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Abstract: The study of cellular machineries responsible for the iron–sulfur (Fe–S) cluster biogenesis
has led to the identification of a large number of proteins, whose importance for life is documented by
an increasing number of diseases linked to them. The labile nature of Fe–S clusters and the transient
protein–protein interactions, occurring during the various steps of the maturation process, make their
structural characterization in solution particularly difficult. Paramagnetic nuclear magnetic resonance
(NMR) has been used for decades to characterize chemical composition, magnetic coupling, and the
electronic structure of Fe–S clusters in proteins; it represents, therefore, a powerful tool to study
the protein–protein interaction networks of proteins involving into iron–sulfur cluster biogenesis.
The optimization of the various NMR experiments with respect to the hyperfine interaction will be
summarized here in the form of a protocol; recently developed experiments for measuring longitudinal
and transverse nuclear relaxation rates in highly paramagnetic systems will be also reviewed. Finally,
we will address the use of extrinsic paramagnetic centers covalently bound to diamagnetic proteins,
which contributed over the last twenty years to promote the applications of paramagnetic NMR well
beyond the structural biology of metalloproteins.

Keywords: iron–sulfur proteins; paramagnetic NMR; iron–sulfur cluster biogenesis; solution
structures; metalloproteins

1. Introduction

Paramagnetic nuclear magnetic resonance (NMR) has been, over the last twenty years, one of
more lively and active branches of biomolecular NMR, widely used to characterize metalloproteins.
Indeed, metalloproteins represent a wide percentage of the entire proteome and a large share of
metalloproteins is paramagnetic. The first solution structure of a paramagnetic metalloprotein was
solved in 1994 [1]. Since then, many protein structures of paramagnetic systems were obtained
in solution in different oxidation states [2–6]. The quest for novel methodological advancements
flourished, redox dependent effects were investigated [7], and a number of paramagnetism-based
NMR restraints were proposed [8]. Likewise, the main programs for solution structures calculations
were revisited and complemented with routines able to tackle paramagnetism-derived NMR restraints
and to combine them with conventional NMR restraints [9,10]. Over the last decade, the popularity
of NMR-based structural biology has been shadowed by a number of factors: the “mild” success of
NMR as a high-throughput method for protein structure determination, the increasing performances
of structure prediction approaches, the appearance into the scene of the brilliant and raising star of
cryo-electron microscopy, that is replacing NMR for an increasing number of applications in proteomics
and interactomics and is integrated with NMR to obtain structure determination of very large complexes
at an atomic resolution [11,12]. Nevertheless, many methodological developments have been proposed
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that have contributed to expand the range of applications [13–18]; within this scenario, the exploitation
of the hyperfine interaction has been one of the most exciting aspects.

In paramagnetic metalloproteins, the hyperfine interaction between electron spin and nuclear
spins can be a tool to: (i) elucidate catalytic mechanisms in metalloenzymes and provide a molecular
picture of the currently known protein–protein interaction networks involving metalloproteins; (ii) use
small and stable metalloproteins as test systems to develop novel experiments and to obtain additional
NMR restraints that could eventually be used to study larger and unstable proteins. However, probably
the most intriguing aspect is the use of metal-based spin labels as an additional source of structural
constraints in diamagnetic proteins. This succeeded to extend the range of systems that can be studied
via paramagnetic NMR: extrinsic paramagnetic centers contributed to promote the applications of
paramagnetic NMR also beyond structural biology in solution [19–25].

One of the aspects to which paramagnetic NMR has substantially contributed is the discovery
of molecular machineries devoted to the biogenesis of iron sulfur proteins and the study of cellular
trafficking of metal cofactors. I will briefly overview the contribution of NMR studies for elucidating
aspects of iron–sulfur proteins biogenesis, where the understanding at a molecular level provide
snapshots of protein–protein interactions, which are crucial for the biomedical aspects. Then, I will
present here a summary of the recent developments in NMR methodologies for paramagnetic proteins
and show how they can be used within solution structure calculations. Finally, I will briefly overview
how paramagnetic NMR came under the spotlights when extrinsic paramagnetic agents have been
attached to biomolecules and used as a source of paramagnetism based NMR restraints.

2. Paramagnetic NMR

The theory of the hyperfine interaction between electron spins and nuclear spins and its
consequences on the nuclear relaxation properties have been exhaustively reviewed [2,26]. For the ease
of the reader, I will recap here the terms that are of major use in paramagnetic systems. The hyperfine
shift, i.e., the contribution to the chemical shift arising from the hyperfine interaction, can be factorized
into a contact (CS) and pseudo-contact (PCS) contributions, according to Equations (1)–(3)

∂obs = ∂CS + ∂PCS (1)

∂CS =
A
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where A is the hyperfine coupling constant, which is proportional to the electron spin density at the 
nucleus and can be anisotropic due to electron orbital contributions; g is the average g value along 
the principal directions of the contact coupling, when the latter is anisotropic; μB is the electron Bohr 
magneton; S is the electron spin number; γI is the gyromagnetic ratio of a generic I nucleus; k is the 
Boltzmann constant; T is the absolute temperature; rMI is the distance of the nucleus I from the metal 
ion M; Δχaxpara and Δχrhpara are the axial and rhombic components of the anisotropic magnetic 
susceptibility tensor; θMI and φMI are the polar angles of the nucleus I with respect to the principal 
axes of the magnetic susceptibility anisotropy tensor in a reference system that has M in its origin. 
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where A is the hyperfine coupling constant, which is proportional to the electron spin density at the
nucleus and can be anisotropic due to electron orbital contributions; g is the average g value along
the principal directions of the contact coupling, when the latter is anisotropic; µB is the electron Bohr
magneton; S is the electron spin number; γI is the gyromagnetic ratio of a generic I nucleus; k is
the Boltzmann constant; T is the absolute temperature; rMI is the distance of the nucleus I from the
metal ion M; ∆χax

para and ∆χrh
para are the axial and rhombic components of the anisotropic magnetic

susceptibility tensor; θMI and ϕMI are the polar angles of the nucleus I with respect to the principal
axes of the magnetic susceptibility anisotropy tensor in a reference system that has M in its origin.

As it comes from Equations (1)–(3), contact shift (CS) is operative wherever the nucleus experiences
unpaired electron spin density, which occurs through direct spin delocalization and/or spin polarization.
The contact contribution is different from zero only for the nuclei of the ligands of the paramagnetic
metal ion(s) or groups interacting with them by H-bonds. CS can be useful to obtain information on the
dihedral angles of residues coordinating the metal center [27,28]. The PCS term is operative when the
paramagnetic center gives rise to a magnetic anisotropy tensor, and due to the r−3 dependence, it may be
effective on nuclei that are up to 40 Å apart from the paramagnetic center [29]; it is structure-dependent
and can eventually be converted into a structure restraint [9].
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The contributions to paramagnetic relaxation are summarized in Equations (4)–(9)

R1,2 = Rdia
1,2 + Rpara

1,2 (4)

R1Cont =
2
3

(
A
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where ωI and ωS are the Larmor frequencies of the nuclear and electron spins I and S, respectively,
ge is the free electron g value and the other symbols are defined above. The correlation time for
the interactions contributing to the relaxation is indicated by τc and represents the result of various
dynamic factors modulating the nuclear-electron spin interaction, each of them characterized by its
own correlation time. The relaxation process with the shortest τ becomes dominant, as indicated in
Equation (10):

τ−1
c = τ−1

s + τ−1
r + τ−1

M (10)

where τs is the electron relaxation correlation time, τr is the rotational correlation time and τM is the
exchange correlation time that is operative only in the presence of chemical or conformational equilibria.
Although in Equations (3)–(9) the same symbol (τc) has been used, in the case of contact relaxation
(Equations (5) and (7)), only chemical exchange (τM) and electron relaxation (τs) can modulate the
coupling between the electron and the nucleus, while in Curie spin relaxation (Equation (9)) only
chemical exchange (τM) and rotational correlation (τr) are effective. Dipolar and Curie relaxation
mechanisms have a r−6 dependence from the metal-to-nucleus distance. This allows the use of
paramagnetic relaxation rate enhancement (PRE) as a source of long-range distance restraint, as it will
be illustrated in Section 5.

With the advent of high-field NMR spectrometers, other paramagnetic effects have become
observable and measurable. Among them, the most popular effect, which however does not arise
from the hyperfine interaction, is the partial orientation along the magnetic field, giving rise to
non-completely averaged, i.e., residual, dipolar couplings (RDCs) [30]. In diamagnetic systems,
this is accomplished by dissolving the molecules in anisotropic solvent or orienting media [31].
In paramagnetic proteins, when the metal center has non-zero magnetic susceptibility anisotropy,
the molecular magnetic susceptibility is dominated by the paramagnetic contribution (χpara), which is
the same magnetic susceptibility responsible for PCS. As reported in Equation (11) for the case of the
15N of backbone amide and its attached proton, the paramagnetic residual dipolar coupling (RDCPARA)
for a pair of nuclei depends on the orientation of the vector connecting the two nuclei with respect to the
magnetic susceptibility tensor axes (but not, as with PCS, on the distance from the paramagnetic center):
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where rNH is the distance between the amide proton and the amide nitrogen and is generally considered
fixed; θNH and ϕNH are the polar angles that describe the orientation of the inter-nuclear N–H vector
with respect to the alignment tensor and all the other symbols have the usual meanings.

As far as relaxation rates are concerned, Equations (5)–(9) do not take into account the occurrence
of cross correlation effects between different relaxation mechanisms modulated by the same correlation
time that produce many potentially relevant effects [32,33]. In paramagnetic system, the most widely
exploited cross-correlated effect are the cross correlation rates (CCR) between Curie relaxation and
dipolar coupling. Considering again the coupling between 15N of backbone amide and its attached
proton, the equation is

CCR =
2

15π

(µ0

4π

)2 B0γ2
HγNµ2

Bg2
e

Magnetochemistry 2020, 6, x FOR PEER REVIEW 2 of 20 

 

determination of very large complexes at an atomic resolution [11,12]. Nevertheless, many 
methodological developments have been proposed that have contributed to expand the range of 
applications [13–18]; within this scenario, the exploitation of the hyperfine interaction has been one 
of the most exciting aspects. 

In paramagnetic metalloproteins, the hyperfine interaction between electron spin and nuclear 
spins can be a tool to: (i) elucidate catalytic mechanisms in metalloenzymes and provide a molecular 
picture of the currently known protein–protein interaction networks involving metalloproteins; (ii) 
use small and stable metalloproteins as test systems to develop novel experiments and to obtain 
additional NMR restraints that could eventually be used to study larger and unstable proteins. 
However, probably the most intriguing aspect is the use of metal-based spin labels as an additional 
source of structural constraints in diamagnetic proteins. This succeeded to extend the range of 
systems that can be studied via paramagnetic NMR: extrinsic paramagnetic centers contributed to 
promote the applications of paramagnetic NMR also beyond structural biology in solution [19–25]. 

One of the aspects to which paramagnetic NMR has substantially contributed is the discovery 
of molecular machineries devoted to the biogenesis of iron sulfur proteins and the study of cellular 
trafficking of metal cofactors. I will briefly overview the contribution of NMR studies for elucidating 
aspects of iron–sulfur proteins biogenesis, where the understanding at a molecular level provide 
snapshots of protein–protein interactions, which are crucial for the biomedical aspects. Then, I will 
present here a summary of the recent developments in NMR methodologies for paramagnetic 
proteins and show how they can be used within solution structure calculations. Finally, I will briefly 
overview how paramagnetic NMR came under the spotlights when extrinsic paramagnetic agents 
have been attached to biomolecules and used as a source of paramagnetism based NMR restraints. 

2. Paramagnetic NMR 

The theory of the hyperfine interaction between electron spins and nuclear spins and its 
consequences on the nuclear relaxation properties have been exhaustively reviewed [2,26]. For the 
ease of the reader, I will recap here the terms that are of major use in paramagnetic systems. The 
hyperfine shift, i.e., the contribution to the chemical shift arising from the hyperfine interaction, can 
be factorized into a contact (CS) and pseudo-contact (PCS) contributions, according to Equations (1)–
(3) 

PCSCSobs ∂+∂=∂  (1) 

kT
SSgA

I

B
CS γ

μ
3

)1( +=∂


 (2) 





 Δ+−Δ=∂ )2cos(sin

2
3)1cos3(

12
1 22

3 MIMI
para
rhMI

para
ax

MI
PCS r

φθχθχ
π

 (3) 

where A is the hyperfine coupling constant, which is proportional to the electron spin density at the 
nucleus and can be anisotropic due to electron orbital contributions; g is the average g value along 
the principal directions of the contact coupling, when the latter is anisotropic; μB is the electron Bohr 
magneton; S is the electron spin number; γI is the gyromagnetic ratio of a generic I nucleus; k is the 
Boltzmann constant; T is the absolute temperature; rMI is the distance of the nucleus I from the metal 
ion M; Δχaxpara and Δχrhpara are the axial and rhombic components of the anisotropic magnetic 
susceptibility tensor; θMI and φMI are the polar angles of the nucleus I with respect to the principal 
axes of the magnetic susceptibility anisotropy tensor in a reference system that has M in its origin. 

