protocol that allows NMR 

structural biologists to simultaneously use PCS restraints derived from the substitution 

of multiple lanthanide ions in the same site of diamagnetic metals to perform the 

energetic refinement of structures. This refinement yielded an improvement of 

structural quality parameters comparable to that of the standard AMPS-NMR protocol 

for diamagnetic proteins. Importantly, this new protocol allowed structures generated 

without inclusion of PCS data among the restraints to be successfully refined including 

the PCS restraints only at the MD stage. This resulted in a satisfactory agreement with 

all experimental restraints and high stereochemical quality. The refined bundles were 

of the typical quality for NMR structures deposited in the PDB. This tool exploits the 

AMBER package for molecular dynamics simulations and is incorporated in the 

AMPS-NMR portal for NMR structure refinement provided by the WeNMR electronic 

infrastructure. It complements the available portfolio of software tools for the use of 

paramagnetic restraints in protein structure determination.  

In the CASP13 project, the assessment of the models generated by competitors 

revealed general higher values of local RMSD on missing data regions. Thus, the 

presence of data covering most of the target regions positively affected the structural 

quality of the generated models. Modeling methods that used NMR data generally 

improved accuracy of prediction over modeling methods used by the same groups 

without NMR data. However, for most of the targets the best model generated with 

and without experimental data were similar in term of overall structural quality, i.e. 

equally distant from the crystal structure. Therefore, the constant raising of 

computational power and accuracy of prediction methods are close to cover the gap 

with data-driven approaches, at least for small proteins structure determination. 

Solid State NMR can provide ambiguous contacts for large protein assemblies. 

However, the determination of their 3D structure involves two very time-consuming 
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steps: the assignment of the side chains in contact at the interface between the subunits 

and, for homo-oligomeric complexes, the discrimination of intra- vs inter-monomeric 

contacts. In particular, the correct identification of inter-monomeric contacts usually 

requires extensive efforts by an experienced user. From the bioinformatics point of 

view, focusing on homo- rather than hetero-oligomers makes the interpretation of 

coevolution signals harder. In fact, the difficult step in the coevolution analysis of 

hetero-oligomers is the proper pairing of orthologs of interacting proteins and the 

corresponding removal of paralogs, that lead to the creation of joint MSA in which 

each line contains a pair of interacting proteins. Instead, the coevolution analysis of 

homo-oligomers is based on a single protein MSA, which is relatively effortless to 

build. At the moment, the availability of the three-dimensional structure of the 

monomeric unit is necessary to successfully separate intra-monomeric and inter-

monomeric ECs. In this work, we developed a protocol to automatically identify 

residues belonging to the homo-oligomeric interface by matching predicted inter-

monomeric ECs with NMR ambiguous contacts list automatically generated from 

appropriate solution or solid-state NMR spectra. 
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Chapter 3  

ROLE OF METAL IONS IN METALLOPROTEIN 

DYNAMICS 

3.1 Introduction 

3.1.1 Metalloproteins Folding 

The constant growing in computational power has paved the way to the 

investigation of long timescale biological processes using in silico methods. In 

particular, modern cost-effective GPGPUs allow exploration of atomic motions 

through molecular dynamics (MD) methods. MD simulations are particularly useful 

in the investigation of processes that are difficult to capture with experimental 

methods, such as protein folding, protein transient conformations, metal ions mobility 

and others80. Among them, folding mechanism occurs when an unfolded protein chain 

starts to evolve into its stable and functional three-dimensional structure. This can 

happen in different timescales, from microseconds to seconds and higher, depending 

on protein features. Despite advances in computational power, in force fields accuracy 

and MD methods, the exhaustive sampling of protein folding mechanism by MD 

simulations remains a challenging task81. In this regard, the simulation length to 

observe at least a single folding event or to achieve enough folding/unfolding 

transitions to define the folding pathway and accurately measure kinetic and 

thermodynamic quantities is still demanding82. In addition, studying the unfolded 

states is one of the frontiers for all-atom simulations83. Alternatively, information on 

folded and unfolded states can be extracted generating equilibrium trajectory 

ensembles from independent simulations84. Interestingly, the finding of fast-folding 

proteins has made possible the direct comparison of experimental and computational 

folding timescales on these systems85. As a result, the integration of experimental and 

computational studies contributed significantly to our knowledge of the pathway(s), 

thermodynamics and kinetics of folding86.  
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 Although metalloproteins are involved in many crucial physiological 

processes, metal-induced folding has been poorly investigated from theoretical point 

of view. The main reason is the complexity of the metal treatment in model metal-

protein interactions87. Some of the crucial features of metal binding interactions that 

are much difficult to reproduce in classical MD simulations are metal induced 

protonation/deprotonation, multiscale coupling, charge transfer and induced 

polarization. Some force fields able to accurately model part of the mentioned metal-

induced interactions have been developed22. However, their applicability on long 

timescale processes is difficult because of the extensive computational cost.  

