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Summary

Electron Paramagnetic Resonance (EPR) is a spectroscopic technique,
based on the magnetic resonance principles, that allows the
characterization of systems containing unpaired electrons to achieve
information on their chemical environment with high resolution.
Considering the peculiar class of samples that can be investigated,
nowadays, EPR spectroscopy finds applications in several areas of science.

The first part of the thesis offers an overview of the main theoretical key
concepts required to understand the set-up and the outcomes of an EPR
experiment. Moreover, in chapters 2 and 3,the EPR methodologies adopted
in this thesis are presented starting from the first developed continuous-
wave (CW) approach up to the more advanced pulsed EPR methods. These
latter enable the detection of specific magnetic interactions among the
electron spin with other electron or nuclear spins placed in close proximity,
allowing to explore the surrounding of the paramagnetic centre at atomic
resolution.

Thanks to the modern Site-Directed Spin Labelling (SDSL) approaches, it
is possible to introduce spin labels into defined positions of a natural
diamagnetic system making it detectable by EPR. This method has further
extended the applications towards samples which are naturally EPR silent.
Chapter 4 briefly illustrates the main SDSL strategies and the features of the
most common nitroxide spin labels adopted in structural biology for the EPR
investigation of proteins and nucleic acids.

In the second part of the thesis CW-EPR spectroscopy is employing to
characterize the geometries adopted in aqueous solution by some copper(ll)
complexes with important biological ligands. The study of biochemical
processes, in fact, cannot be performed neglecting the inorganic biometals
dissolved in biological fluids. These metal ions are involved in the cell
biochemistry coordinated by several biomolecules forming metal complexes

Ill

which are the real “players” with specific biological activities. The functions
of these systems are strictly related with the arrangement of the ligands
around the metal centre and with the overall geometry of the complex.

In particular, in this part of the thesis, the stereochemistry of binary and
ternary Cu(ll) complexes with arginine and glutamic acids, which are two

abundant amino acids in brain, are investigated by CW-EPR spectroscopy.



Another important class of copper(ll) complexes is that one of
cassiopeinas, which are emerging as important antitumor agents. Among
these compounds, in the last years, many efforts were made to characterize
ternary copper(ll) complexes with 1,10-phenantroline and different amino
acids. Also in this case CW-EPR spectroscopy is employed to investigate the
peculiar geometries of these systems in aqueous solution. The experimental
results presented in this part of the thesis enable to develop a more detailed
picture of these copper(ll) species in solution in order to better clarify their
structure-function relationships for further biochemical considerations
about their role. Additionally, voltammetric measurements are performed
on the same systems to support the spectroscopic data.

In the third part of the thesis, the results of a project developed in the
Electron Spin Resonance research group at the Max Planck Institute for
Biophysical Chemistry (Gottingen — Germany), under the supervision of
Professor MARINA BENNATI, is presented.

It is well-known that the structural characterization of membrane
proteins in their natural environment is a challenging task. EPR spectroscopy
in combination with SDSL approaches is emerging as a powerful biophysical
tool to reveal biomolecular structural information at atomic resolution. In
particular, Pulsed Electron Double Resonance (PELDOR) spectroscopy, called
also Double Electron Electron Resonance (DEER), is a pulsed EPR method
which enables to detect distances between two paramagnetic centres in a
biological system in order to characterize its structure. Measuring the
dipolar coupling between two unpaired electrons, PELDOR allows to probe
their intramolecular distances with high resolution and reliability.

In this project, CW-EPR and PELDOR/DEER spectroscopy are employed
for the structural characterization of a transmembrane peptide in solution
and in a lipid environment. An additional pulsed EPR method, called 3-pulse
ESEEM, enables to have indications about the proper incorporation of the
spin labelled peptides into a lipid bilayer. The samples are prepared
introducing two semi-rigid TOPP nitroxide spin labels into the peptide’s
backbone in order to make it detectable by EPR. The experimental results of
this part of the thesis demonstrate the great potential of EPR spectroscopy
in structural biology to characterize biomolecular structures and encourage
the employment of TOPP spin label as useful tool for the EPR investigation
of peptides’ foldamers in solution and in lipid bilayer.
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Chapter 1

1. EPR spectroscopy

Electron Paramagnetic Resonance (EPR) is a spectroscopic technique that

allows to study systems which have an angular spin momentum $ # 0 due
to the presence of one or more unpaired electrons.

An EPR experiment is based on the interaction between an
electromagnetic radiation, normally in the range of microwave (GHz), and
the paramagnetic sample which is placed into an external magnetic field §0.
In this condition, the two spin states of the unpaired electron do not have
the same energy and the microwave absorption occurs if the frequency of
the incident radiation covers the energy gap between them, according to
the resonance condition AE = hv.

The first EPR signal was observed during the Second World War in 1944
by the Russian physicist ZAvoisky who studied aqueous and non-aqueous
solution of manganese salts irradiated by different electromagnetic waves in
the presence of a variable magnetic field.™ In less than one century an
impressive progress was made so that EPR spectroscopy finds nowadays
wide range of applications in many branches of science.

Several EPR methods and EPR spectrometers have been developed in
order to investigate a large number of samples (liquid solutions, solids,
single crystals, powders...) in a broad range of temperatures (from few
Kelvin degrees up to room temperature) at different magnetic fields and
frequencies according to the magnetic properties that must be detected.

The systems that can be characterized by EPR are: complexes containing
paramagnetic metal ions, organic radicals, point defects in solids, electron
transfer mechanisms, photoinduced triplet states of a molecule and so on.
In the last decades, EPR spectroscopy also extended to the investigation of
diamagnetic systems if they are properly engineered with spin labels
through the modern site-directed spin labeling (SDSL) technique introduced

by ALTENBACH and co-workers in 1990.?

This methodology will be presented
in chapter 4 and an example of EPR characterization of biomolecules
modified with spin labels will be given in part lll of this thesis.

In the next paragraphs, the theoretical key concepts of the EPR
phenomenon are presented. Further details can be found in the books of

WERTZ and BRrusTOLON.*!



Chapter 1

1.1 Theoretical background and the Spin Hamiltonian

The electron is a charged quantum particle which has an intrinsic angular
momentum §, called spin, due to the rotational motion around its own axis.
The vector S has three components along the x, y and z axis in the Cartesian
frame: Sy, S, and S; the magnitude of the angular spin momentum |§| is
guantized according to equation (1).

IS| =SS +1D) (1)

S = %is the quantic number of the angular spin momentum.

Moving from a classical to a quantum mechanics description, the spin
angular momentum S is described by the operators S, $, and $,. The three
operators do not commute to each other but each of them commute with
the |§|2 Thus, for the Heisenberg uncertainty principle, it is possible to
know exactly and at the same time the magnitude |§| and only one

projection of the vector §, which is conventionally the component S,,
written in equation (2).

S, = mgh 2)

mg = il is the quantic number of the z-component of the angular spin
2

momentum. Consequently the spin angular momentum S can assume only
two orientations along z axis at the same energy: a = +% and f = —%. The
components in the perpendicular plane to the z axis are not defined.

Like any other charged moving particles, a magnetic moment fi, is
associated with the electron spin angular momentum S according to
equation (3):

fie = YeS 3)

Y.is the electron gyromagnetic ratio, related with the charge (—e) and

the mass (m,) of the electron. These two parameters, together with the

reduced Planck constant (h), are included in the Bohr magneton (S, =
9.27 x 1072* JT 1), as shown in equation (4).

= = —YgePe 4)
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Je is the Landé factor, or simply the g-factor. It is a proportional constant
that for free electrons is equal to 2.0023. Considering that the electron is

negatively charged, [, and S are two collinear vectors with opposite
directions. Taking into account the equations (1) and (2) it is easy to derive
the relationships (5) and (6).

mel = _geﬁe\/ S(S+1) (5)
Uz =YeS; = —GeBems (6)

Similarly to §, the magnetic moment fi, can assume only two possible
orientations @ and [ at the same energy (degenerate) along z axis (figure

1.1). If the electron is placed into a static magnetic field §0, whose direction
conventionally defines the z axis of the laboratory frame, the magnetic
interaction between §0 and i, removes the degeneration of the two spin
states and the magnetic dipoles will be oriented parallel (high energy level)

or antiparallel (low energy level) to §0. This effect is called electron Zeeman
interaction, illustrated in figure 1.1, and the energy of each spin-state

depends on the intensity of EO according to equation (7).

E=—u,- EO = geBemsBy (7)

It is possible to induce a transition from f-state to a-state applying an
electromagnetic radiation with a proper frequency that satisfies the
resonance condition: AE =E, — Eg = hv = g.f.B, (figure 1.1). This
condition is reached employing a microwave radiation (GHz frequency).

E4 a . Ep 1
'/'*— Ea=+50.8:80 My = +i @
- 2 f(
af
AE = g,8,.By AE = hv
\\
. , 1 \
“*— Eg = —53:84B0 < 1
Bo=0  Bo#0 m=—7(0
Zmarun
effect N

Figure.1.1. On the left, the orientations of [i, along the z-axis is shown. When
§0 is applied the magnetic interaction with ., determines the Zeeman effect
with a splitting of the two spin states (centre). Irradiating the sample with a
microwave an electron spin transition can be induced (right) if the resonance
condition is satisfied.
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This quantum mechanics description is valid for an isolated electron. In
the case of atoms or molecules, the electron performs an additional
rotational motion around the nucleus, described by an orbital angular

momentum [ that generates the magnetic moment fi;. The quantum

mechanics treatment of these two momenta is similar to that one of S and
i, illustrated above. The angular magnetic momentum [i; gives an
additional contribution to the electron magnetic moment ji,; furthermore,
the spin and the orbital motions are not independent but the spin and
orbital momenta are coupled to each other through a spin-orbit coupling.
This effect introduces an orbital contribution in the electron spin term
resulting in a deviation of the g-factor from the free electron value, as
shown in equation (8).

g=J9e+4g (8)

The entity of this deviation 4g depends on the magnitude of the spin-
orbit coupling which is a function of the symmetry of the system. Molecules
have low symmetry and the angular momentum [is qguenched so the
magnetism of the electron depends essentially on the electron spin S. This
explains why several organic radicals show g-factor values close to 2.0023.
On the contrary, paramagnetic metal ions present a much more bigger spin-
orbit coupling constant that implies larger deviations on the g-factor.” This
effect will be described in more details in chapter 6 where the main features
of CW-EPR spectra of paramagnetic Cu(ll) complexes will be illustrated.

The spin-orbit coupling is anisotropic because it depends on the orbitals
that are involved in this interaction. In the case of a complex containing a
transition metal ion, the ligand field removes the degeneration of d orbitals
selectively according to the arrangements of the ligands around the metal
centre in the molecular frame. As a result, the g values are anisotropic and
depict the “fingerprint” of the paramagnetic metal ion under investigation,
giving a lot of information on its oxidation state and its coordination
environment.

The g-factor is described by a tensor, a 3x3 matrix reported in a Cartesian
frame (X, Y, Z) in equation (9).

Ixx 9xy YIxz
Ivx IGvyy Yvz
9zx 9zv YGzz

g= €))
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Choosing specific rotation angles it is possible to find a set of Cartesian
axis x, y, z so that this matrix is diagonalized meaning that all terms out of
the diagonal are equal to zero, equation (10).

gxx 0 O
g=|0 gy 0 (10)
0 0 9z

According to the symmetry of the system, we can distinguish three cases:

e Cubic symmetry if the system presents the same g value along
the three axis g = gxx = Gyy = 9zz-

e Axial symmetry where only two principal g values can be
identified: gxx = g,y = g, if the magnetic field is perpendicular

to the axis of symmetry; g,, = g, if §0 is parallel to it. The g
value is achieved by equation (11).

1
9=3 (g1 +291) (11)

e Orthorhombic symmetry if the system presents g,y # gyy # Jzz
the g value can be extracted by the equation (12):

1
g = §(gxx + gyy + 9zz) (12)

The g-anisotropy can be measured experimentally by rotating a single
crystal and recording an EPR spectrum for each orientation.

In the case of a powder sample or a sample in frozen solution, we have
an ensemble of microcrystals randomly oriented in the space, yielding
normally to a superimposition of several EPR lines, each one corresponding
to the individual orientation.

In liquid solution the fast Brownian motions determine a continuous spin
re-orientation that averages out the g anisotropy.

In solid-state the EPR spectrum becomes more complicated in
comparison with the liquid-phase and the calculations of the g components
must take into account the symmetry of the solid and the angle ¥ and ¢

that the magnetic field §0 forms with respect to the g-tensor principal axis
in a polar coordinate system.
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The complete Hamiltonian that describes all magnetic interactions in a

paramagnetic molecule placed into a static magnetic field §0 is written in
equation (13). Each contribution is discussed in the next sections.

1.1.1 Electron and Nuclear Zeeman interactions

The first term of the Hamiltonian written in equation (13) represents the
electron Zeeman interaction (Hg; = §0g§) already discussed in the
previous section. The eigenvalues of Hx, correspond to the energy levels of
the spin states.

If the molecule contains nuclei with a nuclear moment I 0, in analogy
with the electron, a nuclear magnetic moment is generated, equation (14).

fiy = gN.BNf (14)

By = % = 5.05 X 10727 is the nuclear magneton which includes the
14

charge (e) and the mass (m,,) of the nucleus. Taking into account that the
nucleus is positive charged, the vectors iy and I are collinear and oriented
in the same direction. The interaction between the nuclear magnetic
moment [y and the magnetic field §0 yields a nuclear Zeeman effect
described by the Hamiltonian Hy, = §Ong. The eigenvalues of Hy,
correspond to the energy levels of nuclear states.

Considering that the mass of electron is almost three orders of
magnitudes smaller than that one of a nucleus, 8, is much bigger than Sy .

1.1.2 Hyperfine and superhyperfine interactions

If the paramagnetic system contains nuclei with a nuclear moment I+0
the electron spin experiences an additional magnetic field coming from the
interaction, called hyperfine interaction, with the nuclear magnetic moment
fy. Although the external magnetic field is much bigger, the proximity
electron-nuclei favours this kind of interaction whose effect is a splitting of
the EPR line in several components according to the value of the quantic
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number | of the nuclear magnetic moment. For the nucleus, 2/+1
orientations are possible, thus, a splitting of 2/+1 EPR lines are visible. If
there are more than one equivalent nuclei I =) I;; the intensity and
multiplicity of the EPR signal are defined by the Tartaglia’s triangle. The
distance between two adjacent EPR lines is defined as hyperfine coupling
constant (A).

In part Il of this thesis, the EPR characterization of biomolecules
modified with nitroxide spin labels is discussed. Nitroxides are organic
radicals widely used for the EPR characterization of biological systems with a
general form R — NO" — R?. ¥*N is the most abundant isotope of N and it is
a magnetically active nucleus with a magnetic nuclear quantum number /=1.
The hyperfine interaction between the unpaired electron (5=%) of nitroxide
radical with the nuclear magnetic moment of **N determines a split of the
EPR line in three components because three EPR transitions are possible for
each different nuclear spin-state according to the selection rules: AM; = +1
and AM; = 0. (figure 1.2).

A gquantum mechanics description of the hyperfine interaction is given in
the Hamiltonian of equation (15).

PN

HHF = HFermi + ﬁdipole = SAl = aisof +STI (15)

A is the hyperfine coupling constant and it is a tensor, like the g-factor,
which is made up of two components: A = a;5, + T

» L
E A=+ E
a P
‘, - ™My = -|-1
Fd “.. ™ 2

rd hY my = —1

\“
\ =—1
.

“‘i—gf I
Bm0  Bos ‘~.+9_m.=+1

Zeoman  Fyperfine
effect  interaction

[

Figure 1.2. Hyperfine interaction between the electron spin (§=%) and the
nuclear spin of N (I1=1): energy levels and permitted EPR transitions; a is the
hyperfine coupling constant.
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a;so IS an isotropic contribution due to a Fermi contact interaction,
related to the probability |¥(0)|? to find the electron on the nucleus,
equation (16). Quantum mechanics does not exclude that the spin density at
the nucleus is equal to zero.

8
QAiso = §7TgﬁegNﬁNlllu(0)|2 (16)

The second hyperfine term is anisotropic and it is described by the tensor
T. This contribution occurs when the electron and the magnetic moments
(i, and fiy) are dipolar coupled through the space. The energy of this
interaction is classically described by equation (17), where i is the vacuum
permeability.

- . e 3 e .7;) e 'F
g = Ho|fe Fn _ (e 3(.“N ) an
dm| |7 71°

The Hamiltonian ﬁdipole is explicitly written in equation (18) and it is a
function of the distance |#| between the two interacting magnetic dipoles.
The eigenvalues of this Hamiltonian give the dipolar interaction energy.

I . $.1 3607
Hdipole =STI = _gﬁegNﬁN |7;>|3 - |7;>|5 (18)

Hrormi > Hdipole therefore if the system presents a spherical symmetry
or if the EPR experiments are performed in liquid solution the anisotropic
contribution is average out and just the isotropic term contributes to the
EPR spectrum.

However, only s orbitals have a non-zero probability to have the electron
at the position of the nucleus: in the case of an hydrogen atom (*H), which
contains only one electron in a s orbital, a;s, is equal to 508 G. All other
orbitals (p, d or f) have nodes at the nucleus; nevertheless, EPR spectra in
liguid solution of metal complexes or of organic radicals still show an
isotropic hyperfine interaction. This isotropic contribution comes out
through another mechanism called spin polarization: the spin-state of the
unpaired electron has an influence on the spin-state of close by pair
electrons involved in bonding formation through a quantum mechanics
Coulomb repulsion. In particular, if the unpaired electron is in a “spin-up”
state, the electron of the close by pair bonding that is nearer to it has a

10
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larger probability to be in a “spin-down” state than the farther one which
will assume, for the Pauli’s principle, a “spin-up” state.

EPR spectra of metal complexes containing transition metal ions can be
further complicated by the presence of ligands containing magnetically
active coordinating atoms. In this case, an additional magnetic interaction,
called superhyperfine interaction, occurs and each EPR line is further split in
2I+1 lines where [ is the nuclear magnetic quantic number of the donating
atom. The superhyperfine coupling constant A" is much smaller than the
hyperfine coupling constant A and it is made up , as well, of isotropic and
anisotropic components according to the molecular orbitals of the complex.

The features of these EPR spectra and the magnetic parameters give a lot
of information about the coordination environment and the geometry of
paramagnetic metal complexes. Part Il of this thesis will show several
examples of Cu(ll) complexes (““/=3/2) that contain an unpaired electron
(S=%) due to the electronic configuration d’ of Cu(ll) ions with N-donor
("1=1) ligands.

1.1.3 Nuclear Quadrupole interaction and Exchange interaction

The nuclear quadrupole interaction is typical of nuclei with />% whose
quadrupole moment interacts strongly with the electric field of the
surrounding electrons. The Hamiltonian that describes this interaction is
written in equation (19) where Q is the quadrupole tensor.

Hyo =10I (19)

In the case of biradicals or multispin systems, a slight overlap between
the wavefunctions of two or more unpaired electrons can occur if they are
close by through the space. This interaction, called exchange interaction, is a
quantum mechanics phenomenon resulting from the interchanging of spin-
states of two electrons due to the combination of their wavefunctions. This
effect is described by the Hamiltonian of equation (20).

ﬁEX = SAJSB (20)

S, and Sy are the operators of the spin angular momenta of the two
electrons and | is a tensor that describes the exchange interaction.

11
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For interspin distances longer than 1 nm, the exchange term can be
neglected in the general Hamiltonian of equation (13).

The effects described in this section will not be further discussed because
they are not a topic of this thesis.

1.1.4 Dipolar electron-electron interaction

If the paramagnetic system contains two unpaired electrons A and B
separated by a distance g, similarly to the hyperfine interaction, the
associated magnetic moments fi, and iz can be dipolar coupled through
the space. The energy of this interaction is given in equation (21). It is
analogous with that one already observed in equation (17) with the
exception that the magnetic moment of the second coupled electron takes
the place of the nuclear magnetic moment.

b A 3 - .? - .?
E = Ho MA_) K (i _))(HB ) 1)
am | |73 7|5

The corresponding Hamiltonian, similar to that one of equation (18), is
given in equation (22), where D is the dipolar coupling constant written
extensively in equation (23).

—~ —~ A N SAA . SAB 3 S;A 'r SAB r
Hpp = Hpp = $4DSp = —QAHB,[’)e2 73 - ( |F)|g ) (22)
_ 1oBEgags _ MHz

Normally, the electron-electron interactions are a small contribution
compared with the electron Zeeman effects to the general Hamiltonian of
equation (13). In these conditions, the dipolar coupling through the space
between two unpaired electrons can be expressed by the angular dipolar
frequency w4 shown in equation (24).

D

w -
ad |7"AB|3

rad
(1 — 3cos?9) [T (24)

The frequency expressed in MHz is given in equation (25).

12
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_ Wwgq 5218 )

Vaqg = o = m (1 —3cos*9) [MHZ] (25)
According to equations (24) and (25), the dipolar frequency is a function
of the distance |745| between the two electrons A and B and of the angle 9
that the vector 7,5 forms with the magnetic field §0, as shown in figure 1.3.
In liquid solution the paramagnetic sample can move freely and, so, wg;q4 is
averaged to zero. If the sample is frozen, it shows a random distribution of
all different orientations, as mentioned previously, giving the characteristic
Pake pattern, shown in figure 1.3. This graph is made up of two subspectra

resulting from the two spin states a and [ of the coupled electrons.

o (3 B D
Ford = 0° (74511Bo) Waq = —2-3-
AB

In this case, there is only one possible orientation of 745 parallel to By,.

Ford = 90° (%453 LB,) Waqg = %
TAB

Many orientations of 745 on the perpendicular plane to §0 are possible.
This explains the different intensities in the Pake doublet illustrated in figure
1.3.9 At 9 = 54,7°, called “magic angle”, the dipolar coupling vanishes.

The separation between the two maxima of the Pake pattern represents
the value of the dipolar frequency in the case of ?ABJ_§0 and this splitting is
used to measure experimentally w4,4.

wgq, (¥ =90°)

Waq)| = 2W4q,|

—

I gy 0=

TWqg  Wqg 0 Wad  Ydd
2 2

Figure 1.3. On the left, the orientations of vector #;5 are illustrated. On the
right, the Pake doublet shows how the values of wyy change with 9 in a
powder sample.
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Chapter 1

Considering the equations (24) and (25), it is easy to extract information
on the inter-spin distance, equation (26).

3(52.18  3/2m-52.18

Vad Wag

r= [nm] (26)

Specific pulse sequences, that will be illustrated in chapter §3, were
developed to probe the distances between two unpaired electrons to get
structural information at atomic resolutions on biomolecular systems
properly modified with spin labels. Part Il of this thesis gives an example of
this field of application of EPR spectroscopy.
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Chapter 2

2. Continuous-wave and pulse EPR spectroscopy

The first EPR spectrometers that were developed enabled to irradiate the
paramagnetic sample with a constant microwave at a fixed frequency and to
carry out a field sweep up to the resonance condition is matched. This first
EPR approach is called continuous-wave (CW) mode.

In the modern EPR spectrometers the spin system is excited by a series of
microwave pulses at high power keeping constant the magnetic field
strength; then, the induced signal is measured when the pulses are switched
off. This new methodology followed the progress of pulsed NMR
spectroscopy and the pioneers in this field were Mims"”? of Bell laboratories,
BROWN of McDonnell-Douglas Research Laboratories and TsveTkov® of
Novosibirsk University. These scientists have developed the first
technological and theoretical principles of pulse EPR spectroscopy from the
beginning of 1970™.

Many EPR applications still adopt CW-EPR approach because it presents
an higher sensitivity compared with the more advanced pulse methods;?
moreover, pulse EPR requires additional sophisticated components to
perform the experiment. On the other hand, pulse EPR spectroscopy allows
to select the magnetic interaction of interest applying specific pulse
sequences that generates a signal containing only the desired information.
Therefore, till now, these two techniques are two complementary
methodologies to achieve a significant picture of the spin system under
investigation.