As it comes from Equations (1)–(3), contact shift (CS) is operative wherever the nucleus 
experiences unpaired electron spin density, which occurs through direct spin delocalization and/or 
spin polarization. The contact contribution is different from zero only for the nuclei of the ligands of 
the paramagnetic metal ion(s) or groups interacting with them by H-bonds. CS can be useful to obtain 
information on the dihedral angles of residues coordinating the metal center [27,28]. The PCS term is 

S(S + 1)

r3
NHr3

MHkT

4τC +
3τc

1 +ω2
0τ

2
c

 (3 cos2 ϕCCR − 1)
2

(12)

where the only new symbol ϕCCR is the angle between the metal–proton vector and the N–H vector.
CCR are relevant when the Curie spin relaxation from Equation (9) becomes the dominant contribution
to transverse relaxation, as it typically occurs for systems with large S values and high molecular
mass and at very high magnetic fields. Finally, for paramagnetic systems characterized by strong
magnetic anisotropy, the scenario can be further complicated: a substantial angular dependence of
nuclear relaxation rates has been observed due to relaxation anisotropy [34,35], while significant
additional contribution to relaxation have been observed from other cross correlation mechanisms,
such as those involving Curie spin relaxation and chemical shift anisotropy [36]. Moreover, in several
cases a substantial deviation from the r−6 dependency of PREs has been observed and interpreted as
due to non-specific intermolecular PREs [37].

3. Iron–Sulfur Proteins: From Electron Transfer to Cluster Biogenesis

Iron–sulfur proteins have been one the first class of metalloproteins actively studied using NMR
spectroscopy tailored to paramagnetic systems (nowadays commonly termed as “paramagnetic NMR”).
Paramagnetic NMR contributed to the analysis of the magnetic coupling patterns [38–41] and to the
understanding of the electronic structure of [2Fe–2S], [3Fe–4S], and [4Fe–4S] clusters bound to small
electron transfer proteins. In many cases, both oxidation states involved in electron transfer processes
were investigated and the structural and spectroscopic differences between them related to protein
structure–function relationships [42,43]. Electron transfer proteins that have been studied during the
1990s were small, soluble, and thermodynamically stable, such as rubredoxins, ferredoxins, and high
potential iron–sulfur proteins [5,44–56]. These proteins acted as model systems for the study of more
complex cases, recently isolated and characterized, in which transient sites, conformational flexibility,
and protein–protein interactions made the NMR investigation more challenging [57–59]. Indeed,
the NMR characterization of metalloproteins involved in metal homeostasis and trafficking stimulated
new methodological developments but also the revival of old NMR approaches [43,60].

In the last decade, the iron–sulfur cluster assembly (ISC) in mitochondria and the cytosolic
iron–sulfur assembly system (CIA) machineries have been extensively studied via in vivo assays and
genetic approaches [61,62]. The combination of solution NMR standard experiments with those tailored
to paramagnetic systems has often been crucial to characterize, at the molecular level, the interaction
networks responsible for maturing human mitochondrial and cytosolic Fe–S proteins. The human
proteins of the iron–sulfur cluster (ISC) assembly machinery are all soluble proteins located in the
mitochondrial matrix [63]. De novo Fe–S cluster synthesis occurs on the mitochondrial scaffold protein
ISCU and requires a high molecular weight complex composed of five proteins: frataxin, a protein for
which several functions have been proposed [64–70], the enzyme cysteine desulfurase NFS1, the small
factors ISD11 and acyl carrier protein (ACP), and ISCU [71,72]. In vivo data [73] showed that the
second step of the human ISC assembly process is the transfer of the newly synthetized cluster to
the mitochondrial monothiol glutaredoxin, GLRX5, which acts as a [2Fe–2S] cluster transfer protein.
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Then, the [4Fe–4S] assembly process occurs, involving the interaction of [2Fe–2S]-GLRX5 with two
homologous proteins, ISCA1 and ISCA2, with another protein, IBA57. Mitochondrial [4Fe–4S] protein
assembly involves reductive [2Fe–2S] cluster fusion on ISCA1–ISCA2 by electron flow from ferredoxin
FDX2 [74].

NMR has largely contributed to describe how two [2Fe–2S] clusters couple each other to form
a [4Fe–4S] cluster. Solution structures of both apo- and holo-GLRX5 clearly show that apo-GLRX5
is monomeric in solution and it undergoes dimerization only upon cluster binding [75]. This is at
variance with the crystal structure that reports, for [2Fe–2S]-GLRX5, a homo-tetramer where two
[2Fe–2S] clusters are coordinated by four protein subunits and four GSH molecules [76]. By mapping
the chemical shift variations between apo- and holo-GLRX5 it has been found that the protein region
affected by cluster binding involves a 10 Å radius sphere centered on the [2Fe–2S] cluster, while the
latter is bridging the two subunits of the symmetric dimer [75]. Detailed enough to describe the overall
conformation in solution, routine NMR experiments are not sufficient to describe the proximity of
the cluster: the backbone NH signals of 11 residues located inside this sphere were not detected in
the standard 1H–15N heteronuclear single quantum coherence (HSQC) experiment. Methodological
developments, illustrated in the next section, allowed us to revive these signals and to identify, for the
residues close to the [2Fe–2S] cluster, two sets of signals, thus demonstrating that dimer [2Fe–2S]-GLRX5
exists in solution as a mixture of two species in equilibrium. The structural plasticity of the dimer state
of [2Fe–2S]-GLRX5 is the crucial factor that allows an efficient cluster transfer to the partner proteins
human ISCA1 and ISCA2 via a specific protein–protein recognition mechanism.

The interaction of holo-GLRX5 with the proteins ISCA2 and ISCA1, the transfer of the [2Fe–2S]
cluster from GLRX5 to the receiving proteins and the formation of the [4Fe–4S] can be successfully
characterized by mapping, during protein–protein interaction experiments, chemical shift variations
of backbone HN groups via 15N HSQC. It was shown that cluster transfer occurs uni-directionally
from GLRX5 to apo-ISCA1 and ISCA2, and that only one of the two conformations of [2Fe–2S]-GLRX5
previously identified is responsible of the cluster transfer and that both ISCA1 and ISCA2 receive the
[2Fe–2S] cluster in their dimeric states. In this case, “old fashioned” one-dimensional paramagnetic
NMR spectra provided a clear picture of the interaction and, supported by electrospray ionization—mass
spectrometry (ESI-MS) and electron paramagnetic resonance (EPR) spectra, were essential to monitor
the formation of the [Fe4S4]2+ cluster [77]. Indeed, the NMR spectra of Figure 1 showed that, while the
“as purified” holo-ISCA2 protein has a NMR spectrum typical of a [Fe2S2]2+ cluster-containing species,
the chemical reconstituted holo-ISCA2 protein is predominantly a [4Fe–4S] bound, dimeric species
with only a minor component of [Fe2S2]2+ bound-cluster.

The number of signals and their temperature dependences indicate that the [4Fe–4S] is in the
reduced [Fe4S4]+ state and that holo-ISCA2 exists in solution in at least two different conformations,
characterized by different coordination environments around the [Fe4S4]+ cluster. Paramagnetic NMR
gives us insights on how the structural properties of the protein drive the electronic structure of the
inorganic cofactor. The electronic distribution within the [Fe4S4]+ cluster was found to be different
from the one observed in bacterial ferredoxins [44]. In holo-ISCA2, the [Fe4S4]+ cluster is at the
interface of two identical monomers, the scaffold around the cluster is highly symmetric thus making
the four iron ions of the cluster essentially equivalent. The equivalence among the iron ions produces a
large electron delocalization, which decreases the effective J values among the iron ions, determining
downfield shifts and anti-Curie temperature dependence for signals from all Cys βCH2, that are shown
in Figure 1A, upper part. In the case of ferredoxins, the inequivalence of the four iron sites and the
magnetic coupling gave a purely ferrous iron ion pair (Fe2+-Fe2+) and a mixed valence (Fe2.5+-Fe2.5+)
pair. This provided the possibility to assign Cys βCH2 signals as bound to the purely ferrous or to the
mixed valence iron ion pair according to their temperature dependence [44].
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Figure 1. (A) Lower part: 1H NMR spectra of “as purified” holo-ISCA2 and of chemically reconstituted
holo-ISCA2 in 50 mM phosphate buffer pH 7.0 at 600 MHz and 283 K. Signals labeled A arise from
Hβ and Hα from cysteine ligands coordinated to a [Fe2S2]2+ cluster. Signals labeled B, C, and D arise
from Hβ and Hα from cysteine ligands coordinated to a [Fe4S4]+ cluster in different species that have
been identified according to relative intensities of signals B−D observed in different reconstituted
protein samples. Upper part: Temperature dependence of the chemical shifts for the hyperfine-shifted
signals of the three different species (A, B, C) of chemically reconstituted holo-ISCA2. Experiments
were recorded at 600 MHz, pH 7.0 in the temperature range of 280–308 K. A schematic representation of
a [4Fe–4S] cluster and its coupling scheme in the reduced state [Fe4S4]+ is shown. (B) 1H NMR spectra
of chemically reconstituted ISCA2 mutants C79S, C144S, C146S and of wild-type [Fe2S2]2+–ISCA2
purified from E. coli in 50 mM phosphate buffer pH 7.0 at 600 MHz and 283 K. (C) 1H NMR spectra of
the same samples as in panel B, recorded upon addition of a 5mM dithionite as reducing agent. Figure
adapted from References [77,78].

The mechanism of the formation of the [4Fe–4S] cluster in the ISCA1–ISCA2 hetero-dimer complex
and in the ISCA2–ISCA2 homo-dimer complex can be understood when Cys-to-Ser single mutants
for each conserved cysteine of ISCA2 were studied, in order to monitor the cluster transfer from
[Fe2S2]2+-GLRX5. ISCA2 has three cysteine residues and, because the holo-ISCA2 is a dimer with a
[4Fe–4S] cluster at the interface, we expect that two out of three cysteine residues bind the cluster in a
symmetric dimeric fashion. In ISCA2, two of the three Cys belongs to the C-terminal site (Cys 144
and Cys 146) while the third (Cys 79) is within a structured protein region. In addition, in this case,
1D paramagnetic NMR was crucial to demonstrate the different roles of these cysteine residues in
the cluster transfer process [78]. As shown in Figure 1B, the C79S mutant does not bind the cluster,
clearly indicating that C79 has a crucial role in stabilizing the holo- form of ISCA2. However, Cys
79 is not involved in the cluster transfer step, as the C79S ISCA2 mutant is still able to extract the
[2Fe–2S] cluster from GLRX5. The mutations of either C144S or C146S, i.e., the two C-term cysteines,
give rise to the formation of [Fe2S2]2+–ISCA2 adducts. Upon reduction, both mutants give rise to
[Fe2S2]+–ISCA2 species without any evidence of the formation of a [4Fe–4S] cluster, thus indicating
that the [4Fe–4S]–ISCA2 derivative is formed only when all the three Cysteine residues are present.
According to the scheme summarized in Figure 2, it was proposed that the species coordinating the
cluster with the C-terminal cysteines can evolve into a more thermodynamically favored species,
which binds the [2Fe–2S] cluster in the dimer by Cys 79 and either Cys 144 or Cys 146.
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Figure 2. Model of the [4Fe–4S] cluster assembly mechanism by holo-GLRX5, apo-ISCA1/ISCA2
interactions. Adapted from Reference [78].

This mechanism would also make two of the C-terminal cysteine residues (Cys 144 and Cys 146
of ISCA2) available for the coordination of a second cluster, which can be extracted from GLRX5 with
the formation of another GLRX5–ISCA2 intermediate. This transient intermediate, which contains two
[Fe2S2]2+ clusters, might be the species that, by accepting two electrons from a physiological electron
donor recently identified as FDX2 [74], evolves to the final [4Fe–4S]–ISCA2 complex. A reductive
coupling of two [Fe2S2]2+ clusters, which is a general mechanism for generating a [4Fe–4S] cluster [79,80],
would therefore occur on the latter transient intermediate to form a [Fe4S4]+ cluster bound to the dimer.