One of the key question in metalloprotein folding is how the presence of metal 

affects protein folding in terms of structural and dynamics properties88. In this regard, 

MD simulations of small metalloproteins is a cost-effective way that can be exploited 

to partially answer this question. However, in most of the cases classical MD 

simulations are not suitable to study the folding process of proteins due to the long 

simulation time required that usually must be even larger than the experimental 

timescale. In fact, a well-known problem in applying classical MD for folding 

simulations relies on high-energy barriers of proteins that separate minima of the 

potential energy surface (PES). Consequently, the protein is often trapped in local 

minima for long time, preventing exploration of the PES and reducing the possibility 

to sample the native folded state starting from the unfolded protein. This problem can 

be overcome by applying enhanced sampling methods that greatly boost 

conformational sampling. Among them, the accelerated MD (aMD) method exploits a 

bias potential to reduce the height of local barriers and proved to be effective in 

enhancing the PES exploration89.  

3.1.2 Ferritin  

Ferritin is a superfamily of protein-caged Fe2O3•H2O biominerals that plays a 

key role in the storage and transport of iron ions90. Ferritin function is performed in 

two main steps, 1. Fe2+ ions entry and oxidation, with the following nucleation and 

mineral growth that has a protective effect from metal toxicity and 2. mineral 

reduction/dissolution with Fe2+ ions release from the protein cage into iron-containing 

systems. Ferritin stores and transports iron in both intra- and extra-cellular 

environment where it can bind different cell types and receptors. The T cell 

immunoglobulin and mucin domain-2 (TIM-2) receptor binds human ferritin, allowing 
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for its entry into endosomes where the pH is in the 6.0–4.8 range91. Ferritin uptake into 

endosomes is also triggered by the binding to Transferrin Receptor 1 (TfR1) on the 

cell surface followed by cellular internalization via endocytosis92.  

Most members of the ferritin superfamily consist of 24 subunits arranged to form 

a hollow structure able to store up to 4300 iron ions (Figure 6). The highly symmetric 

24-mer structure spontaneously self-assembles from the four-helix bundle subunits 

resulting in a protein with an octahedral symmetry and an overall molecular weight of 

about 480 kDa. In mammalian, ferritin is mainly composed of H (FtH, heavy 21 ∼ 

kDa) and L subunits L (FtL, light, ∼ 19kDa), that have a distinct function, plus the 

mitochondrial one (FtMt, about 21 kDa) exclusively found in mitochondrial ferritin. 

Despite the high level of sequence similarity, only FtH harbours the oxidoreductase 

site responsible of ferroxidase activity, converting Fe3+ to Fe2+, a step crucial for iron 

biomineralization. Instead, the FtL chain contains the nucleation site that can bind Fe3+ 

helping the mineralization process93. The formation of the mineral protects cell from 

normal or pathological oxidative damage that may arise from reactions of iron with 

oxygen. Differently from the homopolymeric mitochondrial ferritin, the ratio of FtH 

and FtL subunits in cytosolic ferritin is tissue-specific and can also vary  under 

pathological conditions94. Since the two subunits are not interchangeable, the correct 

balancing of the subunit ratio is critical. Ferritin mutations, disfunction and 

misregulation have been associated with several diseases95.  

 

 

Figure 6. 24-mer ferritin with iron ions in the protein cage. 

