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Abstract

This thesis aims at expanding the applicability of Magnetic Resonance to

biological systems. The presented work relies upon a fine interplay among

the development of theoretical models, their numerical implementation and

their experimental verification, and can be conceptually divided in two

parts.

Part I, “Theoretical Chemistry for NMR”, proposes a novel approach

for the structural refinement through the combined use of paramagnetic

NMR and Quantum Chemical calculations, and the recent advancements

of a method aimed at studying the conformational heterogeneity of flexible

macromolecules.

Part II, “NMR for Biomaterials”, describes the experimental results

obtained in the frame of a project for the development of a prototypical

protein-based catalyst for water depuration. The atomic-level characteri-

zation of the interactions among the components of a hybrid composite, by

means of solid-state NMR combined with other techniques, is provided. A

denoising method for 2D solid-state NMR spectra is also presented.
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Preface

Nature is undoubtedly as fascinating as complex, and the attempt to

unveil the rules that govern it is probably as old as humanity. This search,

initially driven by pure intellectual curiosity, showed however, since almost

the beginning, to have also very practical consequences. The knowledge

thus gained could indeed be exploited for improving the tools that help

the survival, the health, or just the wellness of mankind. In other words,

the comprehension of the natural laws is an essential prerequisite for what

today we call technology.

This thesis addresses both the theoretical and practical aspects of re-

search, showing how some pure theoretical findings can have important con-

sequences for the comprehension of complex systems like biological macro-

molecules and can support experiments in the development of technological

devices.

Although occurring in very different forms, the leitmotiv of all the pre-

sented topics is Nuclear Magnetic Resonance (NMR), because of its deep

relationship with electronic structure and magnetism. NMR is a physi-

cal phenomenon in which nuclear spins interact with the electromagnetic

radiation in the presence of an external magnetic field and respond by pro-
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ducing an electromagnetic signal whose frequency is characteristic of the

magnetic field present at the nucleus. Exploiting this effect, NMR spec-

troscopy is thus able to provide atomic-level information on molecules, and

has currently reached such a level of maturity to allow studying very com-

plex systems, both diamagnetic and paramagnetic, in solution (Part I) and

in the solid state (Part II).

The presented work is mainly focused on biological systems, whose im-

portance does not need explanations. In particular, the complexity of the

human genome and in general of living systems poses the problem of solving

the 3D structures of gene products, namely proteins. The most powerful

methods to investigate their structure are NMR, X-ray Diffraction (XRD),

and cryo-Electron Microscopy (cryo-EM), highly complementary techniques

that look at proteins from different perspectives. Crystallography is fast,

does not suffer from protein size limitations, and provides a unique struc-

ture, but it cannot solve unfolded proteins and, above all, obtaining crys-

tals is not always possible [1]. Cryo-EM does not need crystallization, but

the samples must be highly homogeneous, and high resolution is at the

present time a challenge for proteins smaller than 200 kDa [2]. NMR, on

the contrary, does not need particular sample handling, can investigate pro-

teins both in solution and in the solid state and, despite the lower effective

resolution, provides additional atomic-level information on the structural

properties of the system. Furthermore, it allows studying conformational

dynamics and operates closer to biologically relevant conditions [3].

A fine interplay among different experimental techniques is therefore

needed [4, 5], and integration must rely upon strong computational tools.

Solving the structure of proteins is indeed crucial for the purposes of both
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basic and applied science, as this thesis tries to demonstrate. Part I, show-

ing some results from theoretical research activities, is aimed at providing

new methods to investigate the structure of matter through the use of sim-

ulated and experimental paramagnetic NMR (pNMR) observables. Part II,

more practically oriented, is aimed at developing a protein-based catalyst

for the removal of water pollutants, whose realization is made possible by

the integration of solid-state NMR (ssNMR) with other techniques.
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Part I

Theoretical Chemistry for

NMR
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Introduction

The approach to scientific investigation is essentially based on the schema-

tization of reality by means of models. A model is a simplified and possibly

idealized representation of a system or a process aimed at transforming the

observation of reality into something that can be analyzed with the tools of

logics and mathematics. An optimal model is a compromise between sim-

plicity and accuracy: it must include all the features of the system that are

significant for the problem under investigation, but nothing more, because

any redundant or negligible additional element is just a useless complication

that reduces the comprehension of the phenomenon and the applicability of

the model. The model is usually built on the basis of previous knowledge

and then refined for explaining the results of experimental observations,

and is used for making predictions. A reasonably accurate model, however,

is in most cases so complicated to make impossible a manual handling, and,

in the largest majority of situations, it can only be used and analyzed via

a computer implementation.

Computers are fast, never get bored or tired, and are virtually error

free. Moreover, they can be considered an additional exploratory tool.

When the conditions of the test are extreme, or the investigated proper-
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ties experimentally inaccessible, this has no effect in a simulated world: the

computer does not collapse in a molten state if asked to reproduce the pres-

sure at the center of the Earth. It is thus natural that the computational

techniques are increasingly becoming the bread-and-butter of the modern

scientist, and chemists make no exception. It is in fact now hard thinking

to work without simulations in the interpretation of experimental results,

and modern Chemistry strongly relies on computers.

Theoretical Chemistry, in particular, makes large use of computers to

satisfy a request which has profound implications in many fields: getting

the highest possible structural resolution, as well as information on the

conformational heterogeneity. Even very minor structural and conforma-

tional changes can indeed have important consequences, which, in the case

of biological systems, can result in the insurgence of a disease.

This part of the thesis is devoted to show the importance of molecu-

lar simulations for the investigation of the structural and conformational

preferences of macromolecules, with a particular focus on proteins. Due to

the profound relationship between electronic structure and magnetic prop-

erties, NMR parameters, combined with computational techniques, are an

invaluable source of information. The subject is presented in two chap-

ters: Chapter 1 describes two structural refinement approaches that com-

bine Quantum Chemical (QC) methods and paramagnetic NMR, Chapter

2 shows the recent advancements in MaxOcc, an ensemble reconstruction

method.
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Chapter 1

Magneto-structural

correlations via pNMR and

ab initio methods

1.1 Introduction

The term magneto-structural correlations encompasses all the relation-

ships between the magnetic properties of a material and its molecular and

electronic structure.

The property addressed in this chapter is the magnetic susceptibility,

a quantity that depends on the electronic structure and determines NMR

observables such as hyperfine interactions.
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1.1.1 The magnetic susceptibility

The magnetic susceptibility χ quantifies how a material responds to an

external magnetic field [6, 7]. In the simplest case, the system response is

isotropic, so χ is a scalar quantity. More often, however, the response is

anisotropic, therefore the susceptibility is mathematically described by a

2-rank tensor χ [8], whose components (χij) are the partial derivatives, at

constant temperature, of the magnetization (M ) over the magnetic field

(H ):

χij =

(
∂Mj

∂Hi

)
T

. (1.1)

It is convenient to define the magnetic susceptibility anisotropy, ∆χ, as the

difference between the total χ and its isotropic part. The axial and rhombic

components of ∆χ can be thus defined as:

∆χax = χ̃zz −
χ̃xx + χ̃yy

2
; ∆χrh = χ̃xx − χ̃yy, (1.2)

where χ̃xx, χ̃yy, χ̃zz are the components of the magnetic susceptibility tensor

in its principal frame (i.e. the one defined by its eigenvectors), and χ̃zz is

the component that differs most from the other two.

Being a magnetic quantity, χ intimately depends on the electronic prop-

erties of the system and is thus a reporter of the interactions in which

electrons are involved. Each electron interacts with the nucleus, with the

other electrons, and with its own motion, through the so-called spin-orbit

coupling (SOC), and the relative weights of these contributions can signif-
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icantly change depending on the system. As a consequence, the nucleus-

electron and the electron-electron interactions determine the relation of χ

with NMR restraints, such as hyperfine shifts (Section 1.1.3), and with the

effective magnetic moment.

The magnetic susceptibilty can be measured, directly, with several tech-

niques, such as Superconducting Quantum Interference Device (SQUID),

torque magnetometry [9–11] and NMR [12–17], or, indirectly, from EPR pa-

rameters [18–23], and can be calculated through Quantum Chemical meth-

ods [24, 25, 25, 26].

1.1.2 The magnetic susceptibility in modern QC

The common attempt of Quantum Chemistry, except for few special

cases, such as in the presence of relativistic effects, is that of solving the

Schrödinger equation [27]. The aim of modern QC is thus two-fold: de-

veloping new theoretical methods and improving the already existing ones

[28]. Both these tasks can be achieved exploiting the always increasing

computational power [26, 29–32].

Currently, the available methods range from Hartree-Fock (HF) and

simpler models based on effective electrostatics or angular overlap [33–37],

to Density Functional Theory (DFT) and post-HF methods. In particu-

lar, Multireference Self-Consistent Field methods, such as State-Averaged

Complete Active Space Self-Consistent Field (SA-CASSCF) [38, 39], are

proven successful in reproducing ab initio both the electronic and the mag-

netic properties of matter [25, 30], and the results can be further improved

by reintroducing dynamic correlation through the application of Complete

Active Space with Second-order Perturbation Theory (CASPT2) [40] or
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N-Electron Valence state Perturbation Theory (NEVPT2) [41, 42].

These calculations are usually performed using Quantum Chemistry

packages, of which a wide variety is available. Among the most popular,

it can be mentioned MOLCAS [43] and ORCA [24, 44], which has been

extensively used in this thesis.

1.1.3 Paramagnetic NMR shifts

The interaction between nuclei and unpaired electrons is named hyper-

fine and affects the chemical shift through two contributions [45].

(i) Fermi-Contact shifts (FCS) arise from the presence of unpaired spin

density at the resonating nucleus, and are thus transferred through

chemical bonds. They are described by the equation [46]:

δFCS =
A

~
geµBS(S + 1)

3γIkBT
, (1.3)

where A is the contact coupling constant, ge is the free electron g

value, γI is the nuclear gyromagnetic ratio, and S is the electron spin

operator.

(ii) Pseudocontact shifts (PCS) arise from the distortion of the field caused

by the magnetic susceptibility anisotropy and are transferred through

the space. They are described by the Kurland-McGarvey equation

[47]:

δPCS =
1

3
Tr

[
1

4πr3
∆χ ·

(
3rrT

r2
− 1

)]
, (1.4)

where ∆χ is the magnetic susceptibility anisotropic tensor (Section
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1.1.1) and r is the metal-nucleus distance vector.

Experimentally, the hyperfine shifts are obtained by subtracting the chemi-

cal shifts measured in a paramagnetic system to those measured in an anal-

ogous diamagnetic system. The separation of PCS and FCS contributions,

however, is challenging [48–50], and estimates of the magnetic anisotropy

are required.

Whatever is the investigated magnetic property and the selected ap-

proach to measure or calculate it, the knowledge of magneto-structural

correlations allows to:

(i) design materials with tailored magnetic properties, as in the case

of Molecular Magnetism, where single-molecule [51–53] and single-

ion [29, 54–58] magnets find widespread applications in the fields of

spintronics [59] and quantum computing [60];

(ii) reconstruct the structure of a molecule by measuring its magnetic

properties [48], as in the works presented in Sections 1.2 and 1.3.
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1.2 Structural refinement through PCS and FCS

1.2.1 Introduction

Thanks to the efforts of computational and experimental groups, Quan-

tum Chemical analysis of paramagnetic NMR shifts is recently gathering

momentum, but the used methods are not always in agreement with one

another, as far as the calculation of the PCS contribution is concerned

[61, 62]. Until very recently, the discrepancy was not completely under-

stood [61], but now the inclusion of further terms in the rigorous QC treat-

ment [63] has allowed to resolve the ambiguity and has provided a profound

proof towards the use of the Kurland-McGarvey (eq. 1.4) [47] or the Mc-

Connell-Robertson equations [64].

In the presented work [65], QC methods have been tested to accu-

rately predict hyperfine shifts, and the calculated shifts have been verified

by 1H NMR experiments. The test cases are two complexes of nickel(II)

by pentadentate salicylaldiminates with dipropylenetriamines (SAL-DPT)

[66–70], ligands that are sufficiently rigid and bulky to enforce pentacoor-

dination and to sterically discourage the access to the sixth coordination

position. In particular, NiSAL-MeDPT and NiSAL-HDPT (Fig. 1.1, panels

a and d) are prototypical of pentacoordination for this metal and have very

particular spectroscopic features that make them an optimal benchmark

for testing the prediction of QC methods:

(i) the hyperfine shifts originate from both contact and pseudocontact

contributions, none of the two being negligible for some protons;

(ii) the 1H NMR spectra may extend to almost 1000 ppm, therefore are

used as benchmarks for NMR hardware development and testing [71];
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(iii) being intrinsically not symmetric, there are no magnetically equiva-

lent protons;

(iv) however, the two enantiomers can interconvert into one another, there-

fore the signal of each proton (except for those on the apical nitrogen)

is always linked by chemical exchange to the signal of the proton that

is in the mirror position.

1.2.2 Methods

Experiments

The complexes were prepared as described in reference [66], recrystal-

lized from dichloromethane/toluene, and finally dissolved in deuterated

chloroform for performing the NMR experiments. The 1H NMR spectra

were recorded on three instruments operating at 80, 400, and 1200 MHz:

(i) a Bruker Benchtop NMR Fourier 80 device (1.9 T, with the nuta-

tion frequency of the hard pulse of ca. 27 kHz which allows uniform

excitation over the considered chemical shift range);

(ii) a Bruker Avance III spectrometer operating at 400 MHz 1H Larmor

frequency (9.4 T, with the nutation frequency of the hard pulse of ca.

90 kHz and a 5 mm, 1H selective probe dedicated to paramagnetic

systems to mitigate the effects of relaxation);

(iii) a Bruker Avance NEO spectrometer operating at 1.2 GHz with a

28.2 T HTS/LTS hybrid magnet, using a 3 mm, triple resonance TCI

cryo-probehead (the nutation frequency of the hard pulse is ca. 37

kHz, therefore the excitation is achieved with a small flip-angle 200

ns pulse length).
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Calculations

The NiSAL-MeDPT structure was obtained from the Cambridge Crys-

tallographic Data Centre (CCDC), accession number 1254189 (SAIMNI10)

[72]. Conversely, the NiSAL-HDPT structure is not available, as it does not

easily crystallize, therefore it was obtained by substituting in the NiSAL-

MeDPT structure the methyl group with a hydrogen atom.

All the calculations were carried out using the ORCA 4.2.1 Quantum

Chemistry package [24, 44]. Both the structures were subjected to refine-

ment at the DTF level of theory, with B3LYP functional [73–76], using

Ahlrichs polarized basis set def2-TZVP [77, 78] and Grimme’s dispersion

correction D3 [79, 80]. The resolution of identity approximation [81, 82] was

employed with auxiliary basis set def2-TZVP/J in order to speed up the

calculations. The Conductor-like Polarizable Continuum Model (CPCM)

implicit solvent (chloroform) was used [83].

The shifts were obtained by summing up the three contributions.

(i) The diamagnetic contribution was calculated at the DFT level.

(ii) The PCS were calculated with the Kurland-McGarvey equation (eq.

1.4), using the magnetic susceptibility anisotropy tensor computed

with SA-CASSCF [38, 39], accounting for the dynamic correlation by

NEVPT2 [41, 42], as described in reference [26]. The active space was

chosen to contain eight electrons in the five nickel 3d-based molecular

orbitals. All microstates arising from the d8 configuration were in-

cluded in the calculation. The SOC was treated using the Spin-Orbit

Mean Field (SOMF) approximation as implemented in ORCA [84].

(iii) The FCS were calculated at the DFT level, like the diamagnetic con-

tribution and the geometry optimization, but accounting for scalar
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relativistic effects through the Douglas-Kroll-Hess (DKH) Hamilto-

nian [85]. In fact, the FCS cannot be properly obtained by the ap-

proach used to calculate the PCS, because the CASSCF wavefunction

lacks spin polarization and the NEVPT2 correction only pertains to

energy. However, it must also be noticed that DFT has the tendency

to overestimate the electron delocalization [86, 87] and to underesti-

mate the molecular g-matrix due to the lack of configuration interac-

tion and dynamic correlation [86, 88, 89], and that the isotropic g-shift

is about 6 to 10% smaller than that calculated at the Multireference

level. The FCS would thus be increased by the same amount.
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Figure 1.1: Structures and 1H NMR spectra acquired at 1200 MHz of NiSAL-
MeDPT (panels a, b, c) and NiSAL-HDPT (panels d, e, f). The theory-based
reassignment (black) is compared with the one proposed by Sacconi and LaMar
[70] (grey) [65].
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1.2.3 Results and discussion

In line with the expectations, the metal coordination in the DFT-refined

structures of both NiSAL-MeDPT (Fig. 1.2, panel a) and NiSAL-HDPT

(Fig. 1.2, panel b) is square pyramidal, with a slight trigonal distortion:

the two oxygen donors are bent out of plane by about 12◦.

Figure 1.2: Structures of NiSAL-MeDPT (panel a) and optimized NiSAL-HDPT
(panel b) [65].