4. New Experiments in NMR of Paramagnetic Molecules and Their Applications to
Iron–Sulfur Proteins

In iron–sulfur proteins, significant hyperfine shifts are observed only for a few signals of
cluster-bound cysteine residues, because the pseudo-contact term of the hyperfine shift is almost
negligible and only the contact contributions, arising from the spin delocalization from the cluster to
the iron-bound residues, are observed [81]. However, paramagnetic relaxation is dominated by dipolar
contributions; it is essentially driven by the electron relaxation times of the iron ions of the cluster
and shows a r−6 dependency from the metal-to-atom distance [26]. The resulting picture is that many
signals, which do not belong to the cluster-bound residues but are close to the paramagnetic center, are
broadened by paramagnetic relaxation but not shifted outside the bulk diamagnetic envelope. Large
contributions to relaxation and small contributions to chemical shift represent the most challenging
situation for resonance assignment [82]; this is the reason why iron–sulfur proteins are challenging
and often used as paradigmatic cases for the development of novel NMR experiments and for the
optimization of relaxation based NMR restraints.

The optimization of the various NMR experiments can be summarized in the form of a protocol
describing the steps that are required when NMR experiments are tailored for paramagnetic systems:
(i) remove from a sequence all “un-necessary” steps that involve 1H transverse relaxation; (ii) adjust
all the experimental parameters such as number of scans, spectral windows, acquisition, recycle,
and coherence transfer delays according to the relaxation properties of the concerned coherences;
(iii) for polarization transfer based experiments, change the detection scheme by replacing the in-phase
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acquisition with the antiphase acquisition and maximize the efficiency of the coherence transfer,
which critically depends on nuclear relaxation; (iv) add relaxation based filters that can be tuned
according to the range of T1 and T2 values of interest; (v) exploit the detection of nuclei with low
gyromagnetic ratio, using dedicated hardware.

Under favorable conditions, this approach succeeded to remove the blind sphere around
a paramagnetic center and provided a complete resonance assignment for paramagnetic
metalloproteins [83,84]. Based on the above criteria, triple-resonance experiments such as HNCA,
HNCO, and CBCANH, characterized by many pulses and many polarization transfer steps,
can be efficiently optimized for the identification of paramagnetic signals. Figure 3A shows
the effect of implementations on a CBCA(CO)NH experiment, considering a routine version of
the pulse sequence [85]. The coherence transfer efficiency for a fast relaxing signal is affected
by the removal, within the sequence, of some of the building blocks that are routinely used
in triple-resonance experiments such as crush gradients, echo-antiecho detection, and sensitivity
improvement. The removal of these building blocks provides a substantial improvement of the
coherence transfer efficiency for paramagnetic fast relaxing signals. This optimization strategy can be
easily applied to all available triple-resonance experiments, allowing one to record “paramagnetic”
versions of, virtually, any triple-resonance experiment. As shown in Figure 3B, an HNCA optimized as
above permits the identification of the HNCA peaks of three out of the four cluster-bound cysteine
residues that, by no means, are observable using a routine HNCA setup [86].
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highlighted in blue are the crush gradients that can be removed without affecting the coherence 
transfer pathways of the sequence, those in red correspond to the echo-antiecho blocks, and the one 
in green refers to the sensitivity improvement part of the reverse INEPT. Upper part: Calculated 
transfer functions for the NH reverse INEPT transfer for a 1H signal with R2 = 600 s−1, R1 = 120 s−1, 

Figure 3. (A) Lower part: pulse scheme for a routine CBCA(CO)NH experiment [87]. Blocks highlighted
in blue are the crush gradients that can be removed without affecting the coherence transfer pathways
of the sequence, those in red correspond to the echo-antiecho blocks, and the one in green refers to the
sensitivity improvement part of the reverse INEPT. Upper part: Calculated transfer functions for the NH
reverse INEPT transfer for a 1H signal with R2 = 600 s−1, R1 = 120 s−1, considering τe = 5 × 10−10 s and
τr = 6 × 10−9 s [85]. All transfer functions are normalized with respect to a normal reverse INEPT under
optimized condition for the transfer delay and neglecting losses due to 1H-15N relaxation. (B) 500 MHz
298 K, H(N)CA spectrum of HiPIP protein PioC optimized for peaks involving fast relaxing resonances.
The experiment allows identification and assignment of three out of the four cluster-bound cysteines in
the HNCA. Adapted from Reference [86].

For the 15N-HSQC, the typical fingerprint experiment in protein NMR, the optimization of
INEPT, and reverse INEPT delays may not be sufficient to identify residues at short distance from a
paramagnetic center. The removal of the inverse INEPT coherence transfer step and the insertion of
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an inversion recovery (IR) filter prior to the 1H 90◦ start pulse contributed to the detection of highly
paramagnetic signals. The sequence, shown in Figure 4A, is called IR-HSQC-AP [88]. The reverse
INEPT block is removed to avoid signal losses due to 1H R2 relaxation. The 2HyNz coherence, created
by the two 90◦ pulses at the end of 15N evolution, is acquired in antiphase (AP) without 15N decoupling.
A dispersion phase mode of the antiphase doublets produces the sum of the two dispersive components
of opposite phase, thus giving rise to a pseudo-singlet with the maximum of signal intensity [89].
The IR filter preceding the first INEPT edits 1H signals according to their relaxation rates: a suitable
choice of the inter-pulse delays causes a sign discrimination between fast relaxing signals and slow
relaxing signals [88].

The 1H–15N IR-HSQC-AP was the key tool to identify protein–protein interacting regions close to
the paramagnetic Fe–S cluster in two very interesting cases. In the [2Fe–2S] GLRX5, already mentioned
in the previous section, the spectrum shown in Figure 4A succeeded to observe nine of the eleven
residues located inside a 10 Å sphere from the cluster, which were not detected in the standard
1H–15N HSQC experiment. Two sets of signals, observed for the Fe–S ligand Cys 38 and for Ser 41,
with chemical shifts different from those of the apo-protein, indicated that dimer [2Fe–2S] GLRX5
exists in solution as a mixture of two species. Another application of the IR-HSQC-AP was the NMR
characterization of the protein anamorsin. Anamorsin belongs to the human Cyotosolic iron–sulfur
cluster assembly machinery (CIA), it is a multi-domain protein (312 amino acids) characterized by a
well folded N-term domain, an unstructured linker of about 50 amino acid residues, and a C-term
region, called CIAPIN1 domain, that binds two [2Fe–2S] clusters [90,91] and receives electrons from a
diflavin reductase Ndor1 [92]. The 108 amino acid CIAPIN1 domain is largely unstructured and about
30% of the HN resonances are unobserved in a standard HSQC experiment due to paramagnetic line
broadening. Thanks to the IR-HSQC-AP, thirteen resonances previously unobserved could be identified
and assigned, and the measured 1H R1 values were used as restraints to define the environment of
the cluster in the CIAPIN1 domain [93]. When the inter-pulse delay of the inversion recovery block
is arrayed, the IR-HSQC-AP experiment can be also used to obtain R1 rates of HN signals, including
those signals strongly affected by the hyperfine interaction. This is one of the most interesting features
of the sequence: relaxation-based restraints can be obtained via 1H T1 and T2 measurements from 15N
HSQC-type experiments. In this scenario, the IR-HSQC-AP is a very useful approach to increase the
number of available T1 values that can be converted into PREs.

Very recently, another modified HSQC scheme appeared that provides transverse relaxation rates
R2 in highly paramagnetic systems. To date, the most widely used experiment [94,95] provides very
accurate R2 rates for R2 ≤ 50 s−1, however this approach loose accuracy in the range 50–90 s−1 and
it is not applicable for R2 > 100 s−1. In the 1H R2-weighted 15N-HSQC-AP experiment [96], shown
in Figure 4B, the relaxation delay is embedded within the INEPT evolution, the refocusing INEPT is
removed and signal is acquired as an antiphase doublet as soon as the HyNz magnetization is created
by the last 1H 90◦ pulse. In this very simple sequence, 1H transverse relaxation is active only during
the delay T, when the 2HxNz coherence evolves from Hy as HxNzsin (πJHNT). R2 values up to 400 s−1

could be measured, with a significant improvement with respect to a standard experiment, as shown
in the reported spectrum. The implementation of these approaches to 13C HSQC experiments is
straightforward and gives the possibility to measure R1 and R2 rates of non-exchangeable protons that
are affected by paramagnetic relaxation but are not shifted out from the bulk diamagnetic envelope.
We can therefore obtain an extended series of R1 and R2 values that can eventually be used as structural
restraints for all those cases in which nuclear Overhauser effects (NOE) are missing or ambiguous.
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ϕ2 = (x,x,−x,−x), ϕ3 = (x,x,x,x,−x,−x,−x,−x), ϕrec = (x,−x,x,−x,−x,x,−x,x). When undefined, phase
x is used. Upper part: the IR-HSQC-AP spectrum of 1 mM holo-GLRX5 at 800 MHz is displayed
reporting the paramagnetic NH signals and their assignment. The residues having two sets of signals
in holo-GLRX5 are indicated with labels a and b. (B). Lower part: Pulse scheme of 1H R2-weighted
15N HSQC-AP experiment. Phases as follows: ϕ1 = x,−x,y,−y; ϕ2 = 2(y),2(x); ϕ3 = 2(x), 2(−x);
ϕ4 = 4(x),4(−x); ϕrec = x,−x,−x,x,−x,x,x,−x. When undefined, phase x is used. Upper part: 15N HSQC
spectra of PioC obtained with an R2-weighted 15N-HSQC-AP experiment (blue) vs. the first point of the
R2 series collected with the standard experiment (red). Experiments were recorded using a 500 MHz.
Folded peaks are marked with an asterisk. Figure adapted from References [75,88,96].

Advancements in NMR spectroscopy are invariantly associated with developments of the available
NMR instrumentation. A proof of this concept is the development of 13C direct detection methods,
which constitute a major, well documented, achievement [97–100]. Cryogenically cooled probes
optimized for 13C direct detection provided a significant improvement in the S/N achievable in 13C
detected experiments. This has stimulated several groups to develop NMR approaches based on the
direct detection of nuclei with low gyromagnetic ratios: 13C and 15N. Under many circumstances,
such as unfolded proteins, proline-rich systems, or chemical exchange, 1HN signals may not be visible
and the direct detection of 13C and/or 15N allows the circumventing the problem. This method is
also particularly helpful for paramagnetic systems because, unlike the hyperfine shift, paramagnetic
relaxation is dependent on γ2: when passing from 1H- to 13C-detected experiments, the paramagnetic
contributions to relaxation will be scaled by a factor (γH/γC)2. This has been first applied in copper
proteins [101,102] and in Ln(III)-substituted Calcium binding proteins [29,103] where 13C detection
significantly reduced the blind sphere due to paramagnetism around the metal ion. It has also
been shown that 13C protonless experiments significantly improve the detectability of effects such as
residual dipolar couplings (RDC hereafter) involving fast relaxing 1H spins [104] as well as multiple
quantum relaxation rates [105]. For iron–sulfur proteins, Markley and coworkers pioneered the idea
and extensively used not only 13C, but also 15N and 2H direct detection, to obtain hyperfine shifts of
heteronuclei when the corresponding 1H signals were broadened beyond detection for rubredoxins and
also for Rieske proteins [52,53,100,106]. Among the very many 13C-detected experiments developed,
the 13C–13C correlation spectroscopy (COSY) [107,108] and the CACO (and COCACO) [109] were
specifically tailored to paramagnetic systems. In both cases, the choice of t1max and t2max values can be
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tuned according to the relaxation properties of the system; a comparison among two spectra recorded
with different experimental parameters may be sufficient to identify residues in proximity of the
paramagnetic center [110].