 

The 24-mer ferritin structure has two different channels that connect bulk 

solution to the protein cavity. The two channels have also different chemical properties 

related to their aminoacidic composition. The hydrophobic C4 channels assemble 

around the 4-fold symmetry axis and have a role in in the diffusion of dioxygen and 

hydrogen peroxide96. Instead, the hydrophilic and negatively charged C3 channels 
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assemble around the three-fold symmetry axes of the ferritin and are responsible of 

iron ions mobility in and out from the protein cavity during entry process for mineral 

formation and during exit after mineral dissolution, respectively97. During the entry 

process, iron ions transit under the form of hexahydrate ions that is attracted by the 

electrostatic gradient in turn generated by carboxylate groups at the inner end of the 

C3 channels. Instead, the pH dependence of the iron removal on human H-ferritin has 

been measured in vitro adding a reducing agent in the presence of chelators, a step 

required to reduce the oxidized Fe3+ to the soluble Fe2+, showing that lowering the pH 

from basic to acidic values increases the amount of iron ions discharged98. In vivo the 

process is associated to cage disassembly due to lysosome degradation but also the 

proteasomal pathway might be involved95,99. Interestingly, experimental results have 

shown the crucial role of the acidic environment for iron extraction in both 

physiological and pathological conditions100.  

3.1.3 YiiP 

Zinc has cytotoxic effects for intracellular concentration higher than few 

hundred picomolar. Thus, zinc uptake and efflux from cytosol is tightly controlled by 

specific systems. In mammalians, zinc removal from the cytoplasm into the 

extracellular space or into the intracellular organelles is mediated by the ZnTs/Slc30 

family belonging to the cation diffusion facilitator (CDF) superfamily101. At present, 

all the CDF members known are featured by an antiport mechanism to export divalent 

cations. These proteins contain an N-terminal domain, a transmembrane domain 

formed by six helices (TMD) and a long C-terminal domain (CTD). However, an 

experimental 3D structure for any of the ZnT family proteins is missing so far. This 

absence is partially compensated by the well-characterized bacterial homolog protein 

from Escherichia coli, the YiiP transporter. YiiP is a cation-proton antiporter that 

couples a cation ion efflux with a proton influx in a 1:1 exchange stoichiometry. YiiP 

can transport a broad range of metal cations, but only zinc and cadmium with high 

efficiency102. Its architecture in the crystallographic outward-facing (OF) 

conformation (PDB 3H90) shows a homodimer with a Y-shaped structure composed 

by six transmembrane (TM) helices for each monomer103 (Figure 7A). The six TM 

helices can be grouped in two separated subdomains, a four-helix bundle (TM1-TM2-

TM4-TM5) and a helix pair (TM3-TM6). The TM3-TM6 helix pair protrudes in the 

cytosolic region in an antiparallel configuration providing a dimeric interface 
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stabilized by four interlocking salt bridges formed between K77 of TM3 and D207 of 

IL3 close to TM6. Each protein chain has three conserved zinc-binding sites (A-C). 

The transport site (A) is located in the middle of TMD and is the active site for zinc 

transport. The tetrahedral coordination geometry adopted in the zinc transport site is 

made of four highly conserved residues, D45 and D49 from TM2 and H153 and D157 

from TM5. These residues are responsible for zinc and cadmium selectivity of the 

transporter. The binding site B is located in the cytoplasmic loop connecting TM2 and 

TM3 and is formed by D68, H71 and H75. However, its function is still unknown. 

Finally, the binding site C is located at the CTD-CTD interface. It harbors two zinc 

ions for each monomer with very high affinity and has a stabilizing effect on the dimer.  

 

 

Figure 7. YiiP protein in the outward-facing and inward-facing states101. 

 

Successively, the cryoelectron microscopy structure of the YiiP homolog from 

Shewanella oneidensis was solved in the inward-facing (IF) conformation and lipid 

environment at low resolution (PDB 3J1Z)104 (Figure 7B). Recently, the resolution of 

the IF conformation structure was improved again with Cryo-EM105. It has been 

suggested that this conformation allows the zinc permeation in the TM cavity from the 

cytoplasmic side and the following zinc binding to the transport site. In particular, the 

zinc binding on site C could trigger an allosteric mechanism through which the TMD 

rearranges to allow the zinc binding on site A. This mechanism connecting CTD to 

TMD could be mediated by the aforementioned charge interlock and a reorientation of 

the TM3-TM6 helix pair. The zinc binding to the transport site is followed by the ion 

release. However, how this process happens is not totally clear. A proposed 

mechanism relies on the switch from the IF to the OF conformation as a necessary step 

to discharge the metal ion in the extracellular space or other cellular compartments. A 