The effective magnetic moment obtained with CASSCF/NEVPT2 is in line

with the experimental one: 3.33 Bohr Magneton (BM) for NiSAL-MeDPT

(exp. 3.34 BM) and 3.32 BM for NiSAL-HDPT (exp. 3.32 BM). Most of

the calculated shifts agree rather well with the experimental data of both

complexes (Fig. 1.3, panels a and b) using the assignments reported in ref-

erence [70]. However, if the assignment of the methylene signals is altered,

the agreement becomes nearly perfect for NiSAL-MeDPT and reasonably

good also for NiSAL-HDPT (Fig. 1.3, panels d and e, respectively).

NiSAL-HDPT has been used to confirm this theory-based reassignment

because of the larger separation of the resonances. A COSY spectrum

recorded at 80 MHz (Fig. 1.4, panel a) shows three crosspeaks at: (i) 288

to 79.9 ppm, (ii) 259 to 35.2 ppm, and (iii) 79.9 to -0.82 ppm. (i) and (ii) are
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Figure 1.3: Agreement between experimental and QC-calculated shifts for NiSAL-
MeDPT and NiSAL-HDPT, with the assignment proposed by Sacconi and LaMar
in 1967 (panels a and b) [70] and the theory-based reassignment (panels d and e).
Comparison between initial (beige) and optimized (cyan) NiSAL-HDPT structures
(panel c) and agreement between experimental and QC-calculated shifts for the
NiSAL-HDPT optimized structure (panel f). The equation and the correlation co-
efficient are given in the figure, and the linear regression and the bisecting lines are
shown in red and black, respectively. The experimental and QC-calculated shifts,
together with their FC, PC, and diamagnetic contributions, of NiSAL-MeDPT and
optimized NiSAL-HDPT are reported in Tables 6.1 and 6.2, respectively [65].
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unambiguously attributable to two geminal pairs, whereas (iii) links one of

the α methylene protons to the vicinal β methylene protons, establishing an

unambiguous connectivity. Finally, the presence of a strong NOE response

of the resonance at 288 ppm to the irradiation of the one at 229 ppm, and

the presence of an exchange response of the resonance at -1.9 ppm to the

irradiation of the one at -8.5 (Fig. 1.4, panel b) remove all the ambiguities

in the two propylene branches, except the one between the two signals at

117 and 111 ppm, which could not be resolved experimentally. The so

obtained connectivity is perfectly compatible with the assignment obtained

from the comparison between computed and experimental spectra. The

COSY spectrum acquired at 400 MHz allows for tracing the connectivity

in the two rings (Fig. 1.4, panel c), resulting in a pattern of the type (from

downfield to upfield, Fig. 1.1, panels b and e) 4-4’, 6’-6, 5-5’, 3-3’, which is

again confirmed by the calculations.

The agreement between experiment and calculations thus allows to in-

terpret the small discrepancies between observed and calculated shifts ob-

tained for the HDPT derivative (whose structure is not experimentally de-

termined but only modeled on that of NiSAL-MeDPT) in terms of mi-

nor structural changes. Most of the deviation relates to the α methylene

protons, where the calculation appears to be underestimating the contact

contribution, especially for α1. Bearing in mind that this structure is not

experimental but derived from the MeDPT derivative as a template, it is

reasonable to think that the structure may need to be altered. Therefore,

it has been performed a very coarse scan (9 steps, ca. 7◦ for each) of the

dihedral angle formed by α1 with its carbon, the apical nitrogen, and the

nickel ion, around the position found in the optimized structure. From a
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Figure 1.4: COSY spectrum of NiSAL-HDPT acquired at 80 MHz (panel a). 1D
difference traces obtained by irradiating the signals at 229 ppm and -8.5 ppm (panel
b, top and bottom, respectively). COSY spectrum of the aromatic region of NiSAL-
HDPT acquired at 400 MHz (the areas shaded in grey are T1 noise and artifacts
at the transmitter frequency arising from imperfections in 90◦ pulses) [65].

qualitative viewpoint, this angle is likely the strongest determinant of the

contact shift because it controls the overlap of the hydrogen nuclei with

the orbitals of the donor atom overlapped with the metal orbitals bearing

the unpaired electron [90–94]. When the angle is equal to 172.9◦ (Fig. 1.3,

panel c), the agreement with the experimental data becomes very good and

comparable in quality to that of the MeDPT derivative (Fig. 1.3, panel f).

In line with recent literature on the calculation of magnetic [95, 96],

EPR, and NMR properties [48, 97–102], single-point calculations have been

performed on the minimum positions achieved by the DFT optimization.

The results thus do not include effects due to mobility or dynamics, which

influence the relaxation properties [103–105]. Conversely, in the calculation

of the shift and susceptibility values, a symmetric averaging around a sin-

gle minimum position is not expected to yield average values significantly
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different from those calculated in the average position.

These results demonstrate the fundamental support that QC methods

can provide to experimental observations and the possibility to refine the

structure of metal complexes starting from homologous compounds. The

combination of QC calculations and pNMR restraints has been thus ex-

tended to a more complex and biologically relevant case, a paramagnetic

protein, leading to the development of an innovative PCS-driven structural

refinement approach (Section 1.3).
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1.3 PCS-driven structural refinement for metal-

loproteins

1.3.1 Introduction

As introduced in the Preface, NMR has a privileged view on the struc-

ture of proteins. However, a large share of the proteome consists of metallo-

proteins [106, 107] that naturally bind paramagnetic ions or can bind them

with minimal manipulation [108–110]. Paramagnetism is caused by the

presence of unpaired electrons [111], therefore is profoundly related to the

electronic structure, but constitutes a problem for all the structural tech-

niques. In XRD it induces density flattening in the vicinity of the metal

[112], in cryo-EM the reconstruction is complicated by density deviations

from the average distribution found in proteins [113], in NMR several effects

that complicate the spectra are observed (Paragraphs 1.1.3 and 6.1). Most

paramagnetic metal ions, indeed, affect the neighboring nuclei causing their

signals to shift and broaden [114, 115], up to the point that a blind zone

can be present in the vicinity of the metal. On the other hand, these draw-

backs are more than compensated by the wealth of information encoded in

the paramagnetic NMR observables outside of the blind zone [116], which

can be so accurate that it is becoming increasingly frequent to substitute a

naturally coordinated diamagnetic metal ion with a paramagnetic one.

PCS, in particular, depend on ∆χ, which is highly sensitive to the coor-

dination geometry. However, while the ∆χ tensor is easily back-calculated

from PCS through the Kurland-McGarvey equation (eq. 1.4), the recon-

struction of the coordination geometry from ∆χ had never been attempted.

The presented work [117] proposes a PCS-driven structural refinement, at
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an unprecedented level of resolution, of the first coordination sphere of

paramagnetic metalloproteins. The structure is optimized by minimizing

the disagreement between experimental and QC-calculated PCS, using the

steepest descent algorithm [129], a method able to find the minimum of a

function by moving in the inverse direction of its gradient.

The test protein is the human matrix metalloproteinase catalytic do-

main, a 17 kDa metalloprotein, coordinated by the inhibitor N-isobutyl-N-

[4-methoxyphenylsulphonyl]glycyl hydroxamic acid (NNGH), and in which

the native Zn(II) metal center is replaced with high-spin Co(II) (CoMMP-

12, Fig. 1.5). Extensive experimental studies of the structure and pNMR

shifts are available for this system [118–121].

Figure 1.5: X-ray CoMMP-12 structure with details of the active site (left). Re-
duced models of the active site (right): with the hydroxamate (model A) or the hy-
droxamic acid (model B, structure 1) moieties of the NNGH inhibitor (the different
protonation state is marked with black circles), and the corresponding agreements
between experimental and QC-calculated (at the NEVPT2 level) PCS [117].
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1.3.2 Methods

The best fit of the raw experimental PCS data (246 13C shifts, measured

at 298 K), taken from reference [122], was obtained using FANTEN [123]

through a 5-parameter fit to the Kurland-McGarvey equation (eq. 1.4).

The best-fit values (called “experimental PCS” throughout) represent a

denoised PCS dataset that can be completely reproduced through a single

tensor as is obtained by QC calculations.

All the ab initio calculations were carried out using the ORCA 4.2.0

QC computational package [24, 44] as described in Table 1.1.

Geometry optimization Final calculations

Method SOC-CASSCF(7,5) [38, 39, 124] SOC-CASSCF(7,5)/NEVPT2 [41, 42]

Quartets 10 10

Doublets 11 40

Basis set for Co DKH-def2-TZVP [85] DKH-def2-TZVP

Basis set for other atoms DKH-def2-SVP [77, 78] DKH-def2-TZVP

Table 1.1: Details of the calculations of the magnetic susceptibility tensors [117].

The quality of the agreements between QC-calculated and experimental

PCS were evaluated using three parameters:

1. q2 =
∑N

i (δicalc−δ
i
exp)

2∑N
i (δiexp)

2
, where N is the number of PCS values, δicalc and

δiexp are QC-calculated and experimental PCS, respectively;

2. slope of the linear least-square regression (bestfit);

3. sparseness =
∑N

i (δicalc−bestfit)
2

N .

The algorithms for the geometry optimization were implemented using

python2.7.
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Three structural refinements were carried out using PHENIX (version

dev-3900 [125]), using a default protocol with the addition of optimiza-

tion of stereochemistry/ADP weights. (i) The starting coordinates were

obtained performing a new refinement of the PDB entry 5LAB [99], includ-

ing a manual clean-up of the water positions after the first optimization.

The hydrogen positions were calculated using REDUCE [126] and, in the

models used in the geometry optimization, they were further optimized at

the DFT level, using the B3LYP functional and the def2-SVP basis set for

all atoms and def2-TZVP for Co. At the end of the geometry optimiza-

tion, the resulting structure for the active site (Model B, structure 4) was

reinserted into the crystallographic structure and subjected to two parallel

refinements: in one case, (ii) all atoms of the structure were left free to

refine, whereas, in the second case, (iii) the atoms corresponding to the

reduced model were kept fixed (including the relevant hydrogen atoms).

The final energy minimization was carried out using the routine PARA-

restraints for Xplor-NIH version 2.29 [127], similarly to what reported in

reference [128]. The refinement protocol was composed of two steps: a

rigid minimization and an internal dynamics and minimization in which

the structure was subjected to a simulated annealing at 100 K and 200 K,

respectively. The backbone atoms were fixed, the refined first coordination

sphere and the tensor axes were moved rigidly together, and PCS restraints

with a force constant of 10 kJmol−1ppm−2 were added.
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1.3.3 Results and discussion

The proposed method, schematized in Fig. 1.6, is divided in three steps:

1. Reduced model construction

In order to speed up the calculations, the coordinates to be optimized

(initial structure.xyz) are extracted from the initial pdb file.

2. Geometry refinement

The optimization first requires the selection of the N degrees of free-

dom vk (k = 1, ..., N) to be adjusted (among coordination bond

lengths, pseudobonds, angles, and dihedral angles), and the extent

of the variations hk (k = 1, ..., N). The starting values of the degrees

of freedom and of the increments are stored in the N -dimensional

vinit and h vectors, respectively.

(i) Algorithm 1 takes as input h and, depending on the iteration,

initial structure.xyz and vinit, or best structure.xyz and vbest,

and produces as outputs dist structures.allxyz, a file containing

initial structure.xyz and 2N distortions of it, in which each vk

is independently incremented and decremented of hk.

(ii) For each of the 2N + 1 structures, the ∆χ tensor is calculated

with ORCA at the SOC-CASSCF level.

(iii) Algorithm 2 computes the 2N + 1 PCS datasets from the 2N +

1 QC-calculated ∆χ tensors and evaluates their disagreements

with the experimental PCS in terms of q2. The numerical gra-
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dient G of the disagreement is then calculated as:

G =

(
q22 − q21
h1

, · · · ,
q22N+1 − q21

hN

)
. (1.5)

The steepest descent method is thus applied: an output file

(opt structures.allxyz), composed of M sets of coordinates, is

obtained by simultaneously changing all the degrees of freedom

as a function of the gradient vij = vi−1j − αjGi−1 (j = 1, ...,M ,

i = iteration index, and α = vector containing M arbitrarily

selected weights of the gradient).

(iv) For each of the M structures, the ∆χ tensor is calculated with

ORCA at the SOC-CASSCF/NEVPT2 level.

(v) Algorithm 3 computes the M PCS datasets from the M QC-

calculated ∆χ tensors, evaluates their disagreements with the

experimental PCS in terms of q2, and finds the minimum q2 by

interpolation. If the minimum q2 is lower than a prefixed thresh-

old, the corresponding structure (best structure.xyz) is used to

reconstruct the full model, otherwise it constitutes the starting

point for the next iteration.

3. Full model reconstruction

The final pdb is reconstructed by replacing initial structure.xyz with

best structure.xyz in initial.pdb.
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Figure 1.6: Flowchart of the structural refinement procedure.
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This procedure has been applied to CoMMP-12, in order to refine its

first coordination sphere.

1. Reduced model construction

The crystal structure of ZnMMP-12 gives a very good agreement to the

cobalt-bound analogue PCS (Fig. 1.7), confirming that a robust estimate of

the experimental ∆χ tensor is available at the beginning of the procedure.

Figure 1.7: Agreement between raw experimental and best fit PCS for the X-ray
structure [117].

The hydrogen positions in X-ray structures are notoriously difficult to

detect, because the electron density depends on the atomic number. In this

case, the only possible ambiguity lies in the protonation state of NNGH

ON and, as a consequence, in that of E219. The two initial reduced mod-

els from 5LAB [99] (Fig. 1.5, left) are thus composed of: the metal, the

imidazole rings of H218, H222, and H228, the carboxylate of E219, one

water molecule [99], and either the hydroxamate (Fig. 1.5, model A) or the

hydroxamic acid (Fig. 1.5, model B) moiety of the NNGH inhibitor. The

ab initio calculations show sizable differences in the ∆χ tensors. In model

A, the optimization of the hydrogen positions binds the proton to E219,

confirming the picture adopted by most MMP researchers [130–134], but
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the PCS agreement is not so good (Fig. 1.5, top right). Conversely, if the

hydroxamate is protonated, the agreement improves significantly (Fig. 1.5,

bottom right). To force the protonation of the hydroxamate, a second pro-

ton bound to E219 is needed, and the initial structure of model B hereafter

will be called structure 1. This proton distribution may have interesting

implications for the action mode of MMPs, as it will be discussed later.

2. Geometry optimization

The initial parameters were fixed: α = 0.25, 0.5,..., 3.5, thus M = 14, q2

threshold = 0.05, N = 19. The 19 degrees of freedom (3 coordination bond

lengths (B1-B3), 1 pseudobond (P), 11 planar (A1-A11) and 4 dihedral

(D1-D4) angles) do not alter the structure of the ligands and have been

incremented at each step of 0.02 Å (B1-B3, P), 1.2◦ (A1-A11), and 5.2◦

(D1-D4) (Fig. 1.8).

Figure 1.8: Graphical representation of the degrees of freedom of the geometry
optimization. The involved atoms are labeled and highlighted in green (DA stands
for “Dummy Atom” and represents a fictitious atom centered in the intersection
of the two dotted lines) (left). Only the moving molecules are colored (right) [117].
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In four steps of geometry refinement (Figs. 6.1 to 6.4), relatively modest

structural changes (Fig. 1.9, left, and Fig. 6.5) lead to a very good PCS

agreement (Fig. 1.9, center). The hydroxamic acid fragment (NNGH)

gets closer to the metal, the residues H222 and H218 tend to decrease

the angle formed with the metal and, respectively, the NNGH OC and

H228, according to the variations of the experimental and QC-calculated

magnetic susceptibility tensor axes (Fig. 1.9, right). On the contrary, no

improvement is achieved for model A (data not shown).

Figure 1.9: Comparison between structures 1 and 4 in terms of: geometry (left),
agreement between experimental and QC-calculated (at the NEVPT2 level) PCS
(top and bottom center), and isoPCS surfaces (calculated at ±1.5 ppm) for QC-
calculated and experimental PCS (top and bottom right) [117].

The magnetic anisotropy in structure 4 is smaller than in structure 1

(Table 1.2) due to a larger ligand field associated with the shorter Co-N218

distance that defines the main axis of the ligand field (Fig. 1.10, panel a)
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of a distorted square pyramidal coordination (Fig. 1.11). The energy of

the first excited state that largely determines the magnetic anisotropy is

connected with the splitting between dxy and dxz orbitals: the dxz orbital is

destabilized due to the π-antibonding interaction with the H218 π-system,

and this effect becomes more pronounced as the Co-N218 bond shortens

(Fig. 1.10, panel b).

∆χax /10−32 m3 ∆χrh /10−32 m3 α/◦ β/◦ γ/◦

Structure 1 10.43 -4.95 -102.42 -77.97 -105.08

Structure 4 9.71 -4.67 -70.33 -98.93 70.58

Experimental 10.0 ±0.1 -2.8 ±0.1 -74.9 ±1 -98.2 ±0.5 68.6 ±0.2

Table 1.2: Comparison of the experimental and QC-calculated (at the NEVPT2
level) magnetic susceptibility anisotropy tensors at 298 K for structures 1 and 4
[117].

Figure 1.10: Ab Initio Ligand Field Theory (AILFT) 3d orbitals with their en-
ergies (panel a) and splitting (panel b) based on SOC-CASSCF(7,5)/NEVPT2
calculations of 10 quartet and 40 doublet states (panel a). Grey and black bars
correspond to structures 1 and 4, respectively (panel b).
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Figure 1.11: Different orientations of structures 1 (magenta) and 4 (green) with
the idealized trigonal bipyramidal geometry represented in yellow [117].