5. Paramagnetism-Based NMR Solution Structure: Are Solution Structure Boring?

The use of paramagnetic metals as shift and relaxation probes to determine macromolecular
conformations goes back to the early steps of biomolecular NMR [111–114], about ten years before
the first NMR solution structures were obtained by means of scalar and dipolar couplings [115].
During the mid 1990s, when first solution structures of paramagnetic proteins appeared, paramagnetic
nuclear relaxation rates were included into currently available solution structure protocols [116]
and were used as a source of NMR restraints, complementary to the information based on nuclear
Overhauser effects (NOE) [117–120]. Not surprisingly, the first paramagnetic protein solved was the
[4Fe–4S] cluster containing protein high potential iron–sulfur protein (HiPIP) I from E. halophila [121],
confirming the already consolidated enrollment of iron–sulfur proteins as ideal playground for
biophysicists [122]. When the paramagnetic center has anisotropic magnetic susceptibility, purely
orientation-based restraints, completely independent on the distance from the metal center, opened
new avenues for solution structures of proteins [123]. Residual dipolar coupling (RDC) arising
from self-oriented paramagnetic proteins, combined with pseudo-contact shifts (PCS) and cross
correlation rates (CCR) [124–126] succeeded to place the oriented motifs with respect to the molecular
frame. Specifically tailoring algorithms provided a backbone structure in the absence of NOE
measurements [127].

These achievements re-revealed to the whole biomolecular NMR community the idea that
paramagnetic centers can be used as probes to determine macromolecular conformations also
in diamagnetic proteins. Indeed, the use of nitroxide radicals as site-directed spin labelling in
large molecular weight proteins provided paramagnetic broadening effects, which were converted
into distance restraints for structure determination of large molecular mass (MM) systems [128].
The acronym PRE (paramagnetic relaxation enhancements) was coined [95] to define a novel class
of structural restraints based on the metal-to-nucleus distances, derived from the paramagnetic
contribution to observed relaxation rates. Since they are long range constraints, able to provide metal-to
nucleus distances up to 35 Å [129,130], PREs appeared a good alternative/complement to RDC in
order to obtain solution structures of very high MM assemblies, where NOEs and scalar couplings are
unable/insufficient to get a structure. In proteins, extrinsic paramagnetic centers can be attached via
conjugation to a specific, solvent exposed, site [131], while metal chelators can be incorporated to DNA
enabling PRE measurements on protein–DNA complexes [132]. The applications of PRE flourished:
macromolecular structures have been characterized using PRE not only for soluble proteins [133],
but also for protein–protein [134–137] and protein–nucleic acid complexes [138,139], membrane
proteins [140], unfolded or partially unfolded states [141–143]. In addition, in solid-state protein NMR
spectroscopy, the use of PRE as long range constraints, coupled with PCS [144], was capable to obtain
accurate structures in the absence of conventional distance or dihedral angle restraints [145] and to
provide information on the quaternary structure organization of large proteins [146]. The application
of PREs goes indeed beyond their use as a structural constraint, for “static” NMR structures: in the
presence of fast exchange conformational equilibria or low-populated excited states, observed PREs
are population-weighted averages of the PRE rates for the major and minor species, thus unravelling
structural information on transient, invisible intermediates [147]. Intermolecular PREs provide
structural information on encounter complexes [148–150], inter-domain motions [151], transient
protein associations [152–154], non-specific protein–DNA interactions [155], intrinsically disordered
proteins [156], and drug discovery [157–159].

This brief overview shows how the growing range of applications of paramagnetism-based NMR
restraints fully justify the idea that NMR structures are still far from being a consolidated protocol.
Within this scenario, iron–sulfur proteins constitute paradigmatic cases to investigate the application
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of novel methodologies. Attempts to replace classical NMR restraints with paramagnetism-based
restraints were only partially successful [160–162]. Recent studies provided examples in which
the spatial dependence of paramagnetic relaxation deviates from the rMH

−6 dependence [34,35].
Intermolecular effects and the introduction of anisotropic contributions to paramagnetic relaxation [163]
have been evoked to account for the sizable deviations, observed in some protein structures, between
experimental distances and distances calculated from PRE values [37,164]. To further investigate these
aspects, it has recently been shown that, for the small HiPIP protein PioC, a solution structure can
be obtained by using only PREs [165]. The comparison between a PREs-only structure, NOEs-only
structure, and the structure obtained using the combination of both type of constraints shows that
the root mean square deviation (RMSD) among the three families are essentially within the RMSD of
each family, thus indicating that, for proteins of small–medium size and in the absence of magnetic
anisotropy, paramagnetic relaxation provides reliable constraints throughout the entire protein structure
and PREs can efficiently replace NOEs in solution structure calculations [165].

6. Conclusions

Iron–sulfur (Fe–S) proteins play crucial roles in mammalian metabolism [166]. The study of
the components of the Fe–S biogenesis machineries has led to the identification of a large number
of proteins, whose importance for life is documented by an increasing number of diseases linked
to these components and their biogenesis. In contrast to the chemical simplicity of Fe–S clusters,
their biosynthesis in vivo appears to be a rather complex and coordinated reaction [61,167,168].
The labile nature of Fe–S cluster, their high sensitivity to oxygen, and the transient protein–protein
interactions occurring during the various steps of iron–sulfur protein maturation make the structural
characterization in solution particularly difficult. As we have seen in the example presented here,
the presence of the paramagnetic center, for at least one of the two interacting proteins, is a potential
source of restraints useful to define the relative orientation of the two proteins and, at the same time, to
identify the type of cluster being present and its oxidation state [169].

Dissection of the molecular steps involved in cluster trafficking within Fe–S proteins has revealed
that transfer occurs through highly conserved pathways operating in the mitochondrial matrix and in
the cytosolic/nuclear compartments of eukaryotic cells; therefore, we are confident that paramagnetic
NMR will further contribute to the identification of the molecular snapshots of the protein–protein
interaction networks.

Funding: This work benefited from access to Magnetic Resonance Center (CERM) and Consorzio Interuniversitario
Risonanze Magnetiche MetalloProteine (CIRMMP), the Instruct-ERIC Italy Centre. Financial support was provided
by European EC Horizon2020 TIMB3 (Project 810856).

Conflicts of Interest: The author declares no conflict of interest.

References

1. Banci, L.; Bertini, I.; Eltis, L.D.; Felli, I.C.; Kastrau, D.H.W.; Luchinat, C.; Piccioli, M.; Pierattelli, R.; Smith, M.
The three dimensional structure in solution of the paramagnetic protein high-potential iron-sulfur protein I
from Ectothiorhodospira halophila through nuclear magnetic resonance. Eur. J. Biochem. 1994, 225, 715–725.
[CrossRef] [PubMed]

2. Piccioli, M.; Turano, P. Transient iron coordination sites in proteins: Exploiting the dual nature of paramagnetic
NMR. Coord. Chem. Rev. 2015, 284, 313–328. [CrossRef]

3. Louro, R.O.; Correia, I.J.; Brennan, L.; Coutinho, I.B.; Xavier, V.A.; Turner, L.D. Electronic structure of low-spin
ferric porphyrins: 13C NMR studies of the influence of axial ligand orientation. J. Am. Chem. Soc. 1998, 120,
13240–13247. [CrossRef]

4. Turner, D.L.; Brennan, L.; Chamberlin, S.G.; Louro, R.O.; Xavier, A.V. Determination of solution structures of
paramagnetic proteins by NMR. Eur. Biophys. J. 1998, 27, 367–375. [CrossRef]

http://dx.doi.org/10.1111/j.1432-1033.1994.00715.x
http://www.ncbi.nlm.nih.gov/pubmed/7957187
http://dx.doi.org/10.1016/j.ccr.2014.05.007
http://dx.doi.org/10.1021/ja983102m
http://dx.doi.org/10.1007/s002490050144


Magnetochemistry 2020, 6, 46 13 of 21

5. Goodfellow, B.J.; Macedo, A.L.; Rodrigues, P.; Moura, I.; Wray, V.; Moura, J.J.G. The solution structure of a
[3Fe-4S] ferredoxin: Oxidised ferredoxin II from Desulfovibrio gigas. J. Biol. Inorg. Chem. 1999, 4, 421–430.
[CrossRef]

6. Xia, B.; Volkman, B.F.; Markley, J.L. Evidence for oxidation-state-dependent conformational changes in
human ferredoxin from multinuclear. multidimensional NMR spectroscopy. Biochemistry 1998, 37, 3965–3973.
[CrossRef]

7. Lehmann, T.E.; Luchinat, C.; Piccioli, M. Redox-related chemical shift perturbations on backbone nuclei of
high-potential iron sulfur proteins. Inorg. Chem. 2002, 41, 1679–1683. [CrossRef]

8. Arnesano, F.; Banci, L.; Piccioli, M. NMR structures of paramagnetic metalloproteins. Q. Rev. Biophys. 2005,
38, 167–219. [CrossRef]

9. Banci, L.; Bertini, I.; Cremonini, M.A.; Gori Savellini, G.; Luchinat, C.; Wüthrich, K.; Güntert, P.
PSEUDODYANA for NMR structure calculation of paramagnetic metalloproteins using torsion angle
molecular dynamics. J. Biomol. NMR 1998, 12, 553–557.

10. Banci, L.; Bertini, I.; Cavallaro, G.; Giachetti, A.; Luchinat, C.; Parigi, G. Paramagnetism-based restraints for
Xplor-NIH. J. Biomol. NMR 2004, 28, 249–261. [CrossRef]

11. Gauto, D.F.; Estrozi, L.F.; Schwieters, C.D.; Effantin, G.; Macek, P.; Sounier, R.; Sivertsen, A.C.; Schmidt, E.;
Kerfah, R.; Mas, G.; et al. Integrated NMR and cryo-EM atomic-resolution structure determination of a
half-megadalton enzyme complex. Nat. Commun. 2019, 10, 2697. [CrossRef] [PubMed]

12. Shimada, I.; Ueda, T.; Kofuku, Y.; Eddy, M.T.; Wüthrich, K. GPCR drug discovery: Integrating solution NMR
data with crystal and cryo-EM structures. Nat. Rev. Drug Discov. 2019, 18, 59–82. [CrossRef]

13. Pastore, A.; Temussi, P.A. The Emperor‘s new clothes: Myths and truths of in-cell NMR. Arch. Biochem. Biophys.
2017, 628, 114–122. [CrossRef] [PubMed]

14. Liu, J.J.; Horst, R.; Katritch, V.; Stevens, R.C.; Wüthrich, K. Biased Signaling Pathways in 2-Adrenergic
Receptor Characterized by 19F-NMR. Science 2012, 335, 1106. [CrossRef] [PubMed]

15. Beckonert, O.; Keun, H.C.; Ebbels, T.M.D.; Bundy, J.; Holmes, E.; Lindon, J.C.; Nicholson, J.K. Metabolic
profiling. metabolomic and metabonomic procedures for NMR spectroscopy of urine, plasma, serum and
tissue extracts. Nat. Protoc. 2007, 2, 2692–2703. [CrossRef]

16. Eisenmesser, E.Z.; Millet, O.; Labeikovsky, W.; Korzhnev, D.M.; Wolf-Watz, M.; Bosco, D.A.; Skalicky, J.J.;
Kay, L.E.; Kern, D. Intrinsic dynamics of an enzyme underlies catalysis. Nature 2005, 438, 117–121. [CrossRef]

17. Shen, Y.; Lange, O.; Delaglio, F.; Rossi, P.; Aramini, J.M.; Liu, G.; Eletsky, A.; Wu, Y.; Singarapu, K.K.;
Lemak, A.; et al. Consistent blind protein structure generation from NMR chemical shift data. Proc. Natl.
Acad. Sci. USA 2008, 105, 4685–4690. [CrossRef]

18. Frydman, L.; Blazina, D. Ultrafast two-dimensional nuclear magnetic resonance spectroscopy of
hyperpolarized solutions. Nat. Phys. 2007, 3, 415–419. [CrossRef]

19. Muntener, T.; Haussinger, D.; Selenko, P.; Theillet, F.X. In-Cell Protein Structures from 2D NMR Experiments.
J. Phys. Chem. Lett. 2016, 7, 2821–2825. [CrossRef]

20. Sengupta, I.; Nadaud, P.S.; Jaroniec, C.P. Protein Structure Determination with Paramagnetic Solid-State
NMR Spectroscopy. Acc. Chem. Res. 2013, 46, 2117–2126. [CrossRef]

21. Deshmukh, L.; Louis, J.M.; Ghirlando, R.; Clore, G.M. Transient HIV-1 Gag-protease interactions revealed by
paramagnetic NMR suggest origins of compensatory drug resistance mutations. Proc. Natl. Acad. Sci. USA
2016, 113, 12456–12461. [CrossRef] [PubMed]

22. Matei, E.; Gronenborn, A.M. (19)F Paramagnetic Relaxation Enhancement: A Valuable Tool for Distance
Measurements in Proteins. Angew. Chem. Int. Ed. Engl. 2016, 55, 150–154. [CrossRef] [PubMed]