In this thesis, both CW and pulsed EPR methods are employed for the
characterization of Cu(ll) complexes with different ligands of biological
relevance (part Il) and for the structural investigation of transmembrane
peptides in solution and in lipid bilayer (part IIl).

In the last decades, both CW and pulse EPR experiments were carried out
in EPR spectrometers at high fields and high frequencies: each EPR
experimental setup is described by a letter as shown in figure 2.1. Moreover,
double frequencies experiments were designed in order to deeply
investigate various magnetic interactions.!*”

According to equations (7) and (15) the resolution of g-tensor is field-
dependent while the resolution of A-tensor is field independent.
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J-band
033T 1.25T 35T 9T By(Tesla) 263 GHz .-
(X-band)(Q-band) (W-band) {J-band)

Figure 2.1. On the left, the field strengths and microwave frequencies of the
4 most employed EPR bands (X, Q, W and J) are shown. On the right, the ESE
signals of a nitroxide radical are illustrated to highlight the enlargement of g-
tensor resolution at different fields and frequencies.

As discussed in the paragraph §1.1, transition metal ions have a strong
spin-orbit coupling, so the components of g-tensor are already well resolved
at low fields and low frequencies. Thus, EPR experiments at X-band and Q-
band frequencies are generally performed for the characterization of
complexes containing paramagnetic d-metal centres.***?

In the case of organic radicals, the low symmetry of the system implies
that the features of g-tensor can be resolved only moving to higher fields
and higher frequencies.™ Figure 2.1 illustrates the swept-field electron spin
echo (ESE) signal, that will be described in the paragraph §3.2, of a nitroxide
radical: at X-band frequencies the three components of g-tensor are
indistinguishable and the shape of the EPR signal is dominated only by
hyperfine anisotropy. A-tensor and g-tensor are collinear in nitroxide
radicals and their anisotropies show a comparable amplitude at Q-band
frequencies; furthermore, at W-band or J-band the g-tensor is totally
resolved and it is possible to excite different portions of the EPR spectrum
which correspond to different orientations of the g-tensor with respect to
§0.[14] According to the information that we want to achieve the most
suitable EPR spectrometer is employed.

In the next paragraph the main instrumental components of a CW-EPR
spectrometer and the most important experimental parameters are briefly
illustrated. Then, the additional components required to generate pulses in
a pulsed EPR spectrometer are described.
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Continuous-wave and pulse EPR spectroscopy

2.1 EPR spectrometer

Different EPR spectrometers are commercially available and the
development of additional equipment to improve the potential of these
machines is still proceeding in several laboratories.

A simplified scheme of a CW-EPR spectrometer is shown in figure 2.2.
The paramagnetic sample is placed between two electromagnets in a
resonator where takes place the interaction with the microwave. The
electromagnets allow to vary the static magnetic field §0 by run a current
through some coils. This creates a large amount of heat and so a continuous
flow of water around the magnet prevents the overheating.

The klystron or the most modern Gunn diode are monochromatic
sources that generate a continuous microwave. This radiation is sent to the
sample through a wave-guide whose sizes are strictly related to the
wavelength A in order to amplify the incident electromagnetic wave. The
power of the microwave (of the order of mW) can be varied by an
attenuator placed before the resonator to control precisely the amount of
radiation that the sample will experience.

PHASE
SWITH  sHIFTER REFERENCE ARM
| ==
0
- - e ey - -
o -
| > [l;>,—ﬁ‘ CURRENT
\\~ CIRCULATOR DETECTION METER
SOURCE ATTENUATOR - DIODE
IRIS MODULATION
SAMPLE /r CoIL
MAGNET

’ POWER
CAVITY SUPPLY

Figure 2.2. Scheme of a CW-EPR spectrometer adapted from!™*.
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The sample is located in the center of the resonant cavity with a
rectangular or cylindrical shape ensuring the maximum absorption of
magnetic component from the microwave and minimum absorption of its
electric component whose energy is dissipated on the walls of the cavity
producing heat.

Resonant cavities are characterized by a quality factor (Q), which
indicates how efficiently they are able to store microwave energy. As shown
in figure 2.3, the quality factor is a function of v,.., the resonant frequency
of the cavity, and Av, the half width at half height of the resonance peak.
The higher is the Q factor value, the higher will be the sensitivity of the
measurement.

An EPR spectrometer has generally a reflection set-up: once the radiation
interacts with the sample, it is reflected back to the detector that compares
the power of incident and reflected radiations. A circulator, depicted in
figure 2.2, drives selectively the incident microwave only from the klystron
to the resonator and the reflected microwave only from the resonator to
the detector avoiding that it comes back to the microwave source damaging
it. When we are off resonance the microwave is completely reflected by the
cavity; on the contrary, when we are in resonance a decrease in the amount
of microwave radiation that is being reflected out of the resonator is
recorded yielding to the EPR signal.

The detector is a diode which transforms the microwave power in an
electric current proportional to the power of radiation. To achieve an
accurate quantitative measurement of the absorbed microwave energy, the
diode must work in a linear range.

Reflected
power
Vyes
Q=43
Av
|
! >
Vres v

Figure 2.3. The quality factor.
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Continuous-wave and pulse EPR spectroscopy

The reference arm supplies the detector with an extra microwave power,
coming directly from the source, to ensure a steady level of current.
Additionally, it bias eventually a phase shifter to make sure that the two
signals arriving to the detector from the reference arm and from the
resonator are in phase when they combine.

The microwave enters into the cavity through a variable opening called
iris, whose size regulates and couples the amount of incident radiation
which goes inside the cavity with that one reflected back from the cavity.
The resonator is critically coupled when all the power that enters into it is
not reflected out.

In order to increase the signal to noise ratio, CW-EPR spectrometers
make use of phase-sensitive detection achieved by a field modulator, which
is applied through specific modulation coils. The field modulator creates a
small oscillating magnetic field around the sample in addition to §0. This
oscillating magnetic field has an amplitude which is smaller than that one of
the resonance peak (normally around 100 KHz) and defines the range of
electromagnetic energy that reaches the detector, increasing the resolution
of the EPR measurement. Considering that the field experienced by the spin
system is modulated at 100 KHz, the output which gets to the resonator will
be oscillating as well and it is sensitive to the slope of the absorption peak. A
lock-in amplifier, connected to the detector, will amplify only the signals
modulated at this frequency, the others (noise and electrical interferences)
will be suppressed. As a consequence of the modulation process, CW-EPR
spectra show up as a derivative line shape relative to energy absorption
peak (figure 2.4). This field modulation procedure is not performed in pulse
EPR methods.

100 kHz modulation
[\of detector output
|

detector current

490 kHz field modulation first derivative

Figure 2.4. First derivative EPR signal. Figure adapted from*e,
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The amplitude of field modulation is an important parameter that must
be fixed accurately: if it is larger than the linewidth of the EPR line, the signal
broadens and becomes distorted.

The time constant is another parameter which is used to filter out more
of the noise by slowing down the time response of the spectrometer.

2.1.1 Pulse-forming unit (PFU)

As previously introduced, pulsed EPR spectroscopy requires the
generation of short (timescale of ns) and high-power pulses which are
created through some additional components. Basically, once the
continuous microwave is generated from the source, it is driven to a pulse-
forming unit (PFU) that makes the desired pulse sequence from segments of
the continuous radiation (figure 2.5). This sequence is sent to an amplifier
followed by an additional attenuator that allows to regulate the power of
pulses which are directed to the sample. This attenuator is connected to the
circulator so that the pulses can be driven inside the resonator. Each pulse
excites the whole spin system that, in this way, experiences an additional
magnetic field §1 for a small time interval t,, (pulse length). In order to
preserve the detector from the high power of reflected pulses, a diode
switcher blocks the pulses until the so called ringing, which appear after
pulse excitation, has decayed (defense pulse).

' : CW MW irradiation
of excitation frequency v

14,

|
|
VARV,

I 1
tP
MW pulse Excitation bandwidth
of length t, obtained by am- in the frequency domain obtained by
plification of a segment of the Fourier Transformation of the MW pulse

CW irradiation

Figure 2.5. Generation of pulses with a rectangular pulse profile from a
continuous microwave radiation. Figure adapted from!7,
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Continuous-wave and pulse EPR spectroscopy

This set-up allows to generate rectangular pulses whose excitation profile
corresponds to a sinc function (sin(x)/x) when the pulses are Fourier
transformed (figure 2.5). The first zero-crossing point away from the central
frequency v is given at 1/t, and it is possible to consider a uniform

N - . 1
excitation profile in the range of frequencies v + Py
p

Nowadays, the development of arbitrary waveform generators (AWGs)
allow to create shaped pulses modulating their amplitude, phase and
frequencies within the pulse length t,, to improve the performance of pulse

EPR experiments.[ls]
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3. Pulse sequences

Considering that real EPR samples consist of a large number of spins, in
order to describe which are the effects of the interaction between the
applied pulses and the unpaired electrons, it is useful to introduce a
macroscopic model of the spin system. A vector model is briefly illustrated
in the next paragraph; more details can be found in the books of WERTZ and
BRusTOLON.**

3.1 The vector model

Taking into account a packet of electron spins, it is possible to define a

total magnetization vector M from the sum of the individual magnetic
moments [i; (equation 27).

M= Ziﬁi (27)

If this ensemble of electron spins is placed into an external magnetic field
§0, which is conventionally assumed to be directed along the z axis, the
magnetization vector M undergoes a precession motion along the direction

of §0 at the Larmor frequency (w;) written in equation (28).

_ 9be
h

wy, | By (28)

In these conditions, a net magnetization +M, will be detected due to
the excess of § spin states over the a spin states while the perpendicular
components M, and M, are averaged out to zero. We define My = +M,
this initial thermal equilibrium of the spin packet into the external magnetic
field By.

Moving from a static laboratory frame to a rotating laboratory frame at
the same value of Larmor frequency the precessing magnetization vector M
appears stationary.

When a pulse §1 perpendicular to §0 (§1 K §0) is applied for a time
interval t,, rotating at the Larmor frequency w;, the spin system
experiences it as stationary as well. Thus, the thermal equilibrium M, is
perturbed because the magnetization vector undergoes an additional

procession motion along the direction of §1 at an angular frequency
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9Be
h

results in a flipping of magnetization vector M from the +z axis towards the

wy =2°2|By| with (w; < w;). The sum of the two precession motions

xy plane during the time interval t,. Then, the vector M forms an angle 9
with the z axis and the M,, components become different from zero
starting to precess as well on the xy plane (figure 3.1). The tilt angle 9 is a

function of the intensity of §1 and of the pulse length t,, according to
equation (29).

9 =v.|Bi|t, (29)

Choosing these two parameters it is possible to define the value of tilt
angle 9 that normally gives the name to the pulse applied. = and % pulses
are the most used in the pulse sequences: a i pulse flips the magnetization
vector from +z axis to —z; a % pulse moves M from +z axis to the xy plane.

Once the pulse is switched off, the magnetization vector experiences
only the static magnetic field §0 therefore it tends to come back to the
original thermal equilibrium. If a static detector is placed on the y axis it is
possible to detect, immediately after the pulse, the shrinking of M, and M,,
components that will come back to zero with a sin or cos function at the
resonance frequency of the spin packet.

Considering that this signal is “induced” by the application of a pulse,
that it is recorded while the pulse is switched off and that it has an
exponential decay, it is called free induction decay or FID.

—
Bollz
A

X

Figure 3.1. Scheme of the vector model.

23



Chapter 3

[
<> FID
tp

Figure 3.2. A pulse is always followed by a FID.

A FID signal is shown in figure 3.2.

The thermal equilibrium is restored through two different mechanisms:
longitudinal relaxation and transverse relaxation.

The first one is related to the interaction between the spin system with
the lattice in the surrounding that has the effect to recover the component
M, to M. This process is described by the relaxation time T; according to
equation (30).

M,(t) = My(1—e™t/T) (30)

The transverse relaxation is related to spin-spin interactions which yield
to a loss of coherence of the spin system on the xy plane. It occurs because
the magnetic moments are influenced by local fluctuating magnetic fields of
the other spins in their chemical environment; consequently, they start to
precess with slight difference frequencies from the original Larmor
frequency (w;) value. This determines a dephasing on the xy plane with an
exponential decay (FID) up to the two components M, and M,, come back to
zero. This process depends on the relaxation time T,. The exponential decay
of a FID is related not only to a spin-spin interaction but many other
processes contribute to it such as spin diffusion, instantaneous diffusion or
spectral diffusion. Therefore, the relaxation time which includes all these
terms that are involved in the dephasing of the spin packet in the xy plane is
called phase memory time (Ty). The exponential decay of M, and M,
components is written in equation (31)

My (£) = My e=t/Tm (31)

24



Pulse sequences

T; and Ty, are temperature-dependent: lower temperatures slow down
both relaxation processes.

A representation of the two relaxation mechanisms is depicted in figure
3.3. How it is possible to observe T; > T),. The values of these relaxation
times are two important parameters to set-up an EPR experiment.

In CW-EPR spectra, T; and T, have an influence on the lineshape and on
the linewidth of the signal. In particular, small T; values enlarge the
linewidth because the spin-lattice relaxation is related to the inverse of the
EPR transition probabilities. A fast longitudinal relaxation means a fast
electronic transition with a consequent EPR line broadening. On the
contrary, if T; is really long it means that it is difficult to restore the thermal
equilibrium and after the irradiation there is no difference anymore in the
population of the two spin states (saturation). In general, it is useful to have
a quite high T; value without reaching the saturation condition. T, gives an
additional contribution to the line broadening because the spin-spin
interaction might change the energy levels of the spin states and this effect
has an influence on the peak-peak distance.”!

About pulse EPR spectroscopy, in order to increase the signal to noise
ratio of an EPR spectrum, more than one scan are acquired. The time
interval between one acquisition and the next one is strictly associated with
the length of T; because it must be ensured that the spin system comes
back to the initial thermal equilibrium before to restart the EPR experiment.
Normally, a short repetition time SRT = 5T; is chosen. The phase memory

time influences the time interval between the application of two pulses.

Figure 3.3. Experimental graphs of longitudinal (left) and transversal (right)
relaxation mechanisms of BDPA radical 0.1% in polystyrene (PS) at room
temperature.
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Theoretically, the detection of the FID from a one-pulse EPR experiment
might give information about the phase memory time and the resonance
frequency of the spin system under investigation. If a series of spin
ensembles with different Larmor Frequencies is present, the resulting FID is
composed by the sum of the FIDs of each spin packet. This signal can be
deconvoluted into its components through a Fourier transformation that
yields the single Larmor frequencies of the spin packets.

The main issue of this approach is the so called dead time following the
microwave pulse because the detector cannot record the EPR signal at the
time when the pulse is switched off because the high power of pulse has to
be dissipated to avoid detector damages. It means that some spin packets
might leave no detectable signal beyond the dead time. For this reason
several pulse sequences with two or more pulses were developed to probe
specific magnetic interactions. In the next paragraph, the basic Hahn echo
sequence is introduced.

3.2 The Electron Spin Echo signal

Applying two pulses separated by a time interval 7, called evolution time,
two FIDs are generated after each pulse; additionally, a third EPR signal,
called electron spin echo (ESE), appears after 2t. This signal was discovered
in 1950 by HAHN who applied two % pulses separated by a certain evolution
time.™ Then, the pulse sequence was further improved by CARR (New
Jersey) and PURCELL (Harward University) who suggested to substitute the

T .
second > pulse with a 7 pulse.””!

This pulse sequence 90 — T — 180 — 7 — echo, shown in figure 3.4, is called
Hahn echo sequence and it is the basis for the detection of an EPR signal in
all pulsed EPR techniques.

K, Sk ok
j -

Figure 3.4. Hahn echo pulse sequence.
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In order to understand the origin of the spin echo signal it is useful to
refer to the vector model illustrated in the previous paragraph. The first g

pulse applied along the x axis flips the magnetization vector from the +z axis
to the y axis. During the evolution time 7 the spin packets dephase on the xy
plane due to the local magnetic field inhomogeneities; thus, they precess
with slight different frequencies and speeds. The second m pulse (called
refocusing pulse) flips all these precessing spins of 180° degrees along the x
axis on the xy plane while each of them keep moving with the same speed in
the same rotation direction. Therefore, the spins will be progressively
refocused on the y axis yielding at the time t = 27 a spin echo signal. After
that the spins will defocus once more. This EPR signal reproduces the
magnetization of the FID following the first pulse but 180° phase shifted.
Therefore, it is like an “echo” of the first FID without the drawback of the
dead time and it is called electron spin echo. The longer is the evolution time
T the lower will be the spin echo intensity due to the T, decay.

3.3 Pulsed EPR methods adopted in this thesis

In this paragraph the pulse EPR sequences employed in part Il of this
thesis are briefly illustrated. All of them enable the detection of a specific
magnetic interaction occurring in the sample.

3.3.1 PELDOR/DEER pulse-sequence

PELDOR (Pulsed Electron Double Resonance), called also DEER (Double
Electron Electron Resonance), is emerging as a powerful double-frequency
EPR technique to detect inter spin distances between two paramagnetic
centres in a biological system in order to investigate its structure. Measuring
the dipolar coupling between the two unpaired electrons (section §1.1.4),
PELDOR/DEER spectroscopy allows to probe their intramolecular distances
with high resolution and reliability. This technique is fundamental to confirm
crystallographic data of a biomolecule or to propose a model of a
biomolecular system when there are no structural information. Several
detailed reviews about this biophysical methodology have been written in
the last years.!®*'™%*

As discussed in the section §1.1.4 the dipolar coupling term, ﬁDD, is
hidden by stronger magnetic interactions in the general Hamiltonian of
equation (14); therefore, in order to extract the distance information, it is
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necessary to isolate this contribution applying specific pulse sequences. The
first 3-pulse sequence to probe an interspin distance was suggested by
MiLov in 1984, figure 3.5.

Basically, the two interacting spins (A and B) have their own Larmor
frequencies v4 and vy due to their specific chemical environment.

A Hahn echo sequence with a long evolution time t is applied at the
frequency v4, chosen as detection frequency; at the same time a @ pulse
sweeps at the frequency v (pumping frequency) between the g pulse and

the refocusing m pulse fixed at v,. Considering that the two electrons are
dipolar coupled with a frequency v;4 (equation 25), the flipping of B spins
inverts the local field experienced by A spins affecting the resonance
frequency of A spin. In this way, the intensity of the echo signal will be
modulated at the dipolar frequency v,;;. A PELDOR/DEER experiment
consists of monitoring the intensity of the echo signal during the sweeping
time of  pulse at vg. This 3-pulse sequence suffers from the dead time

because the pumping pulse cannot be applied at the position of% pulse. The

two pulses in fact must not overlap. To overcome this issue an additional
pulse was placed after the Hahn echo sequence at v, so that the pumping
pulse moves between the two 7 pulses generating a refocused echo.!*?®
Recently, 5-pulse and 7-pulse PELDOR/DEER sequences were further
proposed to detect long-range interspin distances and to improve the
sensitivity and the intensity of PELDOR/DEER signal adopting shaped
pulses.”? However, today the 4-pulse PELDOR/DEER sequence is still

largely adopted for characterization of several biomolecular structures.”??

Figure 3.5. 3-pulse and 4-pulse PELDOR/DEER sequences.
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EPR distance measurements in biological systems are performed in
frozen solution yielding to an ensemble of biomolecules randomly oriented.
Each spin contributes to the EPR spectrum with its own Larmor frequency
leading to an inhomogeneous broadening of the EPR spectrum (figure 3.6).

To record a PELDOR/DEER trace the pumping and detection pulses must
excite separately fi, and fig; therefore, a sufficient separation Av between
the Larmor frequencies v4 and vg is required (Av > v;,;). PELDOR/DEER
experiment fails for distances under 1.5 nm due to the high v, value.
Additionally, the excitation bandwidth of the pulses must cover completely
the splitting of the dipolar coupling in order to excite all possible
orientations of the two spins; therefore hard and short pulses are employed.
Figure 3.6 shows an experimental field-swept Electron Spin Echo (ESE) signal
of a biomolecule modified with two nitroxide spin labels at Q-band
frequencies highlighting the pulse positions.

CW-EPR experiments allow to detect short distances under 1.5 nm
because the strong dipolar coupling affects the lineshape of the EPR
spectrum.?3Y On the other side, a modulation is actually detectable for
distances up to 9 nm.5? The main challenge to overcome the upper distance
limit is the length of the evolution time 7, that cannot exceed the phase
memory time.
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Figure 3.6. On the left a scheme of a biomolecule containing two interacting
electron spins. On the centre, an experimental nitroxide swept-field ESE
signal is shown with the pulse positions. On the right the 4-pulse
PELDOR/DEER sequence is illustrated with an experimental PELDOR/DEER
trace. The modulation of the refocused echo intensity allows to extract
information on the interspin distance.
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Many expedients were employed to make T, longer in order to increase
T, and to probe long-range distances. One contribution to the phase
relaxation is the nuclear spin diffusion due to the coupling between the
electron spin with the protons of solvents and of the biomolecule.
Deuterium shows a smaller magnetic moment compared with protons
ensuring a reduction of this effect.®® Therefore, PELDOR/DEER experiments
are normally performed in deuterated solvents like D,0,* if possible in

B3 or in both deuterated solvents and deuterated

deuterated biomolecules
biomolecule with high gain in terms of sensitivity.[36] Furthermore, low
temperatures play a critical role to increase the relaxation times; thus,
generally the experiments are carried out between 10K and 60K, using liquid
helium as cooling medium.! At this temperature, a cryoprotectant agent is
added to prevent ice crystals formation and possible aggregation of the
biomolecules. Both processes can lead to a reduction of T,,; so, a glassy
agent like glycerol or perduterated glycerol (ds-glycerol) maintains the
sample in a glassy state during the freezing procedure.®”

An experimental PELDOR/DEER trace presents a first intense modulation
which corresponds to the intensity of the undetected spin echo, zero-time
(figure 3.6); then, there are one or more modulations which are the sum of
two dipolar contributions: an intramolecular term, due to the coupling
between spin labels that belong to the same biomolecule, and an
intermolecular term due to the coupling among spin labels of different

biomolecules, equation (32).

V(6) = Vinera(®) * Vinter (£) (32)

Vintra(t) is the term of our interest and can be described by the

expression written in equation (33).2**®!

Vinera(@®) = Vo[1 = 2 + A(cos(wgqt))] (33)

V, is the intensity of the refocused echo signal at t=0, when the pumping
1 pulse is not applied; A is the modulation depth, related with the fraction of
B spins coupled with A spins that are flipped by the & pulse at vg.

In order to reduce the intermolecular contribution, Vi, (t), the
concentration of samples are low, normally around 50uM.”*! However, after
the acquisition of a PELDOR/DEER trace it is necessary to remove the
residual intermolecular background contribution from the experimental
data. For the analysis of the experimental PELDOR/DEER trace the well-
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known DeerAnalysis program, developed from JESCHKE and co-workers, was
employed in this thesis.®¥ This program assume that the distances within
the biomolecule are shorter than the intermolecular distances. It implies
that the first part of PELDOR/DEER trace is dominated from the desired
information while the last part of the trace is dominated from the
intermolecular term that can be fitted with an exponential decay. Defining
the beginning of a background correction function at some point of the
experimental data, the first part of PELDOR/DEER trace is fitted by
extrapolation, as shown in figure 3.7. After that, a background corrected
PELDOR/DEER trace is obtained and it is possible to extract the modulation
depth parameter (A1) from the reduction of the refocused echo intensity.
Applying the Fourier transformation to the corrected experimental data it is
possible to figure out the Pake pattern and to extract the distance
distribution from the splitting between the two maxima (figure 3.7).5¥ The
outcomes of the analysis are strongly dependent from the quality of the
experimental setup adopted, the signal to noise ratio and the length of the

evolution time T that should allow to acquire at least 1.5 complete
139]

modulations to obtain reliable distances.