Outward-Facing State Inward-Facing State 

A B 
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variation of this mechanism has been proposed in which to discharge zinc ions the OF 

conformation is not strictly necessary but the critical step is a rearrangement of the 

four-helix bundle against a static TM3-TM6 helix pair105. In practice, a persistent 

dimeric interface acts as a static “rock” versus a mobile “bundle” that modulate the 

ions permeation and release, in a so-called rocking-bundle mechanism common also 

in other secondary active transporters106. In this regard, the modulation of the zinc 

accessibility in the TM cavity harboring the zinc transport site was measured through 

x-ray-mediated hydroxyl radical labelling and mass spectrometry107. The 

measurements revealed the key role played by TM5 of the four-helix bundle in the 

modulation of the water accessibility from the cytosol to the TMD through a rigid-

body motion that puts in contact the L152 and M197 sidechains eventually forming a 

hydrophobic gate that prevents the access to the transport site.  

3.1.4 ZnT8 

Levels of zinc in different cellular compartments are controlled by 

metallothioneins and two zinc transporter families, ZIP and ZnTs, which members are 

expressed in many tissues. Among them, the mammalian subgroup of four transporters 

ZnT2, 3, 4 and 8 are responsible of the zinc ions removal from the cytosol, thus raising 

zinc concentration in vesicles17. In particular, ZnT8 is highly expressed in the 

membrane of insulin secretory granules of pancreatic beta cells108. ZnT8 supplies zinc 

in the secretory granules facilitating insulin storage and maturation. Inside granules 

zinc is crystallized with insulin to form hexameric crystals. ZnT8 is expressed also in 

some other tissues, for instance in pancreatic α-cells where is supposed to play a role 

in glucagon secretion109. Interestingly, a single nucleotide polymorphism (SNP) in the 

ZnT8 gene SLC20A8 encodes two major variants, an arginine or a tryptophan at 

position 325, located in the CTD, that are associated with high and low risk to develop 

type-2 diabetes (T2D), respectively110. Despite both variants are widespread in 

population, the higher risk R325 variant is more frequent in humans (>50%). 

Remarkably, the same variant is also associate with a strong zinc transport activity 

compared to the loss-of-function W325 variant that is associated with a protective 

effect111. Unfortunately, there is no 3D structure for any of the eukaryotic ZnT 

transporters. Moreover, homology models based on the bacterial functional 

homologue YiiP protein revealed a mutation localized in a position not directly 

involved in the zinc binding on the CTD and very distant to the transport site, thus 
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making the postulation of how the two ZnT8 variants work an arduous task. Recently, 

biophysical characterization of the ZnT8 CTD suggested a higher zinc affinity and 

lower thermostability of the W325 variant112. Furthermore, both eukaryotic CTD 

variants exhibited a different zinc-binding stoichiometry from bacterial homologue, 

highlighting the limitation of the latter as template for model generation of the human 

proteins. 
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3.2 Research Projects 

Metal-coupled folding is a biological process particularly hard to investigate 

with MD, not only for the long timescale of the process but also for the limited 

accuracy of classical force fields in the description of metal-binding effects. However, 

one of the smallest metalloprotein suitable for a folding study is rubredoxin from 

Pyrococcus furiosus (PfRd). PfRd is a globular protein of 53 amino acids that binds a 

single iron ion with a tetrahedral coordination. After denaturation, PfRd can refold 

both in presence and absence of the metal cofactor. The holo-PfRd folding properties 

were investigated performing a classical MD (F-cMD) simulation and an accelerated 

(F-aMD) simulation by which an extensive conformational sampling can be reached. 

A third simulation in the folded apo-form (APO) in addition to experimental data were 

used to assess the calculated conformational ensembles in term of structural similarity 

with the native folded state. The crystal structure of the holo-PfRd (PDB 1BRF) was 

used as starting point for all the MD runs. The RESP charges of the metal-binding site 

compatible with the Amber14SB force field used in the calculations were taken from 

the literature. The unfolded conformation needed for the starting point of the refolding 

simulations was derived from a brief MD at 600K.  