23. Guan, J.-Y.; Keizers, P.H.; Liu, W.-M.; Löhr, F.; Skinner, S.P.; Heeneman, E.A.; Schwalbe, H.; Ubbink, M.;
Siegal, G. Small-Molecule Binding Sites on Proteins Established by Paramagnetic NMR Spectroscopy. J. Am.
Chem. Soc. 2013, 135, 5859–5868. [CrossRef] [PubMed]

24. Softley, C.A.; Bostock, M.J.; Popowicz, G.M.; Sattler, M. Paramagnetic NMR in drug discovery. J. Biomol. NMR
2020, 74, 207–309. [CrossRef] [PubMed]

25. Ravera, E.; Parigi, G.; Luchinat, C. What are the methodological and theoretical prospects for paramagnetic
NMR in structural biology? A glimpse into the crystal ball. J. Magn. Reson. 2019, 306, 173–179. [CrossRef]
[PubMed]

26. Bertini, I.; Luchinat, C.; Parigi, G.; Ravera, E. NMR of Paramagnetic Molecules; Elsevier: Amsterdam,
The Netherlands, 2016.

http://dx.doi.org/10.1007/s007750050328
http://dx.doi.org/10.1021/bi972722h
http://dx.doi.org/10.1021/ic010761i
http://dx.doi.org/10.1017/S0033583506004161
http://dx.doi.org/10.1023/B:JNMR.0000013703.30623.f7
http://dx.doi.org/10.1038/s41467-019-10490-9
http://www.ncbi.nlm.nih.gov/pubmed/31217444
http://dx.doi.org/10.1038/nrd.2018.180
http://dx.doi.org/10.1016/j.abb.2017.02.008
http://www.ncbi.nlm.nih.gov/pubmed/28259514
http://dx.doi.org/10.1126/science.1215802
http://www.ncbi.nlm.nih.gov/pubmed/22267580
http://dx.doi.org/10.1038/nprot.2007.376
http://dx.doi.org/10.1038/nature04105
http://dx.doi.org/10.1073/pnas.0800256105
http://dx.doi.org/10.1038/nphys597
http://dx.doi.org/10.1021/acs.jpclett.6b01074
http://dx.doi.org/10.1021/ar300360q
http://dx.doi.org/10.1073/pnas.1615342113
http://www.ncbi.nlm.nih.gov/pubmed/27791180
http://dx.doi.org/10.1002/anie.201508464
http://www.ncbi.nlm.nih.gov/pubmed/26510989
http://dx.doi.org/10.1021/ja401323m
http://www.ncbi.nlm.nih.gov/pubmed/23509882
http://dx.doi.org/10.1007/s10858-020-00322-0
http://www.ncbi.nlm.nih.gov/pubmed/32524233
http://dx.doi.org/10.1016/j.jmr.2019.07.027
http://www.ncbi.nlm.nih.gov/pubmed/31331762


Magnetochemistry 2020, 6, 46 14 of 21

27. Donaire, A.; Jiménez, B.; Fernandez, C.O.; Pierattelli, R.; Niizeki, T.; Moratal, J.M.; Hall, J.F.; Kohzuma, T.;
Hasnain, S.S.; Vila, A.J. Metal-ligand interplay in blue copper proteins studied by 1H NMR spectroscopy:
Cu(II)-pseudoazurin and Cu(II)-rusticyanin. J. Am. Chem. Soc. 2002, 124, 13698–13708. [CrossRef] [PubMed]

28. Bertini, I.; Luchinat, C.; Parigi, G.; Walker, F.A. Heme methyl 1H chemical shifts as structural parameters in
some low spin ferriheme proteins. J. Biol. Inorg. Chem. 1999, 4, 515–519. [CrossRef] [PubMed]

29. Allegrozzi, M.; Bertini, I.; Janik, M.B.L.; Lee, Y.-M.; Liu, G.; Luchinat, C. Lanthanide induced pseudocontact
shifts for solution structure refinements of macromolecules in shells up to 40 A from the metal ion. J. Am.
Chem. Soc. 2000, 122, 4154–4161. [CrossRef]

30. Tolman, J.R.; Flanagan, J.M.; Kennedy, M.A.; Prestegard, J.H. NMR evidence for slow collective motions in
cyanometmyoglobin. Nat. Struct. Biol. 1997, 4, 292–297. [CrossRef] [PubMed]

31. Tjandra, N.; Bax, A. Direct measurement of distances and angles in biomolecules by NMR in a diluite liquid
crystalline medium. Science 1997, 278, 1111–1114. [CrossRef]

32. Chiarparin, E.; Pelupessy, P.; Ghose, R.; Bodenhausen, G. Relaxation of Two-Spin Coherence Due to
Cross-Correlated Fluctuations of Dipole-Dipole Couplings and Anisotropic Shifts in NMR of 15N,13C-Labeled
Biomolecules. J. Am. Chem. Soc. 1999, 121, 6876–6883. [CrossRef]

33. Pervushin, K.; Riek, R.; Wider, G.; Wüthrich, K. Attenuated T-2 relaxation by mutual cancellation of
dipole-dipole coupling and chemical shift anisotropy indicates an avenue to NMR structures of very large
biological macromolecules in solution. Proc. Natl. Acad. Sci. USA 1997, 94, 12366–12371. [CrossRef]
[PubMed]

34. Suturina, E.A.; Mason, K.; Geraldes, C.; Chilton, N.F.; Parker, D.; Kuprov, I. Lanthanide-induced relaxation
anisotropy. Phys. Chem. Chem. Phys. 2018, 20, 17676–17686. [CrossRef]

35. Parker, D.; Suturina, E.A.; Kuprov, I.; Chilton, N.F. How the Ligand Field in Lanthanide Coordination
Complexes Determines Magnetic Susceptibility Anisotropy. Paramagnetic NMR Shift, and Relaxation
Behavior. Acc. Chem. Res. 2020, 53, 1520–1534. [CrossRef] [PubMed]

36. Pintacuda, G.; Kaikkonen, A.; Otting, G. Modulation of the distance dependence of paramagnetic relaxation
enhancements by CSA x DSA cross-correlation. J. Magn. Reson. 2004, 171, 233–243. [CrossRef] [PubMed]

37. Orton, H.W.; Otting, G. Accurate Electron–Nucleus Distances from Paramagnetic Relaxation Enhancements.
J. Am. Chem. Soc. 2018, 140, 7688–7697. [CrossRef]

38. Blondin, G.; Girerd, J.-J. Interplay of electron exchange and electron transfer in metal polynuclear complexes
in proteins or chemical models. Chem. Rev. 1990, 90, 1359–1376. [CrossRef]

39. Banci, L.; Bertini, I.; Luchinat, C. The 1H NMR parameters of magnetically coupled dimers—The Fe2S2

proteins as an example. Struct. Bond. 1990, 72, 113–135.
40. Mouesca, J.-M.; Chen, J.L.; Noodleman, L.; Bashford, D.; Case, D.A. Density Functional/Poisson-Boltzmann

Calculations of Redox Potentials for Iron-Sulfur Clusters. J. Am. Chem. Soc. 1994, 116, 11898–11914.
[CrossRef]

41. Beinert, H. Iron-sulfur proteins: Ancient structures. still full of surprises. J. Biol. Inorg. Chem. 2000, 5, 2–15.
[CrossRef]

42. Bertini, I.; Eltis, L.D.; Felli, I.C.; Kastrau, D.H.W.; Luchinat, C.; Piccioli, M. The solution structure of oxidized
HiPIP I from Ectothiorhodospira halophila. can NMR probe rearrangements associated to electron transfer
processes? Chem. A Eur. J. 1995, 1, 598–607. [CrossRef]

43. Camponeschi, F.; Muzzioli, R.; Ciofi-Baffoni, S.; Piccioli, M.; Banci, L. Paramagnetic (1)H NMR Spectroscopy
to Investigate the Catalytic Mechanism of Radical S-Adenosylmethionine Enzymes. J. Mol. Biol. 2019, 431,
4514–4522. [CrossRef] [PubMed]

44. Bertini, I.; Capozzi, F.; Luchinat, C.; Piccioli, M.; Vila, A.J. The Fe4S4 centers in ferredoxins studied through
proton and carbon hyperfine coupling. Sequence specific assignments of cysteines in ferredoxins from
Clostridium acidi urici and Clostridium pasteurianum. J. Am. Chem. Soc. 1994, 116, 651–660. [CrossRef]

45. Bertini, I.; Capozzi, F.; Ciurli, S.; Luchinat, C.; Messori, L.; Piccioli, M. Identification of the iron ions of high
potential iron protein from Chromatium vinosum within the protein frame through two-dimensional NMR
experiments. J. Am. Chem. Soc. 1992, 114, 3332–3340. [CrossRef]

46. Macedo, A.L.; Moura, I.; Moura, J.J.G.; LeGall, J.; Huynh, B.H. Temperature-dependent proton NMR
investigation of the electronic structure of the trinuclear iron cluster of the oxidized Desulfovibrio gigas
ferredoxin II. Inorg. Chem. 1993, 32, 1101–1105. [CrossRef]

http://dx.doi.org/10.1021/ja0267019
http://www.ncbi.nlm.nih.gov/pubmed/12431099
http://dx.doi.org/10.1007/s007750050337
http://www.ncbi.nlm.nih.gov/pubmed/10555585
http://dx.doi.org/10.1021/ja993691b
http://dx.doi.org/10.1038/nsb0497-292
http://www.ncbi.nlm.nih.gov/pubmed/9095197
http://dx.doi.org/10.1126/science.278.5340.1111
http://dx.doi.org/10.1021/ja984390p
http://dx.doi.org/10.1073/pnas.94.23.12366
http://www.ncbi.nlm.nih.gov/pubmed/9356455
http://dx.doi.org/10.1039/C8CP01332B
http://dx.doi.org/10.1021/acs.accounts.0c00275
http://www.ncbi.nlm.nih.gov/pubmed/32667187
http://dx.doi.org/10.1016/j.jmr.2004.08.019
http://www.ncbi.nlm.nih.gov/pubmed/15546749
http://dx.doi.org/10.1021/jacs.8b03858
http://dx.doi.org/10.1021/cr00106a001
http://dx.doi.org/10.1021/ja00105a033
http://dx.doi.org/10.1007/s007750050002
http://dx.doi.org/10.1002/chem.19950010906
http://dx.doi.org/10.1016/j.jmb.2019.08.018
http://www.ncbi.nlm.nih.gov/pubmed/31493409
http://dx.doi.org/10.1021/ja00081a028
http://dx.doi.org/10.1021/ja00035a026
http://dx.doi.org/10.1021/ic00059a013


Magnetochemistry 2020, 6, 46 15 of 21

47. Werth, M.T.; Kurtz, D.M., Jr.; Moura, I.; LeGall, J. Proton NMR spectra of Rubredoxins: New Resonances
Assignable to α-CH and β-CH2 hydrogens of cysteinate ligands to iron(II). J. Am. Chem. Soc. 1987, 109,
273–275. [CrossRef]

48. Meyer, J.; Moulis, J.-M.; Gaillard, J.; Lutz, M. Replacement of sulfur by selenium in iron-sulfur proteins.
Adv. Inorg. Chem. 1992, 38, 73–115.

49. Meyer, J.; Gaillard, J.; Moulis, J.-M. H-1 Nuclear Magnetic Resonance of the Nitrogenase Iron Protein (Cp2)
from Clostridium pasterianum. Biochemistry 1988, 27, 6150–6156. [CrossRef]

50. Skjeldal, L.; Westler, W.M.; Oh, B.-H.; Krezel, A.M.; Holden, H.M.; Jacobson, B.L.; Rayment, I.; Markley, J.L.
Two-Dimensional Magnetization Exchange Spectroscopy of Anabaena 7120 Ferredoxin. Nuclear Overhauser
Effect and Electron Self-Exchange Cross Peaks from Amino Acid Residues Surrounding the 2Fe-2S Cluster.
Biochemistry 1991, 30, 7363–7368. [CrossRef]

51. Oh, B.-H.; Markley, J.L. Multinuclear magnetic resonance studies of the 2Fe-2S* ferredoxin from Anabaena
species strain PCC 7120. 1. Sequence- specific hydrogen-1 resonance assignments and secondary structure in
solution of the oxidized form. Biochemistry 1990, 29, 3993–4004. [CrossRef]

52. Xia, B.; Wilkens, S.J.; Westler, W.M.; Markley, J.L. Amplification of One-Bond 1H/2H Isotope Effect on 15N
Chemical Shift in Clostridium pasteurianum Rubredoxin by Fermi-Contact Effects through Hydrogen Bonds.
J. Am. Chem. Soc. 1998, 120, 4893–4894. [CrossRef]

53. Xia, B.; Pikus, J.D.; McClay, K.; Steffan, R.J.; Chae, Y.K.; Westler, W.M.; Markley, J.L.; Fox, D.J. Detection and
Classification of Hyperfine-Shifted 1H 2H. and 15N Resonances of the Rieske Ferredoxin Component of
Toluene 4-Monooxygenase. Biochemistry 1999, 38, 727–739. [PubMed]

54. Macedo, A.L.; Moura, I.; Surerus, K.K.; Papaefthymiou, V.; Liu, M.-Y.; LeGall, J.; Munk, E.; Moura, J.J.G.
Thiol/Disulfide Formation Associated with the Redox Activity of the [Fe3S4] Cluster of Desulfovibrio Gigas
Ferredoxin II. 1H NMR and Mossbauer spectroscopy study. J. Biol. Chem. 1994, 369, 8052–8058.