Coordination chemists are inclined to think that metal coordination

geometries are rather stiff restraints to the molecular shape. However, it

has long been known that metalloproteins are not canonical coordination

systems, because the protein itself poses significant strains to the idealized

geometries [135]. Even for such a low-symmetry system, it is instructive

to relate the starting and the minimized structures to ideality. In ranging

from octahedral to tetrahedral coordination, high spin cobalt(II) can pass

through different flavors of pentacoordination [136]. In the present case,

the structure of the first coordination sphere is intermediate between square

pyramidal and trigonal bipyramidal (Fig. 1.11), and the refinement brings

it somewhat closer to the latter.

The refined first coordination sphere structure still fits into the ZnMMP-

12 electron density map (Fig. 1.12). Therefore, the obtained structure is

not only more precise but also has higher accuracy, because it simultane-

ously satisfies the X-ray experimental data and the ∆χ tensor determined

from the experimental PCS.
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Figure 1.12: 2FO-FC map of ZnMMP-12 with the original structure in magenta
and the constrained one in green. The density is shown at 1.0σ [117].

It is possible that different geometrical modifications of the CoMMP-12

coordination sphere could yield the same magnetic susceptibility tensor,

and therefore the same agreement to the experimental PCS. However, the

steepest descent minimization ensures that the movement is towards the

local minimum that is geometrically the closest to the starting coordinates.

3. Full model reconstruction

The full model has been finally reconstructed, and the side chains have

been refined through Xplor-NIH [137, 138], applying as restraints: the ex-

perimental PCS, the coordinates of the reduced model atoms, and the ori-

entation of the magnetic susceptibility tensor obtained from the previous

optimization [107]. The family of the 20 structures with the lowest energy,

out of the 35000 generated structures, satisfies the data and does not show

geometrical strains with respect to the crystallographic positions.
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Recently, it has been shown that by comparing experimental and cal-

culated pNMR observables it is possible to select, among two structures,

the one that best represents the first coordination sphere in a metallopro-

tein [48]. The present results demonstrate that the information encoded

by the magnetic susceptibility in the PCS allows for an extremely detailed

refinement of the active site coordination geometry using relativistic mul-

ticonfigurational QC methods, to the point to suggest the presence of a

further proton in the active site, with implications on the mechanism of

inhibition and catalysis.

The protonation state of the hydroxamate ligand in inhibited MMPs

has been a subject of debate in the early years of the discovery of this

class of enzymes, which are of potential pharmacological interest due to

their implications in inflammation and in the spreading of metastatic cells

(references [131], [133], and references therein). Carboxylic acids have pKas

around 5, while hydroxamic acids around 9, so at a physiological pH of

around 7 it would be expected that E219 is deprotonated and anionic,

and the hydroxamic inhibitor protonated and neutral. However, multiple

experimental evidences point to a situation where the proton forms an H-

bond between the two groups and is actually residing mostly on E219,

leaving a negative hydroxamate moiety. This has been rationalized by

considering that the bulky hydroxamic inhibitor completely occludes the

active site cavity, so that the carboxylate moiety of E219 is not accessible

to solvent molecules. Under these conditions a low dielectric environment

is created, and the pKa of E219 can increase by several units, while the

negative charge of the hydroxamate can be stabilized by the dipositive zinc

(or in this case cobalt) cation. The proposed arrangement of protons in the
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active site of MMPs would provide a plausible explanation for the proton

uptake observed by calorimetry when hydroxamic acid inhibitors bind the

enzyme: E219 could be deprotonated in the free enzyme but could regain

a proton from the hydroxamic acid moiety, which in turn could regain a

proton from the solvent. In the free, active enzyme, the protonation of E219

by a metal coordinated water molecule, which then becomes a hydroxide

ion, has also been invoked to explain the efficient nucleophilic attack on the

peptide bond, which constitutes the first step of the hydrolytic action of

the enzyme.
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Chapter 2

Conformational

heterogeneity in

biomolecules through the

MaxOcc method

2.1 Introduction

The high level of complexity reached by biological systems can be at-

tributed, at least in part, to the considerable flexibility of biological macro-

molecules, such as nucleic acids and proteins. These molecules often per-

form their tasks by reorganizing their 3D structures according to the cell’s

conditions (i.e. pressure, temperature, pH, and salinity), creating ensembles

of conformations which are strongly function-related [139–141]. Patholog-
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ical alterations of these conditions, including mutations, may significantly

alter the conformational preferences of the system [142, 143]. As a conse-

quence, individual conformations must be replaced by more representative

structural ensembles, i.e. sets of conformations complemented by their sta-

tistical weights [144–146].

The comprehension of the conformational heterogeneity of such systems

thus starts with the evaluation of the chemically accessible conformations.

The number of degrees of freedom of the molecule under investigation is

calculated on the basis of its chemical properties (i.e. bond rotation, steric

clashes, etc..), and determines the dimensionality of the space that repre-

sents the system. The ensemble of all the possible conformations is indeed

described by the so-called conformational space: a set of points, each of

which univocally represents a specific conformation. Once the pool of pos-

sible structures is generated, the conformations have to be properly weighed

with a procedure, the ensemble reconstruction, which falls into the category

of the inverse ill-posed problem.

2.1.1 Ill-posed inverse problems

Mathematical and, more generally, scientific problems can be divided in

two categories: direct and inverse problems. The first consist in finding the

effects from known causes, the second in finding the causes from the effects.

Solving inverse problems is usually much more difficult, because they are

usually affected by issues of posedness and conditioning. A problem is said

to be well-posed, i.e. - at least in principle - solvable, if it satisfies the three

Hadamard conditions [147]:
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1. existence: the problem must admit at least one solution;

2. uniqueness: the solution must be unique;

3. continuity : the solution must depend with continuity on all the pa-

rameters of the problem.

If at least one of these conditions is not fulfilled, the problem is termed

ill-posed. Most numerical treatments overcome the issue of ill-posedness by

including additional information, controlled by the so-called regularization

parameters [148].

2.1.2 Ensemble reconstruction methods

There exists a variety of ensemble reconstruction methods which make

use of the two available sources of information: experimental data, theo-

retical simulations, or both [149, 150].

Purely experimental methods use the most direct investigation tool,

but suffer from three principal limitations. They are always affected by

systematic and random errors (i), and provide sparse information, because

in many cases it is not possible to measure all the properties of interest (ii).

Moreover, a sample comprises a number of molecules of the order of the

Avogadro’s constant, each occurring in a different state and undergoing

several conformational changes during the timeframe of the experiment.

What is actually measured is a spatial and temporal average instead of

instantaneous conformations of every single molecule (iii).

Purely theoretical methods are limited by the computational resources,

the complexity of the model, and the level of theory used, which inevitably

lead to a loss of information.
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In the light of all this, the most promising strategy seems to combine

both experimental data and theoretical simulations in the so-called hybrid

methods, which can be divided in two categories: those determining a large

ensemble, following the Maximum Entropy principle, and those determining

a minimal set that fit the data, in the spirit of the Maximum Parsimony

principle. The Maximum Occurrence (MaxOcc) method here presented

[151–155], however, does not follow in its setting none of the two approaches

[156], as it is not aimed at finding an ensemble, but rather at studying

individual conformations.
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2.2 The MaxOcc method

The Maximum Occurrence (MaxOcc) wc of a conformation c is the max-

imum probability that c occurs in an ensemble that fits the experimental

data. Mathematically, it corresponds to an upper bound of its statistical

weight.

The procedure

The procedure to find the MaxOcc value for each conformation starts

with the:

1. collection of experimental data and estimation of the uncertainty;

2. creation of a pool of allowed conformations and calculation of the

simulated data.

More specifically, in point 2 the molecule is modeled with a proper soft-

ware, e.g. Xplor-NIH [137, 138], and the flexible parts are moved in order

to generate a number of possible conformations. These structures, which

are sampled from the conformational space, populate the pool of conforma-

tions that will describe the system. The simulated data are then calculated

as follows: for each conformation is predicted and stored the value, corre-

sponding to the experimental observable, that would have been measured if

the system assumed solely this conformation. In this way, the contribution

coming from each conformation is calculated and can be used to generate

simulated ensembles with the corresponding averaged simulated data.
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The method

The basic idea is fixing, for a selected conformation, an initial arbitrar-

ily low weight wc, and building around it a number of possible statistical

ensembles with the remaining conformations. The agreements between the

experimental data and the averaged data calculated on each ensemble are

evaluated in terms of residual norm, and considered good when the norm

equals the experimental uncertainty. Once one of these ensembles is found

in agreement with the experimental data, the weight wc is increased and

the procedure repeated. When it is no longer possible to find a completing

ensemble that fits the data, the process is stopped, and the MaxOcc value

(the last wc in agreement with the data) is found. This method is then

applied for each conformation.

The mathematical formulation

Mathematically, this procedure consists in varying the statistical weights

vector w with the aim of minimizing the discrepancy between theory and

experiment, and simultaneously maximizing the weight wc of the selected

conformation. In order to circumvent the problem of ill-posedness, the

initial problem:

argmin
w

‖Pw− d‖22 , s.t.w ≥ 0 (2.1)

has indeed been replaced by an approximate form which includes additional

information about the system:

argmin
w

[‖Pw− d‖22 + ξ1(‖w‖1 − 1)2 − ξ2wc], s.t.w ≥ 0. (2.2)
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Argmin means finding the values of w (which is imposed to be positive in

order to be physically meaningful) for which the function inside the square

brackets reaches its minimum. The first term is the square norm of the

discrepancy between the simulated (P matrix, with the corresponding sta-

tistical weights vector w) and the experimental (d vector) data. The second

and third terms, controlled by the parameters ξ1 and ξ2 (found through an

L-curve approach [157]), introduce two information on the system: the nor-

malization restraint (the sum over the statistical weights must be unitary)

and the maximization of the single conformation weight wc.

The interpretation of the output

The algorithm gives as output the vector w containing the MaxOcc

values wc associated to each conformation of the pool. Differently from

the majority of the ensemble reconstruction methods, indeed, the MaxOcc

aim is not to find the most probable ensembles, but to associate to each

conformation a number, the MaxOcc value, which gives an information

on the probability of that conformation to occur. This number is roughly

defined as “information” because knowing the MaxOcc value of a confor-

mation does not mean knowing its statistical weight, but being sure that

this conformation will occur with a probability lower than this value. As a

consequence, it makes no sense creating ensembles composed of the confor-

mations with the highest MaxOcc values, nor the ensembles containing the

conformations with their maximum statistical weight found in agreement

with the experimental data are by themselves meaningful. The ensembles

made of the conformations out of the considered are only ancillary.
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2.3 The MaxOcc applications

Although of general validity, the Maximum Occurrence method has been

tested on two particular systems that experience a huge conformational

variability, with two different objectives:

1. extending, through DEER integration, the biological validity of Max-

Occ on highly flexible multidomain systems (Section 2.4);

2. demonstrating the effectiveness of residual dipolar couplings (RDC)

as restraints in MaxOcc for the assessment of unstructured protein

domains (Section 2.5).
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2.4 Integration of DEER data in the MaxOcc anal-

ysis

2.4.1 Introduction

The MaxOcc method is expected to converge towards the true statistical

weights by increasing the number of independent experimental datasets.

According to this property, in addition to the already tested techniques, i.e.

NMR (PCS, Section 1.1.3 and RDC, Paragraph 6.1) and SAXS (Paragraph

6.1) [158], it has been selected Double Electron Electron Resonance (DEER)

(Paragraph 6.1), because its time-dependence partially solves the issue of

time averaging.

The proposed analysis has been tested on calmodulin (Calcium-modula-

ted protein, CaM), a multifunctional intermediate calcium-binding messen-

ger protein expressed in eukaryotic cells which naturally binds four Ca2+

ions. Its sizable mobility is due to a 4-residues (78-81) linker which connects

the two negatively charged N-terminal and C-terminal domains (NTD and

CTD, respectively) of the protein (Fig. 2.1, panel a) [159, 160]. Calmod-

ulin was subjected to structural modifications necessary for the NMR and

DEER experiments. In order to collect the experimental pNMR data, one

Ca2+ ion has been substituted by a lanthanoid ion (Tb3+, Dy3+, and Tm3+,

Fig. 2.1, panel b) [161], but it has been demonstrated that the presence

of large lanthanoid binding tags does not affect the fold and the conforma-

tional variability of CaM [162]. For the DEER measurements, the protein

has been labeled with two Gd3+ 1,4,7,10-Tetraazacyclododecane-1,4,7,10-

tetraacetic acid-maleimide (DOTA-M) tags, one in each domain (Fig. 2.1,

panel c). Even if the presence of the tag could in principle reduce the ac-

50



cessibility of compact conformations, those are already virtually excluded

by the other available experimental data.

Figure 2.1: Generic CaM conformation: the NTD is depicted as a solid ribbon,
while the CTD is represented both explicitly as a transparent ribbon and implicitly
as a triad of axes placed in its center of mass. The triad schematization, useful
for simplifying the visualization of several conformations in the same picture, is
oriented with respect to an arbitrary reference position, which corresponds to the
axes (1,0,0; 0,1,0; 0,0,1) of an extended 1CLL conformation [163]. The Ca2+

ions are shown as light blue spheres in the native CaM used for SAXS experiments
(panel a), the lanthanoid ion replacing one Ca2+ ion to obtain PCS and RDC is
represented as an orange sphere (panel b), and the Gd3+ ion, coordinated to the
DOTA-M tag for the DEER measurements, as a sea-green sphere (panel c) [164].

2.4.2 Methods

Experiments

The experimental SAXS and NMR (PCS and RDC) data have been

taken from the literature (references [158] and [154], respectively), where

CaM was dissolved in 20 mmol/dm3 MES and 400 mmol/dm3 KCl, pH 6.5.

For SAXS data, the uncertainty was estimated using mean and standard
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deviation. The NMR data, instead, are not the result of multiple mea-

surements, and the accuracy of the measured couplings was estimated (the

authors report errors of ±30% for PCS and ±0.5 Hz for RDC).

The DEER datasets were acquired on samples of the mutants of human

calmodulin N53C-T110C, N53C-A103C and T34C-T117C, with final CaM

concentration of 50 µL in a 20 mmol/dm3 phosphate buffer, pH 6.8, in

a mixture of D2O/glycerol-d8 (8/2 v/v). The mutants were labeled with

two Gd3+ DOTA-M tags situated in the CTD and NTD [165]. The DEER

traces were recorded on a home-built W-band spectrometer operating at

94.9 GHz at 10 K [166, 167]. The dead-time free 4-pulse DEER sequence

(π/2)mw1 − τ1 − (π)mw1 − (τ1 + t)− (π)mw2 − (τ2 − t)− (π)mw1 − τ2−echo

was used. The lengths of the observed π/2 and π microwave pulses were

15 ns and 30 ns, respectively, the pump pulse length was 15 ns, τ1 was 350

ns, and the repetition time was 0.8 ms. The value of τ2 varied depending

on the experiment. In order to maximize the modulation depth, the DEER

experiments were carried out by setting the pump pulse frequency on the

maximum of the Gd3+ spectrum. The detection pulses frequency was 100

MHz higher. Exponential background subtraction was applied. As an esti-

mate of the uncertainty in each DEER datapoint, for the N53C-T110C and

N53C-A103C datasets, the standard deviation of the consecutive differences

between 60 and 160 ns was used. The data for T34C-T117C were obtained

as average over three different measurements (after background subtrac-

tion) and the uncertainty was in this case taken as the largest difference

between the three curves.
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Simulations

The simulated data have been calculated on a pool of 33000 conforma-

tions obtained through Xplor-NIH [137, 138] by rigidly moving the CTD

with respect to the NTD, around the backbone bonds of the residues of the

linker [158, 168], and excluding the conformers with significant clashes.

In order to correctly combine the different datasets, literature approaches

have been used to select their relative weight. For quantifying the agree-

ment for paramagnetic NMR data, it has been used the q-factor [169],

defined as:

q =
‖Pw− d‖2
‖d‖2

, (2.3)

where P is the matrix of the predicted data, w is the weights vector, and d

is the vector of the experimental data (for either PCS or RDC). For SAXS

and DEER it has been used the reduced χ2 [170], defined as:

χ2 =
1

N
‖(cPw− d)� σ‖22, (2.4)

where N is the number of data points, � is the Hadamard division, c is

a scaling factor, w is the weights vector, P and d are, respectively, the

predicted data matrix and the experimental data vector (for either SAXS

or DEER), and σ is the standard deviation of the points of the curve.