Figure 3.7. (a.) The black curve is one experimental PELDOR/DEER trace made
up of both intermolecular and intramolecular terms. The cyan line is the
exponential decay which fits the intermolecular contribution. (b) The
background corrected trace is shown with the fit of the background
correction model (cyan line). (c) Applying the Fourier transformation, the
Pake Pattern is obtained and it is possible to calculate the dipolar frequency
V4q in order to (d) extract the distance distribution.
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The calculation of the distance distribution P(r) from the dipolar
evolution function V (t) is a challenging step because small distortions in the
dipolar function V(t) can have large effects in the distance distribution
function P(r). Therefore, it is necessary to find a good compromise
between the resolution of P(r) and the influence of the experimental noise
that may generate some artefacts.”

Many mathematical algorithms were suggested to solve this problem and
nowadays the most used is the Tikhonov regularization procedure.*® In this
statistical approach, the best distance distribution P(r) is found by the

minimization of this function (equation 34):

2
(34)

2

d
Ga(P) = p(a) +n(@) = IS - V®OI* + @ 2P

for a given regularization parameter a.

The equation (34) is made up of two terms: the first one, p(a) =
IS(t) — V(¢)||?, is the mean square deviation between the simulated S(t)
and the experimental dipolar function V (t), defining the resolution of the
experiment. The second one, n(a) =a ”;l—:zP(r)”2 is the second-
derivative of P(r) weighted by the regularization parameter a. It represents
the smoothness of the function at different a values. The larger is a the
larger is the smoothness, the less is the resolution. The best regularization
parameter is extracted plotting logn(a) vs. logp(a) that yields to a L-curve
plot like that one in figure 3.8. The best compromise between resolution
and smoothness of the P(r) function is reached choosing an a value close
to the turning point (red point in figure 3.8).1*

log(n)

log(p)
Figure 3.8. L-curve plot.
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3.3.2 Electron Spin Echo Envelope Modulation (ESEEM)

It was already discussed in paragraph §3.2 that the intensity of the ESE
signal depends on the value of the evolution time 7 between the g and

pulses (electron spin echo envelope). Therefore, it is possible to measure the
exponential decay Ty-dependent of an ESE signal recording its intensity
while the time interval between the two pulses of a Hahn echo sequence is
gradually increased, as shown in figure 3.9.14"

Another approach to detect the echo exponential decay consists of
splitting the m pulse of the Hahn echo sequence in two % pulses, separated

by the time interval T. In this way, the 3-pulse sequence 90 -7 -90-T - 90
— 7 — echo, shown in figure 3.9, is generated.[‘” The combination of the third

pulse with the first and the second % pulses produce a series of unwanted
primary echo signals; additionally, the effect of all three % pulses on the

magnetization vector produces the so called stimulated echo after a time
27+ T.™ The exponential decay of the stimulated echo is T;-dependent
and it is typically measured as a function of the time interval T keeping
constant 7.1/

In both 2-pulse and 3-pulse sequence the echo decay amplitude might be
periodically varied due to weak hyperfine interactions of the electron spin
with close magnetically active nuclei. This effect is called Electron Spin Echo
Envelope Modulation (ESEEM) and was discovered by RowaN, HAHN and
Mims in 1965.%% The 2-pulse sequence suffers from the dead time because
the high microwave power must dissipate before starting echo detection.
The 3-pulse ESEEM sequence, called also stimulated echo sequence, is
largely adopted to detect these weak electron-nuclear magnetic interactions

in EPR samples.”"!

Figure 3.9. 2-pulse and 3-pulse ESEEM sequences.
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The ESEEM effect is visible when the selection rules for an EPR transition
(AMg = £ 1 and AM; = 0), discussed in the section §1.1.2, breakdown and
the “forbidden” transitions (AM; # 0) have a certain probability to take
place. This occurs when the hyperfine coupling is anisotropic or in the case
of quadrupolar interactions that produce a mutual influence of electron and
nuclear spins in the effective local magnetic field experienced by both
particles under the action of microwave pulses.”*? As a result, the electron
spin echo decay is modulated at the Larmor frequency of nuclei which are
hyperfine coupled and, after Fourier transformation of the time trace, it is
possible to identify the nuclear frequencies contributing to the ESEEM
modulation. To improve the quality of Fourier transformed data zero-points
are added at the end of the experimental data.

The amplitude of this modulation is T-dependent and suffers from blind
spots that may appear in the EPR spectrum. It means that for particular
values some nuclear frequencies (w,) may be suppressed according to
equation (34).

2mn
Wy, = T n= (0, 1,2, ) (34)

This phenomenon can lead to a misinterpretation of the experimental
data. Thus, normally, the 3-pulse ESEEM experiment is repeated at different
T values and a phase cycling procedure avoids that the unwanted echoes
overlaps the desired stimulated echo.™

In part lll of this thesis some 3-pulse ESEEM experiments will be shown to
prove if the transmembrane peptide under investigation is properly
incorporated into a lipid bilayer prepared with deuterated phospholipids.
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4. Site-Directed Spin Labeling

Some biomolecules can be characterized by EPR spectroscopy because
they naturally contain paramagnetic centres, such as metalloproteins
containing transition metal ions or enzymes which catalyse biochemical
reaction together with organic radicals as cofactors. However, the majority
of natural biological systems are diamagnetic. In 1989, W. L. HUBBELL. and co-
workers developed the site-directed spin labeling (SDSL) approach which
allows to introduce a spin label in defined sites of a biomolecule.!**!

This methodology in combination with EPR spectroscopy has become a
fundamental tool in structural biology to achieve structural information at
atomic resolution on biomolecular structures.!*!

Some details about the spin labeling strategies and the most used
nitroxide spin labels will be presented in the next paragraphs. Further

details can be found in recent reviews.*”*®!

4.1 Spin Labeling Strategies

HuBBELL studied the bacteriorhodopsin, a transmembrane protein that
does not contain any paramagnetic centre. In order to make it detectable by
EPR, they conjugated the nitroxide spin label MTSSL (1-Oxyl-2,2,5,5-
tetramethylpyrroline-3-methyl)methanethiosulfonate) to the protein
backbone through disulphide bonds, according to the scheme of figure 4.1.
The primary sequence of bacteriorhodopsin lacks cysteines; therefore some
amino acids were replaced by cysteines through site-directed mutagenesis
to have a selective linker for the spin label. Introducing one or more
nitroxides at different positions it was possible to explore different regions
of the protein extracting clear information about its secondary and tertiary
structure using CW-EPR spectroscopy.[z]

N
O
S— |S CHj3 HS— Cys - S—5-— Cys
o) H

Figure 4.1. Scheme of MTSSL conjugation reaction with a cysteine.
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Furthermore, many studies were performed to evaluate the effects of
the introduction of nitroxides in the protein structure. It was observed that
the information obtained from the EPR spectra reflect the native structure
with neglecting perturbations due to the presence of spin labels.!*”!

Since then, the post-synthetic chemical conjugation of cysteines with a
nitroxide radical is one of the most employed approach to attach a spin label
into a protein backbone.!*!

If a protein contains several cysteines the conjugation with a nitroxide
spin label becomes non selective. Therefore the replacement of one or more
native cysteines is required with the risk to alter the biomolecular structure.
For this reason some unnatural amino acids, that will be illustrated in the
next paragraph, were synthesized with the goal to replace selectively the
residues that must be spin labelled through specific reactions which
involved other functional groups (orthogonal Ilabeling strategy).[so]
Additionally, non-canonical amino acids, containing a nitroxide spin label in
in their side chains, were developed so that they can be incorporated into
an oligopeptide sequence directly during the solid-phase synthesis.[sn

EPR spectroscopy is also adopted for the characterization of spin labelled
oligonucleotide sequences. Similarly to the protein, nitroxides can be
incorporated during the solid-phase synthesis or through post-synthetic
strategies. Nucleic acids offer several reactive sites that might be potentially
modified by the conjugation with nitroxide radicals. The main issue is the
selectivity of this procedure: considering that a nucleic acid is made up of a
sequence of only four nucleotides it is necessary to “drive” the nitroxide
towards some preferential labeling sites. Several convertible nucleosides are
commercially available making it possible to introduce post-synthetically a
spin label in defined positions by chemical or enzymatic approaches.****
This is the most common procedure to obtain nucleic acids modified with
nitroxide spin labels.

More recently, several molecular biology procedures allow to introduce
biomolecules, previously engineered with nitroxide radicals, in a cell to
characterize their structure in cellular environment by EPR.P***! Moreover,
genetic encoding strategies of unnatural amino acid carrying a nitroxide
radical were developed for the biosynthesis of spin labelled proteins.[ss]
These new methodologies have paved the way towards in-cell EPR
spectroscopy. However, despite several advances, the direct detection of a

nitroxide EPR signal in cell still remains challenging. One of the main issue is
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the life-time of the radical in the reductive cellular environment. Many
synthetic efforts were made to increase the stability of spin labels in these

conditions using bulky substituents around the NO' radical.*”!

4.2 Nitroxide spin labels

In the last decades, a huge variety of spin labels have been proposed for
the EPR structural characterization of biomolecules. Different chelating tags
for paramagnetic transition metal ions, like Gd(l1),**** cu(1)’*” and
Mn(I11)'*" are commonly used so as carbon-centred radicals like trityl
radicals.’®” However nitroxides are today the most important spin label class
employed in SDSL approach./*®%*!

Nitroxide spin labels present the general form R — NO — R%. The
unpaired electron is placed in the antibonding my_, molecular orbital
resulted from the overlap between the two p, orbitals of Nitrogen and
Oxygen. The energy of the my_,, is closer to the nitrogen 2p, atomic orbital
and the spin density is delocalized along this N — O bond.""!

The chemical structure of a nitroxide spin label is based on five-
(pyrrolidines and pyrrolines) and six- (piperidines and piperazines)
membered rings or on systems made up of two condensed rings
(isoindolines). These heterocycles are normally gem-substituted by alkyl
substituents to increase the stability of the radical shielding sterically the
NO' group. Bulky substituents have also the effect to elongate the
relaxation time T,,, figure 4.2. Longer T,, enables to perform PELDOR/DEER
experiments at higher temperatures allowing to cool down using the
cheaper liquid Nitrogen instead of liquid helium. In 2016, a comparative
study of BAGRYANSKAYA and co-workers®” has demonstrated the capability of
spirocyclohexyl substituents to achieve more precise PELDOR/DEER distance
measurements in a range of temperature of 100 - 180 K in comparison with
the more common gem-ethyl groups.

Figure 4.2. Examples of nitroxide spin labels adopted in SDSL.
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EATON and co-workers®®™ were able to perform a PELDOR/DEER
experiment at room temperature on a doubly labelled T4 lysozyme adopting
a nitroxide radical shielded by two gem- spirocyclohexyl groups.

In general, the advantages of this class of spin labels are the small sizes
which do not strongly affect the biomolecular structure; moreover, the
heterocyclic scaffold makes nitroxide “tunable” offering a variety of
orthogonal labeling strategies.'®® One key point to choose the proper SDSL
strategy is the rigidity of the spin label integrated into the macromolecular
structure: many synthetic efforts were made to reduce the dynamic of the
radical that can lead to a misinterpretation of the experimental data in
terms of structural information.’®® MTSSL is the nitroxide most used for CW
and pulse EPR characterization of proteins due to its technical ease of
incorporation and its minimal impact on the secondary structure. However,
the long linker between the backbone and the NO" moiety, consisting of
four single bonds, offers a large conformational space for the spin density.
Therefore, several analysis of PELDOR/DEER interspin distances in different
biomolecules was supported by rotamer libraries and Molecular Dynamic
(MD) simulations.®®®”! In order to decrease the flexibility of MTSSL spin
label, in the last years different linkers with less rotable bonds were
proposed yielding to narrower and more accurate PELDOR/DEER distance

measurements in proteins./®®%

Moreover, spin labels that can be
conjugated through other functional groups to amino residues different
from cysteines were developed.” Alternatively, unnatural amino acids can
be genetically encoded to create specific labeling sites into the backbone of
the protein or already carrying a nitroxide spin label. This approach has the
advantage to avoid the use of a linker to connect the nitroxide to the
backbone. Figure 4.3 shows some of these residues.

In 2009, FLEISSNER and co-workers®™

protein backbone an acetylphenylalanine as selective labeling residue

suggested to introduce into the

thanks to its carbonyl group that can be used for a post-synthetic
conjugation with an hydroxylamine nitroxide radical to achieve a spin
labelled amino acid, called K1 and shown in figure 4.3.

The spin label TOAC (2,2,6,6,-tetramethyl-N-oxyl-4-amino-4-carboxylic
acid), shown in figure 4.3, is a non-native amino acid that shows a cyclic
sidechain which confers a strong restricted mobility.”" It was employed in
several EPR studies to investigate the dynamic, backbone conformations and

secondary structures of proteins.”*"*
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Figure 4.3. Unnatural amino acids that can be incorporated into the proteins
backbone for EPR characterization.

However, considering the constraints on the side chain, this spin label
does not easily adapt to the secondary structure of the protein and might
disturb it. Other rigid spin labels derived from TOAC are B-TOAC and POAC
(2,2,5,5,-tetramethylpyrrolidine-N-oxyl-3-amino-4-carboxylic acid). Both of
them are B-amino acids because they show two methylene groups between
the amino and the carboxylic functional groups; therefore, they were
employed to explore the conformations of B-peptides.”*”

In order to reduce the influence of TOAC conformation on the secondary
structure of a protein, in 2011 STOLLER and co-workers”® developed a spin
label which keeps some constraints on the nitroxide radical moiety without
strongly affecting the protein structure. The spin label TOPP (4-(3,3,5,5-
tetramethyl-2,6-dioxo-4-oxylpiperazin-1-yl)-L-phenylglycine) is a non-native
amino acid derived from a phenylglycine which is conjugated with a
piperizine ring carrying the nitroxide radical, as shown in figure 4.3. Density
functional theory (DFT) calculations highlighted that C,-Cg bond and N-O-
radical bond are aligned to the same axis due to the two carbonyl groups
which make nearly planar the piperizine ring.’® PELDOR/DEER experiments
at X-band frequencies (9 GHz) on a TOPP-labelled alanine-rich oligopeptide
have revealed that TOPP spin label does not have an influence on the
secondary structure yielding to narrow distance distributions in solution,
comparable with that one predicted by spin labelled oligopeptide models."®!
A recent comparative study on a WALP transmembrane peptide has
confirmed the higher accuracy and reliability of TOPP spin label over MTSSL

for PELDOR/DEER measurements in solution and also in lipid bilayer.m]
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Considering the rigidity of this nitroxide radical, TOPP spin label was also
employed for an orientation-selection PELDOR/DEER study at W-band
frequencies (95 GHz).[l‘” The results have revealed some degree of freedom
around the two single bonds because +20° of libration were required to fit
the experimental data. However, the libration around one axis does not
affect the position of NO™ moiety in the space; therefore, it has no impact in
the distance distributions measured.

All these data suggest that TOPP spin label is a promising candidate for
structural characterization of peptides by EPR spectroscopy. Part Il of this
thesis is dedicated to an EPR project where TOPP spin label is employed for
structural investigation of B-peptides in solution and in lipid bilayer.
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5. Other methodologies in structural biology

The role carried out by a biomolecule is strictly associated with its
structure; therefore, several efforts have been made to characterize
biological structures in order to clarify structure-function relationship. New
tools are constantly developed to improve the technical performance in
terms of resolution, sensitivity and speed of analysis with the goal to
achieve more clear and detailed pictures of the biomolecules and the
biochemical pathways in which they are involved.

Today X-ray crystallography is the most important technique adopted for
the structural characterization of biological systems. Up to June 2018, more
than 140.000 macromolecular structures were deposited in Protein Data
Bank (PDB), whose almost 90% are achieved through X-ray crystallography
(~126.500). The remaining 10% (~12.250) comes mostly from experiments
performed through Nuclear Magnetic Resonance (NMR) spectroscopy in

78 or in solid-state.”!

solution

Starting from the beginning of 2000, the improvements of Electron
Microscopy with the possibility to study biological samples in solution at
cryogenic temperatures (below -180°C) has opened new frontiers in
biochemistry. Cryo-electron microscopy (Cryo-EM) has allowed to obtain
detailed 3D-pictures of biological systems at near-atomic resolution.® 5
More than 2000 Cryo-EM structures are today present in PDB. The potential
of this innovative approach in structural biology has induced the scientific
community to award the Nobel Prize in Chemistry 2017 to Professors
JACQUES DUBOCHET, JOACHIM FRANK and RICHARD HENDERSON who developed this
methodology causing a “resolution revolution” in structural biology.®

An alternative optical method called FRET (Fluorescence Resonance
Energy Transfer) enables to achieve structural information at atomic
resolution by detecting the distance between two light-sensitive molecules
(fluorophores) attached to a biomolecule.®* When the donor fluorophore is
excited with a specific wavelength, it may transfer the energy to the
acceptor fluorophore through a non-radiative dipole—dipole coupling. The
efficiency of this energy transfer is inversely proportional to the sixth power
of the distance between donor and acceptor, making FRET extremely
sensitive to small changes in distances inside the biological system under
investigation. This method is widely used to study the structure and dynamic

[85,86] [87] [88,89]

of proteins, nucleic acids and macromolecular complexes.
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EPR spectroscopy plays an its own important role in this field due to its
peculiar features: EPR experiments can be performed in solution
overcoming the challenges related to the crystallization process required by
X-ray crystallography. In this way it is possible to study a biological system in
its natural environment. Additionally, EPR shows higher sensitivity than
NMR spectroscopy because the electron gyromagnetic ratio is much bigger

than the nuclear gyromagnetic ratio (Ve/yH ~ 660). Moreover there are no

size limitations, allowing, for instance, to monitor a protein aggregation
process.””

In comparison with FRET methodology, fluorophores have larger sizes
than EPR spin labels, posing the risk of disturbing much more the natural
conformation of the macromolecule. Additionally, it is possible to employ
the same spin labels, simplifying a lot the labeling procedure, differently
from FRET where the presence of two different fluorophores is always
required.’®”

Continuous-wave EPR (CW-EPR) at X-band frequencies (9 GHz / 0.34 T) is
largely adopted to characterize the coordination environment of

B9 or to explore the mobility

paramagnetic metal ions in biological systems
and dynamics of nitroxide spin labels. If the spin-labelled site presents fast
Brownian motions the correlation times of the nitroxide are of the order of
~ns yielding to three narrow EPR lines. If the mobility of nitroxide is
restricted due to the interaction with neighbouring side chains or backbone
atoms the EPR linewidth increases. It is possible to correlate the linewidth
with the peculiarities of the binding site environment achieving some
mobility parameters of different secondary structure elements.”>*® The
magnetic parameters can give also information on the solvent accessibility
of the spin labelled site and on the polarity of the nitroxide
microenvironment. The solvent influences the spin density of nitroxide
radical modifying the nitrogen character of the my_, orbital. This effect
reflects on slight differences in g and A values.!*®*!

Pulsed EPR methods, in particular at high fields and frequencies, give an
essential contribution to the interpretation of complex EPR spectra of
radical cofactors or reaction intermediates; moreover, allow to explore

complex molecular dynamics and to probe long-range interspin distances.™
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6. Interpretation of CW-EPR spectra of Cu(ll) complexes

Part Il of this thesis focuses on CW-EPR investigation of geometries and
stereochemistries of binary and ternary Cu(ll) complexes with some ligands
with biological relevance. In this chapter the most important spectroscopic
features of Cu(ll) CW-EPR spectra are summarized to make easier the
comprehension of the experimental results. More details can be found in
the review of GoobmAN.*?!

Cu(ll) ion has a d° electronic configuration and, therefore, presents one

unpaired electron (S=§). As introduced in the paragraph §1.1, the

magnetic moment associated to one electron in an atom is the result of the
sum between the two magnetic momenta (i, and fi; related with the spin

angular momentum S and the orbital angular momentum 7, respectively, of
the electron. This interaction is called spin-orbit coupling and determines a
deviation on the g-factor value from that one of an isolated electron
(ge = 2.0023). The spin-orbit coupling constant A for a defined electronic
configuration depends on the nuclear effective charge Z.;r and the average

of the distance electron-nucleus.”

The existence of the orbital angular momentum lis strictly related to the
degeneration of the orbitals involved in the spin-orbit coupling. When a
transition metal ion is placed into a crystal field, the degeneration of d-
orbitals is removed according to the direction of the ligands. As a result, the
orbital angular momentum is partially or completely quenched so that, in
these conditions, the magnetism should depend essentially on the electron
spin Sl However, when the system is placed into an external magnetic
field, §0 induces a circulation of electrons perpendicularly to its direction. As
a result, from a quantum mechanics point of view, the wave-functions of
two orbitals perpendicular to the direction of the external magnetic field are
intermixed restoring an angular orbital contribution. The entity of this
mixing depends on the magnitude of the induced orbital motion and on the
spin-orbit coupling constant. Therefore, this effect is very large for heavy
atoms while it is negligible in the case of organic radicals.”

In particular, the mixing between two electronic states occurs when two
orbitals can commute to each other. It means that it is possible to convert
one orbital to another one by “rotating” it around the direction of the

external magnetic field §0.[93] In general, if we consider the d-orbitals of a
transition metal ion, different couples of orbitals commute to each other:
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for instance, it is possible to convert the orbital dy, in the dy, orbital by a
rotation of 45° around the x axis; alternatively, it is possible to convert the

orbital dy, in d,,, by a rotation of 45° around the z axis and so on.*

The circulation of electrons on the perpendicular plane of §0 creates an
additional magnetic field which tends to oppose to the applied ones shifting
the EPR transition to another magnetic field value. Therefore, the restore of
the orbital angular momentum has the effect to deviate the g-factor from
the g, value. The magnitude of 4g shift is a function of A and of the energy
difference AE between the two electronic states involved in the orbitals
commutation, according to equation (35).

nAa

A (35)

9 = YGe

The value n can be easily deduced, in a first approximation, by the so
called magic pentagon, shown in figure 6.1, that indicates how many times
one d-orbital can be converted to another one by rotation along one axis
taking into account the symmetry representations of the group theory.

In general, for transition metal ions with less than half full d-shell (d™
with n <5), 1 >0 and g < g,; on the contrary, for transition metal ions
with more than half full d-shell (d® with n>5), A<0 and g > g,,
according to equation (35).1"

The symmetry of the ligand field has a strong influence on the entity of
the spin-orbit coupling and, consequently, on the g and A values recorded in
the CW-EPR spectrum. Therefore, CW-EPR spectroscopy is a very sensitive
method to characterize the geometries of these metal complexes.

In the next paragraph, the effects of the ligands on the energies of Cu(ll)
ions d-orbitals is discussed following the crystal field theory. It describes the
breaking of degeneration of d-orbitals as a consequence of the static electric

field generated by the ligands considered as negative point charges.[94]

Figure 6.1 The magic pentagon.
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6.1 Electronic configurations of some Cu(ll) complex geometries

Cu(ll) ions, differently from the other transition metal ions, do not have a
preferential coordination geometry but show a certain plasticity according
to the features of the ligand field.

6.1.1 Tetragonally elongated octahedral crystal field

In general, when Cu(ll) ions are placed into an octahedral crystal field,
the ligands are directed along the three x, y and z axis of the molecular
frame. In this case, the degeneration of d-orbitals is selectively removed:
d,2 and d,2_,2 have the highest probability to find the electron along the
three axis and will be, therefore, destabilized by the ligands giving two
degenerate orbitals at higher energy and forming an e, set, according to the
group theory. The other three orbitals d,,, d,, and d,, have the maximum
probability to find the electron along the bisectors and will be stabilize by
the ligands moving to lower energy and forming t,, set. Therefore, the
orbital’s degeneration is not completely removed and the energy separation
between the t,,. and e, sets is called A, figure 6.2.°9

In biological fluids, the most common coordination geometry is that one
of a tetragonally elongated octahedron due to Jahn-Teller distortions.””

In this case, the ligands (L) along the z axis are placed a bit farther by the
metal centre than those on the equatorial plane so that the distance
M—L,>M — Ly,. As a result, the orbitals d,, and d,, will be more
stabilized than dxy in the tyg set of orbitals; additionally, d,z will move to
lower energy than d,z_,z in the ey set of orbitals.