55. Bertini, I.; Capozzi, F.; Eltis, L.D.; Felli, I.C.; Luchinat, C.; Piccioli, M. Sequence Specific Assignment of Ligand
Cysteine Protons of Oxidized, Rercombinant HiPIP-I from Ectothiorhodospira-Halophila. Inorg. Chem. 1995, 34,
2516–2523. [CrossRef]

56. Huber, J.G.; Moulis, J.-M.; Gaillard, J. Use of 1H Longitudinal Relaxation Times in the Solution Structure
of Paramagnetic Proteins. Application to [4Fe-4S] Proteins. Biochemistry 1996, 35, 12705–12711. [CrossRef]
[PubMed]

57. Nasta, V.; Suraci, D.; Gourdoupis, S.; Ciofi-Baffoni, S.; Banci, L. A pathway for assembling [4Fe-4S](2+)
clusters in mitochondrial iron-sulfur protein biogenesis. FEBS J. 2020, 287, 2312–2327. [CrossRef]

58. Larsen, E.K.; Olivieri, C.; Walker, C.; VS, M.; Gao, J.; Bernlohr, D.A.; Tonelli, M.; Markley, J.L.; Veglia, G. Probing
Protein-Protein Interactions Using Asymmetric Labeling and Carbonyl-Carbon Selective Heteronuclear
NMR Spectroscopy. Molecules 2018, 23, 1937. [CrossRef]

59. Adinolfi, S.; Iannuzzi, C.; Prischi, F.; Pastore, C.; Iametti, S.; Martin, S.R.; Bonomi, F.; Pastore, A. Bacterial
frataxin CyaY is the gatekeeper of iron-sulfur cluster formation catalyzed by IscS. Nat. Struct. Mol. Biol.
2009, 16, 390–396. [CrossRef]

60. Spronk, C.; Zerko, S.; Gorka, M.; Kozminski, W.; Bardiaux, B.; Zambelli, B.; Musiani, F.; Piccioli, M.; Basak, P.;
Blum, F.C.; et al. Structure and dynamics of Helicobacter pylori nickel-chaperone HypA: An integrated
approach using NMR spectroscopy. functional assays and computational tools. J. Biol. Inorg. Chem. 2018, 23,
1309–1330. [CrossRef]

61. Lill, R. Function and biogenesis of iron-sulphur proteins. Nature 2009, 460, 831–838. [CrossRef]
62. Rouault, T.A. Mammalian iron-sulphur proteins: Novel insights into biogenesis and function. Nat. Rev. Mol.

Cell Biol. 2015, 16, 45–55. [CrossRef] [PubMed]
63. Lill, R.; Freibert, S.A. Mechanisms of Mitochondrial Iron-Sulfur Protein Biogenesis. Annu. Rev. Biochem.

2020, 89, 471–499. [CrossRef] [PubMed]
64. Yoon, T.; Cowan, J.A. Iron-sulfur cluster biosynthesis. Characterization of frataxin as an iron donor for

assembly of [2Fe-2S] clusters in ISU-type proteins. J. Am. Chem. Soc. 2003, 125, 6078–6084. [CrossRef]
[PubMed]

65. Prischi, F.; Konarev, P.V.; Iannuzzi, C.; Pastore, C.; Adinolfi, S.; Martin, S.R.; Svergun, D.I.; Pastore, A.
Structural bases for the interaction of frataxin with the central components of iron-sulphur cluster assembly.
Nat. Commun. 2010, 1, 95. [CrossRef]

http://dx.doi.org/10.1021/ja00235a042
http://dx.doi.org/10.1021/bi00416a048
http://dx.doi.org/10.1021/bi00244a002
http://dx.doi.org/10.1021/bi00468a029
http://dx.doi.org/10.1021/ja974167c
http://www.ncbi.nlm.nih.gov/pubmed/9888813
http://dx.doi.org/10.1021/ic00114a008
http://dx.doi.org/10.1021/bi961354z
http://www.ncbi.nlm.nih.gov/pubmed/8841114
http://dx.doi.org/10.1111/febs.15140
http://dx.doi.org/10.3390/molecules23081937
http://dx.doi.org/10.1038/nsmb.1579
http://dx.doi.org/10.1007/s00775-018-1616-y
http://dx.doi.org/10.1038/nature08301
http://dx.doi.org/10.1038/nrm3909
http://www.ncbi.nlm.nih.gov/pubmed/25425402
http://dx.doi.org/10.1146/annurev-biochem-013118-111540
http://www.ncbi.nlm.nih.gov/pubmed/31935115
http://dx.doi.org/10.1021/ja027967i
http://www.ncbi.nlm.nih.gov/pubmed/12785837
http://dx.doi.org/10.1038/ncomms1097


Magnetochemistry 2020, 6, 46 16 of 21

66. Schmucker, S.; Argentini, M.; Carelle-Calmels, N.; Martelli, A.; Puccio, H. The in vivo mitochondrial two-step
maturation of human frataxin. Hum. Mol. Genet. 2008, 17, 3521–3531. [CrossRef]

67. Castro, I.H.; Pignataro, M.F.; Sewell, K.E.; Espeche, L.D.; Herrera, M.G.; Noguera, M.E.; Dain, L.; Nadra, A.D.;
Aran, M.; Smal, C.; et al. Frataxin Structure and Function. In Macromolecular Protein Complexes II: Structure
and Function; Harris, J.R., Marles-Wright, J., Eds.; Springer International Publishing: Cham, Switzerland,
2019; pp. 393–438.

68. Cai, K.; Frederick, R.O.; Dashti, H.; Markley, J.L. Architectural Features of Human Mitochondrial Cysteine
Desulfurase Complexes from Crosslinking Mass Spectrometry and Small-Angle X-Ray Scattering. Structure
2018, 26, 1127–1136.e4. [CrossRef]

69. Adamec, J.; Rusnak, F.; Owen, W.G.; Naylor, S.; Benson, L.M.; Gacy, A.M.; Isaya, G. Iron-dependent
self-assembly of recombinant yeast frataxin: Implications for Friedreich ataxia. Am. J. Hum. Genet. 2000, 67,
549–562. [CrossRef]

70. Pastore, A.; Puccio, H. Frataxin: A protein in search for a function. J. Neurochem. 2013, 126 (Suppl. 1), 43–52.
[CrossRef]

71. Boniecki, M.T.; Freibert, S.A.; Muhlenhoff, U.; Lill, R.; Cygler, M. Structure and functional dynamics of the
mitochondrial Fe/S cluster synthesis complex. Nat. Commun. 2017, 8, 1287. [CrossRef]

72. Fox, N.G.; Yu, X.; Feng, X.; Bailey, H.J.; Martelli, A.; Nabhan, J.F.; Strain-Damerell, C.; Bulawa, C.; Yue, W.W.;
Han, S. Structure of the human frataxin-bound iron-sulfur cluster assembly complex provides insight into its
activation mechanism. Nat. Commun. 2019, 10, 2210. [CrossRef]

73. Uzarska, M.A.; Dutkiewicz, R.; Freibert, S.A.; Lill, R.; Muhlenhoff, U. The mitochondrial Hsp70 chaperone
Ssq1 facilitates Fe/S cluster transfer from Isu1 to Grx5 by complex formation. Mol. Biol. Cell 2013, 24,
1830–1841. [CrossRef] [PubMed]

74. Weiler, B.D.; Brück, M.C.; Kothe, I.; Bill, E.; Lill, R.; Mühlenhoff, U. Mitochondrial [4Fe-4S] protein assembly
involves reductive [2Fe-2S] cluster fusion on ISCA1-ISCA2 by electron flow from ferredoxin FDX2. Proc. Natl.
Acad. Sci. USA 2020, 117, 20555–20565. [CrossRef] [PubMed]

75. Banci, L.; Brancaccio, D.; Ciofi-Baffoni, S.; Del Conte, R.; Gadepalli, R.; Mikolajczyk, M.; Neri, S.; Piccioli, M.;
Winkelmann, J. [2Fe-2S] cluster transfer in iron-sulfur protein biogenesis. Proc. Natl. Acad. Sci. USA 2014,
111, 6203–6208. [CrossRef] [PubMed]

76. Johansson, C.; Roos, A.K.; Montano, S.J.; Sengupta, R.; Filippakopoulos, P.; Guo, K.; von Delft, F.; Holmgren, A.;
Oppermann, U.; Kavanagh, K.L. The crystal structure of human GLRX5: Iron-sulfur cluster co-ordination.
tetrameric assembly and monomer activity. Biochem. J. 2011, 433, 303–311. [CrossRef] [PubMed]

77. Brancaccio, D.; Gallo, A.; Mikolajczyk, M.; Zovo, K.; Palumaa, P.; Novellino, E.; Piccioli, M.; Ciofi-Baffoni, S.;
Banci, L. Formation of [4Fe-4S] clusters in the mitochondrial iron-sulfur cluster assembly machinery. J. Am.
Chem. Soc. 2014, 136, 16240–16250. [CrossRef] [PubMed]

78. Brancaccio, D.; Gallo, A.; Piccioli, M.; Novellino, E.; Ciofi-Baffoni, S.; Banci, L. [4Fe-4S] Cluster Assembly in
Mitochondria and Its Impairment by Copper. J. Am. Chem. Soc. 2017, 139, 719–730. [CrossRef]

79. Agar, J.N.; Krebs, C.; Frazzon, J.; Huynh, B.H.; Dean, D.R.; Johnson, M.K. IscU as a scaffold for iron-sulfur
cluster biosynthesis: Sequential assembly of [2Fe-2S] and [4Fe-4S] clusters in IscU. Biochemistry 2000, 39,
7856–7862. [CrossRef]

80. Chandramouli, K.; Unciuleac, M.C.; Naik, S.; Dean, D.R.; Huynh, B.H.; Johnson, M.K. Formation and
properties of [4Fe-4S] clusters on the IscU scaffold protein. Biochemistry 2007, 46, 6804–6811. [CrossRef]

81. Cai, K.; Markley, J.L. NMR as a Tool to Investigate the Processes of Mitochondrial and Cytosolic Iron-Sulfur
Cluster Biosynthesis. Molecules 2018, 23, 2213. [CrossRef]

82. Bertini, I.; Luchinat, C.; Piccioli, M. Paramagnetic Probes in Metalloproteins. Turning Limitations into
Advantages. Methods Enzymol. 2001, 339, 314–340.