The scaling factor c is needed because, while paramagnetic NMR data

magnitudes are fixed by the magnitude of the ∆χ tensor and thus Pw

is directly comparable to d, SAXS and DEER have arbitrary scales. For

53



SAXS it is calculated as:

c =
‖Pw ◦ d‖1
‖Pw2 ◦ Pw‖1

, (2.5)

where P and d are, respectively, the predicted data matrix and the experi-

mental data vector of SAXS, and ◦ is the Hadamard product. For DEER

the modulation depth has been calculated as:

λ =
‖Mw ◦m‖1
‖Mw ◦Mw‖1

, (2.6)

where M = P− 1 and m = d− 1 (1 and 1 are, respectively, a matrix and

a vector of ones).
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2.4.3 Results and discussion

The MaxOcc values have been calculated for all the conformations using

different combinations of experimental datasets, and a selection of the 1000

with the highest MaxOcc values has been reported in Fig. 2.2. It can be

observed that:

– single experimental datasets are quite inefficient in narrowing the set

of highly probable conformations, especially in the case of SAXS only

(panel a) and DEER only (panel b), for which the highest MaxOcc

value is around 65%, in contrast with ca. 35% for NMR only;

– the fact that NMR is rather selective in the MaxOcc analysis is con-

firmed also when compared to the SAXS+DEER combination (panel

c), which causes a general decrease in the MaxOcc values, but does

not significantly affect the highest ones, that are still higher than 35%;

– when combining NMR with SAXS (panel d) or with different combi-

nations of DEER datasets (panels e, f, g, h), all the values drop below

the NMR-only threshold, although with different extents. Among the

DEER datasets, the mutant N53C-A103C (panel e) yields the small-

est subset of highly probable conformations, followed by the N53C-

T110C (panel f), then by the T34C-T117C (panel g), but the highest

decrease is obtained when all the mutants are simultaneously used

(panel h).

The high selectivity of NMR demonstrates that PCS and RDC are a

precious source of information and highly complementary restraints [171].

The improved discrimination of DEER over SAXS is likely linked to the
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Figure 2.2: Comparison between the MaxOcc values obtained for 1000 conforma-
tions with NMR only (red, sorted in ascending order) and with different com-
binations of experimental datasets: SAXS (a), DEER (b), SAXS+DEER (c),
NMR+SAXS (d), single DEER datasets (N53C-A103C (e), N53C-T110C (f), and
T34C-T117C (g), respectively), and comparison between different combinations of
DEER datasets (h) [164].
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fact that the tags used for measuring DEER are not positioned in the cen-

ter of the domain, whereas the electron density which scatters the X-rays

has its center of mass close to the geometric centers of the domains, there-

fore the DEER information also depends on the orientational degrees of

freedom. This is not completely unexpected, as other spectroscopic dis-

tance/conformation measurements based on (e.g.) FRET have built on the

same behavior [172].

According to the results reported in Fig. 2.2, the combination of NMR,

SAXS, and DEER selects the smallest subset of highly probable conforma-

tions (Fig. 2.3).

Figure 2.3: Comparison between the MaxOcc values obtained for 1000 confor-
mations with different combinations of experimental datasets: NMR only (red),
NMR+SAXS (green), NMR+SAXS+DEER (blue). The conformations are sorted
by ascending NMR only order (panel a). Triad of axes representation of the 1000
conformations, color-coded according to the MaxOcc values (<5% blue, ≥34% red)
obtained with NMR only (panel b) and NMR+SAXS+DEER (panel c) [164].

As expected, most of the conformations undergo a general decrease in the

MaxOcc value by increasing the number of the experimental restraints,

while the conformations with the highest MaxOcc values (conformation ids
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from ca. 980 to 1000) are relatively less affected. This heterogeneous de-

crease confirms the high complementarity of the information, which indeed

lead to the selection of the same subset of conformations. In Fig. 2.3 (pan-

els b and c) also the chemical significance of the highest MaxOcc value

conformations can be appreciated: passing from the NMR only (panel b)

to the NMR, SAXS, and DEER analysis (panel c), the number of low Max-

Occ values (blue triads) increases, and corresponds to conformations with

severe steric clashes. On the contrary, the number of high MaxOcc value

conformations (red triads) significantly decreases, individuating a subset of

nine conformations that share some common features (Fig. 2.4).

Figure 2.4: Explicit representation of the nine conformations with MaxOcc ≥30%
obtained with the NMR+SAXS+DEER combination.

They are significantly extended, with the CTD bent towards the first helix

of the NTD, as the conformational landscape of CaM is most likely dom-

inated by the repulsive electrostatic interactions between the two highly

charged domains. Although open, they do not correspond to the classical

elongated, dumbbell-shaped conformation (1CLL [163]), nor to the closed

canonical conformations (1YR5 [128]), and neither to averages between the

two X-ray extremes. In order to highlight the variation of these structural

similarities, the mean linear (〈r〉) and angular (〈ρ〉) variations among all

the conformations have been calculated (Fig. 2.5).
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Figure 2.5: Representation of the MaxOcc values for NMR only (panel a) and
NMR+SAXS+DEER (panel b), color-coded according to the MaxOcc values (<5%
blue, ≥34% red). Each conformation is located in the plot according to its distance
in terms of angular (ρ) and cartesian (r) coordinates from the conformation which,
in the NMR+SAXS+DEER analysis, has the highest MaxOcc value [164].

More specifically, rij represents the distance between the CTD centers of

mass in the i -th (cmi) and j -th (cmj) conformation, rij = ‖cmi − cmj‖2,
and rij is the angular distance between two CTD orientations expressed in

terms of quaternions, q, as defined in [173], ρij = 1− |qi − qj |. In Fig. 2.5,

each conformation, represented as a circle, is color-coded according to its

MaxOcc value and is located in the “rρ” plane according to its distance

from the conformation that in the analysis with NMR, SAXS, and DEER

resulted to have the highest MaxOcc value. Getting away from the axis

origin means finding conformations increasingly different from the reference,

and again, passing from NMR only (panel a) to NMR, SAXS and DEER

(panel b), the red circles decrease in number and concentrate in a particular

region, confirming similar features also in terms of angles and distances.
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Of course, if more MaxOcc values were calculated, other conformations

would emerge above the same threshold. However, given that the MaxOcc

function is rather smooth, it can be expected that the other conformations

would appear in the same region, i.e. they would share with these nine

conformations the relative arrangements of the two domains.

The presented results demonstrate that DEER is highly complemen-

tary to NMR and SAXS in better defining the conformations that can be

sampled for longer times, compatibly with the experimental data. In the

specific case of CaM, the set of highly probable conformations has both a

chemical and biological significance. The conformations are significantly

extended, with the CTD bent towards the first helix of the NTD, according

to the steric hindrance, as well as to the repulsive electrostatic interaction

between the charged domains, and can give a hint in the comprehension of

the mechanisms in which calmodulin is involved.
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2.5 MaxOcc for Intrinsically Disordered Regions

2.5.1 Introduction

Intrinsically Disordered Proteins (IDPs) are proteins that lack a fixed

or ordered three-dimensional structure, thus representing an extreme case

of molecular flexibility. IDPs can exhibit disorder in their entirety or con-

tain only some mobile residues in an overall folded structure, as in the

case of Intrinsically Disordered Regions (IDRs) [174–176]. The behavior

of both IDPs and IDRs may have profound implications in physiology and

pathology [177], therefore it is of capital importance to understand their

conformational preferences.

The proposed analysis is based on the hypothesis that the conforma-

tional preferences of IDRs are encoded in the observables from the struc-

tured part and can be seen through RDC (Paragraph 6.1)[178–181]. This

method has been tested on the CTD of the HIV-1 viral capsid protein (Fig.

2.6, panel a). The native, capsid protein comprises two helical domains,

a NTD and a CTD, connected by a highly flexible linker [182, 183]. The

isolated CTD is dimeric, with residues 150-221 forming a four-helix bundle

that possesses an antiparallel helical interface with W184 and M185 at its

center. The last 10 residues (221-231), a significant fraction of which is

positively charged, form an unstructured tail that is the IDR investigated

in this work (Fig. 2.6, panel b).
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Figure 2.6: The capsid protein (top right) comprises NTD (green) and CTD (red)
[183]. During capsid assembly, the NTD forms pentameric [184] (middle right)
and hexameric [185] (bottom right) rings (with the NTDs shown in blue and green,
respectively, and the CTDs shown in red in both oligomers). A model of the fully
assembled capsid (left) comprises adjacent hexamers connected to each other via
CTD dimers and exactly 12 pentamers are required to close the cone [182] (panel
a). Distribution of positively (blue) and negatively (red) charged residues in the
NMR structural ensemble [186] (panel b).

This system had been previously characterized by XRD and NMR:

(i) very different interdomain arrangements are observed in a number

of crystal structures (1A8O ([187]), 1A43 ([188]), 1BAJ ([188]), and

2BUO ([189])), indicating that crystal packing forces can influence

the dimer formation [190];

(ii) the solution structure was determined by NMR, using NOE distance

restraints and RDC (PDB: 2KOD [190]) measured on the structured

part of the protein, in two different alignment media (Pf1 phage [191,

192] and C12E5 [193], Tables S1 and S2, respectively, in [186]).
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The detailed analysis described in Paragraph 6.2 indicates that the protein

structure in solution is different from that in the solid state outside the

structural inaccuracy of the crystallographic models. All the subsequent

calculations were thus performed using the solution structure 2KOD. Since

very few experimental distance restraints are available for residues in the

tail, large variability is present in the NMR ensemble for this region. More-

over, the conformation of the tail, as well as its motional properties, could

influence the predicted RDC, and the positively charged residues could im-

pact the calculation of the electrostatic alignment. Some tests were thus

performed, showing that:

– each member of the structural family obtained from the NMR mini-

mization reproduces the RDC [190] extremely well (Fig. 2.7, panels

a, b, and c),

– however none of the structures yields a good agreement in the pre-

diction of the RDC with PALES (Fig. 2.7, panel c).

– Removal of the tail residues also results in poor agreement between

experimental and predicted RDC, both for the NMR structure (Fig.

2.7, panels c, d, and e) and for the de novo dimer structures recon-

structed using HADDOCK (Fig. 2.7, panel f). The latter have been

generated in order to exclude the possibility that a different dimer

conformation could fit the data. The dimer conformations (without

C-terminal tail) were indeed used to predict the RDC for the two

alignment media, with the result that, for the electrostatic medium,

the best-fit dimer has the same conformation of the NMR structures,

while, for the steric medium, the best-fit conformation is more elon-

gated.
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Figure 2.7: Agreement between experimental and back-calculated RDC for dimers
of the NMR ensemble (PDB ID: 2KOD) in Pf1 (panel a) and in C12E5 (panel b).
Distribution of the RDC q factors for the structures in the NMR family calculated
using PALES with (red) and without (blue) tails. For comparison, the best fit value
obtained from back-calculated RDC is shown in black (panel c). Agreement between
experimental and PALES-predicted RDC for the capsid CTD dimer, without the
C-terminal tail, for Pf1 (panel d) and C12E5 (panel e). Comparison between
dimers obtained by HADDOCK and those belonging to the NMR family. The
best agreement between experimental and predicted RDC is obtained for the dimers
colored in red (Pf1) and in blue (C12E5) (panel f) [186].

These results indicate the need to model the C-terminal tail to accu-

rately predict the RDC, especially for the steric medium, and suggests that

the RDC must contain information on the average orientations of the tail.
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2.5.2 Methods

X-ray structures were downloaded from the PDB. Simulated RDC were

predicted using PALES [194, 195], whereas experimental RDC were taken

from [190] (the authors report an error bar of 0.035 Hz). The RDC fittings

were performed with FANTEN [123], the joint structure refinement with

REFMAC-NMR [5, 196]. The dimers were reconstructed with HADDOCK

[197, 198], by including some restraints derived from interdomain NOEs and

by fixing the C2 symmetry for the system. The conformational pool of 9999

tails, with bonded and non-bonded energy terms, and without electrostatic

contributions, was generated using Xplor-NIH [127, 137, 138]. The MaxOcc

analysis was performed using the MATLAB (The MathWorks, Natick, MA)

script described in Section 2.2.

2.5.3 Results and discussion

A simple preliminary check excluded the possibility to describe the sys-

tem as a unique structure: no single conformer was compatible with both

the RDC datasets. It was then evaluated the simplest possible ensemble,

i.e. the one obtained by assigning all the members the same probability,

and a striking disagreement with the experimental data was again noted.

Conversely, when the weights of the conformations in the ensembles were

allowed to change by a non-negative least-squares fit, the prediction of the

RDC showed a remarkable agreement with the experimental data (Fig. 2.8),

suggesting the presence of a distribution of conformational preferences. Be-

ing the system heavily underdetermined, however, the reconstruction was

not trivial and far from being unique [149, 150, 199–202]. The confor-
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mational preferences were thus extracted through the MaxOcc approach

[158, 164, 200, 203], using the PALES-predicted RDC and both the exper-

imental RDC datasets.

Figure 2.8: Agreement between predicted and experimental RDC for an ensem-
ble of dimers possessing C-terminal tails generated by Xplor-NIH. The data for
alignment in Pf1 and C12E5 are shown in panels a and b, respectively [186].

Out of the 9999 structures, only 117 conformations have the MaxOcc

value > 10% (Figs. 2.9) and account for a Maximum Occurrence Region

(MaxOR) of 98%.

Figure 2.9: MaxOcc values, sorted by ascending value, for the highest 200 con-
formations out of the whole set of 9999 [186].

66



Strikingly, the 25 most probable tail conformations (Fig. 2.10, panels a and

b) share a common orientation, pointing towards the interior of the capsid,

and are almost equally distributed in two groups (A and B), containing

5648 and 4351 conformations, respectively.

Figure 2.10: Two different views of the capsid CTD, containing 25 (panels a and
b) and 100 (panels c and d) tails with the highest MaxOcc values. The conforma-
tions in group A or B (encircled) point in different directions with respect to the
plane indicated by the black dotted line, positioned at the Cα of the last residue of
the folded part (panel b). The tails in panels c and d have been calculated with two
different RDC datasets: C12E5 only (green) and PF1+C12E5 (beige) [186].

Although each group accounts for a large fraction of the data, the combi-

nation of just one A and one B tail yields much better agreement with the

experimental data. However, a MaxOR of 100% cannot be achieved even

when combining the 11 conformations with MaxOcc > 30% (Table 2.1).

The calculations were also repeated using only the steric dataset (C12E5,

green, Fig. 2.10, panels c and d), and the structural preferences revealed

to be similar to those obtained with both steric (C12E5) and electrostatic

(PF1) media (beige), indicating that possible inaccuracies in the PALES

prediction of the electrostatic contributions to the alignment do not signif-

icantly affect the calculated structural preferences of the protein tail.
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A B MaxOR (%)

The entire ensemble of A conformations - 49

- The entire ensemble of B conformations 75

The A conformation with the highest MaxOcc + The B conformation with the highest MaxOcc 87

The 3 A conformations with MaxOcc 30% + The 8 B conformations with MaxOcc 30% 94

Table 2.1: MaxOR values for different combinations of conformations [186].

In conclusion, RDC have proved to be a precious source of informa-

tion, not only for the validation of the folded part structure, but also for

the description of the disordered part. Moreover, when used as experi-

mental restraints in the MaxOcc method, they lead to biologically relevant

results, with potential implications on the mechanisms in which the virus

is involved. The selected subset of tail conformations reflects the charge

distribution: the positively charged tails point towards the interior of the

capsid, which assembles into a cone that encloses the negatively charged

viral RNA [182].
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Chapter 3

Conclusions and outlook

The results presented in part I of this thesis demonstrate that paramag-

netic NMR observables are an invaluable source of information: on the one

hand, they reflect the profound relationship between the electronic struc-

ture and the magnetic properties, hence provide very localized information,

on the other hand, they encode long-range structural information. In the

light of the presented results, it is possible to draw two main conclusions.

1. Quantum Chemical methods are now mature to lead the structural

refinement to a next level of accuracy. Increasing as much as possible the

resolution is indeed required to improve structure-function relationships,

which may have a huge impact in fields such as drug discovery.

(i) The comparison between experimental and QC-calculated hyperfine

shifts allows for revealing details not easily accessible by experiments

only. Moreover, the presented calculations give a strong hint towards
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reassigning the signals, and the minor but significant structure mod-

ification of the HDPT derivative suggests the possibility to refine the

structure of metal complexes starting from homologous compounds.

The present results do not include effects of mobility or dynamics, be-

cause calculating the magnetic properties from structural ensembles

is currently too demanding for routine applications. However, it can

be reasonably expected that, in the near future, the improvements

in the computational tools will provide access to thermal and solvent

effects [204, 205].

(ii) A novel approach that extracts local information from long-range

pNMR observables has been presented. Such method demonstrates to

be successful in the reconstruction of the first coordination sphere of

a metalloprotein, and its sensitivity is expected to be highly relevant

also for the design of paramagnetic tags [206–208]. The compari-

son between the susceptibility tensor calculated a priori from the tag

structure and the experimental one could be used to verify the ab-

sence of relative motion between the tag and the protein, a necessary

condition for the quantitative structural analysis through tag-induced

PCS [116, 209, 210]. Not least, in the presented example the informa-

tion is so detailed to even suggest the protonation state of the active

site, with implications on the mechanism of inhibition and catalysis.

2. Experimental data contain information about the conformational het-

erogeneity which are difficult to extract, thus mathematical models are

required. MaxOcc demonstrates to be successful in defining the conforma-

tions that can be sampled for longer times in highly flexible systems. The

conformations with the highest MaxOcc value share common features, with
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potential biological implications.

(i) The accuracy of the MaxOcc method significantly improves by in-

creasing the number of complementary experimental restraints. In

particular, the addition of DEER is particularly efficient, also because

it partially solves the problem of time averaging. The conformations

that are most likely to be sampled are all extended and could repre-

sent a useful step in the comprehension of the mechanisms in which

calmodulin is involved.