Consequently, taking into account the d° electronic configuration of

Cu(ll) ions, the unpaired electron will be localized in the d,2_,2 orbital, as

-y
shown in figure 6.2.°%

Which orbitals can commute with the d,z_,2 orbital? Applying a

y
magnetic field parallel to the z axis, the electron in the orbital d,, commute

with the unpaired electron located in d,.2_,2 orbital; therefore, according to

y
the magic pentagon of figure 6.1.°

81

_— 36
Exza_yz — Eyy (36)

9= 9z = Ge —
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4
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Figure 6.2. Splitting of d-orbital of one Cu(ll) ion in an octahedral and a
tetragonally elongated octahedral crystal field.

Applying a magnetic field perpendicular to the z axis, the electron in the

orbital dy, and d,,, commute with the unpaired electron located in d,z_,2

orbital; therefore, according to the magic pentagon of figure 6.1.°*

2

= =g, — 37
gL Ixy e Exz—yz_Exz,yz ( )

Considering that for a d° electronic configuration 2 < 0 the Cu(ll)

complex will present the following magnetic parameters:”]

g > 9. > 2.0023 (38)

6.1.2 Tetragonally compressed octahedral crystal field

In the case of a tetragonally compressed octahedral Cu(ll) complex, on
the contrary, the ligands along the z axis are placed a bit closer to the metal
centre than those on the equatorial plane so that the distance M — L, <
M — L,,. As a result, the orbitals d,, and d,, will be more destabilized than
dyy in the t,, set of orbitals; additionally, d,2_,2 will move to lower energy
than d,z in the e, set of orbitals. Consequently, the unpaired electron will
be localized in the d 2 orbital, as shown in figure 6.3.°4

Which orbitals can commute with the d 2 orbital?
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Figure 6.3. Splitting of d-orbitals of one Cu(ll) ion in an octahedral and a
tetragonally compressed octahedral crystal field.

Applying a magnetic field parallel to the z axis, the d,2 orbital does not
commute with any other d-orbital; therefore

g = 9z = ge = 2.0023 (39)

Applying a magnetic field perpendicular to the z axis, the electron in the
orbital dy, and d,, commute with the unpaired electron located in d,>
orbital; therefore, according to the magic pentagon of figure 6.1.°%

64

= = _—_— 4
91=Gxy = 9e ~ = Evvrr (40)

As a result it will be:
g. > g = 2.0023 (41)
6.1.3 Square-based pyramidal crystal field

A square-based pyramidal arrangement of ligands can be easily derived
by the octahedral coordination geometry removing one ligand lying on the z
axis. Then, the d 2 orbital will be largely stabilized and also the d,, and d,,,
orbitals will be lowered in energy. Consequently, the unpaired electron will
be placed in the d,2_,2 orbital at highest energy, yielding to a similar
electronic configuration already observed for tetragonally elongated
octahedron in section §6.1.1.
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6.2 How to calculate g, and g, of Cu(ll) complexes

When a CW-EPR spectrum of a Cu(ll) complex is recorded in solution at
room temperature, the fast Brownian motions averaged out the magnetic
parameters and only isotropic g;s, and a;s, values can be extracted. In the
case of Cu(ll) complexes, the hyperfine interactions between the unpaired

3 .
electron and copper nucleus (I =5) gives an EPR spectrum at room

temperature with four EPR lines. Additionally, if the ligands present, as
donor atoms, magnetically active nuclei a superhyperfine interaction will be
also visible.

In part Il of this thesis, several examples of low temperature EPR spectra
of Cu(ll) complexes with axial symmetry are shown to identify the parallel
and the perpendicular components of g-tensor and A-tensor. In frozen
solution, we have an ensemble of microcrystals randomly oriented in the

space: applying a magnetic field §0 along the z direction there are few
complexes with the spin parallel to the direction of §0 while several

molecules have the spin oriented on the perpendicular plane to §0.
Therefore, the intensity of g, is much bigger than that one of g;|. Moreover,
for Cu(ll) complexes in frozen solutions, the EPR lines related to g, will be
split in four lines separated by an hyperfine A constant and g, can be
calculated by the midpoint of these four lines. The perpendicular part of the
EPR spectrum will be split in four EPR lines as well separated by an hyperfine
A, constant. Normally, A > A, and the four perpendicular EPR lines are
not well resolved but form all together a very broad band. Metal complexes
which have low symmetries yield more complicated EPR spectra where
three different g and A values are measurable. In order to better resolve the
g anisotropies, as discussed in chapter 2, it is useful to move from X-band
towards higher fields and higher frequencies.”®

The superhyperfine constants can be extracted as well by these spectra
paying attention on the molecular frame of the ligands which often differ
from that one of the metal centre. In particular, the donor atom of the
ligand gives its maximum contribution to the superhyperfine coupling along
the bond with the metal ion. The bond M-L is, therefore, assumed to be the
z axis of the molecular frame for the ligand. In the case of a square-planar
coordination geometry, the z axis of the metal ion is perpendicular to this
plane, so that it is not coincident with the z axis of the ligands placed in the
equatorial pIane.[93] As result, in the parallel part of CW-EPR spectrum it is
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possible to measure the perpendicular superhyperfine constant A%; while,
in the perpendicular part, if visible, the parallel superhyperfine constant Aﬁ
can be extracted.

Many times an extra-peak overlaps the perpendicular part of CW-EPR
spectra acquired in frozen solution. These additional signal is typical of
systems which present large g and A anisotropies and arise from the so
called angular anomalies."™ For Cu(ll) complexes with axial symmetry only
two resonances are expected corresponding to the two orientations of §0
along the z axis or on the xy plane. However, moving from the parallel to the
perpendicular part of the spectrum some off-axis orientations of §0 can
yield these “anomalies”. The field of this extra—peak can be used in
connection with the parallel parameters to estimate with a certain accuracy
g, and A, components.””*® In any case, if there are some ambiguities in the
interpretation of the spectra it is useful to move to Q-band or W-band

frequencies.”
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Chapter 7

7. Role of Copper in biological systems

All living organisms survive thanks to a fine equilibrium among several
chemical constituents that maintain the physiological conditions. Such
components are not just derived from “organic” elements, like carbon,
hydrogen, oxygen, nitrogen and some sulphur and phosphorous compounds
that form the most important biomolecules; but they include many essential
inorganic metals which interact with these systems. The chemistry of a cell
operates in a ionic medium which contains almost twenty elements. For
these reasons, it is important to describe cell biochemistry not only in terms
of genome and proteome, the whole family of genes and proteins in a cell
line, but also in terms of “metallome” which refers to the cell metal
content.®**® Furthermore, the interplay among these three “characters”
has to be investigated for a deep comprehension of all biochemical
pathways.™!

Among the biometals, copper is an essential micronutrient because it is a
transition metal which can exists in nature in two oxidation states: Cu(l) and
Cu(ll). Copper ions are important cofactors in a family of enzymes, called
“cuproenzymes”, which catalyse key biochemical redox reactions. The
eventual copper deficiency (“hypocupremia”) provokes serious pathological
conditions.'®? For instance, these metal ions are involved in free radical
detossification through the Cu-Zn superoxide dismutase (Cu-Zn SOD); the
lack of copper ions can cause the oxidation of several cell components.'®
Cytochrome c oxidase is a large transmembrane protein located in the
mitochondrial membrane and represents the complex IV of the electron
transport chain. This enzyme drives the key step which converts molecular
oxygen to two water molecules thanks to a series of redox reactions that
involve Cu and Fe centres. A deficiency of these metals reduces the
production of ATP.!"%

On the other side, Cu is also a potent cytotoxin when it is accumulated
exceeding the cellular needs. In this case, Cu rapidly participates in reactions
which produce highly reactive oxygen species (ROS).' Moreover, the
excess of copper is able to displace other metal cofactors from their natural
ligands in key cellular signalling proteins. For instance, Cu(ll) ions are able to
displace Zn(ll) in the zinc-fingers of the estrogen receptors involved in DNA-

binding resulting in non-specific receptor-DNA interactions.™
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Considering this ambivalent nature of Cu, the mechanisms of uptake,
transport, storage and efflux of copper ions in the different compartments
are finely regulated by a complex copper trafficking pathway. It consists of
several copper transporters and “metallochaperones” which has the critical
task to maintain the copper homeostasis preventing its toxic
accumulation.? These systems are cuproproteins that guide and maintain
the functional oxidation state delivering copper ions safety to the
appropriate target."”’ A dyshomeostasis of copper from the physiological
concentrations typical of each compartment might cause the onset of
metabolic disorders.®®

Two well-known pathologies strictly associated with copper
dyshomeostasis involve a dysfunction of specific copper transporters:
Menkes disease is a genetic disorder that reduces copper levels in the body
due to genetic mutations of copper transporter ATP7A which mediates the
uptake of copper from food at the liver level.™™ Wilson disease is an
autosomal-recessive disease caused by mutations in the ATP7B gene which
encodes a transporter responsible of copper excretion always at the liver. As
a result, the copper excess is released in the blood flux and it is accumulated
in different compartments of the body altering the organs’
functionalities.*

It is also well-known that copper is present in a large amount in human
brain where it is unevenly distributed. Copper ions reach easily this
compartment because they can cross the blood-brain barrier directly.™"
Experimental evidences highlight that both copper content and distribution
in brain change during development and with the age.™ Moreover,
alterations of copper homeostasis seem to be connected with
neurodegenerative disorders such as Alzheimer (AD), Parkinson (PD),
Amyotrophic Lateral Sclerosis (ALS) or “prion” diseases."** ") However, in
contrast to Menkes’ and Wilson’s disorders the role of copper in these
pathologies is still not fully understood.

When we talk about copper in biological fluids, it must be taken into
account that copper ions are never isolated but they are always dissolved in
complex matrices. In this kind of medium there is a competition among
several biological molecules which can coordinate the metal ions forming
complex species. Therefore, it is important to point out that copper ions
participate to a biochemical pathway never “alone” (in other words, as free
ion) but coordinated by biological ligands. This makes the investigation of
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metals’ involvement in pathological conditions a challenging task.™ Many
times the construction of simple models are required to reduce the
biological complexity in order to define the stereochemistry and the role of
the different metal species which can form.™

In this scenario, this part of the thesis focuses on the CW-EPR
characterization of binary and ternary Cu(ll) complexes with some ligands of
biological relevance in order to extract some bioinorganic implications from
the experimental data. The experimental results of two EPR projects will be
shown in the next chapter.

In the first, the formation of copper(ll) complexes with two aminoacidate
ions carrying a positive or a negative charge in their side chains under
physiological conditions is investigated. In particular, two abundant amino
acids in brain are considered: L-glutamic acid and L-arginine.

It is well-known that L-glutamic acid is an important neurotransmitter**®
and presents a negative carboxylate group in its side chain at pH around the
neutrality. L-arginine is another essential amino acid which shows in the
same conditions a positive guanidinium group. Some experimental
evidences have highlighted an altered arginine metabolism in AD, suggesting
a possible involvement of this amino acid in the pathogenesis of AD.[*9%
Taking into account all these considerations, the formation of binary and
ternary copper(ll) complexes with these two biological ligands were
investigated in vitro by CW-EPR spectroscopy to characterize their peculiar
geometry in aqueous solution.

In particular, aminoacidate ligands coordinate copper(ll) giving rise to
CuN,0, chromophore in which the two nitrogen atoms of the amino groups

could be in a trans or in a cis conformation, as shown in figure 7.1.1*"
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Figure 7.1. Two general L-aminoacidates coordinate Cu(ll) ion in a cis (left) or
in a trans (right) conformations forming a CuN,0, coordination plane.
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In the case of two L- (or D-) aminoacidate ligands, the side chains are
placed on the same side of the coordination plane when the trans
conformer is obtained; viceversa, on opposite faces when the cis forms.

If the ligands have two different configurations (one L- and the other D-),
a reverse stereochemistry is achieved.™"

The groups of YAMAUCHI™?" and PETTIT
reason of the extra-stability of copper(ll) complexes with aminoacidates

1220 \yere greatly involved in giving

having charged side chain groups, which could exert intramolecular
electrostatic interactions. They stressed the influence of these non-covalent
interactions on the ratio between cis and trans conformers.!*?%123124

Therefore, in this project, the coordination environment of copper(ll)
complexes with arginate (Arg) and glutamate (Glu) was re-considered to
evaluate the influence of the electrostatic interactions between the charged
side chains on the stability of cis and trans conformers.

The second project focuses on the CW-EPR characterization of ternary
copper(ll) complexes with 1,10-phenantroline, as primary ligand, and
different amino acids, as secondary ligands.

In the past decades several studies demonstrated how some copper
complexes, in particular those including 2,2'-bipyridine (bipy) or 1,10-
phenanthroline (phen), are able to bind to DNA in a partial intercalative
interaction at its minor groove, showing DNA cleavage activity.">"** For
these reasons, these complexes, known as cassiopeinas,m7’128] have been
studied as antitumor agents and their cytotoxic properties against malignant
cells have been proved on several tumour cell lines."*?*** Unfortunately,
the mechanism of action of cassiopeinas has yet to be understood: a variety
of possibilities including proteasome inhibition, generation of reactive
oxygen species and DNA damages have been invoked.***39

Among these compounds, mixed copper(ll) complexes containing 1,10-
phenantroline and different amino acids attracted a lot of attention over the
years. Therefore, many efforts have been dedicated to synthesize and
characterize these systems.

Many scientific studies assume that the solid state structure, determined
by means of X-ray crystallography, which very often show a distorted square
pyramidal geometry with a water molecule apically bound, is maintained in
solution .[12%1311407143) |n this project, CW-EPR spectra were recorded on
some of these ternary copper(ll) complexes in aqueous solution to verify if

the geometry obtained at solid-state is really preserved.
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8. CW-EPR characterization of Cu(ll) complexes with
ligands of biological interest

The two projects illustrated in this chapter were developed in the
Department of Chemical Sciences at the University of Catania, under the
supervision of Professor RAFFAELE PIETRO BONOMO. The shown results related
are published."*** Some figures of this chapter are adapted from the
papers.

8.1 Design and scope of the projects

CW-EPR measurements at room (RT) and low temperature (LT) have
been carried out on copper(ll) complexes with some ligands of biological
relevance to investigate their geometries in aqueous solution.

In the first project, binary and ternary copper(ll) complexes with L-
arginate (L-Arg) and L- or D-glutamate (L-/D-Glu) were characterized by
means of CW-EPR spectroscopy to re-consider their coordination
environment and their cis/trans ratio. Moreover, to support the
spectroscopic data, Square Wave Voltammetry (SQV) measurements have
been carried out on these systems in 0.1 M KNO; aqueous solution, as
ground electrolyte, to check if cis and trans conformers have different
formal redox potentials.

In the second project, CW-EPR spectroscopy was employed to study
mixed copper(ll) complexes with 1,10-phenanthroline (phen) and some
amino acids to gain information about their peculiar molecular geometries
and chemical behaviour in agqueous solution. The considered amino acids
(AA) were the following: L-arginine (L-Arg), L-aspartic acid (L-Asp), L-histidine
(L-His), L-glutamic acid (L-Glu), L-glutamine (L-GIn), L-leucine (L-Leu), L-lysine
(L-Lys), L-methionine (L.-Met), L-phenylalanine (L-Phe), L-tryptophan (L-Trp), L-
tyrosine (L-Tyr) and L-valine (L-Val). SQV measurements were performed on
these mixed complexes to support the spectroscopic data.
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8.2 Materials and methods
8.2.1 Preparation of copper complexes in situ

All chemicals listed in paragraph §8.1 were purchased from Sigma-Aldrich
and were used as received. Copper(ll) complexes (charges were omitted for
simplicity) were prepared for EPR experiments by addition of the
appropriate volume of isotopically pure ®Cu(NOs), 50 mM to an aqueous
solution containing the pertinent ligand. For binary complexes with L-Arg
and L-/D-Glu, solutions of [L-Arg] = [L-Glu] = [D-Glu] = 10 mM were employed,
with metal-to-ligand ratios ranging from 1:2 up to 1:10 to ensure the
formation of bis complexes and with an absolute copper concentrations
ranging from 1 to 3 mM. Ternary metal complexes with the same ligands
were prepared in a metal to ligand ratio 1:5:5.

Ternary copper(ll) complexes Cu:phen:AA were prepared with metal to
ligand ratios ranging from 1:1:1 up to 1:1:1.1, respectively. A slight excess of
AA was used to favour the ternary complex formation. The absolute copper
concentrations ranged from 1 to 4 mM.

The final solution pH was adjusted by means of a Orion 9103SC combined
glass microelectrode connected to a Orion Star A 211 pH meter in the range
6.5 - 7.5 for most of copper(ll) complexes using concentrated NaOH or HNO;
as required. The solutions were stirred for at least ten minutes in order to
favour the copper binary or ternary species formation.

Only in the case of the complex [Cu(phen)(His)], the copper ternary
complex was examined both in slight acidic (pH = 4.5 - 5.0) and neutral
solutions (pH = 6.5 - 7.5).

8.2.2 CW-EPR experiments

CW-EPR experiments were performed at X-band frequencies (9.5 GHz) in
a Bruker Elexsys E500 CW-EPR spectrometer equipped with a Super-X
microwave bridge and a SHQE cavity.

The measurements at room temperature were recorded by means of a
WG-812-H flat quartz cell. The isotropic magnetic parameters were
evaluated from the average distances among the four peaks of the
experimental spectra recorded in the 2" derivative mode.
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EPR spectra in frozen solution of copper(ll) complexes were recorded in
quartz tubes at 150 K cooling with liquid nitrogen and keeping the
temperature by means of a ER4131VT variable temperature apparatus, also
controlling all the experiments in the fluid aqueous solution at variable
temperature. These latter were carried out by using a glass capillary inserted
into a quartz tube. Methanol or glycerol up to 10 % was added to the
copper(ll) complex solutions in order to increase the resolution of the LT
frozen solution spectra. The anisotropic magnetic parameters were
obtained directly from the experimental EPR spectra, calculating them from
the 2™ and the 3™ line to get rid of second order effects.™*! Perpendicular
parameters were obtained exploiting the magnetic field of the extra—peak
due to the angular anomaly.””?® CW-EPR simulations at low temperature
were produced adopting a modified program from PiLBrRow.!**®!

Instrumental settings employed to record frozen solution EPR spectra
were the following: v = 9.44-9.48 GHz; microwave power = 10 - 15 mW;
modulation frequency = 100 kHz; modulation amplitude = 0.2-0.6 mT; time
constant = 164 - 327 ms; sweep time 3 - 6 min; linear receiver gain = 10* -
10°; number of scans 1-3. Instrumental settings of RT EPR spectra were the
same, except for the value of microwave frequency which was in the range
9.70 - 9.80 GHz and microwave power up to 40 mW. Sometimes more than
10 scans were acquired to increase the signal to noise ratio.

8.2.3 Voltammetric experiments

Square wave voltammetry (SWV) experiments were carried out on Cu(ll)
complexes in 0.1 M KNOs aqueous solution in the same copper and ligand
concentrations described in section §8.2.1. The measurements were
performed at 25°C in a Metrohm glass cell with a three electrodes assembly
by Metrohm: a working glassy carbon electrode (2 mm diameter), a
platinum rod as auxiliary electrode and an Ag / AgCl reference electrode.
The voltammograms of binary and ternary copper(ll) complexes with Arg
and Glu were recorded by means of a Metrohm Autolab PGSTAT 128N
potentiostat — galvanostat. The voltammograms of ternary copper(ll)
complexes Cu:phen:AA were acquired by means of Metrohm Autolab
PGSTAT 204 potentiostat - galvanostat. All complex solutions were degassed
by using ultrapure nitrogen or argon gasses.
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Electrochemical measurements were acquired for binary and ternary
copper(ll) complexes with Arg and Glu, in the region from +0.500 to -0.700
V, setting a frequency of 15 Hz. In the case of ternary copper(ll) complexes
Cu:phen:AA, the potential was swept in a range from -0.100 to -0.900 V,
setting a frequency of 25 Hz. Pulses of 25 — 35 mV were applied, avoiding
more intense pulses which can cause broadening of the current peak. All
potentials are referred to Ag / AgCl reference electrode, +0.215 V vs. Normal
Hydrogen Electrode (NHE). The Ag / AgCl electrode potential was checked by
using methylviologen redox couple (MV*/MV*) -0.446 V vs. NHE.'*”!

Cyclic voltammetry (CV) measurements with a sweep rate of 50 mV s™
were run in the same range of potentials adopted for SWV experiments.
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8.3 Results and Discussions on characterization of binary and
ternary Cu(ll) complexes with Arg and Glu

As introduced in chapter §7, copper(ll) complexes with L- or bD-
aminoacidate ligands show their side chains on the same side, when the
trans conformation is obtained, viceversa when the cis forms, as shown in
figure 7.1.%% It has long been thought that the trans conformer has a
stronger ligand field than the cis."*® Recent experimental and theoretical
data predict that this is true only in the gas phase, while the stability of two
conformers reverses in aqueous solution due to the interactions with the
water molecules.™ ™% |t is also well-known that lower temperatures

favours the thermodynamically more stable complex species.™*"

8.3.1 RT CW-EPR spectra of binary and ternary Cu(ll) complexes

As discussed in section §1.1.2, when two nitrogen atoms are coordinated
to a copper(ll) ion, a pattern showing five superhyperfine (shf) lines with
intensity distribution 1:2:3:2:1 might be reasonably expected form the
Tartaglia’s triangle due to the interactions between the electron and the
nuclear spins of nitrogen donor atoms. The fact that the two nitrogen atoms
could be in a cis or in a trans conformation in the copper(ll) coordination
plane do not have a great influence on the magnetic parameters of the
complexes. The shf constants due to the interactions with the two nitrogen
nuclei have approximately similar values.

In the case of aminoacidate ligands, the interactions between the side
chains might stabilize one conformer over the other.?**?*** Experimental
CW-EPR spectra of binary and ternary copper(ll) complexes [Cu(L-Glu),],
[Cu(L-Arg),], [Cu(L-Arg)(L-Glu)] and [Cu(L-Arg)(D-Glu)] recorded at pH =7.5 in
2" derivative mode at 275 K and 305 K are illustrated in figure 8.1.

These CW-spectra show four hyperfine lines due to the interactions

between the electron spin and nuclear spin of Cu(ll) ion (I = 3) These

hyperfine lines do not show the same intensity and the same linewidth
because the tumbling motions of the system are not so fast to average out
completely the molecular anisotropies.

The shf lines are better resolved on the hyperfine line at the highest
magnetic field because it presents a favourable linewidth which depends on

61



Chapter 8

the nuclear quantum number of the EPR transition. These shf lines are
characterized by a peculiar feature: surprisingly, a complicated pattern with
six or seven shf lines is visible. It can only come from the superposition of
the five shf lines which belong to the cis conformer with those of trans
conformer.

[Cu(L-Glu),] [Cu(L-Arg),]

[Cu(L-Arg)(L-Glu)]

T=305K

Figure 8.1. 2nd derivative CW-EPR spectra recorded at 275K and 305 or 300K
on [Cu(L-Glu),] (red), [Cu(L-Arg),] (blue), [Cu(L-Arg)(L-Glu)] (green) and [Cu(L-
Arg)(p-Glu)] (orange). The coloured asterisk indicates a shf line which reduces
its intensity on going from 275 K to 305 / 300 K.
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Looking at these CW-EPR spectra the two conformers have probably
slightly different magnetic parameters resulting in this complicated pattern.

CW-EPR spectra of ternary complexes [Cu(L-Arg)(L-Glu)] and [Cu(L-Arg)(D-
Glu)], shown on the bottom figure 8.1, were achieved calculating the
difference between the experimental CW-EPR spectra of ternary complexes
with the CW-EPR spectra of the binary copper(ll) complexes [Cu(L-Glu),] and
[Cu(L-Arg),]. A weight of 25% was assigned to each binary species according
with the species distribution diagrams reported in figure 8.2. This diagram
was obtained by means of Hyperquad simulation and speciation (HySS)
program,™? adopting a metal to ligands ratio of 1:5:5. Stability constants
and logP values of binary and ternary copper(ll) complexes were taken from
the literature.™**®

CW-EPR spectrum of [Cu(L-Arg)(D-Glu)] at higher temperature was
recorded at 300 K instead of 305 K since the signal to noise ratio becomes
worse with increasing temperature.