83. Trindade, I.B.; Invernici, M.; Cantini, F.; Louro, R.O.; Piccioli, M. (1)H, (13)C and (15)N assignment of the
paramagnetic high potential iron-sulfur protein (HiPIP) PioC from Rhodopseudomonas palustris TIE-1.
Biomol. Nmr. Assign 2020, 14, 211–215. [CrossRef]

84. Balayssac, S.; Jiménez, B.; Piccioli, M. Assignment Strategy for Fast Relaxing Signals: Complete Aminoacid
Identification in Thulium Substituted Calbindin D9k. J. Biomol. NMR 2006, 34, 63–73. [CrossRef] [PubMed]

85. Gelis, I.; Katsaros, N.; Luchinat, C.; Piccioli, M.; Poggi, L. A Simple Protocol to Study Blue Copper Proteins
by NMR. Eur. J. Biochem. 2003, 270, 600–609. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/hmg/ddn244
http://dx.doi.org/10.1016/j.str.2018.05.017
http://dx.doi.org/10.1086/303056
http://dx.doi.org/10.1111/jnc.12220
http://dx.doi.org/10.1038/s41467-017-01497-1
http://dx.doi.org/10.1038/s41467-019-09989-y
http://dx.doi.org/10.1091/mbc.e12-09-0644
http://www.ncbi.nlm.nih.gov/pubmed/23615440
http://dx.doi.org/10.1073/pnas.2003982117
http://www.ncbi.nlm.nih.gov/pubmed/32817474
http://dx.doi.org/10.1073/pnas.1400102111
http://www.ncbi.nlm.nih.gov/pubmed/24733926
http://dx.doi.org/10.1042/BJ20101286
http://www.ncbi.nlm.nih.gov/pubmed/21029046
http://dx.doi.org/10.1021/ja507822j
http://www.ncbi.nlm.nih.gov/pubmed/25347204
http://dx.doi.org/10.1021/jacs.6b09567
http://dx.doi.org/10.1021/bi000931n
http://dx.doi.org/10.1021/bi6026659
http://dx.doi.org/10.3390/molecules23092213
http://dx.doi.org/10.1007/s12104-020-09947-6
http://dx.doi.org/10.1007/s10858-005-5359-z
http://www.ncbi.nlm.nih.gov/pubmed/16518694
http://dx.doi.org/10.1046/j.1432-1033.2003.03400.x
http://www.ncbi.nlm.nih.gov/pubmed/12581200


Magnetochemistry 2020, 6, 46 17 of 21

86. Trindade, I.B.; Invernici, M.; Cantini, F.; Louro, R.O.; Piccioli, M. Sequence-specific Assignments in NMR
Spectra of paramagnetic systems: A non-systematic approach. Inorg. Chim. Acta 2021, 514, 119984. [CrossRef]

87. Muhandiram, D.R.; Kay, L.E. Gradient-enhanced triple resonance three-dimensional NMR experiments with
improved sensitivity. J. Magn. Reson. Ser. B 1994, 103, 203–216. [CrossRef]

88. Ciofi-Baffoni, S.; Gallo, A.; Muzzioli, R.; Piccioli, M. The IR-N-15-HSQC-AP experiment: A new tool for
NMR spectroscopy of paramagnetic molecules. J. Biomol. Nmr. 2014, 58, 123–128. [CrossRef]

89. Turner, D.L. Optimization of COSY and Related Methods. Applications to 1H NMR of Horse
Ferricytochrome c. J. Magn. Reson. Ser. A 1993, 104, 197–202. [CrossRef]

90. Li, H.; Mapolelo, D.T.; Randeniya, S.; Johnson, M.K.; Outten, C.E. Human glutaredoxin 3 forms
[2Fe-2S]-bridged complexes with human BolA2. Biochemistry 2012, 51, 1687–1696. [CrossRef]

91. Banci, L.; Ciofi-Baffoni, S.; Mikolajczyk, M.; Winkelmann, J.; Bill, E.; Pandelia, M.E. Human anamorsin binds
[2Fe-2S] clusters with unique electronic properties. J. Biol. Inorg. Chem. 2013, 18, 883–893. [CrossRef]

92. Vilella, F.; Alves, R.; Rodriguez-Manzaneque, M.T.; Belli, G.; Swaminathan, S.; Sunnerhagen, P.; Herrero, E.
Evolution and cellular function of monothiol glutaredoxins: Involvement in iron-sulphur cluster assembly.
Comp. Funct. Genom. 2004, 5, 328–341. [CrossRef]

93. Banci, L.; Bertini, I.; Calderone, V.; Ciofi-Baffoni, S.; Giachetti, A.; Jaiswal, D.; Mikolajczyk, M.; Piccioli, M.;
Winkelmann, J. Molecular view of an electron transfer process essential for iron-sulfur protein biogenesis.
Proc. Natl. Acad. Sci. USA 2013, 110, 7136–7141. [CrossRef] [PubMed]

94. Iwahara, J.; Tang, C.; Clore, G.M. Practical aspects of 1H transverse paramagnetic relaxation enhancement
measurements on macromolecules. J. Magn. Reson. 2007, 184, 185–195. [CrossRef] [PubMed]

95. Donaldson, L.W.; Skrynnikov, N.R.; Choy, W.-Y.; Muhandiram, D.R.; Sarkar, B.; Forman-Kay, J.D.; Kay, L.E.
Structural Characterization of Proteins with an Attached ATCUN Motif by Paramagnetic Relaxation
Enhancement NMR Spectroscopy. J. Am. Chem. Soc. 2001, 123, 9843–9847. [CrossRef] [PubMed]

96. Invernici, M.; Trindade, I.B.; Cantini, F.; Louro, R.O.; Piccioli, M. Measuring transverse relaxation in highly
paramagnetic systems. J. Biomol. NMR 2020, 74, 431–442. [CrossRef]

97. Bermel, W.; Bertini, I.; Felli, I.C.; Piccioli, M.; Pierattelli, R. 13C-detected protonless NMR spectroscopy of
proteins in solution. Progr. NMR Spectrosc. 2006, 48, 25–45. [CrossRef]

98. Chhabra, S.; Fischer, P.; Takeuchi, K.; Dubey, A.; Ziarek, J.J.; Boeszoermenyi, A.; Mathieu, D.; Bermel, W.;
Davey, N.E.; Wagner, G.; et al. 15N detection harnesses the slow relaxation property of nitrogen: Delivering
enhanced resolution for intrinsically disordered proteins. Proc. Natl. Acad. Sci. USA 2018, 115, E1710–E1719.
[CrossRef]

99. Cook, E.C.; Usher, G.A.; Showalter, S.A. The Use of (13)C Direct-Detect NMR to Characterize Flexible and
Disordered Proteins. Methods Enzymol. 2018, 611, 81–100.

100. Lin, I.J.; Xia, B.; King, D.S.; Machonkin, T.E.; Westler, W.M.; Markley, J.L. Hyperfine-Shifted 13C and 15N
NMR Signals from Clostridium pasteurianum Rubredoxin: Extensive Assignments and Quantum Chemical
Verification. J. Am. Chem. Soc. 2009, 131, 15555–15563. [CrossRef]

101. Kolczak, U.; Salgado, J.; Siegal, G.; Saraste, M.; Canters, G.W. Paramagnetic NMR studies of blue and purple
copper proteins. Biospectroscopy 1999, 5, S19–S32. [CrossRef]

102. Arnesano, F.; Banci, L.; Bertini, I.; Felli, I.C.; Luchinat, C.; Thompsett, A.R. A strategy for the NMR
characterization of type II copper(II) proteins: The case of the copper trafficking protein CopC from
Pseudomonas syringae. J. Am. Chem. Soc. 2003, 125, 7200–7208. [CrossRef]

103. Bertini, I.; Lee, Y.-M.; Luchinat, C.; Piccioli, M.; Poggi, L. Locating the metal ion in calcium-binding proteins
by using cerium(III) as a probe. ChemBioChem 2001, 2, 550–558. [CrossRef]

104. Balayssac, S.; Bertini, I.; Luchinat, C.; Parigi, G.; Piccioli, M. 13C direct detected NMR increases the detectability
of residual dipolar couplings. J. Am. Chem. Soc. 2006, 128, 15042–15043. [CrossRef] [PubMed]

105. Mori, M.; Kateb, F.; Bodenhausen, G.; Piccioli, M.; Abergel, D. Towards structural dynamics: Protein motions
viewed by chemical shift modulations and direct detection of C’N multiple-quantum relaxation. J. Am.
Chem. Soc. 2010, 132, 3594–3600. [CrossRef] [PubMed]

106. Lin, I.J.; Gebel, E.B.; Machonkin, T.E.; Westler, W.M.; Markley, J.L. Changes in hydrogen-bond strenght
explain reduction potentials in 10 ruvredoxin variants. Proc. Natl. Acad. Sci. USA 2005, 102, 14581–14586.
[CrossRef]

http://dx.doi.org/10.1016/j.ica.2020.119984
http://dx.doi.org/10.1006/jmrb.1994.1032
http://dx.doi.org/10.1007/s10858-013-9810-2
http://dx.doi.org/10.1006/jmra.1993.1209
http://dx.doi.org/10.1021/bi2019089
http://dx.doi.org/10.1007/s00775-013-1033-1
http://dx.doi.org/10.1002/cfg.406
http://dx.doi.org/10.1073/pnas.1302378110
http://www.ncbi.nlm.nih.gov/pubmed/23596212
http://dx.doi.org/10.1016/j.jmr.2006.10.003
http://www.ncbi.nlm.nih.gov/pubmed/17084097
http://dx.doi.org/10.1021/ja011241p
http://www.ncbi.nlm.nih.gov/pubmed/11583547
http://dx.doi.org/10.1007/s10858-020-00334-w
http://dx.doi.org/10.1016/j.pnmrs.2005.09.002
http://dx.doi.org/10.1073/pnas.1717560115
http://dx.doi.org/10.1021/ja905928x
http://dx.doi.org/10.1002/(SICI)1520-6343(1999)5:5+&lt;S19::AID-BSPY3&gt;3.0.CO;2-H
http://dx.doi.org/10.1021/ja034112c
http://dx.doi.org/10.1002/1439-7633(20010803)2:7/8&lt;550::AID-CBIC550&gt;3.0.CO;2-T
http://dx.doi.org/10.1021/ja0645436
http://www.ncbi.nlm.nih.gov/pubmed/17117827
http://dx.doi.org/10.1021/ja9103556
http://www.ncbi.nlm.nih.gov/pubmed/20166666
http://dx.doi.org/10.1073/pnas.0505521102


Magnetochemistry 2020, 6, 46 18 of 21

107. Kostic, M.; Pochapsky, S.S.; Pochapsky, T.C. Rapid recycle 13C. 15N and 13C,13C heteronuclear and
homonuclear multiple quantum coherence detection for resonance assignments in paramagnetic proteins:
Example of Ni2+-containing acireductone dioxygenase. J. Am. Chem. Soc. 2002, 124, 9054–9055. [CrossRef]

108. Machonkin, T.E.; Westler, W.M.; Markley, J.L. 13C-13C 2D NMR: A novel strategy for the study of paramagnetic
proteins with slow electronic relaxation times. J. Am. Chem. Soc. 2002, 124, 3204–3205. [CrossRef]

109. Bertini, I.; Jiménez, B.; Piccioli, M. 13C direct detected experiments: Optimisation to paramagnetic signals.
J. Magn. Reson. 2005, 174, 125–132. [CrossRef]

110. Bertini, I.; Jiménez, B.; Piccioli, M.; Poggi, L. Asymmetry in 13C-13C COSY spectra identifies geometry in
paramagnetic proteins. J. Am. Chem. Soc. 2005, 127, 12216–12217. [CrossRef]

111. Barry, C.D.; North, A.C.T.; Glasel, J.A.; Williams, R.J.P.; Xavier, A.V. Quantitative Determination of
Mononucleotide Conformations in Solution using Lanthanide Ion Shift and Broading NMR Probes. Nature
1971, 232, 236–245. [CrossRef]

112. Xavier, A.V.; Czerwinski, E.W.; Bethge, P.H.; Mathews, F.S. Identification of the haem ligands of cytochrome
b562 by X-ray and NMR methods. Nature 1978, 275, 245–247. [CrossRef]

113. Lee, L.; Sykes, B.D. Nuclear Magnetic Resonance Determination of Metal-Proton Distances in the EF Site
of Carp Parvalbumin Using the Susceptibility Contribution to the Line Broadening of Lanthanide-Shifted
Resonances. Biochemistry 1980, 19, 3208–3214. [CrossRef] [PubMed]

114. Lee, L.; Sykes, B.D. Advances in Inorganic Biochemistry, Volume 2; Darnall, D.W., Wilkins, R.G., Eds.; Elsevier:
New York, NY, USA, 1980.