(ii) For proteins contaning an IDR, the experimentally determined RDC

of residues for the folded domain can be used not only to validate

the structure of the folded region but also to describe conformational

features of the disordered part, even in the absence of experimental

data for the amino acids in the disordered region. The obtained subset

of tail conformations, which share a common orientation towards the

interior of the capsid, reflects the charge distribution of the positively

charged tails and the negatively charged RNA contained in the capsid.

Although the encouraging results, there is ample room for improve-

ments. First, when it will be computationally feasible, the refinement

methods can be further complicated by removing the hypothesis of working

with static systems. In fact, conformational heterogeneity and dynamics

can be crucial for the comprehension of metalloproteins, as demonstrated

by the studies on the ensemble reconstruction method. Then, both the

refinement and the ensemble reconstruction methods can be improved, in

terms of velocity and user-friendliness, and could take advantages from the

possibilities offered by Machine Learning [103, 104, 211].
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Part II

NMR for Biomaterials
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Introduction

As stated in the Introduction to Part I, a model is a somewhat abstract

representation of reality, typically expressed in mathematical terms and

often transformed into computer programs. Its development, however, is

strongly tied to the results obtained by a series of physical observations.

This part of the thesis is again focused on biological systems, even if

in a rather broader sense. The aim is no more to investigate the behavior

of biomolecules in living systems but to design bioinspired materials and

biomaterials: the former are synthetic materials whose structure, proper-

ties, or function mimic those of natural materials or living organisms, the

latter are substances that have been engineered to interact with biological

systems for medical purposes.

The most used tools for the characterization of such systems are spec-

troscopic techniques, such as NMR. As already seen, indeed, NMR has a

privileged view of atomic level and often, if not always, bioinspired ma-

terials lack long-range order, being thus inaccessible by other techniques

[212–218]. NMR has the advantage of ensuring a very high resolution, but

suffers of low sensitivity, mainly because of the low natural abundance of

the observed nuclei and the small difference in the population of the nuclear
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spin levels. Moreover, the spins of the nuclei which find many applications

in Materials Science (Si, Ti, etc.) have low or very low gyromagnetic ratios

and therefore are poorly coupled with the environment, so that the relax-

ation mechanisms can be quite inefficient. In order to mitigate the effects

of low sensitivity, the acquisition times are often very long.

The situation is further complicated by the fact that materials are often

in the solid state, and ssNMR has to deal with the additional complication

of inhomogeneous line broadening, because the nuclear interactions, such as

chemical shift anisotropy and dipolar coupling, are not averaged out. In so-

lution the anisotropic interactions are averaged out by molecular motions

and have effects only on the relaxation (homogeneous broadening), in a

powder solid state spectrum the signals are distributed on a range of thou-

sands of Hz by anisotropic interactions. Furthermore, a sample can contain

slightly different environments which cause an additional line broadening

(heterogeneous broadening). Inhomogeneous broadening can be decreased

by rotating the sample at a speed of the order of the frequency at which

occurs the interaction that is intended to be eliminated (Magic Angle Spin-

ning (MAS)), but this imposes a reduction in the amount of sample (Fig.

3.1, panel a). However, the signal intensity can be still not enough for the

characterization of materials. Increasing the magnetic field is currently pos-

sible up to 28 T (Fig. 3.1, panel b), while decreasing the temperature of the

sample requires large amounts of liquefied cryogenic gases; unfortunately,

both these options are very expensive.
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Figure 3.1: Comparison of probe sensitivity for various sample (rotor) sizes.
Shown are relative sensitivity per unit volume (dashed line) and relative sensitivity
for a full rotor (solid line) (panel a) [219]. Trend of the price of commercial NMR
spectrometers using superconducting magnet systems normalized by the field, at the
time of market introduction of the 1.2 GHz instrument (source: Bruker Biospin)
(panel b) [220].

Consistent efforts are thus devoted to the solution of these problems,

through a two-fold aim:

1. refining the integrated approaches that combine complementary ex-

perimental methods;

2. improving the NMR technique from both the experimental and theo-

retical point of view: on one side through the use of Dynamic Nuclear

Polarization (DNP) [221] and the design of pulse sequences that in-

crease the quality of the signals [222], on the other side through the

development of post-processing methods [223].

This part of the thesis presents the characterization of a protein-based

catalyst (Chapter 4), at two different levels of complexity (Sections 4.2 and

4.3). The materials are analyzed by means of ssNMR and other techniques,

such as X-ray diffraction. Finally, the low quality of some acquired spectra

led to the development of a denoising method (Section 4.4).
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Chapter 4

Proteins as catalysts

4.1 Introduction

Among the biomolecules involved in biological processes, proteins are

the most stable and those that can experience the widest range of 3D ar-

rangements and conformational changes. For these reasons, with the excep-

tion of ribozymes, i.e catalytic RNA molecules, they constitute the largest

majority of enzymes. Enzymes are potent catalysts able to accomplish

complex chemical tasks under physiological, hence environmental friendly,

conditions. Due to both their efficiency and inherent Green nature, from

key players in biological sciences, they are fairly gaining their role also in

biomedical and industrial applications. However, their use has still not

reached its full potential for a number of reasons, first and foremost their

limited lifetime if compared to the typical industrial catalysts. This prob-

lem can be overcome through the immobilization of the protein on a solid

support [224], which results in both the protein stabilization and interest-
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ing changes in the properties (catalytic, photochemical, biological) of the

composite.

In spite of the broad interest that protein-material composites have at-

tracted, their characterization is mainly oriented to bulk properties, such

as matrix morphology or enzyme activity, whereas an atomic-level char-

acterization is far from being routine [225]. In the literature are present

few reports of experiments probing the conformational state of small pep-

tides [226–228] and their interactions with the matrix [215, 229], but some

studies on biosilica-entrapped enzymes prove the feasibility of ssNMR char-

acterization [230, 231], as well as of high-field DNP [232].

Solid-state NMR has thus been exploited to investigate the interactions

that occur on the molecular scale, as they affect the composite stability and

reactivity and can enable the rational design of catalysts for a variety of

applications. The proposed device is aimed at providing a Green solution

to the depuration of water from organic pollutants through a photoinduced

reaction cascade. The system is composed of an inorganic support, titania

(TiO2), and two protein components, superoxide dismutase 1 (SOD1) and

cytochrome-c (cyt-c). Upon light irradiation, titania produces superoxide,

SOD1 transforms it in peroxide, which, catalyzed by cytochrome-c, oxidizes

organic pollutants.

The first tests, performed on the fully assembled material with different

mutants of cytochrome-c trapped in anatase titania, showed a significant

catalytic activity. However, it has also been observed that the matrix itself

has a strong photoreactivity towards the selected substrates. Therefore, in

order to reduce the number of variables, the problem has been simplified by

substituting the catalytic protein component cyt-c with lysozyme, having
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similar superficial charge but no redox-active centers, and the matrix with

its photo-inactive analogue, silica (SiO2).

Titania

Titanium(IV) oxide (TiO2), also known as titania, occurs in nature as

the minerals rutile and anatase, and contains six oxygen atoms surround-

ing a central titanium atom. In bioinspired titania synthesis, titanium(IV)

bis(ammonium lactato)dihydroxide (TiBALDH) (Fig. 4.1, panel a) is rou-

tinely employed as a precursor, because water-soluble and stable at neutral

pH and ambient conditions [233–236]. TiBALDH solutions contain several

species that are in equilibrium among themselves and with TiO2 and, at

neutral or slightly basic pH, mononuclear hydrated titanium species also

include Ti(OH)4 [234, 237–240]. Beyond the applications of titania in the

fields of paints, plastics and cosmetics, nanosized anatase is known to ex-

hibit photocatalytic activity under UV irradiation [241].

Silica

Silicon(IV) oxide (SiO2), also known as silica, is a polymer solid very

abundant in nature, containing four oxygen atoms surrounding a central sil-

icon atom, with three different Si coordinations: disilanols (SiO2(OH)2−2 ),

monosilanols (SiO3(OH)3−), and fully condensed sites (SiO4−
4 ). In water

the species [HxSiO4]
(4−x)− are the precursors for the formation of silica.

The prevailing species at neutral pH is the undissociated and monopro-

tonated tetraoxosilicic(IV) acid H4SiO4 (Fig. 4.1, panel b). Silica is a

chemically inert material, whit a negatively charged surface over a wide

range of pH values (from 2 to ca. 10), that finds widespread applications
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in several fields, e.g. as a support for heterogeneous catalysts [242].

Figure 4.1: Structures of TiBALDH, anatase titania [243] (panel a, top and bot-
tom, respectively), H4SiO4 and silica [244] (panel b, top and bottom, respectively).

Superoxide dismutase 1

Superoxide dismutase 1 (SOD1) is a 32 kDa homodimer (Fig. 4.2,

panel a) which forms a β-barrel and contains an intramolecular disulfide

bond and a binuclear Cu/Zn site in each subunit. The copper and zinc

ions are responsible for the catalytic activity of this enzyme, which favors

the disproportionation of superoxide to hydrogen peroxide and molecular

oxygen [245].

Cytochrome-c

Cytochrome-c is a small hemeprotein (12 kDa) belonging to the c-type

cytochrome family. It contains a characteristic amino acid motif (CXXCH,

i.e. cysteine-any-any-cysteine-histidine) that binds heme, and its backbone
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is folded into five α-helices. It has a high surface charge of positive sign

(Fig. 4.2, panel b, transparent blue surface) and, unlike the other c-type

cytochromes, is highly water-soluble. This enzyme is involved in several

cellular processes, that include electron transport, cell apoptosis, and per-

oxidase activity [246].

Lysozyme

Lysozyme is a small globular protein (14 kDa) found in relevant concen-

trations in human secretions, such as tears, saliva, and blood serum, in cow-

milk and in hen-egg white. Structurally, it consists of a single polypeptide

chain of 129 amino acids, which is found to be cross-linked by four disulfide

bridges [247] (Fig. 4.2, panel c, highlighted in yellow). The active site of

lysozyme consists of a deep crevice, which divides the protein in two do-

mains: one (residues 40-88, Fig. 4.2, panel c, cyan) consists almost entirely

of β-sheets, the other (residues 1-39 and 89-129, Fig. 4.2, panel c, magenta)

is mainly helical [248]. Although the 80% of its amino acids presents neutral

side chains, the remaining charged residues are mostly concentrated close to

the surface. The resulting high superficial positive charge (Fig. 4.2, panel

c, transparent blue surface) makes lysozyme an antimicrobial enzyme, in

particular a glycosidase. It catalyzes, through electrostatic interactions, the

hydrolysis of glycosidic bonds in peptidoglycans (the major component of

bacterial cell walls, such as Gram-positive), which in turn compromise the

integrity of the walls, causing lysis of the bacteria. Lysozyme is not only

the prototypical templating molecule in bioinspired mineralization of silica

and titania [236], but also particularly suitable for the XRD characteriza-

tion: it easily crystallizes in a variety of conditions, and the quality of the
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crystals is usually high enough to allow for high resolution in-house data

collections.

Figure 4.2: Structures of SOD1 (1UXM [249], panel a), cyt-c (1HRC [250], panel
b), and lysozyme (1HEW [251], panel c).
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4.2 Photoinduced catalysis for water depuration

4.2.1 Introduction

The composite has been prepared according to the protocol given in

[252] and analyzed using ssNMR and Cyclic Voltammetry (CV), in order

to investigate the atomic-level interactions between the components and

the redox activity of the material.

Photoactivity tests have been then performed in the presence of py-

rogallol, testing different cytochrome-c mutants. Pyrogallol is a typical

aromatic substrate for oxidoreductases reactivity tests [253], so its oxida-

tion to purpurogallin with hydrogen peroxide is expected to be catalyzed

by cyt-c. The selected mutants are M86H, M86A, and M86A-G47T dou-

ble mutant. The M86H mutant is inactive: the substitution of methionine

with histidine causes a stronger interaction with iron, abolishing the per-

oxidase activity [254]. The M86A mutant is more active than the wild-type

since alanine does not coordinate the metal center and thus the access to

the axial position is always free [255]. The double mutant shows a further

increase of the activity because the threonine interacts with the histidine

bound to the heme and attracts charge [256].

4.2.2 Methods

TiBALDH, SOD1, and recombinant horse heart cyt-c were purchased

from Sigma-Aldrich and used without further purification.

100 µL of a 10 mg/mL recombinant horse heart cyt-c solution were

mixed with 100 µL of a 1 mg/mL SOD1 solution and 20 µL of Ti-BALDH

solution at 25% concentration (w/v).
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The photoactivity tests were performed using SOD1 and yeast cyt-c

mutants (wild type, M86A, M86H, and G47T-M86A double mutants). All

the mutants were purchased from Giottobiotech. The precipitation mixture

consisted of buffer PBS, 100 mM Ti-BALDH, lysozyme at a final concen-

tration of 10 mg/mL, each of the cyt-c mutant at a final concentration of

1 mg/mL, and SOD1 at a concentration of 0.1 mg/mL. A blank sample

containing only lysozyme and SOD1 was also prepared. Each precipitate

was washed thoroughly with deionized water and pyrogallol 4.8 mmol/dm3

in citrate buffer at pH 3.5 was added. The suspensions were let for a whole

day under sunlight.

1H and 13C NMR spectra have been acquired on a Bruker AVANCE-

NEO spectrometer operating at 500 MHz 1H Larmor frequency (11.7 T),

equipped with cryogenically cooled triple resonance inverse detection probe

heads. The ssNMR spectra on the composite containing 15N-labelled cyt-

c have been acquired on a Bruker Avance III operating at 850 MHz 1H

Larmor frequency and 60 kHz MAS rate.

The CV characterization was performed using carbon-based screen-

printed electrochemical cells (Drop-sens SPCE). The precipitation mixture

consisted of phosphate-buffered saline (PBS), 100 mmol/dm3 TiBALDH,

and cyt-c (final concentration 10 mg/mL). The mixture was vortexed at

room temperature and 10 µL were dropped onto the surface of the work-

ing electrode of a SPCE. As blank, a sensor was modified using the same

precipitation mixture but in the presence of lysozyme, which has similar

structural characteristics of cyt-c but does not contain iron. During the

electrochemical characterization, PBS buffer was used as supporting elec-

trolyte.
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4.2.3 Results and discussion

The synthesis described in Section 4.2.2 leads to the formation of a

brownish precipitate and is highly reproducible.

The absence of signals from 13C and 47/49Ti NMR spectra indicates the

necessity of isotopic enrichment, while the 1H NMR spectrum shows two

water peaks: a sharp one, attributed to free water, and a broader one, likely

due to immobilized water either around the protein or interacting with the

matrix (Fig. 4.3, panel a, red and black spectra). Spectra recorded with fast

recycling display signals around 8, 2, and -5 ppm, which are consistent with

the chemical shift of the protein [255] (Fig. 4.3, panel a, cyan spectrum).

The sharper signal in the area around 2 ppm appears to correlate with

water signals and is consistent with the resonance frequency associated

to basic H atoms bound to terminal oxygens on the titania surface [257].

However, the most shifted resonances from the heme protons (from 50 to

-20 ppm [255]) are not observed. Two broad resonances, corresponding to

the most extreme values, appear upon homonuclear decoupling during the

acquisition [258] (Fig. 4.3, panel b). These peaks shift with temperature as

expected for paramagnetic systems [17], therefore may correspond to the

protons of the heme system.
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Figure 4.3: 1H spectra of the titania-based composite: direct excitation spectrum
(black), multiplied 30 times (red), and relaxation-filtered experiment (cyan) that
shows the broader resonances associated with the protein (panel a). 1H windowed-
PMLG spectra of the titania-based composite acquired at 294 (red) and 269 (black)
K (panel b).

The 1H-15N heterocorrelation (HETCOR) spectrum maps almost com-

pletely with the solution HSCQ spectrum of the free protein (Fig. 4.4).

A few missing peaks were identified to be close to charged residues on the

surface of the protein as previously observed for other systems [259], and

this proves a viable solution for the characterization of the titania based

strategy as well.

85



Figure 4.4: 1H-15N solution HSCQ spectrum of the free protein (red) superimposed
to the 1H-15N HETCOR spectrum acquired in the solid state (grey).

The system exhibits an electrochemical activity. From the CV per-

formed on both the composite and a Ti-BALDH/lysozyme blank (Fig. 4.5,

panels a and b, respectively), an oxidation peak is observed around 0.2 V.

Figure 4.5: Voltammetric scans obtained for Ti-BALDH/ cyt-c SPCE with PBS
buffer, scan rate 10 mV/s (panel a). Comparison between Ti-BALDH/cyt-c SPCE
and Ti-BALDH/lysozyme SPCE (blank) voltammetric scans (panel b).
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From the photoactivity tests emerged that all the samples are active in

oxidizing pyrogallol. After one day of sunlight exposure, all the suspensions,

even the blank and those with the inactive cyt-c, turn brownish (Fig. 4.6),

sign of the presence of the oxidation products.

Figure 4.6: Effect of the composite containing different cyt-c mutants and of a
lysozyme+SOD1 solution (blank) on a pyrogallol solution upon sunlight irradiation.
Each sample has been split in 4 wells to check whether the amount of material that
is pipetted is reproducibly yielding the same amount of oxidation.