Looking more in details at these experimental CW-EPR spectra, it is
possible to note that the intensity of the shf lines is temperature-
dependent. Figure 8.1 reports only CW-EPR spectra recorded at 275 K and
305 K, but, a series of CW-EPR experiments (not shown) were run for each
complex species in the whole range of temperatures from 275 K to 305 K
with increments of 5.0 £ 0.5K degrees. These experiments have revealed a
modifications of shf lines intensity and, in particular, an evident gradual
decreasing of the shf line intensity marked with the asterisk in figure 8.1.
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Figure 8.2. Species distribution diagram in the case of the formation of

ternary [Cu(L-Arg)(L-Glu)] complex: [Cu] = 3 mM, [L-Glu] = [L-Arg]= 15 mM.
The distribution diagram for the formation of [Cu(L-Arg)(p-Glu)] is analogue.
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Over 305 K or above 275 K the linewidth of the fourth copper hyperfine
line was not so favourable to clearly resolve the superhyperfine interactions
with nitrogen donor atoms.

This behaviour can be explained considering that the temperature has an
influence on the equilibrium between cis and trans conformers. In
particular, as introduced at the beginning of this paragraph, the cis
conformer, which has a slightly higher thermodynamic stability in aqueous

(1491501 is more stabilized at lower temperature, so that at 275 K

solution,
there is a larger population of cis over the trans conformers. The cis/trans
ratio changes towards the trans conformer moving from low to higher
temperatures. There is no shift in the field of each shf line (always within 1
G), but experimentally it is clear their modifications in intensity due to the
change in the relative populations.

Given that, it is possible to assign in the experimental CW-EPR spectra
the shf lines which belong to the cis conformer (those at higher magnetic
field superimposed on the fourth copper transition that decrease with the
temperature) and those of the trans (at lower magnetic field). As a result, it
is possible to conclude that the two conformers have almost the same g;,,
but the cis conformer has a copper isotropic hyperfine constant a;,, slightly
higher than the trans. The isotropic magnetic parameters extracted from the
experimental CW-EPR spectra are reported in table 8.1.

Table 8.1. Isotropic spin Hamiltonian parameters of bis and ternary copper(Il)
complexes with L-Arg and L- or p-Glu at pH = 7.5, extracted from RT CW-EPR
solution spectra. Estimated experimental errors on the last digit are reported
in brackets.

Complex iso aiso
14 Yiso (10%cmY) (10%cm™)
cis 2.122(3) 71(3) 11(1)
[Cu(L-Glu),]
trans 2.124(3) 65(3) 10(1)
cis 2.124(3) 72(3) 11(1)
[Cu(L-Arg),]
trans 2.128(3) 66(3) 9(1)
cis 2.126(3) 72(3) 10(1)
[Cu(L-Arg)(L-Glu)]
trans 2.128(3) 66(3) 11(1)
cis 2.122(3) 71(3) 9(1)
[Cu(L-Arg)(p-Glu)]
trans 2.124(3) 65(3) 11(1)
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The two conformers present essentially the same isotropic shf coupling
constants a¥,, considering an experimental error of + 1x10™* cm™. All these
parameters fit well with those achieved by the simulations of GoobmMAN and
co-workers.!"*"

A series of CW-EPR spectra in the same range of temperatures was
recorded also on binary copper(ll) complexes with a racemic mixtures of L-
/D-Arg and L-/D-Glu ligands to check if the different stereochemistry might
influence the shf patterns and the magnetic parameters. However, the same
behaviour was observed even in the presence of the mesocomplex species
with the DD- configurations: the distribution between cis and trans
conformers was not altered.

Furthermore, looking at RT CW-EPR spectra of binary and ternary
copper(ll) complexes of figure 8.1, it is possible to estimate the percentages
of each conformer in aqueous solution from the ratio of the central shf line
assigned to the cis and to the trans conformers. These percentages are
reported in table 8.2. and suggest a different behaviour of these copper(ll)
complexes in aqueous solution with the temperature.

First, comparing the two binary copper(ll) complexes, at 275 K the cis
conformer is dominant in solution for [Cu(L-Glu),]; on the contrary, for [Cu(L-
Arg),], the trans is the most abundant species. Moving to higher
temperatures, both copper(ll) complexes evolve towards the trans
conformer but with a different trend: in the case of [Cu(L-Arg),], at 305K the
trans conformer overcomes the 80% of formation; trans [Cu(L-Glu),] stops
around 60% of formation. In order to explain this different behaviour, an
extra-stability contribution due to the electrostatic interactions between the
charged groups of the side chains could be invoked.

Table 8.2. Estimated percentages of cis and trans conformers obtained from
the ratio of the areas between the assigned central shf lines to the cis and
trans conformers. Estimated errors are of the order of 10%. The data marked
with an asterisk were achieved at 300K.

275K 305 K
Complex
cis trans cis trans
[Cu(L-Glu),] 76 % 24 % 36 % 64 %
[Cu(L-Arg),] 41% 59 % 16 % 84 %
[Cu(L-Arg)(L-Glu)] 56 % 44 % 16 % 84 %
[Cu(L-Arg)(p-Glu)] 55% 45 % 40 %* 60 %*
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In both binary copper(ll) complexes, electrostatic repulsions occur
between the two positive guanidinium groups of Arg or the two negative
carboxylate groups of Glu. These electrostatic repulsions are minimized in
the cis conformer where the two side chains are on the opposite sides of the
CuN,0,; coordination plane, as shown in the scheme of figure 8.3.

Additionally, weak apical interactions of glutamate negative charges with
the hydrogen atoms of water apical molecules could occur, thus further
stabilizing the cis conformer. In the case of [Cu(L-Arg),], the positive
guanidinium groups interact much less with the oxygens of these water
molecules because oxygens are involved in the copper(ll) coordination
sphere. These observations would explain the different population among
cis and trans conformers of binary copper(ll) complexes with these
aminoacidate ligands.

Now the comparison of cis/trans ratio in the ternary copper(ll)
complexes, whose percentages of formation are reported in table 8.2,
suggest that at 275K this ratio is the same for both systems and close to
unity.

Increasing the temperature from 275K to 305K the population of trans
conformer grows up at the expense of the cis conformer but the latter is
more abundant for [Cu(L-Arg)(D-Glu)] than for [Cu(L-Arg)(L-Glu)]. This fact
could be explained considering that in the cis [Cu(L-Arg)(L-Glu)] the side
chains are on the opposite side of the CuN,0, coordination plane. On the
contrary, in the cis [Cu(L-Arg)(D-Glu)], the side chains of both ligands are on
the same side of the CuN,O, coordination plane due to the different
stereochemistry of Glu, as shown in the scheme of figure 8.3. An attractive
electrostatic interaction between the two opposite charged guanidinium
and carboxylate groups in cis [Cu(L-Arg)(D-Glu)] probably stabilizes much
more this conformer over the trans in comparison with [Cu(L-Arg)(L-Glu)].
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Figure 8.3. Scheme of the equilibria between cis and trans conformers of
binary and ternary copper(ll) complexes with L-Arg and L- or p-Glu.

8.3.2 LT CW-EPR spectra of binary and ternary copper(ll) complexes

Experimental CW-EPR spectra of binary and ternary complexes [Cu(L-
Glu),], [Cu(L-Arg),], [Cu(L-Arg)(L-Glu)] and [Cu(L-Arg)(D-Glu)] recorded in
frozen solutions at 150 K are shown in figure 8.4.

In all cases, it is possible to observe clearly three hyperfine lines in the
parallel region of the spectra; the forth overlaps those of the perpendicular
region which are not resolved. An intense extra-peak, due to an angular
anomaly, appears after the perpendicular region of the spectrum.®”
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Figure 8.4. Experimental CW-EPR spectra of binary and ternary copper(ll)
complexes recorded at 150K: [Cu(L-Glu),] (red), [Cu(L-Arg),] (blue), [Cu(L-
Arg)(L-Glu)] (green) and [Cu(L-Arg)(p-Glu)] (orange).

Only one copper(ll) species is visible in the LT CW-EPR spectra; therefore,
one of the two conformers is more stabilized at low temperatures. For the
reasons discussed above, this copper(ll) species is ascribable to the cis
conformer.

The anisotropic magnetic parameters extracted from the experimental
CW-EPR spectra are summarized in table 8.3. and can give more detailed
information on the copper(ll) complex geometries, as discussed in chapter
§6. In particular, all these frozen solution EPR spectra are characterized by
gy > g1 > 2.040, indicating that all these copper(ll) complexes have a copper
dyz _ 2 or dy, ground state, typical for octahedral, square-base pyramidal

x% -y
. . [155]
or square planar stereochemistries.

Since the absolute values of
hyperfine constants are not so large to consider square planar geometries,
or so low to take into account square-based pyramids, these data confirm
that the tetragonally elongated octahedron is the preferential geometry

with two oxygen atoms from water molecules as apical ligands.™™**
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Table 8.3. Anisotropic spin Hamiltonian parameters of bis and ternary
copper(ll) complexes with L-/p-Glu or -Arg at pH = 7.5, extracted from CW-
EPR frozen solution spectra. Estimated experimental errors on the last digit
are reported in brackets. Perpendicular parameters have been estimated
making use of the extra—peak.[%]

Complex ol (11:!‘! cm’l) 91 (11:'{; cm'l)
[Cu(L-Glu),] 2.258(2) 181(2) 2.051(4) 16(4)
[Cu(L-Arg),] 2.257(2) 181(2) 2.049(4) 15(4)
[Cu(L-Arg)(L-Glu)] 2.265(3) 181(2) 2.057(4) 17(4)
[Cu(L-Arg)(D-Glu)] 2.260(3) 179(2) 2.051(4) 17(4)

Looking at the parameters of table 8.3., the differences among g and A
value of the copper(ll) complexes are negligible. However, some slight
differences in the g values exceeding the experimental errors can be
appreciated between the ternary complexes [Cu(L-Glu)(L-Arg)] and [Cu(L-
Arg)(p-Glu)] and among the ternary and binary copper(ll) species. These
changes could be attributed to a different influence of the two charged side
chains on the copper(ll) polyhedron.

From the anisotropic magnetic parameters reported in table 8.3. it is

possible to estimate the isotropic g and a value according to equation (11),

introduced in chapter §1: g;5, = %(g" +2g,) and a;5, = %(A” +24,). A

comparison among the isotropic magnetic parameters extracted from the
experimental CW-EPR spectra at RT and those calculated from the LT CW-
EPR spectra is reported in table 8.4.

As one can see, the isotropic g and a values of the cis conformer
obtained at RT fit well with the g;5, and a;s, values calculated from the
frozen solution EPR spectra. This similarity further confirms that the cis
conformer is thermodynamically more stable than the trans conformer in
aqueous solution; therefore, it is stabilized at low temperatures. The
cis/trans equilibrium evolves towards the trans conformer moving from low
to high temperatures.
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Table 8.4. Comparison among the isotropic spin Hamiltonian parameters
reported in table 8.1. and those calculated form the anisotropic magnetic
parameters of table 8.3 according to equation (11). Estimated experimental
errors on the last digit are reported between brackets.

. . Qiso N
Complex Biso G ot geemy
(10* ecm™)
cis 2.122(3)  2.119(3) 71(3) 71(3)  11(1)
[Cu(L-Glu),]
trans  2.124(3) 65(3) 10(1)
cis 2.124(3)  2.119(3) 72(3) 70(3)  11(1)
[Cu(L-Arg),]
trans  2.128(3) 66(3) 9(1)
cis 2.126(3)  2.126(3) 72(3) 72(3)  10(1)
[Cu(L-Arg)(L-Glu)]
trans  2.128(3) 66(3) 11(1)
cis 2.122(3)  2.121(3) 71(3) 71(3)  9(1)
[Cu(L-Arg)(p-Glu)]
trans  2.124(3) 65(3) 11(1)

8.3.3 Voltammetric results on Copper(ll) bis and ternary complexes

Carrying out an electrochemical reduction of binary and ternary
copper(ll) complexes, a mono electronic step is detected, whose re-
oxidation generally is not reversible and leads to decomposition
products.”®® Geometrical constraints of copper complexes make difficult
the re-oxidation of copper(l) complex to the previous copper(ll) species.**”
SWV voltammograms on solutions of binary and ternary copper(ll)
complexes, prepared in 0.1. M KNOs; solution, as ground electrolyte, are
shown in figure 8.5. These measurements reveal an asymmetric peak
associated with the Cu(ll) = Cu(l) reduction process. This effect could be
explained considering that the two cis and trans conformers have a slight
different formal redox potential that can be calculated by deconvolution.

In particular, the experimental SWV peaks of binary copper(ll) complexes
[Cu(L-Glu),] and [Cu(L-Arg),] can be fitted by summing two Gaussian curves
with slight different centres and widths. The two curves refer to the
reduction peak of each single conformer. In the case of the ternary
copper(ll) complexes, [Cu(L-Arg)(L-Glu)] and [Cu(L-Arg)(D-Glu)], the
experimental SWV peaks can be fitted by summing six Gaussian curves,
according with the species distribution diagram of figure 8.2: four curves
refer to the two conformers of each bis aminoacidate copper(ll) species and
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have a weight of 25 %. The other two curves refer to the ternary complex
conformers.

The formal redox potentials extracted from this deconvolution process
are summarized in table 8.5. It is possible to note that copper(ll) binary
complex with Arg presents a more negative formal redox potential than the
analogous complex with Glu. This difference could be ascribable to a greater
stability constant of copper(ll) bis complex associated with Arg.**® The
slightly larger formal redox potentials of the copper(ll) ternary complexes
reflect the larger stability of the ternary over the binary species.

These voltammetric data support the EPR measurements and confirm
the existence of an equilibrium in aqueous solution between cis and trans
conformer for these binary and ternary copper(ll) complexes with Arg and
Glu ligands.

[Cu{L-Arg)(p-Glu)]

Figure 8.5. Normalized experimental Square Wave Voltammograms of [Cu(L-
Glu),] (red), [Cu(L-Arg),] (blue), [Cu(L-Arg)(L-Glu)] (green) and [Cu(L-Arg)(D-
Glu)] (orange) in KNO3 0.1 M solution recorded at 25°C adopting 15 Hz
frequency and 25 - 35 mV applied pulse.
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Table 8.5. Formal redox potentials at 295K, obtained in aqueous solutions
with 0.1 M KNO; as ground electrolyte. Errors in the extracted values are
estimated to be about £ 0.010 V. The more negative formal redox potential is
assigned to the cis conformer.

Complex Ep, V, Ag/AgCl AEp
cis trans

[Cu(L-Glu),] -0.273 -0.248 0.025

[Cu(L-Arg),] -0.302 -0.278 0.024

[Cu(L-Arg)(L-Glu)] -0.324 -0.301 0.023

[Cu(L-Arg)(p-Glu)] -0.329 -0.305 0.024
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8.4 Results and Discussions on characterization of copper(ll)
complexes with 1,10-phenantroline and different amino acids

8.4.1 Species distribution diagrams

Before performing spectroscopical and voltammetric experiments in
aqueous solution, in the case of ternary copper(ll) complexes, it is important
to understand which species is expected at the experimental pH values.

Several pHmetric studies have shown that at pH higher than 6 the
copper(ll) ternary complexes with phen and AA is the most abundant
species with 80% of formation, while other minor complex species reach less
than 10% of formation.™****#%! This behaviour is the same for all ternary
copper(ll) complexes examined in this paragraph except for the complex
[Cu(phen)(L-His)]. It is well-known that His coordinates copper(ll) ions in two
different ways: at acidic pH values the imidazole group is protonated and L-
His involves the amino and carboxylate groups to coordinate the metal
centre (glycine-like mode). Around neutral pH values the imidazole group
deprotonates and L-His coordinates copper(ll) ions in a histamine-like mode:
the oxygen atom of the carboxylate group is still involved in the
coordination sphere but an equilibrium between an equatorial or an apical
position exists due to strong distortions of the coordination geometry at this
pH values. Moreover, the deprotonated nitrogen of the heterocyclic side
chain can take part to copper coordination.™® This two coordination modes
are shown in the scheme of figure 8.6 for the expected ternary complex
[Cu(phen)(L-His)].

glycine like mode

histamine like mode

Figure 8.6. Scheme of ternary [Cu(phen)(L-His)] complex as a function of pH.
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This behaviour of His is confirmed also by the species distribution
diagram obtained with HySS program.”*? Figure 8.7 compares the species
distribution diagram of [Cu(phen)(L-Leu)], calculated based on the logp

(1591 \ith that one of

values reported in the studies of TURKEL and co-workers,
[Cu(phen)(L-His)], achieved with the logf values from the study of PATEL and
co-workers.*® The charges are omitted for simplicity.

As it is possible to see, at the pH value near the neutrality, the formation
of ternary species in both cases reaches more than 80% of the total copper.
Around pH = 5 the two systems behave differently: in the case of
[Cu(phen)(L-Leu)] there is an equilibrium between the binary [Cu(phen)] and
the ternary [Cu(phen)(L-Leu)] species that form roughly with the same
percentages. In the case of L-His, this equilibrium is between the binary
[Cu(phen)] and the ternary [Cu(phen)(L-HisH)] with the protonated
imidazole nitrogen. The deprotonated ternary complex [Cu(phen)(L-His)]
forms with a percentage below 10% at this pH value. There are also some
minor species below 5% of formation but they generally do not contribute
to the overall EPR spectra because they are relegated to instrumental noise.

In the next sections, EPR and voltammetric measurements performed in
aqueous solution on these ternary copper(ll) complexes are presented in
order to characterize their geometries and check if the structural
crystallographic data are confirmed on going to the aqueous solution state.

[Cu(phen)(Leu)] [Cu(phen)(His)]

CuphenHis
CuphenLeu

CuphenHisH
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Figure 8.7. Species distribution diagrams of [Cu(phen)(L-Leu)] (left) and
[Cu(phen)(L-His)] (right). Copper(ll) complexes were considered with the
following concentrations: [Cu] = [phen] = [L-Leu] or [L-His] =1 mM.
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8.4.2 CW-EPR spectra at room and low temperatures

RT and LT CW-EPR spectra of all ternary copper(ll) complexes with phen
and AA are discussed except for the case of histidine, whose CW-EPR spectra
will be illustrated in the section §8.4.5.

In the case of [Cu(phen)(AA)] ternary complexes examined in this section,
a tetragonally elongated octahedron geometry, like that of the other
copper(ll) complexes of the previous paragraph, is expected.

The coordination plane around the metal centre should be formed, in
this case, by the two nitrogen atoms coming from phen, a third nitrogen
from the amino group of the aminoacidate ligand and the oxygen atom of
the carboxylate groups. When three quasi equivalent nitrogen atoms are
coordinated to copper(ll) ions a pattern of seven shf lines (with intensity
distribution 1:3:6:7:6:3:1 from the Tartaglia’s triangle) might be expected, as
discussed in section §1.1.2.

Figure 8.8 shows, as example, the RT CW-EPR spectrum of [Cu(phen)(L-
Leu)] recorded in the 2" derivative mode, in aqueous solution and at pH
around the neutrality. All RT CW-EPR spectra of [Cu(phen)(AA)] ternary
complexes examined in this section present the same features: four
hyperfine lines are visible due to the interaction between the electron spin

and nuclear spin of Cu(ll) ion (I = %)

3000 3100 3200 3300 3400 3500 3600
Magnetic Field (G)

Figure 8.8. 2" derivative mode RT CW-EPR spectrum of [Cu(phen)(L-Leu)] in
aqueous solution at pH around 7.
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Then, the hyperfine line at the highest magnetic field is characterized by
seven clearly visible shf lines due to the interaction of copper(ll) free
electron with the nuclei of three nitrogen donor atoms in its equatorial
coordination plane.

The isotropic magnetic parameters extracted from all RT CW-EPR spectra
are basically the same with negligible differences, always within the
experimental error: g;s,= 2.121 £ 0.002, a;5,= 70 2x10™* cm?, af;O: 10
1x10* cm™.

These data are confirmed by the frozen solution CW-EPR spectra of these
ternary complexes recorded at 150 K, in fact all of them presents only one
sighal coming from the copper(ll) ternary complex species, [Cu(phen)(AA)]".

Figure 8.9 shows, as example, LT CW-EPR spectrum of the ternary
copper(ll) complex [Cu(phen)(L-Tyr)] recorded at 150 K. It presents three
visible hyperfine EPR lines in the parallel region of the spectrum; the forth
one overlaps with the perpendicular region which is not resolved. An
intense extra-peak, due to an angular anomaly, appears after the
perpendicular region of the spectrum.®® The inset of figure 8.9 shows the
well resolved A superhyperfine coupling constant on the parallel lowest
field line. As discussed in paragraph §6.2, according to the different
molecular frames of the ligands and of the metal centre, the perpendicular
superhyperfine constant coupling can be measured in the hyperfine parallel
part of frozen solution CW-EPR spectrum.

2670 2700 2730 2760 2790 2820
Magnetic Field (G)
T

2550 2700 2850 3000 3150 3300 3450 3600
Magnetic Field (G)

Figure 8.9. 2" derivative mode LT CW-EPR spectrum of [Cu(phen)(L-Tyr)] in
aqueous solution at pH = 7. The inset contains an enlarged view of the seven
shf lines superimposed on the lowest field feature.
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All these data taken together confirm that, in these experimental
conditions, the [Cu(phen)(AA)] ternary complexes investigated in this
section have three nitrogen donor atoms on the equatorial coordination
plane around copper(ll) ions.

The anisotropic magnetic parameters extracted from each LT CW-EPR
spectrum are reported in table 8.6., together with the isotropic magnetic
parameter obtained from RT CW-EPR spectra, for all complexes. The
superhyperfine coupling constant AY was clearly resolved only for the
copper(ll) ternary complex with L-Tyr. In all the other ternary complexes the
parallel nitrogen shf structure was not clearly resolved. All these parameters
do not present remarkable differences.

Like the copper(ll) complexes of the previous paragraph all the frozen
solution EPR spectra are characterized by g, > g, > 2.040, indicating that
[Cu(phen)(AA)] ternary complexes have a copper dyz_,z2 or dy, ground
state, typical for octahedral, square-base pyramidal or square planar
stereochemistries.™ Since the absolute values of hyperfine constants are
not so large to consider square planar geometries, or so low to take into
account square-based pyramids, these data confirm that the tetragonally
elongated octahedron is the preferential geometry with two oxygen atoms

from water molecules as apical ligands.™*>”!

Table 8.6. Spin Hamiltonian parameters of ternary copper(ll) complexes with
1,10-phenanthroline and different aminoacidates at pH around 7, extracted
from frozen solution and liquid solution CW-EPR spectra. Estimated
experimental errors on the last digit are reported in brackets. All the
hyperfine and superhyperfine coupling constants are expressed in 10* em™
units.