As expected, the APO simulation confirmed the stability of the PfRd protein 

even without the bound metal. In fact, the RMSD from the crystal structure was stably 

low for the whole simulation. However, the secondary structures showed little 

rearrangements, especially around the metal-binding site. The gained degrees of 

freedom due to the iron ion removal was in fact compensated by the formation of up 

to three non-native β-sheets. The secondary structures detected in the F-aMD 

conformational ensemble generally mapped with good accuracy the ones present on 

the crystal structure. The main discrepancies from the folded state were observed in 

the overestimated occurrence of helical structure elements and in the formation of 

some non-native β-structures as seen for the APO run. Moreover, the F-aMD 

simulation was not able to recover the long-range contacts needed to make the triple 

β-sheet, main responsible of the protein globularity. The NMR chemical shifts of the 

backbone nuclei of holo-PfRd provided and experimental reference for the comparison 

of the protein dynamics sampled in our simulations. As expected, the APO simulation 

showed good agreement with the experimental data, confirming the lack of significant 

rearrangements. Instead, the other two folding simulations featured modest 
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correlations for the C and N atoms, probably due to a heterogeneous conformational 

ensemble. However, the extensive sampling of the F-aMD trajectory was able to 

produce a significant number of conformations with a compact shape relatively similar 

to the native structure. This statement was supported by the temporal correlation of the 

lowest RMSD from the crystal with the lowest solvation (SASA analysis) and the 

highest number of hydrophobic contacts detected among the core residues. In 

particular, the values sampled were close to the ones observed in the folded APO 

simulation, with the exception of the RMSD from the crystal structure that never 

lowered below 6-7 Å. Thus, the sampling achieved in the F-aMD simulation showed 

at least some transition/intermediate conformations toward the folded state.  

 

 To shed light on the molecular mechanism of Fe2+ ions release from human H-

ferritin nanocage, extensive MD simulations were performed in both acidic and basic 

conditions. The 24-mer human ferritin model (4134 residues) was built based on the 

crystal structure of the bullfrog M ferritin (PDB 4DAS). Using H++ server the 

protonation state of titratable groups was calculated at pH 4 and pH 9. Subsequently, 

31 Fe2+ ions were added inside the protein’s cavity. The two systems were prepared 

independently using the customized forcefield AMBER99SB-ILDN* on the 

AMBER16 MD Package. This forcefield merges the ILDN correction of AMBER99-

ILDN ff with the CMAP dihedral parameters improvement of CHARMM22* ff. The 

same NPT condition was applied in both the systems for a simulation time length of 

105 ns each.  

MD simulations provided a detailed atomic-level view of the mechanism of Fe2+ 

release at pH 4, which occurred through the C3 channels. Within each individual 

channel, two nearby rings formed by symmetry-related Asp and Glu sidechains define 

the binding site to which iron ions were rapidly attracted from the internal cavity by 

the electrostatic gradient. The negatively charged cluster of carboxylates in C3 

channels was surrounded by a number of histidine residues with a different protonation 

state depending on the pH of the simulation. In this regard, the Fe2+ ions diffused in 

the bulk solution only at pH 4, whereas at pH 9 they were immobilized inside the C3 

channels by the negative charges. Therefore, a key role in the release process was 

played by the positive charges of histidine side chains that partially compensated the 

negative electrostatic charge of the carboxylates. The free energy of the processes 

sampled by the two unbiased simulations were then measured with the umbrella 
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sampling (US) method. In accord to what seen in the unrestrained simulations, at pH 

4 the free-energy profile showed a significantly lower energy barrier than at pH 9. 

Furthermore, the positions of the energetic minima corresponding to the Fe2+ binding 

site within the channel at pH 4 was significantly closer to the end of the channel, 

denoting a higher permeability of the channel in acidic than in basic conditions. This 

hypothesis was tested building a chimeric ferritin in which the His residues inside the 

C3 channels were doubly protonated as at pH4. As a result of the US run, the mutations 

caused a reduction of the energetic barrier of Fe2+ release but did not change the 

position of the energetic minimum along the C3 channel. Therefore, the protonation 

state of the His residues inside the channel is a necessary but not sufficient factor for 

Fe2+ release. In fact, it is only at pH 4, where all the His of ferritin are doubly 

protonated, that the dynamic opening of the binding site could take place, resulting in 

a significant shift of the Fe2+ coordination site towards the exit of the channel with 

respect to pH 9. 