These preliminary results on the titania composite showed both a pho-

tochemical and redox activity, but the complexity of the system required a

simplification of the problem. The protein components have been substi-

tuted with lysozyme, which is extremely well characterized and has a high

positive surface charge, and, in most of the experiments, the matrix has

been substituted with silica, the photo-inactive analogue of titania. Sev-

eral studies on bioinspired silica- and titania-based materials are indeed

present in the literature [260–263], because their synthesis is cheap and

fast, and the tunability of their structure and reactivity offers a wide range

of opportunities in several fields [264, 265].
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4.3 Integrated studies on lysozyme-based compos-

ites

4.3.1 Introduction

The study of the lysozyme-based composites containing SiO2 and TiO2

as inorganic matrices started with the analysis of the interactions between

the protein and the matrix precursors through NMR titrations and XRD

(Paragraph 6.1) [266].

Then, the whole composite has been investigated using different exper-

imental techniques. Among the synthesis present in the literature [267],

the one proposed by Luckarift et al. [236] has been selected, because par-

ticularly convenient. It foresees the use of lysozyme as a catalyst for the

condensation of tetraoxosilicic(IV) acid and TiBALDH, thus it is based on

cheap and readily available reagents, is fast, can be performed at ambient

conditions, and yields the formation of a condensed network in the matrix

without thermal processing. The work which followed was focused on the

silica-lysozyme composite, on which a number of experiments have been

performed, as schematized in Fig. 4.7.
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Figure 4.7: Scheme of the performed experiments on the silica-lysozyme compos-
ite.

4.3.2 Methods

Hen-egg white lysozyme (HEWL), titanium(IV) bis(ammonium lac-

tato)dihydroxide (TiBALDH), and tetraoxosilicic(IV) acid were purchased

from Sigma-Aldrich and used without further purification.

Crystal preparation

Crystals of HEWL were obtained in hanging drop by adding 2 µL of

protein solution (0.5 mol/dm3 Tris-HCl, 8 mg/mL HEWL, pH 8.5) to 2

µL of reservoir buffer (0.5 mol/dm3 Tris-HCl, 0.7 mol/dm3 NaCl, pH 8.5)

and stored at 4 ◦C. The crystallization conditions were chosen to respect

the pH at which the polymerization occurs and to minimize the number of

additives. The crystals were afterwards soaked in tetraoxosilicic(IV) acid
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and TiBALDH solution, in different concentrations (10 to 100 mmol/dm3

for both the precursors and 1.7 mol/dm3 for TiBALDH only), for 5 days.

XRD

The crystals used for the data collection were cryo-cooled using 25%

ethylene glycol in the mother liquor, and the dataset was collected in-house.

The data were processed keeping Friedel mates separated using the program

XDS [268], reduced and scaled using XSCALE [268], and amplitudes were

calculated using XDSCONV [268]. The structure was solved using the

molecular replacement technique: the successful model used was 2W1X.

The orientation and translation of the molecule within the crystallographic

unit cell was determined with MOLREP [269]. The refinement was carried

out using PHENIX [232], applying TLS restraints and using anisotropic B-

factors for Na, Cl, and Ti only. In between the refinement cycles, the model

was subjected to manual rebuilding using COOT [270]. Water molecules

have been added by using the standard procedures within the ARP/WARP

[259] suite. The quality of the refined structure was assessed using the pro-

gram MOLPROBITY [271]. Data processing and refinement statistics are

shown in Table 4.1. Coordinates and structure factors have been deposited

at the PDB under the accession code 7A70.
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Diffraction source Bruker D8 Venture

Wavelength (Å) 1.541

Temperature (K) 100

Detector PHOTON II

Crystal-detector distance (mm) 50

Oscillation range (◦) 0.5

Total rotation range (◦) 360

Exposure time/image (s) 30

Space group P43212

a, b, c (Å) 78.1, 78.1, 37.3

Mosaicity (◦) 0.3

Resolution range (Å) 50.00-1.80 (1.91-1.80)

Total reflections, unique reflections 274135 (24437), 20052 (2909)

Completeness (%) 97.8 (89)

CC1/2 99.9 (45.1)

I/(σI) 16.1 (1.7)

Wilson B-factor (Å2) 29.9

R†merge, RcrystR
‡
free (%) 0.12 (0.91), 19.625.6

Protein atoms, ligand atoms, water molecules 1001, 13, 82

RMSD bond lengths (Å2), RMSD bond angles (◦) 0.010, 1.950

Table 4.1: Data collection and refinement statistics parameters.
†Rmerge =

∑
hkl

∑
i |Ii(hkl)−〈I(hkl)〉|∑
hkl

∑
i Ii(hkl)

, where Ii(hkl) is the mean intensity of the i-th

observation of symmetry-related reflections hkl.
‡R =

∑
hkl ||FO|−|FC ||∑

hkl |FO| , where FC is the calculated protein structure factor from the

atomic model (Rfree was calculated with a randomly selected 5% of the reflections).

Calculations

The Ti(OH)4 structure was subjected to refinement at the DTF level of

theory, with B3LYP functional [73–76], using Ahlrichs polarized basis set

def2-TZVP [77, 78] and Grimme’s dispersion correction D3 [79, 80]. The
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resolution of identity approximation [81, 82] was employed with auxiliary

basis set def2-TZVP/J in order to speed up the calculations. CPCM im-

plicit solvent (water) was used [83]. All calculations were carried out using

the ORCA 4.2.1 quantum chemistry package [24, 44].

Composite preparation

HEWL was dissolved in buffer Tris-HCl at pH 7.5 (A solution, 22

mg/dm3 concentration). TMOS was hydrolyzed with a HCl 1 mmol/dm3

solution and diluted 1:10 with the same buffer after 5 minutes of agitation

at room temperature (B solution, 0.1 mol/dm3 concentration). The A and

B solutions were mixed and the obtained precipitate was centrifuged at

10000 rpm (r = 98 mm) and washed three times with deionized water.

In order to investigate the relative arrangements of the components, the

precipitate was washed with three different solutions, then washed with

deionized water, by centrifuging at each step for 20 minutes. The solu-

tions were NaCl 6 mol/dm3, urea 8 mol/dm3 + dithiothreitol (DTT) 50

mmol/dm3, and guanidine hydrochloride (GdnHCl) 6 mol/dm3 + dithio-

threitol (DTT) 50 mmol/dm3, in buffer Tris 20 mmol/dm3, pH 7.4.

NMR

The samples have been placed in a ZrO2 3.2 mm rotor. The spectra have

been recorded at 265 K and 64 kHz MAS. The 1D 1H NMR spectrum has

been acquired on a Bruker Avance III operating at 950 MHz 1H Larmor

frequency (22 T). The ssNMR spectra have been recorded on a Bruker

Avance II operating at 700, 176, and 139 MHz 1H, 13C, and 29Si Larmor

frequency, respectively. The instrument is equipped with a 3.2 BVT MAS
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double-resonance probe. The pulses at 90 obtained from the optimization

of the acquisition parameters are 2.4, 3.5, and 4.7 µs for 1H, 13C, and 29Si,

respectively.

SEM

The SEM images have been obtained using a Carl Zeiss Merlin II field

emission Scanning Electron Microscope, using a detector for secondary elec-

trons with acceleration potential of 5 kV, a working distance of 2.8 mm, and

magnification factors of 28.82 and 37.06. The sample was not subjected to

preliminary treatments.

EPR

The EPR spectrum was acquired in solution at room temperature on

a BRUKER ELEXSYS EPR spectrometer operating at X-band equipped

with a ER 4102ST rectangular cavity. The modulation and the microwave

frequencies were set to 20 kHz and 9.843 GHz, respectively. Centerfield was

set to 130 mT and the total field sweep was 65 mT. The fit of the EPR

spectrum was performed using EasySpin [272].

4.3.3 Results and discussion

The protein-precursor interaction

The NMR titrations did not provide useful results. For tetraoxosili-

cic(IV) acid, the only apparent perturbation at the highest precursor con-

centration is a 5% decrease in the signal intensity, with no detectable shift

alteration (Fig. 4.8, panel a). For TiBALDH, shifts in the signals of residues

101-110 can be observed (Fig. 4.8, panels b, c, and d), but this area is known
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to be susceptible to variations in response to minor changes in the experi-

mental conditions (pH, ionic strength etc. [273, 274]) and, given that the

pH has decreased from 8.5 to 5.1 during the addition, these results cannot

be interpreted reliably.

Figure 4.8: 1H NMR spectra of lysozyme 10 mg/mL (red), lysozyme 10 mg/mL
with silicic acid 100 mmol/dm3 (blue), and their difference (green) (panel a). En-
largements of regions of the 1H-15N HSQC spectra of lysozyme 100 mg/mL (black),
lysozyme 100 mg/mL with TiBALDH 100 mmol/dm3 (red) [266]. The assignments
are taken from references [275, 276].

Soaking with tetraoxosilicic(IV) acid (buffered at pH 8.5) results in a

fast disruption of the crystals, proportional to the concentration of acid

added to the drop and, after 3 days, a glassy film is found instead of the

liquid drop (Fig. 4.9, panel a). At the concentrations compatible with
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the crystals, no conclusive evidence of the presence of silicon species in the

crystals can be found.

Figure 4.9: HEWL crystals before and after the soaking with 100 mmol/dm3

tetraoxosilicic(IV) acid (panel a), 100 mmol/dm3 and pure TiBALDH (panels b
and c, respectively).

The situation is markedly different for TiBALDH. Soaking at the same

concentrations tested for tetraoxosilicic(IV) acid does not cause alterations

in the resulted crystals (Fig. 4.9, panel b), that indeed do not reveal a clear

presence of titanium species. This is not fully expected due to a report of

binding of a titanium species to the same crystal form of lysozyme (PDB

entry: 6G5C) [4]. A careful inspection of this entry casts doubts in terms of

the presence of titanium (a putative TiO2 species), because (i) the supposed

position of titanium perfectly corresponds to the position of a chloride ion
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in all the lysozyme structures belonging to the same space group, (ii) the

shape of the 2FO-FC density of the putative titanium is perfectly spherical

and fits way better with the chloride ion, and (iii) mononuclear TiO2 species

does not exist as such in solution [230, 277]. The last attempt was thus

to perform a soaking with 2 µL of 50% w/w TiBALDH solution (1.69

mol/dm3, pH 8, subject to change upon the hydrolysis of the components),

which does not cause a complete disruption of the crystals, but rather a

slight worsening that results in a decrease in resolution. The data had a

maximum resolution achievable of 1.8 Å instead of the typical 1.4-1.5 Å

in the same diffractometer, however the quality of the data remained very

good.

The analysis of the data revealed the presence of a quite intense anoma-

lous peak in an unexpected position. Considering the composition of the

crystallization buffer, of the soaking solution, and of the cryo-protectant,

the only atoms which could have a similar anomalous effect at the diffrac-

tometer wavelength are sulfur, chlorine, and titanium, with the last being

the one with the largest expected value. The unexpected peak has been at-

tributed to a labile hydrolyzed titanium compound in the form of Ti(OH)4

for several reasons.

1. The anomalous signal:

– no density is present in that position in several other examined

lysozyme structures with the same space group;

– the signal is slightly higher than that attributed to chlorides.

2. The 2FO-FC density:

– the shape is tetrahedral (Fig. 4.10). It is not attributable to sul-
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fur, as it is not present free in solution, nor to a chloride ion, as

the shape should be spherical, neither to a tetrahedral tetraox-

ochlorate(VII), because its formation would require a strongly

oxidizing environment, incompatible with the protein;

– the Ti-O distances refine well at about 1.9 Å, in agreement with

the theoretical value expected for such bond.

3. The PDB parameters:

– the occupancy is about 0.7;

– the B-factor has values coherent with those of the other labile

or loosely bound atoms in the structure.

Figure 4.10: Detail of the hydrogen bonds stabilizing the position of the titanium
species through two water molecules represented as red spheres (distances are ex-
pressed in Å). The 2FO-FC map is contoured at 1.0σ (blue) and 3.0σ (yellow)
level [266].

With these results at hand, the data collection on the crystal soaked with

100 mmol/dm3 TiBALDH were re-examined and showed, ex post, a weaker

but clear anomalous signal in the same position.
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The presence of Ti(OH)4 is also supported by the DFT calculation and

by an electrochemical analysis of the mononuclear titanium(IV) species

present in aqueous solution as a function of pH [230]. The first indicates

that the oxygen atoms can have up to 0.87 e− partial charge, which can

easily account for a preference for forming hydrogen bonds as acceptor, the

second shows that the species Ti(OH)4 is prevailing at the working pH.

The position and the binding mode of the ligand suggest that its pres-

ence is likely to be an artifact due to the crystal packing and to its very high

concentration. This could cause the diffusion of Ti(OH)4 at a higher rate in

the solvent channels, until the complex reaches a narrower channel where

it is forcibly stopped because of steric hindrance and charge accumulation

(Fig. 4.11).

Figure 4.11: Surface representation (calculated with Pymol APBS plugin) of the
environment in which the titanium species (the red and white tetrahedron) is found,
colored by electrostatic potential, showing chloride ions in green and sodium in
purple [266].
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Ti(OH)4 is placed in the region between two symmetry-related molecules

and has no direct chemical interaction with any of the protein atoms. It is

held in place by hydrogen bond interactions with two water molecules that

are in turn in close interaction with the protein (one with the backbone

amide of E7, the other with the sidechain of R14 of a symmetry mate)

and with two more labile water molecules, one of which interacts with the

backbone amide of C6 (Fig. 4.10).

The protein-matrix interaction

A morphological inspection of the composite at SEM (Fig. 4.12 and

Fig. 4.7, brown path) reveals the presence of spheroidal aggregates with

diameter of around 0.2 µm.

Figure 4.12: SEM images of the silica-lysozyme composite with magnification
factor 28.82 KX (left) and 37.06 KX (right), respectively.

The analysis of the silica-lysozyme interactions started with the acqui-

sition of the 1H NMR spectra of HEWL (green spectrum in Fig. 4.13, top

panel, Fig. 4.7, pink path). As in a typical folded protein, the signals

are distributed in the range between 12 and -1 ppm, and the exchange with

D2O causes the attenuation of the amide signals (red spectrum in Fig. 4.13,
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top panel, Fig. 4.7, purple path). The solid-state 1H NMR spectrum of the

dry composite presents, around the water signal, two shoulders in the same

ppm regions, which confirm the presence of lysozyme in the composite (Fig.

4.13, bottom panel, Fig. 4.7, black path).

Figure 4.13: 1NMR spectra of lysozyme solution 10 mg/mL in a mixture
H2O/D2O 90:10 (green) and 98% D2O (red). The assignments are taken from
[278] (top panel). ssNMR spectrum of the silica-lysozyme composite (blue) and its
15 fold magnification (magenta) (bottom panel).

Since the spread of the 13C NMR signals is a reporter of the folding

of the protein [279, 280], 1H-13C cross-polarization ssNMR spectra of the

composite under different conditions (dry and rehydrated with H2O), and

of the pure lysozyme have been acquired (Fig. 4.14, red, black, and ma-
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genta spectrum, respectively, and Fig. 4.7, black, green, and red path,

respectively). As typical for dry protein samples, the resolution of the pro-

tein signals is low due to structural heterogeneity. Comparison with the

spectrum of the sedimented lysozyme shows that the broader envelope of

the composite spectrum encompasses the frequency range that is observed

for the sedimented protein. The distinctive features of the folded protein

are observed, i.e. signals from the methyl-bearing sidechains, which have

shifts lower than 20 ppm when the hydrophobic core of the protein is in-

tact, as well as signals in the overall distribution of the aliphatic region

(65 to 5 ppm). This result confirms previous reports [232, 281] and is in

contrast with the idea that lysozyme loses its tertiary structure when the

silica matrix is formed [282].

Figure 4.14: 1H-13C CP ssNMR spectra of the composite (freeze dried and rehy-
drated in red and black, respectively) and of the pure lysozyme sediment (magenta).
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The silica matrix was then characterized. The 29Si NMR spectra show

signals originating from siloxanes (Q4, around -110 ppm), single silanols

(Q3, around -100 ppm), and geminal silanols (Q2, around -90 ppm), the

latter being barely visible (Fig. 4.15). The ratio Q4/Q3 of 0.51 is indicative

of a high degree of condensation of the silica matrix [231, 283].

Figure 4.15: 29Si direct excitation (DE) and cross-polarization (CP) ssNMR spec-
tra of the composite.

Only monodimensional spectra, however, do not provide information

about the protein-silica interactions. In order to evaluate if the carbon

nuclei, only present in the protein, and the silicon nuclei, only present in

the silica matrix, are getting polarized by the same proton sources, a direct

correlation of 13C and 29Si signals would be needed. However, being both

systems in natural abundance, the sensitivity is limited, thus the 1H traces
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have been used to discriminate among the protons that act as polarization

sources for the heteronuclear sites. 2D 1H-29Si and 1H-13C HETCOR spec-

tra have been acquired, with wPMLG 1H homonuclear decoupling [284]

during the evolution of the indirect 1H dimension and CP for polarization

transfer (Fig. 4.16).

Figure 4.16: 1H traces extracted from the 2D HETCOR 1H-13C (magenta) and
1H-29Si (black) spectra of the dry (panel a), rehydrated with H2O (panel b), and
with D2O (panel c) sample.