Complex Giso  Qiso g A 9. A ay, AY A
Cu(phen)(-Arg)  2121(2) 71(2) 2.240(3) 188(3) 2.052(5) 12(5) 10(1) - 11(1)
Cu(phen)(-Asp  2122(2) 72(2) 2.242(3) 187(3) 2.053(5) 10(5) 10(1) - 11(1)
Cu(phen)(-Glu)  2119(2) 70(2) 2.242(3) 186(3) 2.050(5) 11(5) 10(1) - 12(1)
Cu(phen)(-GIn)  2.122(2) 71(2) 2.241(3) 186(3) 2.048(5) 13(5) 11(1) - 12(1)
Cu(phen)(i-leu)  2122(2) 71(2) 2.241(3) 187(3) 2.049(5) 11(5) 10(1) - 11(1)
Cu(phen)(l-lys)  2.119(2) 70(2) 2.240(3) 187(3) 2.051(5) 14(5) 10(1) - 11(1)
Cu(phen)(.-Met)  2.122(2) 72(2) 2.241(3) 186(3) 2.049(5) 11(5) 10(1) 11(1)
Cu(phen)(.-Phe)  2121(2) 70(2) 2.238(3) 186(3) 2.053(5) 10(5) 10(1) - 11(1)
Cu(phen)(-Trp)  2.122(2) 71(2) 2.237(3) 188(3) 2.054(5) 11(5) 10(1) - 11(1)
Cu(phen)(-Tyr)  2.121(2) 71(2) 2.241(3) 184(3) 2.050(5) 14(5) 10(1) 10(1) 11(1)
Cu(phen)(-val)  2119(2) 70(2) 2.240(3) 188(3) 2.051(5) 14(5) 10(1) - 11(2)
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8.4.3 Voltammetric measurements

Like the copper(ll) complexes with Arg and Glu described in the
paragraph §8.3, the electrochemical reduction from Cu(ll) to Cu(l) oxidation
state of ternary copper(ll) complexes [Cu(phen)(AA)] presents a mono
electronic step, whose re-oxidation generally is not reversible and leads to
decomposition products.™*® Geometrical constraints of copper complexes
make difficult the re-oxidation of copper(l) complex to the previous
copper(ll) species.™™”

Figure 8.10 shows the SWV peaks recorded on solutions of [Cu(phen)(L-
Asp)], which has an aromatic residue, and [Cu(phen)(L-Leu)] with an aliphatic
residues. The formal redox potentials extracted for some ternary copper(ll)
complexes [Cu(phen)(AA)] are summarized in the table 8.7.

Figure 8.10. Square Wave voltammograms of the copper ternary species
[Cu(phen)(L-Asp)] (left) and [Cu(phen)(L-Leu)] (right) recorded in 0.1 M KNO3;
solution, as ground electrolyte at neutral pH.

Table 8.7. SWV formal redox potentials of some ternary copper(ll) complexes
with 1,10-phenanthroline and aminoacidates at pH around 7, in aqueous
solution by using KNO3; 0.1 M as ground electrolyte. PWHH is the abbreviation
of peak width at half height. Presumed errors are reported in brackets.

Complex pH Ep, mV PWHH, mV
(12 mV) (10mV)

Cu(phen)(L-Arg) 7.2 -363 200
Cu(phen)(L-Lys) 7.4 -354 170
Cu(phen)(L-Asp) 7.2 -503 110
Cu(phen)(L-Leu) 7.0 -510 93

Cu(phen)(L-Phe) 7.2 -488 227
Cu(phen)(L-Trp) 7.1 -498 235
Cu(phen)(L-Tyr) 7.0 -496 195
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The reduction peak occurs generally at negative potentials versus
Ag/AgCl reference electrode. As one can see form table 8.7., the copper(ll)
ternary complexes with aromatic residues present a slightly more positive
formal redox potential values than those with aliphatic residues and this
small difference could be probably ascribed to weak interligand stacking
interactions, which are known to be present in these systems.**¢%!

Copper(ll) ternary complexes [Cu(phen)(AA)] with aminoacidate carrying
positively charged residues also showed more positive formal redox
potentials. Anyway the substantial negative formal redox potentials found
for these ternary copper(ll) complexes correlate well with their tetragonally

elongated octahedral geometries found in this spectroscopic study.

8.4.4 The case of [Cu(phen)(L-His)]

As introduced in section §8.4.1 the ternary copper(ll) complex
[Cu(phen)(L-His)] behaves differently from those analysed till now. In this
section spectroscopical and voltammetric measurements associated with
this complex species will be illustrated at different pH values.

First, the RT CW-EPR spectrum in the 2" derivative mode on a solution of
[Cu(phen)(L-His)] in 1:1:1 metal to ligands ratios at acidic pH value is shown
in figure 8.11.

3000 3100 3200 3300 3400 3500 3600
Magnetic Field (G)

Figure 8.11. 2" derivative mode RT CW-EPR spectrum of [Cu(phen)(L-His)]
prepared with the metal to ligands ratio 1:1:1 in aqueous solution at pH 5.
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This RT CW-EPR spectrum was obtained subtracting the contribution of
[Cu(phen)] giving it a weight of 35 % according to the species distribution
diagram of figure 8.7. The resulting CW-EPR spectrum presents seven shf
lines superimposed on the hyperfine line at highest field.

The following isotropic magnetic parameters were extracted: g;,=2.120
+ 0.002, a;5o= 68 * 2x10™ cm™, al,= 10 + 1x10® cm™. This RT CW-EPR
spectrum, ascribable to [Cu(phen)(HisH)] species, presents the same
parameters recorded for the other ternary copper(ll) complexes
[Cu(phen)(AA)] (table 8.6.).

LT CW-EPR spectrum of [Cu(phen)(L-His)] recorded at 150 K at the same
pH is shown in figure 8.12. It clearly presents two absorbing species as
expected by the species distribution diagram: the simple copper complex
[Cu(phen)] and the ternary copper(ll) complex [Cu(phen)(HisH)].

The first has these anisotropic parameters: g, = 2.310 £ 0.003, A, = 162
+3x10%cm™, g, =2.067 +0.005, A, = 8 + 5x10* cm™. These parameters are
not dissimilar from those reported in the literature.!*®®

The ternary [Cu(phen)(HisH)] shows a frozen EPR spectrum similar to
those of the other copper(ll) ternary complexes with the following
parameters: g = 2.240 + 0.003, 4;, = 187+ 3x10” cm™, g, = 2.053 + 0.005,

A, =1145x10"cm™ (table 8.6.)

2550 2700 2850 3000 3150 3300 3450 3600
Magnetic Field (G)

Figure 8.12. 2" derivative mode LT CW-EPR spectrum of [Cu(phen)(L-His)]
prepared with the metal to ligands ratio 1:1:1 in aqueous solution at pH 5.
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Taken all together these results it is possible to conclude that, at
relatively acidic pH values, in the case of Cu-phen-L-His system, the
coordination environment around copper(ll) ion is not different from that of
the other copper(ll) ternary complexes so far examined. This complex shows
a pseudo-octahedral geometry with a CuN3O in plane chromophore.

The situation is completely different when the pH value is raised up to
the neutral region. The RT CW-EPR spectrum, reported in figure 8.13, does
not show resolved shf lines due to coordinated nitrogen atoms. However,
the isotropic spin Hamiltonian parameters extracted from this CW-EPR
spectrum are quite different from those determined at pH 5: g;5, = 2.125
0.002 and a;s, = 60 + 2x10™ cm™. These data indicate the formation of
another species at neutral pH that is ascribable to [Cu(phen)(His)]",
according to the species distribution diagram of figure 8.7.

LT CW-EPR spectrum of this solution always at neutral pH is illustrated in
figure 8.14. Unfortunately it is not conclusive because it shows more than
one absorbing species. In order to disentangle this complex LT CW-EPR
spectrum, a simulation was performed (dot line in figure 8.14) resulting in
three different species which contribute to the overall EPR spectrum.

3000 3100 3200 3300 3400 3500 360
Magnetic Field (G)

Figure 8.13. 2" derivative mode RT CW-EPR spectrum of [Cu(phen)(L-His)]
prepared with the metal to ligands ratio 1:1:1 in aqueous solution at pH 7.
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Figure 8.14. 2" derivative mode LT CW-EPR spectrum of [Cu(phen)(L-His)]
prepared with the metal to ligands ratio 1:1:1 in aqueous solution at pH 7.
The dot line represents the best simulation of the entire spectrum. The inset
shows the enlarged parallel part.

The formation percentages of each species and the corresponding
anisotropic magnetic parameters, achieved by the simulated CW-EPR
spectrum, are reported in table 8.8. together with the experimental
anisotropic magnetic parameters extracted at acidic pH for the complexes
[Cu(phen)]” and [Cu(phen)(HisH)] for comparison.

At first sight the two additional copper complex species might be
considered the disproportion products of [Cu(phen)(His)]’, namely
[Cu(phen),]*" and [Cu(His),], according to the reaction written below:

2 [Cu(phen)(His)]* 2 [Cu(phen),]** + [Cu(His),]

Table 8.8. Percentages of formation and anisotropic spin Hamiltonian
parameters of copper(ll) complex species calculated from the simulated LT
CW-EPR spectrum of figure 8.14 (dot line). The anisotropic spin Hamiltonian
parameters of [Cu(phen)] and [Cu(phen)(HisH)] are reported below for
comparison. Estimated experimental errors on the last digit are reported in
brackets.

Complex abundance g, (10* em 9. (10° Clm-l)
species 1 45% 2.304(5) 162(3) 2.068(5) 7(5)
species 2 38% 2.239(4) 184(3) 2.054(5) 9(5)
species 3 17% 2.282(5) 173(3) 2.064(5) 8(5)
[Cu(phen)] 2.310(3) 162(3) 2.067(5) 8(5)
[Cu(phen)(HisH)] 2.240(3) 187(3) 2.053(5) 11(5)
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Nevertheless, the average magnetic parameters reported in the
literature for the copper(ll) bis complex species with phen and His are
different from the simulated parameters. In particular, for [Cu(phen), > the
following anisotropic magnetic parameters are reported:**>¢” gy =2.280
0.003, 4, = 164 + 4x10™* cm™, g, =2.070 + 0.005, A; = 29 * 5x10™* cm™; for
[Cu(His),]:*****) g, = 2.228 + 0.008, A, = 185 * 5x10™* cm™, g, = 2.050 *
0.006,A4, =13+ 5x10“*cm™. Thus, this first hypothesis must be excluded.

However, looking at the table 8.8 more in details, it is possible to note
that the most abundant copper species (45%), found by simulating the LT
CW-EPR spectrum, has actually identical magnetic parameters of the
[Cu(phen)]** complex. It means that the ternary [Cu(phen)(His)]* species
dissociates at low temperature.

The second species (38%) is ascribable to the same ternary complex
[Cu(phen)(HisH)] obtained at pH 5, according to the anisotropic magnetic
parameters reported in the table 8.8. Finally, the third species (17%) might
be a square-based pyramidal complex (properly [Cu(phen)(His)]*), in which
histidine probably coordinates copper with its histamine-like mode. The
higher g parallel value, g, = 2.282 + 0.005 and the relatively lower parallel
hyperfine constant, A =173 + 3x 10" cm™, in comparison with the magnetic
parameters of [Cu(phen)(HisH)]*, tend to confirm this second hypothesis.

These observations suggest that the copper ternary complex
[Cu(phen)(His)]" is stable only at room temperature while low temperatures
disfavour its existence. Therefore there is an equilibrium between
[Cu(phen)(HisH)]" and [Cu(phen)(His)]". This equilibrium is a function of the
temperature and it is complicated by a side reaction which could involve the
dissociation of the species [Cu(phen)]** or [Cu(His)] from the copper ternary
complex, according to two reactions written below:

2 [Cu(phen)(His)]* + H,0 2 [Cu(phen)(HisH)]" + [Cu(phen)]** + His + OH
2 [Cu(phen)(His)]® + H,0 & [Cu(phen)(HisH)]" + [Cu(His)]" + phenH"+ OH

Actually, [Cu(His)] species has magnetic parameters quite similar to those
of the [Cu(phen)]* species: gy =2310, 4 = 170x10*em™, g, = 2.070;169170
moreover both dissociation process might perhaps occur simultaneously,
giving the reason of the highest abundance (45%) of this species due to both
contributions.
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All these results taken together led to the conclusion that the
[Cu(phen)(His)] species has a different stereochemistry compared with
[Cu(phen)(HisH)]: at room temperature the relatively higher g;, and the
smaller absolute value of a;y, suggest that a square based pyramidal
geometry better represents the coordination environment around copper
ion.™* A scheme of two optimized geometrical models of [Cu(phen)(HisH)]
and [Cu(phen)(His)] complexes is shown in figure 8.15. Unfortunately, the
shf structure is not resolved in both RT and LT EPR spectra of [Cu(phen)(His)]
complex species; therefore, the donor atoms in the equatorial coordination
plane to copper ions cannot be drawn out. In particular, this pyramidal
geometry could equivalently form from an equatorial CuN;O chromophore
with one of the nitrogen donor atoms apically bound or an equatorial CuN,
chromophore with the carboxylate oxygen atom apically bound. Generally in
a square based pyramid the metal is tilted out of the equatorial coordination
plane and this could explain why the nitrogen shf structure is not resolved
(or totally absent) in the RT CW-EPR spectra at pH 7 (figure 8.13). Some
diffractometric results on crystals of [Cu(bipy)(His)] showed that at the solid
state pentacoordinate copper(ll) in an approximate pyramidal structure is
simultaneously bound to four nitrogen atoms in a distorted equatorial plane
with the carboxylate oxygen atom apically interacting with copper.*’"

About the frozen solution EPR spectra, unfortunately, they do not refer
exactly to the major complex species present at room temperature because
the freezing procedure might change the complex species distribution of the

system under consideration. In our case a dissociation reaction also occurs
[163]

complicating the overall picture.

Figure 8.15. Scheme of the different coordination geometry for the
complexes [Cu(phen)(HisH)], on the left, and [Cu(phen)(His)], on the right, as
a function of pH.
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Figure 8.16. Square wave voltammograms of the copper ternary complex
[Cu(phen)(L-His)] at pH 5 (on the left)and at pH 7 (on the right) in 0.1 M KNO;
solution as ground electrolyte.

The formation of different species in the case of ternary copper(ll)
complexes with phen and L-His as a function of pH is detectable also through
Square-Wave voltammetry. Figure 8.16 shows the voltammograms recorded
at pH =5 and at pH = 7 of [Cu(phen)(L-His)] prepared in 0.1 M KNO; solution.

At pH 5, as already observed from the species distribution diagram and
from the pertinent spectroscopic data, [Cu(phen)] and [Cu(phen)(HisH)] are
contemporarily present and the voltammogram shows two peaks associated
with the reduction of both complex species. The extracted formal redox
potentials are reported in table 8.9.

At pH 5, The formal redox potential, E, = -420 mV, is ascribable to the
reduction of [Cu(phen)(HisH)]" and this value is somewhat in between the
formal redox potentials found for aminoacidates having charged residues
and those pertaining to aromatic residues (table 8.7.).

At pH 7 an unique SQW peak can be observed and its value is the more
positive among the values associated with all the ternary systems examined
in this study (table 8.7.).

Table 8.9. SWV formal redox potentials of complex species associated with
Cu-phen-L-His system in aqueous solution at pH 5 and at pH 7 by using KNO3
0.1 M as ground electrolyte. PWHH is the abbreviation of peak width at half
height. Presumed errors are reported in brackets.

Complex pH Ep, mV PWHH, mV
(12 mV) (10mV)
Cu(phen) 5 -164 84
Cu(phen)(L-HisH) 5 -420 100
Cu(phen)(L-His) 7.1 -315 125
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8.5 Conclusions and perspectives

Spectroscopic and voltammetric experimental data strongly suggest that
copper(ll) complexes studied in this project have a unique molecular
geometry in aqueous solution. It is a tetragonally elongated octahedron with
a coordination plane containing, in the case of bis and ternary complexes
with Arg and Glu, the two nitrogen atoms of the amino groups and the two
oxygens of the carboxylate groups coming from the aminoacidate ligands. In
the case of ternary complexes with 1,10-phenantroline and amino acids, the
coordination plane consists of the two nitrogen atoms of the heterocyclic
diimine and the nitrogen and oxygen atoms of the aminoacidate ligand.
Additionally, in all cases, two water molecules are apically bound.

The only square pyramidal geometry in aqueous solution among all these
systems is probably attributable to the ternary copper(ll) complex with 1,10-
phenanthroline and histidine near the neutrality, in which histidine behaves
as terdentate ligand and coordinates by its histamine-like mode.

These data highlight that the metal complex stereochemistry found at
the solid state (where generally these copper(ll) species adopt distorted
square pyramid coordination geometries with a water molecule apically

boun d)[129,140—143]

is not preserved when the complex is dissolved in a
aqueous solution. Therefore, these data give important indications about
the real complex geometry in solution whose knowledge is required by all
biological studies where these copper(ll) complexes are investigated.

In particular, in the case of ternary copper(ll) complexes with Arg and
Glu, the experimental data suggest the existence of an equilibrium between
cis and trans conformers whose percentages of formation depend on the
temperature. In physiological conditions, the body temperature is around
37°C (310K), according to the data shown in paragraph §8.3, it is reasonable
to assume that the trans conformer predominates over the cis, when
copper(ll) ions form bis and ternary complexes with L-Arg and/or L-Glu. In
this case, both charged side chains are on the same side of the CuN,0,
coordination. Considering that many cuproproteins are involved in redox
reactions, these structural data might indicate that one of the apical sites,
occupied by a water molecule, could be easily available for substitution with
other substrates so that copper(ll) can take part in the biochemical pathway.
For instance, an involvement of copper(ll) ions in glutamatergic synapses
have been suggested because it is well known that copper(ll) is accumulated
in synaptic vesicles and it might be co-released with glutamate to modulate
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the receptors’ response. Some evidences suggest the existence of an
oxidation-sensitive domain of AMPA receptor close to the agonist binding
site and it could be affected by redox activity of copper(ll) ions reducing its
affinity for ligands.!"’%*7*!

About the ternary copper(ll) complexes [Cu(phen)(AA)], another
consideration can be made looking at the formal redox potentials achieved
by the SVW measurements. Only the [Cu(phen)(His)]* complex has the most
positive formal redox potential which is ascribable to a square based
pyramidal stereochemistry.”! The other copper(ll) complexes show highly
negative formal redox potentials suggesting that the biochemical
mechanism of action of this class of copper(ll) compounds is not associated
with a reduction of Cu(ll) to Cu(l) ion. In a recent work on a similar class of
ternary complexes with aminoacidates, a complete reduction of copper(ll)

complexes was only achieved by using relevant amounts of glutathione.”*!
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Chapter 9

9. Structural characterization of membrane proteins

Membrane proteins play a key role in all living organisms because they
represent the most important way of communication between the
intracellular and the extracellular environments to maintain the correct
homeostasis between these two compartments. More than 60% of
commercially available drugs have membrane proteins as pharmaceutical

75 Despite their importance, in comparison with the soluble

target.
proteins, our knowledge about their structure, function and interactions
with the membrane is still insufficient due to several experimental
limitations. There are many challenging steps such as expression, extraction,
isolation and purification of proteins as the investigation in their natural
environment under physiological conditions. For these reasons, up to now
the literature is poor of high-resolution structures of membrane
proteins.*”

As discussed in chapter 5, X-ray crystallography is the leading technique
in the field of structural biology. It requires always the formation of highly
organized 3D crystals. In the case of membrane proteins it is not trivial to
find out the best crystallization conditions in order to keep the physiological
membrane environment and to guarantee the native biomolecular
structure. Numerous trials have to be attempted making crystallization a
challenging and time-consuming process often limited by the low availability
of the sample.!*’>*7®

NMR spectroscopy, differently from X-ray crystallography, enables the
investigation of membrane proteins in soluble detergent micelles or
detergent-free membrane sample which mimics much better the protein

077 However, as already mentioned, this

physiological environment.
approach is strongly limited by the size of the biological system; therefore a
full assignment of large membrane protein complex through NMR
spectroscopy still remains a challenging task.”®

The recent Cryo-EM microscopy can be applied for the investigation of
big membrane proteins in detergent micelles requiring very low amounts of
sample. This is an advantage considering the difficulties to have good
expression and purification yields for these systems. This method allows to
get 3D-pictures at high resolution achieved summing thousands of images of
sample microcrystals obtained after a rapid freezing procedure and keeping

them below 100 K. In these cryogenic conditions, water molecules have no
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time to form ordered ice crystals and do not influence the picture
resolution.!””!

Unfortunately, Cryo-EM imaging often requires glycerol or high salts
concentrations to maintain the solubility of the membrane protein with the
result to suppress contrast and signal to noise ratio.™”® Moreover, it is very
difficult to investigate the dynamics of the membrane proteins following its
conformational changes.!*”®

In this context, EPR spectroscopy in combination with SDSL strategies is a
sensitive analytical tool which can offer detailed structural information at
atomic resolution on membrane proteins in their natural environment with
no size limitations.'®” CW-EPR spectroscopy can deliver many information
on water accessibility of nitroxide chemical environment allowing to study

the topology of the protein at water-membrane edge.!'’®

Moreover,
PELDOR/DEER spectroscopy allows to measure interspin distances between
two spin labels introduced at specific positions of the biomolecule by means
of SDSL approaches.””*”® additionally, EPR enables to investigate protein-

(1781800 Many further details and

protein and protein-lipid interactions.
application of EPR spectroscopy in this field can be found in the chapter of
BORDINGNON and STEINHOFF.['®"}

The lipid environment plays a critical role to maintain the proper folding
and function of a transmembrane (TM) protein. Therefore, the investigation
of lipid-protein interactions is fundamental to understand at molecular level
how these systems cooperate to ensure the communication between the
extracellular and the intracellular sides.”®”

TM proteins are complex systems made up of different hydrophilic and
hydrophobic regions whose sequence determines the overall structure and
the biological function. In order to better characterize the lipid-protein
interaction, many simple peptide models have been designed with the goal
to mimic the most important regions of TM proteins."®® This new
approach has paved the way towards the design of biomimetic systems able
to assume similar conformations and functions of natural biomolecules. In
this way it is easier to clarify the biochemical pathways or to investigate and
extend the biological features of TM proteins. Among the peptidomimetic
structures, in the last years B-peptides have attracted a lot of attention due
to their peculiar conformations and their biological activities."®™ The

main features of B-peptides are discussed in the next chapter.
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10. B-peptides

B-peptide is a family of synthetic oligomers which present a backbone
made up of B-amino acids containing an additional methylene group
between the amino and the carboxylic groups in comparison with the
natural a-amino acids. According to the position of the side chain (-R), it is
possible to synthesize B’-, B*-amino acids or the disubstituted B**-amino
acids (figure 10.1). Several synthetic routes have been suggested in the
literature to achieve enantiomeric pure B-amino acids, as described in the
book edited by JuARIsTI and SoLosHoNOK. ™!

The presence of an additional single bond between C, and Cg in B-amino
acids largely increases the flexibility of B-peptide’s backbone; therefore, it
would be expected that these oligomers are entropically disfavoured to
form stable conformations. In contrast with this intuitive observation,
several structural investigations have revealed that these oligomers can
adopt many stable secondary structures. In the last years, SEEBACH and co-
workers made a lot of work in this field unveiling that B-peptides can form
helices, B-sheets or hairpins, like the corresponding a-peptides.!’>86&7,190]
Right- and left-handed helical secondary structures, such as 14-, 12-, 10- or
8-helix, shown in figure 10.1, are well known. The nomenclature refers to
the number of atoms involved in one hydrogen-bond ring formation.!**!
Surprisingly, these foldamers are even more stable than the corresponding
a-helices because the larger flexibility of the backbone promotes the
thermodynamically favoured gauche conformation of the side chains (R).*®

R R © o R O
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Figure 10.1. In the upper part, B-amino acids which differ in the position of
the side chain (-R), depicted in blue,. Some helical B-peptide secondary
structure types are shown below.
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Considering that [B-peptides are unnatural oligopeptides, they are

[191]

resistant against the proteolytic degradation in vitro and in vivo, making

these oligomers suitable tools for several biological applications.™ !

B-peptides can be used as biomimetic scaffolds to synthesize peptide-
based drugs."®? For instance, a B-peptide sequence was designed to mimic a
natural peptide-based antibiotic, magainins, which is naturally degraded by
proteolytic enzymes, emerging as highly selective against the bacterial cells
over the mammalian cells.***

Furthermore, the huge variety of stable foldamers make B-peptides
excellent candidates to explore new protein structures or to design peptide
models in order to investigate protein interactions with other targets. For
instance, B-peptide sequences can give further information on the protein-
lipid interaction of an analogue transmembrane a-peptide. SEEBACH and
coworkers™¥ have synthesized small amphiphilic B-peptides able to mimic
the a-helices involved in lipid uptake in the small intestine mammalian cells.