 

In a following unpublished work we investigated arachidonic acid’s (ARA) 

contribution to the coordination of iron ions in the mineral nucleation site, situated in 

the L-chain of horse spleen ferritin (HoSF, PDB 4DE6). The influence of the 

negatively charged ARA on the mobility of iron ions inside the cage of HoSF was 

analyzed building the protein model both with and without bound ARA. For each 

model, four replicas were performed in which the number of ions in the protein cage 

was increased as follow: 12, 22, 31 and 62. The iron ions were treated in their Fe2+ 

form for concordance to the data acquired by in vivo experiments.  

The first relevant result regards the stability of the protein in presence of 62 Fe2+ 

ions in the cage, measured as RMSD from the crystal structure. With this significant 

number of Fe2+ ions, ferritin reached stability, i.e. RMSD plateau, only with the bound 

ARA. On the contrary, the protein without ARA never achieved convergence. Thus, 

ARA positively contributed to the protein stability in presence of high amount of Fe2+ 

ions. We then used the radial function to evaluate how many Fe2+ ions were present in 

every mineral nucleation site for each simulation. The origin of the function was the 

centre of the four oxygens of the two glutamate side chains in the nucleation sites. The 

presence of ARA led to a preference for the peaks closer to the origin in the simulations 

with 12, 22 and 31 Fe2+ ions, but not in the simulation with 62 Fe2+ ions (Figure 8).  
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Figure 8. Radial function of iron ions in the nucleation sites. 

 

This might be due to an overpopulation of Fe2+ ions in the nucleation site that 

enabled the possibility of both glutamates to interact with the same metal ion. In this 

regard, the steric effect and the repulsion of the negatively charged ARA prevented the 

formation of a “bridge” coordination, instead present in the simulations without ARA, 

in which two glutamates (Glu56 and Glu60) of two adjacent nucleation sites interacted 

with the same metal ion (Figure 9). Eventually, ARA reduced the number of possible 

conformations that the glutamates of mineral nucleation sites can otherwise take to 

interact with irons. 

 

 

Figure 9. "Bridge" coordination in the nucleation site of MD simulations without ARA. 

 

The zinc-induced YiiP dynamics was investigated performing MD simulations 

of the IF conformation in presence of Zn2+ ions in solution. First, the model of the YiiP 

inward-facing state was built combining the CTD of the crystal structure (PDB 3H90; 

2.9 Å) with the TMD of the Cryo-EM structure (PDB 3J1Z; 13 Å). Then, the 

transporter was embedded in a DPPC bilayer. Two NVT MD simulations in 0.150 M 

of ZnCl2 and one in the apo-form were performed for a length of 1 µs each. Finally, 

two umbrella sampling simulations were performed to measure the free-energy 

profiles of Zn2+ and Na+ ions going through the TM channel. 
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The holo-simulations carried out on the YiiP transporter elucidated the Zn2+ 

interaction pathway from the cytosol to the transport site. The Zn2+ permeation was 

preceded by a quite fast disjunction of the four-helix bundle (in particular TM5 and 

TM4) from the TM3-TM6 helix pair that opened the TM cavity from the IC space 

allowing one Zn2+ ion to reach D49 and H153 of the transport site. Subsequently, a 

reorientation of TM5 putted in direct contact the side chains of L152 and M197, 

forming a hydrophobic gate that dropped the water presence in the TM cavity, thus 

making the channel inaccessible from the cytosol. Moreover, the CTD motion could 

affect the TMD region tilting and rotating. In fact, the two protein channels had always 

an alternating accessible/inaccessible state and the CTD was always tilted toward the 

inaccessible channel. Finally, the free-energy profiles calculated performing two 

umbrella simulations indicated that both the Zn2+ and Na+ ions can reach the transport 

site without encountering high energetic barriers. Conversely, from the transport site 

to the EC space only Na+ ion had a low-energy profile. 

 

Despite the relevance of this transporter, the structure of ZnT8 is still unknow as 

well as that of eukaryotic homologs. Taking advantage of coevolution analysis and the 

template structure of a prokaryotic functional homolog YiiP, a model of the dimeric 

ZnT8 transporter was built. The interatomic distances of the monomeric subunit were 

calculated using the Gremlin webserver. The multiple sequence alignment was 

generated with Jackhmmer. The resulting structure was then superimposed to the 

dimeric YiiP IF structure (PDB 5VRF). The following structure was embedded in a 

2:1:1 DOPC:DOPE:DOPG bilayer already proven as the lipid composition able to 

maximize the zinc transport in vitro113. Then, by performing all-atom and coarse-

grained MD simulations putative conformational dynamics discrepancies between the 

active and the loss-of-function ZnT8 variants are under investigation. To date, an all-

atom simulation of 2 µs in presence of zinc ions has been performed for each variant 