All the spectra are rather broad and show cross-polarization peaks around

1, 4, and 8 ppm, coming from at least three proton sources. While the first

two are consistent with the signals commonly observed for silica, the third

could report for the spin diffusion of lysozyme towards silica. At low contact

times, the 1H traces of the HETCOR experiments are markedly different:

as expected, 29Si is receiving magnetization mainly from silanols, whereas

13C receives magnetization from the protein protons. However, features at

similar chemical shifts tend to appear at longer mixing times. In particular,

a signal around 7 ppm appears in the traces of the 29Si spectra. This signal

disappears when the protein is quantitatively removed by the GnHCl/DTT

treatment (Fig. 4.7, magenta path), but all the other conditions remain the

same, making it unlikely that this signal corresponds to protonated silanols.

This implies that magnetization in transferred (or, equivalently, relayed)
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from either aromatic sidechains, from backbone amides, or from the amine

and guanidino sidechains of lysine and arginine residues. However, other

peaks at lower frequency in the 1H dimension are not observed, unlike other

silica-peptide preparations, where clear indication of covalent interaction

has been provided [269]. If D2O is used for rehydration (Fig. 4.7, blue

path), the 1H peak corresponding to amides is removed in the traces of

both the 13C and 29Si spectra. Collectively, these observations seem to

suggest a non-covalent interaction in this sample.

The EPR spectrum of the composite containing labeled lysozyme (Fig.

4.7, grey path) shows the presence of both free and immobilized protein

(Fig. 4.17).

Figure 4.17: EPR spectrum of the composite containing labeled lysozyme (Fig.
4.7, orange path).
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The possible silica-lysozyme relative arrangements are depicted in Fig.

4.18. The hypothesized models represent the three limiting cases: lysozyme

is encapsulated due to steric hindrance, it electrostatically interacts with

the surface or from the inside.

Figure 4.18: Expected and observed behavior of the composite with respect to ionic
strength and denaturation.

Being impossible to explain the system with any of these models, nor their

combinations, in the presence of only water, the composite was tested in

three different conditions through the addition of different additives. The

concentration of the protein in the supernatant was measured by UV-Vis

spectroscopy before and after the additions (Fig. 4.7, magenta, yellow, and

cyan paths). In a high ionic strength environment, the protein is expected

to be quantitatively released only in the presence of electrostatic superficial

105



interactions, because the 3D arrangement due to the folding prevents the

protein passing through the matrix pores. Since after the addition of NaCl

6 mol/dm3 lysozyme remained in the composite, the possibility of mainly

superficial interactions is excluded. The composite was then tested with

two denaturing and reducing agents which differ in ionic strength. They

are both expected to cause the loss of the 3D protein structure, that can

thus leak out of the composite through the matrix pores, but their effect in

the electrostatic-based models is opposite. The electrostatic interaction is

expected to be significantly perturbed only in case of high ionic strength,

thus causing the quantitative release of protein. Since HEWL was quanti-

tatively released by adding both urea 8 mol/dm3 + DTT 50 mmol/dm3,

and GdnHCl 6 mol/dm3 + DTT 50 mmol/dm3, it is possible to conclude

that the interaction occurring between silica and lysozyme is mainly due to

steric hindrance.
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4.4 Multivariate Curve Resolution for 2D ssNMR

4.4.1 Introduction

Denoising methods are aimed at increasing the amount of information

that can be extracted from noise-contaminated signals. Several techniques

have been proposed and are currently under investigation [223, 285–289].

The approach here presented makes use of the Multivariate Curve Resolu-

tion (MCR) [290] and Cadzow [291] methods.

Multivariate Curve Resolution

MCR is a chemometric method commonly used to recover pure com-

ponents information from data on complex mixtures [292–294]. Initially

developed for UV-Vis spectroscopy [295], it has been then extended to a

plethora of different applications [296–300], including the deconvolution of

2D solution NMR data of reaction mixtures [301]. The method is based on

the assumptions that:

(i) the outcome of the experiment is a continuous curve resulting from

the linear combination of nonnegative and linearly independent pure

component functions;

(ii) the contribution in the signal coming from each pure component is

proportional to its concentration in the sample [302, 303].

Mathematically, it corresponds to decomposing the experimental data ma-

trix D into the product of a concentration matrix C and a pure signal

(usually a spectrum) matrix S, leaving behind a residual matrix E:

D = CST + E (4.1)
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Such factorization is obtained through the following steps:

(i) Determination of the number of components. It can be known be-

forehand or determined with methods which typically make use of

the Singular Value Decomposition (SVD), such as principal compo-

nent analysis or purest variables algorithm.

(ii) Generation of the initial guess for C or S matrix. Initial estimates can

be based on previous knowledge, e.g. spectra of components known

to be present in the mixture, or can be obtained with purest variables

selection methods.

(iii) Iterative optimization of the C and S matrices, through the mini-

mization of the residual matrix E. At each step Ck, Sk, and Ek are

calculated as follows:

STk = C+
k-1D (4.2)

Ck = DST+
k (4.3)

Ek = D− CkSTk (4.4)

where + denotes the Moore-Penrose pseudoinverse. A very common

procedure is MCR-ALS, which makes use of the Alternating Least-

Square (ALS) algorithm [303].

Cadzow filtering

The Cadzow algorithm is a 1D signal denoising method based on the

relationship between low singular values and noise components. The com-

plex vector y = y′ + e, sum of the signal y′ and the noise e, is divided in

two segments of length l and k (where l + k = N), in order to construct a
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Hankel-type matrix:

H =



y1 y2 y3 · · · yk

y2 y3 · · · · · · yk+1

y3 · · · . . . · · ·
...

...
...

...
. . .

...

yl yl+1 · · · · · · yN


. (4.5)

H is decomposed through the SVD, H = UΣV∗, and the lowest singular

values are put to zero. The so modified Σ′ matrix is then used to reconstruct

a new matrix J = UΣ′V∗, which is, however, no longer a Hankel-type. In

order to have again a matrix of this kind, each element of an antidiagonal

is replaced by the average value along the antidiagonal itself. The first

and the last row and column of the final H′k are then put back together to

reconstruct the denoised y′ vector.

The MCR-Cadzow method

The proposed procedure consists in the application of the MCR method

on the FIDs of 2D ssNMR data, instead of the signals, thus allowing for

further denoising. In the presented case, the MCR-processed spectra have

been subjected to the Cadzow filter. In addition, it is possible to coprocess

multiple 2D spectra containing signals at the same frequencies but with

different intensities. This is particularly relevant in the case of spectra that

are acquired by varying some experimental parameters, e.g. the mixing

time, which impact the overall sensitivity, causing some of the spectra of

the series to have a significantly lower signal-to-noise (S/N) ratio [304].
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4.4.2 Methods

The algorithm has been implemented using python2.7, exploiting the

class NMR PIPE, contained in the NMRGlue library [305]. The number of

components is set to 4, with 10% of the most intense signal as threshold

for the noise, and the optimization stops when ‖Xk−Xk-1‖2 ≤ 10−5 (where

X = C,S,E). The initial guess of the C matrix was generated through the

purest variables algorithm [306]. The processing parameters are reported

in Table 4.2. The S/N ratio was estimated dividing the maximum signal

intensity by the standard deviation of the noise (σn), calculated as follows:

σn =
1√
N − 1

√√√√ n∑
i=−n

y(i)2 − 1

N

[(
n∑

i=−n

y(i)

)2

+
3

N2 − 1

(
n∑

i=1

i(y(i)− y(−i))

)2]
(4.6)

where N is the total number of points in the noise region, n = (N − 1)/2,

and y(i) is the i -th point in the noise region. As a representative noise

region, a slice of the spectrum where no signal is present was selected.

Dimension F2 F1

Nucleus 29Si 1H

TD 57 60

Apodization function Sine bell Bruker-style GM

Power 2 LB /Hz -20

Offset 0.35π GB 0.1

Zero-filling 2048 512

Table 4.2: Processing parameters of the 2D spectra [304].

Solid-state NMR experiments were recorded on a Bruker Avance II spec-
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trometer operating at 700 MHz 1H Larmor frequency (16.4 T), correspond-

ing to 139 MHz 29Si Larmor frequency, and equipped with a 3.2 BVT MAS

probehead in double resonance mode. The pulse lengths are 2.4 and 4.7 µs

for 1H and 29Si, respectively. Cross-polarization was achieved by matching

the k=1 Hartmann-Hahn condition [307]. The spectral windows for the

different nuclei were 60 and 249 ppm for 1H and 29Si, respectively. Dur-

ing the 1H magnetization evolution under the chemical shift in the indirect

dimension of HETCOR experiments, the PMLG decoupling sequence was

used to suppress 1H-1H dipolar couplings [258, 284]. Spectra were acquired

with CPMG echo train acquisition [222], and then the echoes were coadded.

Synthetic data were generated over the same spectral window as the

experimental data. The spectra in the series of three comprise of up to nine

cross-peaks of variable intensities and linewidths in the indirect dimension

(Table 4.3).

F2 F1 Intensity

PP /ppm LW /Hz PP /ppm LW /Hz 0.5 ms 6 ms 10 ms

-89.8 1570 7.50 4650 2 1 1

-89.8 1570 4.75 3142 1 1 1

-89.8 1570 0.20 3142 0 0 0.5

-99.8 1570 7.50 4650 3 3 3

-99.8 1570 4.75 3142 2 3 3

-99.8 1570 0.20 3142 2 3 1

-109.8 1570 7.50 4650 0 0 1

-109.8 1570 4.75 3142 0.5 2 2

-109.8 1570 0.20 3142 1 2 2

Table 4.3: Position (PP), linewidth (LW), and intensity of the cross-peaks in the
synthetic spectra [304].
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4.4.3 Results and discussion

The MCR algorithm has been adapted to the 2D ssNMR problem: in

the C matrix the concentrations are replaced by the time evolutions in the

indirect dimension, while in the S matrix the pure spectra components are

substituted by the FIDs in the direct dimension. This method is applicable

regardless of the line shape of the peaks, therefore no forward model (e.g.:

using Gaussians for modeling the peaks), nor any regularization (e.g.: non-

negativity of the spectra in the frequency domain, or smoothness), for either

the FIDs or evolutions, needs to be applied.

Denoising on synthetic spectra

The method was first tested on a single synthetic spectrum, to which

gaussian noise was added, yielding a S/N ratio of 46. The denoising in-

creases the S/N ratio to 221 and 237 after, respectively, MCR and MCR+Cadzow

denoising, without altering the relative intensities of the peaks (Fig. 4.19).

Figure 4.19: Synthetic spectrum without and with noise, result of the processing
of the spectrum with MCR and with MCR+Cadzow denoising [304].

The test on multiple synthetic spectra shows no alterations in the shape

and the relative intensities of the peaks and a quite large improvement in

the S/N ratio (Table 4.4, Fig. 4.20). Interestingly, in contrast to the spectra
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with 6 and 10 ms of mixing time, the S/N ratio for the spectrum with 0.5 ms

improves more when it is coprocessed rather than individually processed.

Spectrum

0.5 ms 6 ms 10 ms

Step Single Coprocessed Single Coprocessed Single Coprocessed

Initial S/N 45 - 45 - 47 -

MCR S/N 106 206 221 150 250 153

MCR-C S/N 130 253 237 191 299 195

Table 4.4: S/N ratio in the different spectra across the different processing
steps [304].
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Figure 4.20: Synthetic spectra at different mixing times (0.5, 6, and 10 ms) with
gaussian noise, coprocessed with MCR and with MCR+Cadzow [304].

Denoising on experimental spectra

The quantitative information on the synthetic spectra appears to be pre-

served across the denoising steps, therefore the same procedure has been ap-

plied to experimental datasets (Fig. 4.21), acquired on the silica-lysozyme

composite (Section 4.3). The S/N greatly increases from 9 to 32 and 99

after processing with MCR and MCR+Cadzow, respectively.
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Figure 4.21: Effect of denoising on a low S/N experimental spectrum: initial,
reconstructed with MCR, and with MCR+Cadzow denoising [304].

The noise properties have been also evaluated during the denoising

phases and it remains gaussian (Fig. 4.22). From initial to processed

spectra, the noise distribution width is greatly decreased (i.e. FT of the

CST matrix) in the “signal” spectra, while remains the same in the “error”

spectra (i.e.: the FT of the E matrix), indicating that no part of the signal

is discarded into the noise.
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Figure 4.22: Distribution of the intensities along the points of the row of the
spectrum extracted at 50 ppm, which contains only noise, representing the noise in
the initial spectrum (initial) and after application of combined denoising. Intensity
in the “signal” spectrum CST (left) and in the “noise” spectrum E (right). The red
curves are the best fitting gaussian distributions that approximate the intensities
[304].

The combined denoising on a set of experimental spectra has been finally

performed (Fig. 4.23). The MCR processing increases the S/N ratio from

10, 43, and 60 to 26, 119, and 160, and the subsequent application of

Cadzow denoising further increases it to 28, 123, and 177.
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Figure 4.23: Experimental spectra at different mixing times (0.5, 6, and 10 ms),
processed with MCR and with MCR+Cadzow [304].

MCR is ideally versed toward processing of 2D spectra, handling several

transients at the same time, whereas other denoising methods, like Cad-

zow denoising, work on single transients. The order of application of the

different denoising schemes on the reconstruction has been inverted (Fig.

4.24), showing that, while the impact of MCR and Cadzow yields similar

improvements in S/N ratio (from 9 to 32 and 33, respectively), MCR is able
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to improve the Cadzow procedure when applied first (99 for MCR+Cadzow

and 80 for Cadzow+MCR).

Figure 4.24: Effect of changing the order of the denoising steps on the same low
S/N experimental spectrum [304].
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Chapter 5

Conclusions and outlook

Part II demonstrates that ssNMR, supported by denoising methods and

combined with other experimental techniques, is a powerful tool for the fine

characterization of biomaterials, allowing for their rational design.

(i) The proposed catalyst, composed of SOD1 and cyt-c as protein com-

ponents and titania as inorganic matrix, is easy to produce and the

synthesis is highly reproducible. Preliminary tests on a series of com-

posites containing different mutants of cyt-c demonstrate that all the

samples are redox-active and able to efficiently oxidize aromatic al-

cohols. However, the complexity of the problem required the sim-

plification of the system, thus SOD1, cyt-c, and titania have been

substituted with easily treatable analogues: lysozyme and silica.

(ii) The study of the different stages of the composite formation started

with the analysis of the interactions occurring among lysozyme and

the silica and titania precursors. While NMR titrations give not useful
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hints about the lysozyme-precursor interactions, X-ray crystallogra-

phy shows that, unlike tetraoxosilicic(IV) acid, Ti(OH)4, among the

possible precursors of titania suggested in the literature, interacts

with lysozyme before precipitation starts. The interaction is electro-

static in nature and can be mediated by intervening water molecules.

This first structure-based evidence can be a proxy of those interac-

tions that drive the initial steps of the oxide formation and can be a

starting point for detailed (e.g. computational [308–310]) studies of

the structural basis of the bioinspired titania precipitation.

(iii) The analysis of the protein-matrix interactions in the whole compos-

ite has been performed only on the silica-lysozyme system, which is

composed of spheroidal silica aggregates. The protein interacts with

the matrix and the presence of these interactions does not alter the

lysozyme shape enough to affect its folding. The fact that the protein

can only be detached from the matrix by denaturation in a high ionic

strength environment suggests that it is mainly trapped inside silica

due to steric hindrance.

(iv) Denoising methods allow the acquisition of data even on nuclei with

low gyromagnetic ratio and/or low natural abundance. In particular,

the MCR method demonstrates to be successful in reducing the noise

of 2D ssNMR spectra still preserving the quantitative information

and the gaussian nature of the noise. The presented algorithm has

also the intrinsic ability to coprocess, allowing the reconstruction of

the spectra with the lowest S/N ratio across a series. Furthermore, as

an innovation, the method is applied on time-domain-data, preserv-

ing the possibility to apply further processing, such as the Cadzow
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filtering, which leads to a further increase in the S/N ratio.

The presented experiments show encouraging results, but the technolog-

ical goal of the proposed device is still to achieve. The silica-lysozyme com-

posite requires additional measurements, such as matrix porosity through

Brunauer-Emmett-Teller (BET) or relaxometry, and investigations about

its possible role also as a contrast agent for Magnetic Resonance Imag-

ing are planned. Then, the photoactive complex will be characterized at

the atomic-level and tests on samples of polluted water will be performed.

Regarding the denoising algorithm, it can be clearly optimized and made

more user-friendly, but, more interestingly, it can be extended to other

NMR cases, such as other low receptive nuclei, solution NMR, multidi-

mensional experiments acquired on static samples [311–316], and, beyond

NMR, to datasets of higher dimensionality and non-uniformly sampled data

[317–322].
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Chapter 6

Appendices

6.1 Experimental techniques

Residual Dipolar Couplings

Solution NMR of proteins is influenced by their fast reorientations that,

in the presence of a magnetic field, result in either an isotropic or anisotropic

distribution of all molecular orientations. In the first case, the dipolar

coupling, which is traceless, averages out, resulting in a simplification of the

NMR spectrum but also in a loss of orientational information. In the second

case, which originates from partial alignment, the dipolar coupling does

not average to zero anymore and produces the so-called Residual Dipolar

Coupling (∆νRDC):

∆νRDC = − B2
0γAγB~

4π15kBTr3AB

[
∆χax(3cos2α− 1) +

3

2
∆χrhsin

2αcosβ

]
, (6.1)
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where ∆χax and ∆χrh are defined as in eq. 1.2, α is the angle between the

AB vector and the z-axis of the ∆χ tensor, β is the angle which describes

the position of the projection of the AB vector on the xy plane of the ∆χ

tensor, relative to the x-axis.