The properties of B-peptides are strictly related to their primary
sequence and their conformations. Among all possible secondary structures,
one of the most investigated is the 14-helix whose features were already
well characterized through NMR, X-ray diffractions and CD
measurements."®**¥ The overall structure differs from that one of an a-
helix for the polarity, net dipole and radius, as shown in figure 10.2."¥”! An
a-peptide consisting of L-amino acids folds into a right-handed helix, while,
the corresponding B-peptide sequence forms a left-handed 14-helix with a
reverse oriented net dipole. The distance between two consecutive turns of
the helix, called pitch, is a bit longer in an a-helix than in a 14-helix, whereas
the diameter of one hydrogen bond-ring is larger in the latter.

a-helix 14-helix

F—0.42 nm—] — 0.48nm —]

C-Terminus
SE—

e

Figure 10.2. Comparison between an a-helix and a 14-helix. The figure is
taken from the PhD thesis of Dr. Janine Wegner.[185'198]
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Additionally, one turn of the a-helix consists of 3.6 residues while a 14-
helix presents approximately 3 residues per turn, therefore, this secondary
structure is generally called 3.4-helix. However, some oligopeptides with a
3.4-helix secondary structures have been investigated revealing that the
periodicity might be slightly different. In particular, SEEBACH and co-
199 studied a PB*-eicosapeptide made up of 20 L- B*-amino acids
highlighting an offset of around 15° in the right-handed direction from the

workers

ideal 3,4-helix. These experimental data suggested a periodicity of 3.1 + 3.4
residues per turn of the 14-helix.

To get further details about the 34,-helix secondary structure, in this
project, EPR spectroscopy in combination with SDSL approach were
employed to investigate one turn of the 14-helix in a representative -
peptide sequence designed by DIEDERICHSEN and co-workers (figure 10.3).2%0
The potential of TOPP spin label to get structural information on B-peptide
secondary structure was investigated. A recent study on WALP-TOPP
transmembrane a-peptide reveals that this spin label is a suitable tool for
high-resolution distance measurements in solution and in lipid bilayer.””

In this project B-peptide secondary structure was characterized in
solution and in multilamellar vesicles (MLVs). Therefore, the backbone
consists of 19 B*-Val (depicted in red in figure 10.3), as central hydrophobic
region, and eight hydrophilic residues (in blue): 2 B>Trp and 2 B*-Lys on
each side. Previous data have revealed that B*-Val are able to stabilize the
14-helix formation.'”®” Similar to WALP peptides, the tryptophans interact
with the head groups of the phospholipids in order to orient the B-peptides
in the lipid bilayer because their indole ring is preferentially located close to
the carbonyl groups of the lipid chains.?®**? The two B*-Lys increase the
solubility of B-peptide in solution. Preliminary CD measurements have
indicated that this sequence forms a 14-helix secondary structure in solution
and in lipid bilayer.??? CW-EPR and pulsed EPR experiments were
performed on B>-TOPP peptide sequences to obtain more detailed structural
information on the periodicity of the helix.

R 00 O

o]

e ISR I R SR A

Figure 10.3. B-peptide designed by DIEDERICHSEN and co-workers.2°
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11.CW and pulse EPR characterization of B>-TOPP peptides

This project was developed at the Max Planck Institute for Biophysical
Chemistry (Gottingen, Germany) in the research group of Electron-Spin
Resonance spectroscopy, under the supervision of Professor MARINA
BENNATI, in collaboration with Dr. KARIN HALBMAIR and ANNEMARIE KEHL and
with the research group of Professor ULF DIEDERICHSEN of the Institute for
Organic and Biomolecular Chemistry at the Georg-August University of
Gottingen.

Some results are illustrated in the PhD thesis of Dr. JANINE WEGNER, ™
who was directly responsible for the design of the project, synthesis,
purification and the theoretical models of spin labelled B*-peptides adopted
in this thesis. A paper containing most of these data is actually under
revision for a publication on a scientific journal. Some figures of this chapter
are adapted from it.

11.1 Scope and design of the project

Four B*-TOPP doubly labelled peptides based on the sequence of figure
10.3 have been synthesized and characterized by EPR spectroscopy in
solution and in lipid bilayer. The nitroxide B>-TOPP spin labels were
introduced in defined positions of B*-peptide hydrophobic stretch to
investigate one turn of the helix in order to check if the periodicity changes
between solution and a lipid environment.

Firstly, CW-EPR measurements at X-band frequency (9.5 GHz) were
carried out on B>-TOPP peptides prepared in solution to verify the labeling
efficiency of the samples. The CW-EPR spectra were also recorded in the
same samples prepared in multilamellar vesicles (MLVs) to investigate the
mobility of nitroxide spin label in the lipid environment.!*&7781

3-pulse ESEEM experiments at Q-band frequencies (35 GHz) on the EPR
samples prepared in deuterated lipid and protonated buffer were employed
to have more clear indications about the peptide incorporation into the lipid
bilayer measuring the electron-nuclear dipolar interactions with the
deuterons in the surrounding. Finally, PELDOR/DEER distance measurements
at Q-band frequencies (35 GHz) have enabled to explore the periodicity of
the 3y-helix secondary structure at atomic resolution measuring the
interspin distances between two B*-TOPP spin labels.
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11.1.1 B3-TOPP peptide samples

In order to investigate one turn of B3—peptide 3u-helix by EPR
spectroscopy, four doubly labelled B*-peptide sequences were designed
based on the backbone shown in figure 10.3. Nitroxide TOPP spin label,
introduced in paragraph 4.2., was employed to make the samples detectable
by EPR. The unnatural B3—TOPP amino acid, shown in the inset of figure 11.1,
was synthesized by Dr. JANINE WEGNER™®
B-peptide sequence. The nitroxide spin labels were introduced into the

and incorporated directly into the

hydrophobic stretch replacing two B*-Val for each sample.

The positions which have to be modified were defined according with the
actual distance limits for PELDOR/DEER measurements, discussed in section
§3.3.1, so that the expected interspin distances exceed 2 nm. Moreover, to
avoid any m-1t interactions with the aromatic side chains of tryptophan, B*-
TOPP labels were not placed in close proximity to these residues. Taking into
account all these considerations, one B>-TOPP label replaces the B*-Val in
position 22 in all mutants. The four B>-peptide differ in the position of the
second nitroxide radical (9, 8, 7 and 6). Consequently, the distances
between the labels are in the range 13 + 16 amino acids. For this reason, the
four peptides are named: B-TOPP[1-14] (red), B-TOPP[1-15] (blue), B-
TOPP[1-16] (green) and B-TOPP[1-17] (in orange), figure 11.1.

Considering that the whole sequence is 4.50 nm long, with a hydrophobic
stretch of 3.17 nm, the interspin distances estimated moves in range from
2.17 to 2.67 nm. These values are calculated according with the formation of
an ideal 344-helix, thus, using the basic parameters discussed in chapter 8 (3
amino acids per turn and a pitch of 0.50 nm).

4.50 nm 1

T 3.17nm ——
7 8 9 22

} Al LAl
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| Asa=13 2 B-TOPP|1-14] ) = (217 + x) nm

p NH NH NH NH,

I
, Aaa=14 | B-TOPP[1-15] - r=(2.33 + x) nm
|
I
8as=15 | B-TOPP[1-16] - r=(2.50 +x) nm
H2n-’\/°°°H v i !

Figure 11.1. The four doubly labelled Ba-TOPP peptide samples. The structure
of Ba-TOPP nitroxide spin label is shown in the inset.
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An additional undefined contribution (x) in the interspin distances due to
the intrinsic mobility of B>-TOPP spin label incorporated into the peptide
backbone has to be included.

However, some structural models of B3-TOPP peptide sequences have
been built to make some predictions about the PELDOR/DEER distances for
these four EPR samples.“%] The models are based on three sets of torsion
angles of B>-peptide backbones published in literature?®2%! that yield to
three slight different 14-helix arrangements. These structural models will be
illustrated in paragraph §11.4 and, for simplicity, are called 3:,-QM, 3;-
crystal and 314-EO (this symbolism will be discussed in paragraph §11.4 as
well). Three hydrophobic stretch values were extracted from each model

and they are reported in table 11.1.%

Table 11.1. Hydrophobic stretch values estimated for four B3—TOPP peptide

14-helix structural models based on different sets of torsion angles of BS-

peptide backbones. More details about these models will be given in
[198]

paragraph §11.4.

3,,-QM 34-crystal 3.4-EO 3,4-ideal
hydrophobic stretch  2.86 nm 2.80 nm 2.52 nm 3.17 nm

11.1.2 Multilamellar vesicles of POPC

All EPR experiments were performed in methanol solution to increase
the solubility of these samples, and in multilamellar vesicles (MLVs) of 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), shown in the inset
of figure 11.2. POPC was employed because it presents an hydrophobic
thickness similar to the hydrophobic stretch of B*-TOPP peptide sequences
so that the samples can be incorporated in the lipid bilayer avoiding
stretching and tilting of the backbone, aggregation or exclusion phenomena
(hydrophobic match), as shown in figure 11.2.15%

The hydrophobic match is a critical parameter that must be considered
for structural characterization of transmembrane peptides in a lipid
environment. Several NMR, FRET, EPR, X-ray and CD spectroscopy studies on
different transmembrane peptide models have characterized the
hydrophobic mismatch phenomena which influence the structure and the
dynamics of membrane proteins into their natural environment.!*8206207]
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The hydrophobic thickness (2D¢) of a lipid bilayer is defined as the
distance between two opposite acyl chains starting from the carbon C,. ¥
However, this value can be varied according to the different experimental
conditions. Based on data in the literature, the hydrophobic thickness of a
lipid bilayer made up of POPC fits well with the hydrophobic stretch values
reported in table 11.1 (2D ~ 2.58 + 2.88 nm)"?®2'% to ensure a matching
condition between polypeptide and membrane.

B>-peptide samples in MLVs were prepared in two ways: in one case
deuterated phospholipid (d;;POPC) and Tris(hydroxymethyl)aminomethane
hydrochloride (Tris-HCI) buffer in H,O were employed; in the second case,
protonated POPC and Tris-HCI buffer in D,0. d3;POPC has deuterium instead
of hydrogen atoms in the saturated aliphatic acyl chains.

These two sample preparations were designed to better clarify the
incorporation of the B*-peptide into the lipid bilayer through the EPR
experiments as discussed in the paragraph §11.3 Results and Discussions.

Figure 11.2. Scheme of the hydrophobic match between POPC, shown in the
inset, and a structural model of one Ba-TOPP peptide sequence adopted in
this thesis. 2D is the hydrophobic thickness of the lipid bilayer.
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11.2 Materials and methods

The four B*-TOPP peptide samples were received as a dry white powder
by Dr. JANINE WEGNER (Georg-August University of Gottingen) and stored at -
20°C up to their use.

11.2.1 Preparation of EPR samples

B3-TOPP sequences for EPR experiments in solution were prepared by
dissolving the peptides in methanol containing 20% glycerol as
cryoprotectant. Peptide concentrations, as determined by UV absorbance of
the tryptophans, were adjusted adding the proper volume of methanol in
order to reach 50 uM. Sample volumes of 20 uL were transferred into EPR
quartz tubes (1.6 mm O.D., 1 mm 1.D.) to perform CW-EPR experiments.

B>-TOPP peptides in multilamellar vesicles (MLVs) of POPC in Tris-HCl
buffer (20 mM, pH=7.4) were prepared either using D,O-buffer and
protonated lipid (POPC) or H,0-buffer and deuterated lipid (d;;POPC). Stock
solutions of POPC or d3;POPC (25 mg/mL) in chloroform and the B>-TOPP-
labeled peptide in methanol were mixed yielding a spin/phospholipid molar
ratio of = 1/3000. A previous study on a transmembrane a-peptide revealed
that this value of spin/phospholipid ratio prevents the aggregation of the
peptide at the membrane.”” Solvents were removed under nitrogen stream
followed by 3 h vacuum drying. Tris-HCI buffer (20 mM, pH = 7.4) was added
to the dry B*-peptide/phospholipid mixture yielding spin concentrations of
40 uM. After 1 h of incubation, 20 uL of sample were transferred into an EPR
quartz tube (1.6 mm 0O.D., 1 mm |.D.) and used for CW-EPR experiments at
room temperature. After that all EPR samples were frozen in liquid nitrogen
before performing pulsed EPR experiments.

11.2.2 CW-EPR experiments and labeling efficiency

CW-EPR experiments were performed at room temperature and at X-
band frequencies (9.5 GHz) in a Bruker Elexsys E500 spectrometer equipped
with a Bruker super-high Q resonator ER4122SHQE.

For characterization of the labeling efficiency, the standard 4-Hydroxy-
2,2,6,6-tetramethylpiperidine 1-oxyl (4-OH-TEMPOQO) standard was employed.
Five standard solutions were prepared in a range of concentrations between
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10 puM and 200 puM dissolving 4-OH-TEMPO in the same methanol solution
adopted for B>-TOPP peptides. CW-EPR spectra of each standard was
recorded and the double integration of the EPR signal was calculated to
build up a calibration curve. CW-EPR spectra of B>-TOPP labeled peptides in
methanol solution were recorded as well and the double integration of their
EPR signal revealed the samples’ spin concentration by interpolation with
the calibration curve. Labeling efficiency was calculated by comparing spin
concentrations determined by EPR and nominal peptide concentration
determined by UV absorbance of the tryptophans.

CW-EPR spectra of each B>-TOPP labelled peptide in MLV were recorded
as well to investigate the mobility of nitroxide radical in lipid bilayer.

Instrumental settings were the following: v = 9.874 GHz; center field =
3520 G; sweep width = 200 G; microwave power = 2 mW; modulation
frequency = 100 kHz; modulation amplitude = 1 G; conversion time = 5.12
ms; sweep time = 5.24 s. The number of scans varied in a range from 100 to
500 according to the intensity of the EPR signal.

All CW-EPR spectra were simulated with the EasySpin program™¥ to
extract information on the correlation times of nitroxide spin labels in both
environments.

11.2.3 Pulsed EPR experiments

Pulsed EPR experiments were performed at Q-band frequencies using a
commercial Bruker Elexsys E580 pulse X/Q-band spectrometer equipped
with a pulsed 170 W Q-band TWT-amplifier (Model 187Ka, Applied Systems
Engineering Inc.), a Bruker ENDOR resonator (EN5107D2), a continuous He-
flow cryostat (CF95550, Oxford Instruments) and a temperature controller
(ITC-5035, Oxford Instruments). The experimental temperature was set to
80 K during the introduction of the sample into the resonator and stabilized
at 50 K to perform EPR experiments.

Electron spin echo envelope modulation (ESEEM) experiments were
carried out using the three-pulse sequence % -T - % -T - % with a pulse

length of 8-10ns. In order to avoid blind spots, 2D-experiments were
performed. In the x-axis 512 points were acquired with increasing the delay

time T between the second and the third % pulse with a time-step of 4 ns. In

the y-axis the delay time 7 between the first and the second g pulse was
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increased with a time-step of 16 ns starting from 254 ns to 398 ns. 4-step
phase cycling was applied to suppress artefacts due to overlaps between
echoes. The area of the stimulated echo was integrated fixing a symmetric
gate around the center of the EPR signal with a length between 8 and 14 ns.
20 shots per points were acquired with a shot repetition time of 3 ms. The
microwave frequency was set to the center of the resonator dip and the
magnetic field adjusted to the maximum of the EPR signal. The number of
scans varied between 15 and 20. Each spectrum was converted from the
time domain to the frequency domain applying the Fourier transformation.
Firstly, the experimental data were background corrected using a 1* order
polynomial function. Then, a zero-filling procedure was adopted achieving
2048 points in order to improve the resolution of the Fourier transformation
procedure. The Hamming window function allowed smoothing the
exponential decay of the stimulated echo till zero. Fourier transformation
function was applied focusing on a range of frequencies from 5 to 60 MHz
including the Larmor frequencies of deuterons and protons at Q-band
frequencies.

All  PELDOR/DEER experiments were performed under strong
overcoupling conditions in order to ensure a broad dip of resonance. The
standard 4-pulse sequence was adopted fixing Vyymp 30-50 MHz over the
center of the dip in the maximum of the nitroxide line and v etecr 90 MHz
below Vpymp- This set-up allows to generate short pulses with large
bandwidths for both pumping and detection frequencies to avoid
orientation selection. PELDOR/DEER experiments on samples in MeOH were
carried out with typical m-pulse length of 12 ns at vy, and 20/22 ns at
Vgetect- The typical m-pulse length was 12/14 ns at vy, and 14/16 ns at

Vgetect Tor EPR samples in MLVs. Time delay between the first % and the

second 7w detection pulses was set to 400 ns. The dipolar evolution time
between the Hahn-echo sequence and the third detection pulse varied in a
range between 1.2 and 4.3 ps. The pump 1 pulse was applied at 500 ns and
moved with a time-step of 4-8 ns with the last pulse applied 100 ns before
the last detection 7 pulse to avoid an overlap between pump and detection
pulses. However, some artefacts appeared in the last 100-800 ns of the
experimental PELDOR/DEER trace, that was cut during data analysis. The
area of the refocused echo was integrated fixing a symmetric gate around
the center of the EPR signal with a length between 20 and 34 ns to reduce
the noise of the PELDOR/DEER trace. 50 shots per points were acquired with
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a shot repetition time of 4 ms. Typical acquisition times were on the order
10 + 22 h. The number of scans recorded per hour varied between 39 and 95
depending on the length of the respective PELDOR/DEER trace.

Bl was employed: dipolar

For data analysis, the program DeerAnalysis
traces were background corrected using either a mono-exponential or a
second-order polynomial function. Distance distributions were extracted
from the experimental data, using a fitting procedure based on Tikhonov

regularization.””!
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11.3 Results and Discussions
11.3.1 CW-EPR spectra of 33-TOPP peptides

Normalized experimental and simulated CW-EPR spectra of B>-TOPP
peptide samples recorded at room temperature in methanol solution and in
MLVs of d3;;POPC or POPC are reported in figure 11.3. It is possible to
observe for all samples three EPR lines typical of a nitroxide radical.

The linewidths and the different intensities of EPR lines in methanol
solution (first column) reveal some mobility restrictions due to the
incorporation of B*-TOPP spin label into the peptide backbone.

Experimental Experimental Experimental
Simulation Simulation Simulation

Experimental Experimentall Experiemental
Simulation Simulation Simulation

Experimental| Experimental| Experimental
weeeee Simulation Simulation Simulation

Experimental Experimental Experimental
Simulation - Simulation + Simulation

B-TOPP[1-17]

Figure 11.3 Normalized experimental (coloured solid line) and simulated
(black dot line) CW-EPR spectra of Ba-TOPP peptides in methanol solution
with 20% glycerol (first column); MLVs of d3;POPC with Tris-HCI buffer in H,0
(second column); MLVs of POPC with Tris-HCI buffer in D,O (third column).
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As a result, g and hyperfine anisotropies are partially resolved affecting,
in particular, the intensity of the third EPR line.

Looking at CW-EPR spectra acquired in lipid bilayer, a further broadening
proves the reduced mobility of B>-TOPP spin label in this environment with
the third EPR line which almost disappears in the baseline.

These observations are confirmed by the EasySpin simulations: the chili

1 was used to simulate the lineshape

spectral simulation function
modifications as dependent on the different correlation times along the
three axis: 7, 7,, and 7. The following magnetic parameters were adopted
to fit the experimental data: g;= 2.0086 + 0.0006, g,= 2.0048 + 0.0006, g3=
2.0037 £ 0.0006, A;=16+3,A,=10+5, A;=64 + 9. The linewidths (Ilw) and
the correlation time values are shown in table 11.2.

Looking at these parameters it is possible to note how the EPR signal
broadens in lipid bilayer with a linewidth which almost doubles in most of
the cases comparing with the same sample in methanol.

The calculated correlation times in solution confirm the axial symmetry
of B>-TOPP spin label also suggested by previous studies.™”®”” In particular,
T, and T, assume similar values of the order of nanoseconds, while the
motions around the z axis are much more slower with a 7, of the order of us
or in some cases ms.

Table 11.2. Linewidths (Ilw) and correlation time parameters of B3—TOPP
peptide samples in methanol solution and in lipid bilayer estimated through
EasySpin simulations of the experimental CW-EPR spectra. The values are
affected by an estimated error of 10%.

EPR samples Iw Tx Ty Tz
MeOH 0.22 13ns 2.6 ns 70.8 us
B-TOPP[1-14] d3,POPC 0.40 10.2 ns 286 ps 552 ps
POPC 0.46 6.5ns 7.7 us 28 ms
MeOH 0.13 1.3ns 2.3ns 28.2 us
B-TOPP[1-15] d3,POPC 0.35 5.8 ns 7.5 us 24.4 ms
POPC 0.49 3.2ns 50 ps 12 ms
MeOH 0.34 1.9ns 2.2ns 69 ms
B-TOPP[1-16] d3,POPC 0.46 7.7 ns 93.8 us 6.2 ms
POPC 0.53 7.3ns 1.1pus 49 ms
MeOH 0.12 1.4 ns 2.7 ns 2.2 us
d3;POPC 0.35 8.0 ns 123 ps 882 us
POPC 0.39 7.1ns 1.7 us 54 ms
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These parameters are in agreement with the data obtained by the
simulations of other nitroxide radicals with axially symmetric rotational
diffusion.!?*?

The rotational diffusion of B*-TOPP spin label becomes fully anisotropic in
lipid bilayer with a severe enhancement of 7, more than three orders of
magnitude and t,, values which undergo only a slight raising.

The similar lineshape of experimental nitroxide CW-EPR spectra recorded
in MLVs of d3;POPC with protonated Tris-HCI buffer and in MLVs of POPC
with deuterated Tris-HCI buffer indicate that deuterons or protons do not
influence the nitroxide radical magnetic parameters. However, the unique
effect is a decreasing of the EPR signal absolute intensity in POPC comparing
with d3;POPC, as documented for the sample B-TOPP[1-17] in figure 11.4,
shown as example. This is a consequence of the lower relaxation times of
the electron spin magnetic moment placed into a protonated chemical
environment than in a deuterated one, as discussed in chapter §3.

These spectroscopical features give a first clue about the incorporation of
B>-TOPP peptides into the lipid bilayer: the samples prepared in MLVs of
d3,POPC with protonated buffer show a higher EPR signal intensity because
B>-TOPP spin labels are in close proximity to the deuterons of d3;POPC acyl
chains. On the contrary, in MLVs of POPC, the nitroxide radicals are closer to
the protons of POPC phospholipid chains giving an EPR signal which presents
almost half intensity comparing with the first sample preparation.

3450 3480 3510 3540 3570 3600
Magnetic Field (G)

Figure 11.4. Comparison between the absolute intensities of the
experimental B-TOPP[1-17] CW-EPR spectra recorded in d3;,POPC (orange) and
POPC (yellow) MLVs.
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11.3.2 Estimation of spin concentration and labeling efficiency

Estimation of spin concentration for each B*-TOPP peptide sample was
achieved employing a calibration curve built up with 4-OH-TEMPO standard
solutions in a range of concentrations between 10uM and 200uM. Their
CW-EPR spectra were recorded in the same medium of EPR samples
prepared in solution (80 % methanol + 20 % glycerol). Then, the double
integration of the EPR signals was calculated to build up the standards
calibration curve, shown in figure 11.5. Double integration of B>-TOPP
peptide sample CW-EPR spectra in methanol was calculated as well to
extract their spin concentration by interpolation. The B*-TOPP peptide
samples were prepared with a peptide concentration around 50 pM.
Considering that each B*-peptide is doubly labelled, the expected spin
concentration might be around 100 uM to reach 100% labeling efficiency.

The experimental spin concentrations are around 60 % less than those
expected. These spin concentration values were taken as reference to
prepare the EPR samples in lipid bilayer in order to use the proper amount
of peptide to reach 40 uM spin concentrations in MLVs. Some HPLC
evidences from Dr. JANINE WEGNER highlighted that after B*-peptide
sequences purification, the nitroxide might undergo a reduction process to
the diamagnetic hydroxyl amine group. To restore the radical species the
samples might be treated with atmospheric oxygen.**®

However, the real spin concentration is not so low to compromise the
further EPR measurements.