115. Wüthrich, K. NMR of Proteins and Nucleic Acids; Wiley: New York, NY, USA, 1986.
116. Ab, E.; Atkinson, A.R.; Banci, L.; Bertini, I.; Ciofi-Baffoni, S.; Brunner, K.; Diercks, T.; Dötsch, V.; Engelke, F.;

Folkers, G.; et al. NMR in structural proteomics. Acta Crystallogr. D Biol. Crystallogr. 2006, 62, 1161.
[CrossRef] [PubMed]

117. Billeter, M.; Wagner, G.; Wüthrich, K. Solution NMR structure determination of proteins revisited.
J. Biomol. NMR 2008, 42, 155–158. [CrossRef] [PubMed]

118. Mori, M.; Jiménez, B.; Piccioli, M.; Battistoni, A.; Sette, M. The solution Structure of the Monomeric Copper.
Zinc Superoxide Dismutase from Salmonella enterica: Structural Insights to Understand the Evolution
toward the Dimeric Structure. Biochemistry 2008, 47, 12954–12963. [CrossRef] [PubMed]

119. Bax, A.; Clore, G.M. Protein NMR: Boundless opportunities. J. Magn. Reson. 2019, 306, 187–191. [CrossRef]
[PubMed]

120. Ardenkjaer-Larsen, J.-H.; Boebinger, G.S.; Comment, A.; Duckett, S.B.; Edison, A.S.; Engelke, F.; Griesinger, C.;
Griffin, R.G.; Hilty, C.; Maeda, H.; et al. Facing and overcoming biomolecular NMR’s sensitivity challanges.
Angew. Chem. Int. Ed. 2015, 54, 9162–9185. [CrossRef]

121. Bertini, I.; Couture, M.M.J.; Donaire, A.; Eltis, L.D.; Felli, I.C.; Luchinat, C.; Piccioli, M.; Rosato, A. The solution
structure refinement of the paramagnetic reduced HiPIP I from Ectothiorhodospira halophila by using stable
isotope labeling and nuclear relaxation. Eur. J. Biochem. 1996, 241, 440–452. [CrossRef]

122. Beinert, H.; Holm, R.H.; Munck, E. Iron-sulfur clusters: Nature’s modular. multipurpose structures. Science
1997, 277, 653–659. [CrossRef]

123. Tolman, J.R.; Flanagan, J.M.; Kennedy, M.A.; Prestegard, J.H. Nuclear magnetic dipole interactions in
field-oriented proteins: Information for structure determination in solution. Proc. Natl. Acad. Sci. USA 1995,
92, 9279–9283. [CrossRef]

124. Bertini, I.; Cavallaro, G.; Cosenza, M.; Kümmerle, R.; Luchinat, C.; Piccioli, M.; Poggi, L. Cross Correlation
Rates Between Curie Spin and Dipole-Dipole relaxation in Paramagnetic Proteins: The Case of Cerium
Substituted Calbindin D9k. J. Biomol. NMR 2002, 23, 115–125. [CrossRef]

125. Kateb, F.; Piccioli, M. New routes to the detection of relaxation allowed coherence transfer in paramagnetic
molecules. J. Am. Chem. Soc. 2003, 125, 14978–14979. [CrossRef] [PubMed]

126. Boisbouvier, J.; Gans, P.; Blackledge, M.; Brutscher, B.; Marion, D. Long-range structral information in
NMR studies of paramagnetic molecules from electron spin-nuclear spin cross-correlated relaxation. J. Am.
Chem. Soc. 1999, 121, 7700–7701. [CrossRef]

127. Hus, J.C.; Marion, D.; Blackledge, M. De novo Determination of Protein Structure by NMR using Orientational
and Long-range Order Restraints. J. Mol. Biol. 2000, 298, 927–936. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/ja0268480
http://dx.doi.org/10.1021/ja017733j
http://dx.doi.org/10.1016/j.jmr.2005.01.014
http://dx.doi.org/10.1021/ja051058m
http://dx.doi.org/10.1038/232236a0
http://dx.doi.org/10.1038/275245a0
http://dx.doi.org/10.1021/bi00555a017
http://www.ncbi.nlm.nih.gov/pubmed/7407042
http://dx.doi.org/10.1107/S0907444906032070
http://www.ncbi.nlm.nih.gov/pubmed/17001092
http://dx.doi.org/10.1007/s10858-008-9277-8
http://www.ncbi.nlm.nih.gov/pubmed/18827972
http://dx.doi.org/10.1021/bi801252e
http://www.ncbi.nlm.nih.gov/pubmed/19006322
http://dx.doi.org/10.1016/j.jmr.2019.07.037
http://www.ncbi.nlm.nih.gov/pubmed/31311710
http://dx.doi.org/10.1002/anie.201410653
http://dx.doi.org/10.1111/j.1432-1033.1996.00440.x
http://dx.doi.org/10.1126/science.277.5326.653
http://dx.doi.org/10.1073/pnas.92.20.9279
http://dx.doi.org/10.1023/A:1016341507527
http://dx.doi.org/10.1021/ja038101v
http://www.ncbi.nlm.nih.gov/pubmed/14653719
http://dx.doi.org/10.1021/ja991228t
http://dx.doi.org/10.1006/jmbi.2000.3714
http://www.ncbi.nlm.nih.gov/pubmed/10801359


Magnetochemistry 2020, 6, 46 19 of 21

128. Battiste, J.L.; Wagner, G. Utilization of site-directed spin labelling and high-resolution heteronuclear nuclear
magnetic resonance for global fold determination of large proteins with limited Nuclear Overhauser Effect
data. Biochemistry 2000, 39, 5355–5365. [CrossRef] [PubMed]

129. Clore, G.M.; Iwahara, J. Theory. Practice, and Applications of Paramagnetic Relaxation Enhancement for the
Characterization of Transient Low-Population States of Biological Macromolecules and Their Complexes.
Chem. Rev. 2009, 109, 4108–4139. [CrossRef]

130. Otting, G. Protein NMR using paramagnetic ions. Annu. Rev. Biophys. 2010, 39, 387–405. [CrossRef]
131. Kosen, P.A. Spin Labeling of Proteins. Methods Enzymol. 1989, 177, 86–121.
132. Iwahara, J.; Anderson, D.E.; Murphy, E.C.; Clore, G.M. EDTA-derivatized deoxythymidine as a tool for rapid

determination of protein binding polarity to DNA by intermolecular paramagnetic relaxation enhancement.
J. Am. Chem. Soc. 2003, 125, 6634–6635. [CrossRef]

133. Gaponenko, V.; Howarth, J.W.; Columbus, L.; Gasmi-Seabrook, G.; Yuan, J.; Hubbell, W.L.; Rosevear, P.R.
Protein globl fold determination using site-directed spin and isotope labeling. Protein Sci. 2000, 9, 302–309.
[CrossRef]

134. Gross, J.D.; Moerke, N.J.; von der Haar, T.; Lugovskoy, A.A.; Sachs, A.B.; McCarthy, J.E.G.; Wagner, G.
Ribosome Loading onto the mRNA Cap Is Driven by Conformational Coupling between eIF4G and eIF4E.
Cell 2003, 115, 739–750. [CrossRef]

135. Mal, T.K.; Skrynnikov, N.R.; Yap, K.L.; Kay, L.E.; Ikura, M. Detecting Protein Kinase Recognition Modes of
Calmodulin by Residual Dipolar Couplings in Solution NMR. Biochemistry 2002, 41, 12899–12906. [CrossRef]

136. Rumpel, S.; Becker, S.; Zweckstetter, M. High-resolution structure determination of the CylR2 homodimer
using paramagnetic relaxation enhancement and structure-based prediction of molecular alignment.
J. Biomol. NMR 2008, 40, 1–13. [CrossRef] [PubMed]

137. Tang, C.; Iwahara, J.; Clore, G.M. Visualization of transient encounter complexes in protein-protein association.
Nature 2006, 444, 383–386. [CrossRef] [PubMed]

138. Varani, L.; Gunderson, S.I.; Mattaj, I.W.; Kay, L.E.; Neuhaus, D.; Varani, G. The NMR structure of the 38 kDa
U1A protein – PIE RNA complex reveals the basis of cooperativity in regulation of polyadenylation by
human U1A protein. Nat. Struct. Biol. 2000, 7, 329–335. [CrossRef] [PubMed]

139. Iwahara, J.; Schwieters, C.D.; Clore, G.M. Characterization of nonspecific protein-DNA interactions by H-1
paramagnetic relaxation enhancement. J. Am. Chem. Soc. 2004, 126, 12800–12808. [CrossRef]

140. Roosild, T.P.; Greenwald, J.; Vega, M.; Castronovo, S.; Riek, R.; Choe, S. NMR Structure of Mistic.
a Membrane-Integrating Protein for Membrane Protein Expression. Science 2005, 307, 1317. [CrossRef]
[PubMed]

141. Felli, I.C.; Pierattelli, R.; Tompa, P. Intrinsically disordered proteins. In NMR of Biomolecules: Towards
Mechanistic Systems Biology; Bertini, I., McGreevy, K.S., Parigi, G., Eds.; Wiley-Blackwell: Hoboken, NJ, USA,
2012; pp. 137–152.

142. Felitsky, D.J.; Lietzow, M.A.; Dyson, H.J.; Wright, P.E. Modeling transient collapsed states of an unfolded
protein to provide insights into early folding events. Proc. Natl. Acad. Sci. USA 2008, 105, 6278. [CrossRef]
[PubMed]

143. Song, J.; Guo, L.W.; Muradov, H.; Artemyev, N.O.; Ruoho, A.E.; Markley, J.L. Intrinsically disordered
gamma-subunit of cGMP phosphodiesterase encodes functionally relevant transient secondary and tertiary
structure. Proc. Natl. Acad. Sci. USA 2008, 105, 1505–1510. [CrossRef] [PubMed]

144. Luchinat, C.; Parigi, G.; Ravera, E.; Rinaldelli, M. Solid state NMR crystallography through paramagnetic
restraints. J. Am. Chem. Soc. 2012, 134, 5006–5009. [CrossRef]

145. Nadaud, P.S.; Helmus, J.J.; Höfer, N.; Jaroniec, C.P. Long-Range Structural Restraints in Spin-Labeled Proteins
Probed by Solid-State Nuclear Magnetic Resonance Spectroscopy. J. Am. Chem. Soc. 2007, 129, 7502–7503.
[CrossRef] [PubMed]

146. Wang, S.; Munro, R.A.; Kim, S.Y.; Jung, K.-H.; Brown, L.S.; Ladizhansky, V. Paramagnetic Relaxation
Enhancement Reveals Oligomerization Interface of a Membrane Protein. J. Am. Chem. Soc. 2012, 134,
16995–16998. [CrossRef] [PubMed]

147. Iwahara, J.; Clore, G.M. Detecting transient intermediates in macromolecular binding by paramagnetic NMR.
Nature 2006, 440, 1227–1230. [CrossRef] [PubMed]

http://dx.doi.org/10.1021/bi000060h
http://www.ncbi.nlm.nih.gov/pubmed/10820006
http://dx.doi.org/10.1021/cr900033p
http://dx.doi.org/10.1146/annurev.biophys.093008.131321
http://dx.doi.org/10.1021/ja034488q
http://dx.doi.org/10.1110/ps.9.2.302
http://dx.doi.org/10.1016/S0092-8674(03)00975-9
http://dx.doi.org/10.1021/bi0264162
http://dx.doi.org/10.1007/s10858-007-9204-4
http://www.ncbi.nlm.nih.gov/pubmed/18026911
http://dx.doi.org/10.1038/nature05201
http://www.ncbi.nlm.nih.gov/pubmed/17051159
http://dx.doi.org/10.1038/74101
http://www.ncbi.nlm.nih.gov/pubmed/10742179
http://dx.doi.org/10.1021/ja046246b
http://dx.doi.org/10.1126/science.1106392
http://www.ncbi.nlm.nih.gov/pubmed/15731457
http://dx.doi.org/10.1073/pnas.0710641105
http://www.ncbi.nlm.nih.gov/pubmed/18434548
http://dx.doi.org/10.1073/pnas.0709558105
http://www.ncbi.nlm.nih.gov/pubmed/18230733
http://dx.doi.org/10.1021/ja210079n
http://dx.doi.org/10.1021/ja072349t
http://www.ncbi.nlm.nih.gov/pubmed/17530852
http://dx.doi.org/10.1021/ja308310z
http://www.ncbi.nlm.nih.gov/pubmed/23030813
http://dx.doi.org/10.1038/nature04673
http://www.ncbi.nlm.nih.gov/pubmed/16642002


Magnetochemistry 2020, 6, 46 20 of 21

148. Volkov, A.N.; Worrall, J.A.R.; Holtzmann, E.; Ubbink, M. Solution structure and dynamics of the complex
between cytochrome c and cytochrome c peroxidase determined by paramagnetic NMR. Proc. Natl. Acad.
Sci. USA 2006, 103, 18945–18950. [CrossRef] [PubMed]

149. Xu, X.; Reinle, W.; Hannemann, F.; Konarev, P.V.; Svergun, D.I.; Bernhardt, R.; Ubbink, M. Dynamics in a Pure
Encounter Complex of Two Proteins Studied by Solution Scattering and Paramagnetic NMR Spectroscopy.
J. Am. Chem. Soc. 2008, 130, 6395–6403. [CrossRef] [PubMed]
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