This coupling has been extensively used in structure determinations of

biomolecules as orientational restraints [178–181, 323].

Small Angle X-ray Scattering

Small Angle Scattering (SAS) is a scattering technique which provides

information about size, shape, and orientation of materials in solution and

in the solid state. The sample is irradiated with visible light (Small Angle

Light Scattering, SALS), X-rays (Small Angle X-ray Scattering, SAXS),

or neutrons (Small Angle Neutron Scattering, SANS), and the intensity

I of the scattering part of its response is revealed by a detector. I(q)

contains information about dimensions, shape, and the interaction between

the scattering centers present in the sample and has the form:

I(q) = kNpV 2
p (∆ρ)2P (q)S(q) +B, (6.2)

where k depends on the instrument, Np and Vp are, respectively, the numer-

ical density and the volume of the scattered particles, ∆ρ is the contrast,

P (q) and S(q) are said, respectively, shape and structure factors, q is the

scattering vector, and B is a linear offset depending on the noise and the

incoherent scattering. SAXS, in particular, is sensitive to inhomogeneities

in the electron density and analyzes only the scattering intensity at small

angles.
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Double Electron Electron Resonance

Double Electron Electron Resonance (DEER) is an electron paramag-

netic technique technique able to measure distance distributions between

paramagnetic centers in the range from 1.8 to 6 nm [324]. The interactions

between couples of electron spins are observed in the time domain as a de-

cay of the signal V (t) due to transverse electron spin relaxation. This time

evolution signal is given by the sum of single couples contributions Vi(t):

Vi(t) = V0
∏
k 6=i

[1− λik(1− cos(ωikt))], (6.3)

where the modulation depth λik quantifies the fraction of signal due to

excited spin pairs (i, k) and ωik is the dipolar evolution frequency. The

latter is defined as:

ωdik =
µ0

4π~
gigkµ

2
B

r3ik
(3cos2θik − 1), (6.4)

where gi and gk are the electron g values of the two spins, θik is the angle

between the static field vector B0 and the vector connecting the positions

of the two spins, and r the distance between the two spins [325].

The time evolution signal is then separated into a background factor

and a form factor, which contains the distance distribution [326].

X-ray Diffraction

X-ray diffraction is a scattering technique used to analyze the long-range

structure in crystals. The result of an XRD experiment is a diffraction

pattern reporting the intensity as a function of the angle between the ra-
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diation and the detector. The angles are then converted in distances using

the Bragg’s law:

nλ = 2dsenθ, (6.5)

where n is the diffraction order, λ the wavelength of the incident radiation,

d the interplanar distance, and θ the angle between the radiation and the

atomic plane.
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6.2 Supporting Information

Shifts’ contributions of the PCS-FCS refinement

FC PC Diamagnetic Total Experimental

contributions contributions contributions calculated shifts shifts

-12.55509348 -5.983914992 7.258 -11.28100848 -12.43

27.41882505 -3.687380359 7.478 31.20944469 25.33

1.176805777 -1.855071039 6.73 6.051734738 2.4

5.134471067 3.090915801 7.434 15.65938687 15.31

453.7298351 28.18105983 9.083 490.993895 469.2

58.71286404 68.07320269 7.374 134.1600667 121

196.2192461 40.84759994 4.265 241.3318461 233.5

56.37424364 70.84376017 7.437 134.6550038 121

172.5482102 41.43222923 4.327 218.3074394 200.2

-15.75570538 -5.57329558 7.251 -14.07800096 -13.95

28.55065736 -3.444520741 7.488 32.59413662 26.08

-3.208107469 -1.626056186 6.729 1.894836345 1.43

7.503073778 3.340124196 7.423 18.26619797 14.85

423.4476992 28.15100918 9.102 460.7007084 446.3

56.38173922 -40.88945058 2.143 90.32376928 79.6

-9.99160574 9.435379851 2.129 1.572774111 0.64

-7.135790446 9.851274293 2.144 4.859483847 4.84

63.86232626 -36.51603006 3.006 30.3522962 27

257.1882792 -21.94372252 1.86 237.1045567 226.5

244.6556724 -21.36715463 1.598 224.8865178 200.2

40.51360017 -26.12254601 2.259 16.65005416 16.37

-6.401223782 3.149034825 2.381 -0.871188958 -0.64

-13.80685504 10.69012261 2.06 -1.05673243 -2.29

Table 6.1: FC, PC, and diamagnetic contributions to the total QC-calculated
shifts and experimental shifts for NiSAL-MeDPT.
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FC PC Diamagnetic Total Experimental

contributions contributions contributions calculated shifts shifts

-17.98026364 -5.559917616 7.288 -16.25218125 -14.07

27.57023744 -2.890169993 7.527 32.20706745 25.3

-7.1456177 -1.306469719 6.774 -1.678087419 -2.4

8.765191072 2.548127062 7.463 18.77631813 14.9

430.2591611 21.73736125 9.034 461.0305223 446.9

61.52879207 44.07344722 6.905 112.5072393 116.5

190.9447013 28.84425236 4.184 223.9729537 229.8

72.49840246 46.26590629 7.09 125.8543087 110.9

166.733579 29.64801499 4.112 200.493594 187

-15.43093518 -5.207556208 7.218 -13.42049139 -13.52

28.49999253 -2.59952338 7.505 33.40546915 26.2

-2.421862033 -0.946998437 6.728 3.359139531 2.4

7.070637451 3.145814868 7.409 17.62545232 15

422.2212784 21.28269543 9.063 452.5669738 438.9

-8.712704898 5.779128446 1.566 -1.367576452 -1.92

-7.850432038 6.870583581 2.665 1.685151543 -0.82

97.58679367 -27.83979219 2.393 72.14000148 79.9

304.4423038 -15.48263005 2.057 291.0166737 287.9

296.2994487 -13.61643104 2.175 284.8580177 258.5

69.65665103 -14.05416096 2.028 57.63049007 35.2

-12.57418771 2.564421572 2.247 -7.762766133 -8.54

-15.10852011 8.940819514 -1.781 -7.948700597 -10.64

-265.9474441 -61.55143751 2.298 -325.2008816 -333.3

Table 6.2: FC, PC, and diamagnetic contributions to the total QC-calculated
shifts and experimental shifts for NiSAL-HDPT.
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Details of the calculations of the PCS-driven refinement method

For the initial and final structures and for each of the intermediate steps,

the QC-calculated PCS at the CASSCF and NEVPT2 level are compared,

and the reciprocal of the slope of the regression line is used as a scaling

factor (b in Figures 6.1 to 6.4) for the subsequent step.

Figure 6.1: ORCA output parameters for structure 1.
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Figure 6.2: ORCA output parameters for structure 2.
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Figure 6.3: ORCA output parameters for structure 3.
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Figure 6.4: ORCA output parameters for structure 4.

131



Figure 6.5: Variations of the degrees of freedom between structures 1 and 4.
The differences, sorted in descending order, are expressed relatively to the corre-
sponding increment element hk, with k = angle, dihedral, bond. The nomenclature
and the graphical representation of the movement types are reported in Fig. 1.8
(left). Comparison between structures 1 and 4 with shown the coordination dis-
tances (right).

NMR and XRD analysis of HIV-1 viral capsid protein

Differences between atomic structures determined using NMR and XRD

are not uncommon, due to crystal packing forces or differences in the en-

vironment (ionic strength, pH, temperature, etc.) or in the procedural

practices [5, 327–330]. It was thus performed a joint structure refinement

through REFMAC-NMR [5, 196, 329] (Figs. S2-S11 and Tables S3-S12 in

reference [186], which showed that the helix 2 position systematically vi-

olates the solution data of the X-ray structures 1A8O, 1A43, and 1BAJ,

whereas the monomer structure of 2BUO exhibits reasonable agreement.

However, even for the 2BUO structure, the differences after the joint re-

finement are significantly larger than the experimental uncertainty of the

RDC values.
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[82] O. Vahtras, J. Almlöf, and M.W. Feyereisen. Integral approxima-

tions for LCAO-SCF calculations. Chem. Phys. Lett., 213(5):514–518,

1993. doi: https://doi.org/10.1016/0009-2614(93)89151-7.

146



[83] V. Barone and M. Cossi. Quantum calculation of molecular energies

and energy gradients in solution by a conductor solvent model. J.

Phys. Chem. A, 102(11):1995–2001, 1998. doi: https://doi.org/10.

1021/jp9716997.

[84] F. Neese. Efficient and accurate approximations to the molecular

spin-orbit coupling operator and their use in molecular g-tensor cal-

culations. J. Chem. Phys., 122:34107, 2005. doi: https://doi.org/10.

1063/1.1829047.

[85] B.A. Hess. Relativistic electronic-structure calculations employing a

two-component no-pair formalism with external-field projection op-

erators. Phys. Rev. A, 33:3742–3748, 1986. doi: https://doi.org/10.

1103/PhysRevA.33.3742.

[86] F. Neese. Theoretical study of ligand superhyperfine structure. Ap-

plication to Cu(II) complexes. J. Phys. Chem. A, 105(17):4290–4299,

2001. doi: https://doi.org/10.1021/jp003254f.

[87] F. Neese. Metal and ligand hyperfine couplings in transition metal

complexes: The effect of spin-orbit coupling as studied by coupled

perturbed Kohn-Sham theory. J. Chem. Phys., 118(9):3939–3948,

2003. doi: https://doi.org/10.1063/1.1540619.

[88] S.K. Singh, M. Atanasov, and F. Neese. Challenges in Multireference

Perturbation Theory for the calculations of the g-tensor of first-row

transition-metal complexes. J. Chem. Theory Comput., 14(9):4662–

4677, 2018. doi: https://doi.org/10.1021/acs.jctc.8b00513.

147



[89] F. Neese. Prediction of Electron Paramagnetic Resonance g values

using coupled perturbed Hartree-Fock and Kohn-Sham theory. J.

Chem. Phys., 115(24):11080–11096, 2001. doi: https://doi.org/10.

1063/1.1419058.

[90] Bertini I., Dikiy A., Luchinat C., Macinai R., and Viezzoli M.S. 1h

NMR study of the reduced cytochrome c’ from rhodopseudomonas

palustris containing a high-spin iron(II) heme moiety. Inorg Chem.,

22:4814–4821, 1998. doi: https://doi.org/10.1021/ic980531c.

[91] I. Bertini, F. Capozzi, C. Luchinat, M. Piccioli, and A.J. Vila. The

iron-sulfur cluster (Fe4S4) centers in ferredoxins studied through pro-

ton and carbon hyperfine coupling. Sequence-specific assignments of

cysteines in ferredoxins from clostridium acidi urici and clostridium

pasteurianum. JACS, 116(2):651–660, 1994. doi: https://doi.org/10.

1021/ja00081a028.

[92] R.H. Holm, P. Kennepohl, and E.I. Solomon. Structural and func-

tional aspects of metal sites in biology. Chem. Rev., 96(7):2239–2314,

1996. doi: https://doi.org/10.1021/cr9500390.

[93] I. Bertini, C. Luchinat, G. Parigi, and F. Walker. Heme methyl

1H chemical shifts as structural parameters in some low-spin ferri-

heme proteins. JBIC, 4:515–519, 1999. doi: https://doi.org/10.1007/

s007750050337.

[94] N. Shokhirev and F. Walker. The effect of axial ligand plane ori-

entation on the contact and pseudocontact shifts of low-spin ferri-

148



heme proteins. JBIC, 3:581–594, 1998. doi: https://doi.org/10.1007/

s007750050271.

[95] M. Briganti, G. Fernandez Garcia, J. Jung, R. Sessoli, B. Le Guennic,

and F. Totti. Covalency and magnetic anisotropy in lanthanide Single

Molecule Magnets: the DyDOTA archetype. Chem. Sci., 10:7233–

7245, 2019. doi: https://doi.org/10.1039/C9SC01743G.

[96] L. Rigamonti, N. Bridonneau, G. Poneti, L. Tesi, L. Sorace,

D. Pinkowicz, J. Jover, E. Ruiz, R. Sessoli, and A. Cornia. A

pseudo-octahedral cobalt(II) complex with bispyrazolylpyridine lig-

ands acting as a Zero-Field Single-Molecule Magnet with easy axis

anisotropy. Chem. Eur. J., 24(35):8857–8868, 2018. doi: https:

//doi.org/10.1002/chem.201801026.

[97] M. Vonci, K. Mason, E.A. Suturina, A.T. Frawley, S.G. Worswick,

I. Kuprov, D. Parker, E.J.L. McInnes, and N.F. Chilton. Rationaliza-

tion of anomalous pseudocontact shifts and their solvent dependence

in a series of C3-symmetric lanthanide complexes. JACS, 139(40):

14166–14172, 2017. doi: https://doi.org/10.1021/jacs.7b07094.

[98] M. Hiller, S. Krieg, N. Ishikawa, and M. Enders. Ligand-field en-

ergy splitting in lanthanide-based Single-Molecule Magnets by NMR

spectroscopy. Inorg. Chem., 56(24):15285–15294, 2017. doi: https:

//doi.org/10.1021/acs.inorgchem.7b02704.
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Lewandowski, and C. Luchinat. High-resolution solid-state NMR

structure of a 17.6 kDa protein. JACS, 132(3):1032–1040, 2010. doi:

https://doi.org/10.1021/ja906426p.

[122] S. Balayssac, I. Bertini, M. Lelli, C. Luchinat, and M. Maletta. Para-

magnetic ions provide structural restraints in solid-state NMR of pro-

teins. JACS, 129(8):2218–2219, 2007. doi: https://doi.org/10.1021/

ja068105a.

[123] M. Rinaldelli, A. Carlon, E. Ravera, G. Parigi, and C. Luchinat.

FANTEN: A new web-based interface for the analysis of magnetic

anisotropy-induced NMR data. J. Biomol. NMR, 61:21–34, 11 2014.

doi: https://doi.org/10.1007/s10858-014-9877-4.

153



[124] D. Ganyushin and F. Neese. A fully variational spin-orbit coupled

complete active space self-consistent field approach: application to

Electron Paramagnetic Resonance g-tensors. J. Chem. Phys., 138

(10):104113, 2013. doi: https://doi.org/10.1063/1.4793736.

[125] D. Liebschner, P.V. Afonine, M.L. Baker, G. Bunkóczi, V.B. Chen,
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[309] G. Pérez-Sánchez, S. Chien, J.R.B. Gomes, M.N.D.S. Cordeiro, S.M.

Auerbach, P.A. Monson, and M. Jorge. Multiscale model for the

templated synthesis of mesoporous silica: The essential role of silica

oligomers. Chem. Mater., 28(8):2715–2727, 2016. doi: https://doi.

org/10.1021/acs.chemmater.6b00348.

[310] A. Centi and M. Jorge. Molecular simulation study of the early stages

of formation of bioinspired mesoporous silica materials. Langmuir,

32(28):7228–7240, 2016. doi: https://doi.org/10.1021/acs.langmuir.

6b01731.

[311] R.K. Hester, J.L. Ackerman, B.L. Neff, and J.S. Waugh. Separated

Local Field Spectra in NMR: Determination of structure of solids.

Phys. Rev. Lett., 36:1081–1083, 1976. doi: https://doi.org/10.1103/

PhysRevLett.36.1081.

[312] F.M. Marassi and S.J. Opella. Using Pisa pies to resolve ambiguities

in angular constraints from PISEMA spectra of aligned proteins. J.

Biomol. NMR, 23(3):239–242, 2002. doi: https://doi.org/10.1023/a:

1019887612018.

[313] S. Jayanthi and K.V. Ramanathan. 2n-SEMA-a robust solid state

Nuclear Magnetic Resonance experiment for measuring heteronuclear

dipolar couplings in static oriented systems using effective transverse

spin-lock. J. Chem. Phys., 132(13):134501, 2010. doi: https://doi.

org/10.1063/1.3336815.

186



[314] C.H. Wu and S.J. Opella. Proton-detected separated Local Field

Spectroscopy. J. Magn. Reson., 190(1):165 – 170, 2008. doi: https:

//doi.org/10.1016/j.jmr.2007.10.002.

[315] A. Ramamoorthy, Y. Wei, and D. Lee. Pisema solid-state nmr

spectroscopy. In Annual Reports on NMR Spectroscopy, volume 52,

pages 1–52. Academic Press, 2004. doi: https://doi.org/10.1016/

S0066-4103(04)52001-X.

[316] P. Zhang, C. Dunlap, P. Florian, P.J. Grandinetti, I. Farnan, and

J.F. Stebbins. Silicon site distributions in an alkali silicate glass de-

rived by two-dimensional 29Si Nuclear Magnetic Resonance. J. Non-

Cryst. Solids, 204(3):294 – 300, 1996. doi: https://doi.org/10.1016/

S0022-3093(96)00601-1.

[317] S. Hiller, I. Ibraghimov, G. Wagner, and V.Y. Orekhov. Coupled

decomposition of four-dimensional NOESY spectra. JACS, 131(36):

12970–12978, 2009. doi: https://doi.org/10.1021/ja902012x.
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