70
® 4-OH-TEMPO in MeOH (20% glycerol) B
60 4 -~~~ calibration curve (R?=0.998) .7
< 504 .
8
®
o 40+ .
i)
£
2 30 - L
K]
3
]
© 204 .7
x4
B-TOPP[1-14]
104 _ Hp-TOPP[1-15]
e
f B-TOPP[1-16]

0 T T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200 220
Concentration (uM)

Figure 11.5. Determination of spin concentration in Bs—TOPP labelled peptide
samples by CW-EPR. Estimated error is about 10 % for each point.
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11.3.3 PELDOR/DEER distance measurements in methanol solution

PELDOR/DEER experiments were carried out to explore one turn of B*-
TOPP peptide 14-helix secondary structure in solution and in MLVs. In this
section the experimental results in methanol solution are illustrated. These
PERLDOR/DEER traces were recorded and analysed by Dr. KARIN HALBMAIR at
Max Planck Institute for Biophysical Chemistry (Gottingen).

The experimental traces acquired in methanol solutions, the
corresponding background corrected traces and the distance distributions

achieved with the DeerAnalysis programlag] are reported in figure 11.6.
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B-TOPP[1-14] B-TOPP[1-15] B-TOPP[1-16] B-TOPP[1-17]
r [nm] Aaa=13 Aaa=14 Aaa=15 Aaa=16
PELDOR 217 3.09 2.95 2.55
MeOH Ar=0.24 Ar=0.15 Ar=021 Ar=0.21

Figure 11.6. On the upper part, the experimental PELDOR/DEER traces (left)
and the background corrected traces (right) of Ba—TOPP peptides in methanol
solution are shown. In the centre, the extracted distance distributions are
illustrated together with a. graphical representation of their trend as a
function of the amino acid separation Aaa. On the button the experimental
distances are summarized in a table. Ar is the half width at half height.
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All time traces present a high signal to noise ratio. After the undetected
echo at zero-time, clear modulations with just one dominating dipolar
frequency are visible due to the dipolar coupling between nitroxide TOPP
spin labels. These data yield to reliable and narrow distance distributions
characterized by one main peak centred in a range between 2.17 nm and
3.09 nm. A summary of the experimental interspin distances are reported in
the table on the bottom of figure 11.6. Ar represents the half-width at half
height of the main peak and is correlated with the mobility of nitroxide spin
labels.¥

A graphical representation of the interspin distances as a function of the
amino acid interspin separation (Aaa) highlights that the trend of
PELDOR/DEER distances in methanol solution is wave-like due to the helical
secondary structure of B-peptides and the orientation of B>-TOPP spin
labels. The formation of the 14-helix secondary structure confirms the CD
measurements of Dr. JANINE WEGNER.*

11.3.4 3-pulse ESEEM experiments on [33-TOPP peptides in MLVs

B>-TOPP peptides incorporation into the lipid bilayer was probed by 3-
pulse ESEEM experiments. As discussed in section §3.3.2, this EPR approach
enables to detect electron-nuclear dipolar coupling giving a modulated
stimulated echo decay at the Larmor frequency of the nearest nuclei in the
surrounding.

As introduced in section §11.1.2 B>-TOPP peptide samples in lipids were
prepared in two different conditions: in one case d3;POPC in Tris-HCl buffer
dissolved in H,0 were employed. For the second sample preparation POPC
and Tris-HCI buffer in D,0 were adopted. A deuterium modulation is
expected to be detected for the samples prepared in d3;POPC and
protonated buffer due to the close proximity between the nitroxide radical
and the deuterated phospholipid chains. On the contrary, this modulation
should be not visible for the second sample preparation with POPC and
deuterated buffer because the B*-TOPP spin labels incorporated into the
lipid bilayer should be far away from the deuterons of the buffer.

3-pulse ESEEM experiments suffer from blind spots for specific T values
(section §3.3.2). Thus, to avoid a misinterpretation of the experimental data,
2D experiments were performed to find out the best parameter T which
yields to the most intense modulation.
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Figure 11.7 shows, as example, the 2D 3-pulse ESEEM spectra in time
domain acquired on B-TOPP[1-14] prepared in lipid bilayer of d3;POPC
(sketched on the left). A window of T values was swept in a range between
254 ns and 398 ns with a time-step of 16 ns. A clear modulation of the
stimulated echo decay is visible and its magnitude changes according with
the delay time between the first two % pulses. The most intense modulation

is visible around 7 = 318 ns.

To discover which nucleus is responsible of this modulation, the EPR
traces were Fourier transformed and so converted in frequency domain. At
Q-band frequencies (35 GHz), deuterons have a Larmor frequency, vp = 7.8
MHz and protons, vy = 51 MHz.

Figure 11.8 presents the 3-pulse ESEEM experiments in time and in
frequency domains of B>-TOPP peptides in MLVs adopting both sample
preparations. The shown traces were acquired with 7 =318 ns.
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Figure 11.7. 2D 3-pulse ESEEM experiment in time domain performed on Bs—
TOPP[1-14] in MLVs of d3;POPC, shown in the inset, and protonated Tris-HCI
buffer. The time traces were recorded with a 7 =318 ns.

110



CW and pulse EPR characterization of B>-TOPP peptides

A clear deuterium modulation is visible only in d3;POPC MLVs. If POPC
and D,0-buffer are employed only a residual deuterium ESEEM is observed,
which is in agreement with some penetration of water molecules into the
MLVs. These experimental data support the conclusions taken from the CW-
EPR spectra and further suggest a proper integration of B*-TOPP peptides
into the phospholipid bilayer.
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Figure 11.8. 3-pulse ESEEM spectra in time and in frequency domains of [33-
TOPP peptides prepared in MLVs of POPC in D,0-buffer (magenta line) and
d;,;POPC in H,0-buffer (blue line).
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11.3.5 PELDOR/DEER distance measurements in MLVs

The experimental PELDOR/DEER traces and the corresponding
background corrected traces acquired on B>-TOPP peptide samples in MLVs
of d3;POPC and POPC are shown in figure 11.9. Overall for the same sample
the data reveal that B>-TOPP spin labels behave similarly in both MLVs
environments yielding similar experimental traces.
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Figure 11.9. Experimental PELDOR/DEER traces (left) and the background
corrected traces (right) of Ba-TOPP peptides in MLVs of d3;POPC (blue) and
POPC (magenta) are shown.
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However, it is possible to note that, keeping the same experimental set-
up, the PELDOR/DEER traces recorded in POPC MLVs have a worse signal to
noise ratio than the corresponding samples in d3;;POPC. Like the CW-EPR
spectra, this effect is associated with the decreasing of refocused echo
intensity due to the POPC protonated phospholipid chains which reduce the
relaxation times of the closed nitroxide radicals.

After the undetected echo at zero-time, dipolar modulations are visible.
The most evident is that one of B-TOPP[1-15]; while two shallow dipolar
modaulations are detectable for the samples B-TOPP[1-16] and B-TOPP[1-17].
About the sample B-TOPP[1-14], more than one dipolar frequencies
contribute to the PELDOR/DEER trace which yields a more complex distance
distribution.

Distance distributions of B*-TOPP peptides in MLVs are reported in figure
11.10 together with the PELDOR/DEER distances previously measured in
methanol solution for comparison. The extracted distance distributions in
lipid bilayer are very similar to each other and present the same main peak
centred in a range between 2.37 nm and 3.09 nm for both sample
separations. These results confirm the large accuracy and reliability of
PELDOR/DEER technique for high-resolution distance measurements in
biomolecular structures. The main distance peak corresponds with that one
measured in methanol solution with only a slight deviation to longer
distances (~+0.2 nm) for the samples B-TOPP[1-14] and B-TOPP[1-17]. In
general, the distance distributions are broader in lipid bilayer than in
methanol solution because the peptide-lipids interactions can increase the
label’s conformational space. According to the experimental results, this
effect is more pronounced in B-TOPP[1-16] and B-TOPP[1-17] where
labelling positions are closer to the lipid head group tail interface when
compared to the other two B-TOPP peptides. B-TOPP[1-14] sample shows
also some small additional peaks which however do not compromise the
analysis of the experimental data. In order to exclude a possible aggregation
of the peptide at the membrane, a series of PELDOR/DEER experiments with
lower spin/phospholipid ratio from 1/3000 up to 1/12000 were performed
by ANNAMARIE KEHL and Dr. KARIN HALBMAIR at the Max Planck Institute for
Biophysical Chemistry. The dilution of peptide should prevent a possible
aggregation; nevertheless, the extra-peaks does not vanish suggesting that
they might be associated with little structural perturbations for that defined
label position.
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(-TOPP[1-14] in d, POPC B-TOPP([1-15] in d,,POPC
14 [
f-TOPP[1-14] In MeOH 3-TOPP[1-15] in MeQH

p-TOPP[1-16] In d, POPC p-TOPP(1-17] In d, POPC

-TOPP[1-16] in MeOH TOPP[1-17] in Me

Figure 11.10. On the upper part, the extracted distance distributions of Ba—
TOPP peptides in MLVs of d3;POPC (blue) and POPC (magenta) together with
the experimental PELDOR/DEER distance in methanol solution (grey) for
comparison are shown. On the bottom part all experimental PELDOR/DEER
data are summarized in a table and a. graphical representation of the
distance trend as a function of the amino acid separation is reported.
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Looking at the graphical illustration of the experimental distances of
figure 11.10, a helical secondary structure is confirmed also in MLVs with a
very similar periodicity of the helix in methanol and in lipid environment.
These results strongly indicate that p>-peptides fold similarly in solution and
in a phospholipid bilayer and lipid-peptide interactions do not influence p*-
peptides’ secondary structure.

The distance distributions of B>-TOPP peptide samples extracted in lipid
bilayer were validated employing the statistical validation tool of
DeerAnalysis 2013 program.[39] For all PELDOR/DEER traces the background
starting point was varied in a range from 240 ns up to 1000 ns, performing
11 trials. Additionally, the influence of the noise on the distance
distributions was estimated carrying out other 10 trials where the noise was
increased of a factor of 2 by adding artificially random points to the
experimental data. Combining all data sets achieved from each attempt for
both parameters under investigation, in total 110 trials were carried out
followed by pruning of the trial results with a prune factor of 1.15. This
procedure excludes the data sets which exceed more than 15% the lowest
root mean square deviation (rmsd). The resulting distance distributions,
shown in figure 11.11, present a 20 confidential interval; the grey bars
correspond to an error of £2 times the rmsd for each point of the distance
distribution.

Figure 11.11 Validation of distance distributions extracted from the
experimental PELDOR/DEER traces of B3—TOPP peptide samples recorded in
MLVs of d;;POPC and POPC.
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These outcomes confirm the existence of more than one distance for the
sample B-TOPP[1-14] whose origin is still unclear. Moreover, B-TOPP[1-15]
presents a bit more complicated distance distribution pattern in POPC than
in d3;POPC but with a main peak always centred around 3.1 nm. In any case,
the presence of additional distance peaks do not interfere with the overall
interpretation of results.
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11.4 Structural molecular models of Bs-TOPP peptide samples

Simplified B>-TOPP peptide models of the 3;,-helix secondary structure
were created by Dr. JANINE WEGNER™® to make a comparison with the
experimental data. The models are based on three different sets of torsion
angles of B>-peptide backbones published in the literature.?®2%! The
presence of an additional methylene group in B-amino acids implies that
four torsion angles, shown in figure 11.11, have to be considered when the
dynamics of a B-peptide sequence has to be investigated.

The first structural model, named 3,,-QM, comes from a quantum
mechanics optimization of a B*-peptide backbone;*®® the second (314
crystal) derived from a B3-peptide crystal structure; ¥ the third (314-EO) is
achieved through a computed ideal 3-helix with an energy-optimized
backbone.?™ The values of the three sets of torsion angles are reported in
figure 11.11.

Firstly, the peptide backbones were generated according with the
published data, dismissing valine and lysine side-chains for simplification of
the modelling. The molecular editor Avogadro was employed.?*?!
Afterwards, planar TOPP spin labels were DFT optimized. Then, the four spin
labelled B>-peptide models were obtained keeping fixed the backbone and
nitroxide geometries and adjusting their mutual orientations around the
connecting bond. A more reasonably adjusted orientation of the residues
was achieved by applying the MEerck molecular force field (MMFF94).12*4

(@] @]
4
@
%NWLT/
H

H
3,,-helix 1] o 7 @
3,,-OM 139.9° -60° 134.3° -180°
3,,-crystal 132.3° -54.2° 135.1° -180°
3,,-EO 139.3° -55° 123.4° -180°

Figure 11.12. The table shows three sets of backbone torsion angles for a 3,-
helix secondary structure. These values were employed to create structural
models for the four B3-TOPP peptide samples characterized in this project.
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Figure 11.13. Bg—TOPP peptide 3,,-QM structural models. The figure is
adapted from the PhD thesis of Dr. Janine Wegner.“gs]

The structure of the four B*>-TOPP peptide samples achieved by the 34,-
QM model® s illustrated, as example, in figure 11.12.

Since the unpaired electron is delocalized between the oxygen and
nitrogen atom of the nitroxide radical, the inter-spin distances between the
first spin label (N;-O;:) and the second one (N,-O,:) were determined as
average of the distances 0;—0,, O;—N,, N;—0, and N;—N,. All values and the

average are given in the following tables (11.3. + 11.6.).1"%

Table 11.3. Calculated inter-spin distances r [nm] from the three theoretical
models for B-TOPP[1-14]98!

B-TOPP[1-14] 3,.-QM 344-crystal 3.4-EO
r (0,-0,) 2.0525 2.3656 2.2133

r (01-N,) 2.0461 2.3336 2.1609

r (N;—0,) 2.0753 2.3227 2.1912

r (N;=Ny) 2.0597 2.2861 2.1337

r (average) 2.0584 2.3270 2.1748
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Table 11.4. Calculated inter-spin distances r [nm] from the three theoretical
models for B-TOPP[1-15].[198]

B-TOPP[1-15] 3.,,-QM 3,4-crystal 3.4-EO
r (0,-0,) 2.9592 3.1896 3.0241

r (0,—-N,) 2.8830 3.0809 2.9099

r (N,-0,) 2.8843 3.1000 2.9277

r (N;—-N,) 2.8084 2.9943 2.8161

r (average) 2.8837 3.0912 2.9195

Table 11.5. Calculated inter-spin distances r [nm] from the three theoretical
models for B-TOPP[1-16].[*%8!

B-TOPP[1-16] 3.,-QM 344-crystal 3.4-EO
r(0,-0,) 3.0211 2.3708 2.1480

r (0;-N,) 2.9533 2.3659 2.1420

r (N;-0,) 2.9345 2.3583 2.1241

r (N;—-N,) 2.8688 2.3488 2.1129

r (average) 2.9444 2.3600 2.1318

Table 11.6. Calculated inter-spin distances r [nm] from the three theoretical
models for B—TOPP[1—17].[198]

3.,-QM 3,4-crystal 3.4-EO

r (0,-0,) 2.5312 2.7378 2.4616
r (0;-Ny) 2.5383 2.7051 2.4261
r (N;-0,) 2.5234 2.7245 2.4456
r (N;—Ny) 2.5234 2.6884 2.4066
r (average) 2.5291 2.7140 2.4350
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A graphical comparison between the calculated interspin distances and
the experimental data obtained in methanol solution and in lipid bilayer is
shown in figure 11.13.

The three structural theoretical models show three different periodicity
of the helical secondary structures according with the three different -
peptide’s backbone employed. Looking at the shape of the curves (figure
11.13) the experimental distances in methanol solution and in lipid bilayer
are in close agreement with the interspin distances predicted by the
structural model 3,,-QM depicted in yellow in figure 11.13. This observation
strongly suggests a periodicity of the 14-helix consisting of 3.25 residues per

turn.12%%

B-TOPP[1,14] B-TOPP[1,15] B-TOPP[1,16]
3.2+

3.0+

13 14 15 16
Aaa

r[nm] B-TOPP[1-14]  B-TOPP[1-15] B-TOPP[1-16]

Aaa=13 Aaa=14 Aaa=15

PELDOR 2.17 3.09 2.95 2.55
MeOH Ar=0.24 Ar=0.15 Ar=0.21 Ar=0.21

PELDOR 2.37 3.07 2.92 2.74
d3;,POPC Ar=0.39 Ar=0.33 Ar=0.64 Ar=0.45

PELDOR 2.42 3.09 2.91 2.74
POPC Ar=0.27 Ar=0.29 Ar=0.55 Ar=0.45

3-QM 2.06 2.88 2.94 2.53

(314-crystal) 2.33 3.09 2.36 2.71

3,,-EO 2.17 2.92 2.13 2.43

Figure 11.14. Graphical comparison between the experimental PELDOR/DEER
distances and the distances predicted by the three BS-TOPP peptide models.
All values are summarized in the table below.
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CW and pulse EPR characterization of B>-TOPP peptides

The experimental distances in solution and in MLVs for the sample B-
TOPP[1-16] fit perfectly with the theoretical one. The other samples present
just a slight deviation to longer distances (~+0.2 nm). This might likely come
from a too simplified structural model due to the disregard, during the
construction of the models, of the solvent effects (for samples in methanol
solution), and of lipid effects (for samples in MLVs).

Looking at the periodicity of the helix, these results seem to confirm the
data coming from a previous NMR study on B*-eicosapeptide in methanol
solution performed by SEEBACH and co-workers.**® This study reveals an
offset of around 15° in the right-handed direction from the ideal 3,-helix
that yields an helical periodicity made up of 3.1. + 3.4 amino acids per
turn.™® Taken together all these considerations it is possible to assume that
B>-peptide sequence designed by DIEDERICHSEN and co-workers (figure 10.3)
and the four doubly labelled B>-TOPP peptides employed in this project fold
in solution forming a “3.2,,” helix. PELDOR/DEER experiments carried out in
MLVs indicate that peptide-lipid interactions do not affect this secondary
structure which is preserved in the lipid environment. These data are
consistent with CD measurements on labelled and non-labelled B-peptide

sequences recorded in both environments by Dr. JANINE WEGNER.!**®!

11.5 Conclusions and Perspectives

The experimental results have demonstrated that EPR spectroscopy in
combination with SDSL strategies is a powerful biophysical tool which allows
to reveal biomolecular structural information on spin labelled biological
systems in their natural environment. In particular, this study has
demonstrated that the semi-rigid B>-TOPP spin label incorporated into a B*-
peptide backbone enables to achieve reliable and narrow distance
distributions in solution and in lipid bilayer at atomic resolution.

CW-EPR and 3-pulse ESEEM experiments on B*-TOPP peptide samples
have given some indications about the proper incorporation of peptides into
MLVs. Moreover, PELDOR/DEER distance measurements have unveiled that
the B3-TOPP spin labelled peptide sequences investigated in this project fold
in a “3.244-helix” in solution and in lipid bilayer with negligible influences of
peptide-lipid interactions on the secondary structure.

These data strongly encourage the usage of TOPP spin label for the study
of further transmembrane peptide systems by EPR spectroscopy.
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12. Final conclusions

The experimental data shown in this thesis highlight the potential of EPR
spectroscopy to unveil peculiar information on systems containing one or
more paramagnetic centres. Both CW and pulsed EPR methods emerge as
very powerful techniques to characterize a wide range of paramagnetic
samples from small metal complexes to large macromolecular structures
with high resolution. In fact, EPR is not limited by any size restrictions and it
is sensitive only to the magnetic moment of the unpaired electron and its
magnetic interactions with the close surrounding. The remaining parts of the
system under investigation is EPR silent.

The critical steps that must be considered to perform an EPR
measurement are associated with the sample preparation, in particular
when a spin labelled macromolecule is designed, and to the set-up of the
experimental parameters that has to ensure an adequate signal to noise
ratio to probe specific magnetic interactions.

In particular, the experimental temperature is a key parameter that must
be properly set because it influences the relaxation times of the electron
spin and the resolution of EPR signal. Moreover, moving from fluid solution
to frozen solution, where the electron magnetic momenta are not free to
move, EPR spectroscopy enable to resolve g and hyperfine anisotropies
revealing the “fingerprints” of the paramagnetic centres and the peculiar
features of its close surrounding. Performing EPR experiments at high fields
and high frequencies it is also possible to explore specific orientations of the
unpaired electron.***?

About the copper(ll) complexes with arginate and glutamate ligands,
investigated in the second part of the thesis, CW-EPR spectra recorded at
room temperature and in frozen solution at X-band frequencies (9.5 GHz)
clearly suggest that this complex species adopt a tetragonally elongated
octahedral geometry. Furthermore, the EPR measurements unveil the
existence in solution of an equilibrium between the cis and trans conformers
for the same complex species, giving also some indications about the
percentages of formation of each conformer. The modifications of the
cis/trans ratio as a function of the temperature suggest how the
electrostatic interactions among the charged side chains of aminoacidate
ligands might favour the formation of one conformer over the other.

CW-EPR experiments performed always at X-band frequencies (9.5 GHz)
on ternary copper(ll) complexes with 1,10-phenantroline and some
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aminoacidate ligands, known as cassiopeinas, prove that all these systems
present the same stereochemistry observed for the copper(ll) complexes
with arginate and glutamate ligands differently from the geometry adopted
at solid-state and determined by X-ray crystallography.**®*#2 only the
ternary complexes with 1,10-phenantroline and histidine show a peculiar
behaviour. Histidine can coordinate Cu(ll) ions with a glycine-like, at acidic
pH values, or with a histamine-like mode at pH values around the neutrality,
involving the deprotonated nitrogen atom of the imidazole side chains in the
coordination sphere.[164] The anisotropic magnetic parameters extracted at
pH around 7 and 150 K for this complex highlight that the temperature
might influence the formation of the [Cu(phen)(His)] complex, leading to
think that this formation process is endothermic. Actually, at 150 K it is
possible to see the spectral features of the [Cu(phen)(HisH)] complex
together with other copper species coming from a dissociation of
[Cu(phen)(His)]. In any case, the geometrical characteristics of
[Cu(phen)(His)] complex differ from those of [Cu(phen)(HisH)] because the
former adopts probably a square-based pyramidal geometry.

All the voltammetric measurements, performed on these copper(ll)
complexes, support these conclusions.

The spectroscopic and voltammetric data shown in the second part of
this thesis allow to extract also some useful bioinorganic implications about
these copper(ll) complexes. In particular, in the case of complexes with
arginate and glutamate it is possible to determine which conformer easier
form in physiological condition in the brain giving the basis to explore
further biochemical properties of this copper(ll) species in this
compartment.

About the cassiopeinas, the highly negative formal redox potentials
extracted by voltammetric measurements give some indications about the
redox properties of the metal centre excluding the hypothesis of an
involvement of copper(ll) redox reactions in the mechanism of action of this
class of metal-based drugs.

CW and pulsed EPR measurements performed on a B-peptide sequence
in solution and in lipid bilayer demonstrate the great potential of EPR
spectroscopy, in combination with SDSL strategies, for structural
characterization of peptides in both environments at atomic resolution. In
particular, the semi-rigid nitroxide TOPP spin label, thanks to its restricted
mobility, shows good spectroscopic features, which make it an excellent

123



Chapter 12

probe to monitor peptide secondary structures and structural modifications
due to the interactions with different environments. The spectroscopic data,
in fact, clearly prove that the periodicity of the 14-helix secondary structure
adopted by B-TOPP peptide is around 3.2 residues per turn either in
methanol solution or in multilamellar vesicles of POPC with negligible
influences associated with the peptide-lipid interactions.

Placing TOPP spin label in other positions of the peptide backbone it
would be possible to detect if this “3.2” periodicity of the helix is maintained
along the whole sequence or if there are some deviations from this value.

This B-TOPP peptide sequence represents a promising tool that can be
used as a model for further structural investigations of peptides in a lipid
environment. Changing some experimental conditions, such as the
peptide/lipid ratio, the peptide length or employing a phospholipid, which
has a different hydrophobic thickness, it would be possible to perform a
systematic EPR characterization of all adaption mechanisms of this system

to the mismatch conditions.?%%%”!
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