(R325 and W325). The recent ff14SB and lipid17 force fields were used for protein 

and lipidic membrane, respectively. The preliminary analyses performed on the two 

ZnT8 all-atom simulations pointed out different dynamics of the two transporter 

variants. In particular, the protective variant W325 showed a cytosolic domain (CTD) 

tilted toward one of the two channels, blocking its ion permeability (Figure 10). On 

the contrary, the active R325 variant showed a CTD rotating along its y-axis that 

allows zinc ions entrance in both the channels by an alternating mechanism. 
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Figure 10. Snapshots of the ZnT8 conformation in the simulations of the R325 (active) and R325W 

(loss-of-function) variants. 

 

R325W 
R325 



Chapter 3 – Results 109 

3.3 Results 

3.3.1 Molecular dynamics simulations of metalloproteins: a folding study of 

rubredoxin from Pyrococcus furiosus 

 

Davide Sala1, Andrea Giachetti3 and Antonio Rosato1, 2, * 

 

1Magnetic Resonance Center (CERM) – University of Florence, Via L. Sacconi 

6, 50019 Sesto Fiorentino, Italy 

2Department of Chemistry – University of Florence, Via della Lastruccia 3, 

50019 Sesto Fiorentino, Italy 

3Consorzio Interuniversitario di Risonanze Magnetiche di Metallo Proteine, Via 

Luigi Sacconi 6, 50019 Sesto Fiorentino, Italy. 

 

AIMS Biophysics, 2018, 5(1): 77-96. 

 

  



110  



Chapter 3 – Results 111 



112  



Chapter 3 – Results 113 



114  



Chapter 3 – Results 115 



116  



Chapter 3 – Results 117 



118  



Chapter 3 – Results 119 



120  



Chapter 3 – Results 121 



122  



Chapter 3 – Results 123 



124  



Chapter 3 – Results 125 



126  



Chapter 3 – Results 127 



128  



Chapter 3 – Results 129 

 



130  



Chapter 3 – Results 131 



132  



Chapter 3 – Results 133 

 
  



134  

3.3.2 Investigation of the Iron(II) Release Mechanism of Human H-Ferritin as 

a Function of pH 

 

Davide Sala†, Silvia Ciambellotti†, Andrea Giachetti‡, Paola Turano†,§ and 

Antonio Rosato†,§,* 

 
†Magnetic Resonance Center (CERM), University of Florence, Via Luigi 

Sacconi 6, 50019 Sesto Fiorentino, Italy. 

‡Consorzio Interuniversitario di Risonanze Magnetiche di Metallo Proteine, 

Via Luigi Sacconi 6, 50019 Sesto Fiorentino, Italy. 

§Department of Chemistry, University of Florence, Via della Lastruccia 3, 

50019 Sesto Fiorentino, Italy. 

 

J Chem Inf Model. 2017 Sep 25;57(9):2112-2118. Epub 2017 Sep 12. 

 

  



Chapter 3 – Results 135 



136  



Chapter 3 – Results 137 



138  



Chapter 3 – Results 139 



140  



Chapter 3 – Results 141 

 



142  



Chapter 3 – Results 143 



144  



Chapter 3 – Results 145 



146  



Chapter 3 – Results 147 



148  



Chapter 3 – Results 149 



150  



Chapter 3 – Results 151 

 
  



152  

3.3.3 An atomistic view of the YiiP structural changes upon zinc(II) binding 

 

Davide Sala1, Andrea Giachetti2 and Antonio Rosato1,3, * 

 

1Magnetic Resonance Center (CERM) – University of Florence, Via L. Sacconi 

6, 50019 Sesto Fiorentino, Italy 

2Consorzio Interuniversitario di Risonanze Magnetiche di Metallo Proteine, Via 

Luigi Sacconi 6, 50019 Sesto Fiorentino, Italy. 

3Department of Chemistry – University of Florence, Via della Lastruccia 3, 

50019 Sesto Fiorentino, Italy 

 

Biochim Biophys Acta Gen Subj. 2019 Oct;1863(10):1560-1567. Epub 2019 

Jun 6 

 

  



Chapter 3 – Results 153 



154  



Chapter 3 – Results 155 



156  



Chapter 3 – Results 157 



158  



Chapter 3 – Results 159 



160  

 



Chapter 3 – Results 161 



162  



Chapter 3 – Results 163 



164  



Chapter 3 – Results 165 



166  

 
 



Chapter 3 – Conclusions 167 

3.4 Conclusions 

My Ph.D. project contributed to the investigation on the role of metals in 

metalloproteins conformational dynamics by performing MD studies on metal 

transporters and by studying relevant biological processes as metal-coupled folding. 

In so doing, different molecular dynamics approaches were implemented to get an 

atomistic view of the molecular mechanisms under exploration.  

Fist, our study on the small PfRd metalloprotein showed some difficulties in the 

description of the metal-coupled folding not linked to the technological gap. The main 

limitations were due to the partial accuracy of the classical force field describing the 

metal binding. In fact, they do not take in account important effects such as metal 

induced protonation/deprotonation, the polarizability, the charge transfer and 

multiscale coupling. Furthermore, this is only part of the problem, the counterpart 

regards the bias induced by the force field on the protein portion. In this regard, some 

limitations affecting the force field quality are well-known, such as the description of 

phenylalanine side chains. Other authors pointed out the importance of taking in 

account also the unfolded proteins in the description of electrostatic and water 

interactions. In this regard, the recent force fields CHARMM36m114 or a99SB-disp115 

in combination with TIP4P-D showed excellent performances. However, significant 

methodological work is still needed until unbiased metal-induced folding of 

metalloproteins can be achieved.  

We described the pH-dependent mechanism of iron release from human H-

ferritin. Based on the umbrella sampling simulations we could estimate the free-energy 

profiles of the initial configurations. In conclusion, the positive charges on the side 

chains of three His residues proved to be crucial to weaken the metal coordination by 

compensating the negative charges of the Asp and Glu side chains inside the C3 

channel. The illustrated pH-dependent process of iron discharge from ferritin might 

help defining the role of the acidic environment of endosomes and lysosomes in 

modulating iron release within these organelles. Encapsulation in endosomes was 

proposed to be relevant for H-ferritin internalization via the TfR1 receptor and 

therefore plays a role for the use of ferritin as a drug nanocarrier targeting cancer cells 

overexpressing TfR1. The delivery of ferritin to lysosomes, instead, has been proposed 

as a key role in controlling iron cellular homeostasis. The interplay between biomineral 
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solubilization upon iron reduction and ferritin degradation at this level are not yet clear 

and the observed cage-assisted release at low pH might also come into play. 

The data collected in a following study showed that in presence of high amount 

of Fe2+ ions, the structure of the ferritin with arachidonic acid (ARA) is much more 

stable than the protein alone. This might be due to the higher amount of negative 

charged present in the ARA form of the protein or because ARA can play a proper 

structural role inside the ferritin cage. Furthermore, it has been observed that ARA can 

increase the initial rate of biomineralization116, but is not clear how such effect is 

produced. Our data suggested that ARA prevent the formation of some conformations 

but promote the conformational selection of specific iron-bound configurations in the 

nuclease site. This influence from the ARA could increase the initial rate of 

biomineralization, decreasing the “range” of possible conformations to explore in 

order to get to the actual conformation/s responsible for the biomineralization process. 

In literature, the dimeric YiiP transporter was always depicted as a symmetric 

antiporter, with the two channels either accessible or inaccessible. Instead, in our 

simulations the two channels had always an alternating state, one accessible and the 

other one inaccessible, with the CTD always tilted toward the channel inaccessible. 

The Zn2+ entrance in the cavity triggered the channel closing, through the TM4-TM5 

motion. Then, the Zn2+ binding on the transport site caused the reorientation of TM5 

in turn forming the L152-M197 hydrophobic gate that prevented the water and ions 

access from the cytosol. In conclusion, our results suggested a correlation between the 

CTD tilted position and the conformational dynamics upon Zn2+ binding at the 

transport site. A defined communication pathway connecting the CTD to the TMD 

could be significant not only in the switch between IF and OF states as previously 

postulated, but also in the signal transmission between the two protein chains, 

especially if the two channels have an alternating open/closed state and the dimeric 

interface does not need to splay apart to transport Zn2+ across the membrane, as 

recently suggested105. 
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