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A B S T R A C T   

Metalloproteins represent a substantial fraction of the proteome where they have an outsized contribution to 
enzymology. This stems from the reactivity of transition metals found in the active sites of numerous classes of 
enzymes that undergo redox and/or spin-state transitions. Notwithstanding, NMR structures of metalloproteins 
deposited in the PDB are under-represented and NMR studies exploring paramagnetic states are a minute fraction 
of the overall database content. This state of affairs contrasts with the early recognition that paramagnetic 
proteins offer unique opportunities for structure-function studies which are not available for diamagnetic pro-
teins. Recent development of novel pulse sequences that minimize quenching of signal intensity that arises from 
the presence of a paramagnetic center in metalloproteins is extending even further the range of systems which 
can be studied by solution-state NMR. In this manuscript we review solution-state NMR applications to para-
magnetic proteins, highlighting the developments in both methodologies and data interpretation, laying bare the 
vast range of opportunities for paramagnetic NMR to contribute to the understanding of structure and function of 
metalloenzymes and biomimetic metallocatalysts.   

1. Introduction 

Metalloproteins play a central role in biology as can be appreciated 
by the fact that between 30 and 45% of all genome-encoded predicted 
proteins bind metals as cofactors that are essential to maintain the 
structure and/or the biological function [1,2]. These are often transition 
metals having open-shell electronic configurations which under physi-
ological conditions leads to the presence of states containing unpaired 
electrons that can be probed to inform on the structure and reactivity of 
the cofactor and its protein [3–5]. Cofactors with open-shell electronic 
configuration are often associated with catalytic activity, therefore the 
unpaired electrons enlighten the regions of the proteins that are most 
interesting to understand their biological function. 

NMR spectroscopy can explore the structure, dynamics and function 
of (metallo)proteins at atomic resolution [6]. The first spectrum of a 
metalloprotein in paramagnetic state was collected for ferricytochrome 
c in 1965, and soon it was extended to other proteins [7,8]. In this re-
view, we will focus on the application of paramagnetic NMR to native 

metalloproteins in solution, particularly, on the characterization of the 
structure and electronic properties of their metallocofactors. The use of 
extrinsic paramagnetic tags to characterize proteins in general, and the 
use of solid-state NMR methods for the characterization of metal-
loproteins have been reviewed elsewhere and will not be covered here 
[9,10]. 

2. Cursory overview of paramagnetic NMR concepts 

Like the NMR-active nuclei, electrons behave as magnetic dipoles 
when placed in a magnetic field. Consequently, the interaction between 
the unpaired electron and a nucleus can be mediated by chemical bonds 
(contact mechanism) or through space (dipolar mechanism). The dis-
tinguishing effect of the presence of unpaired electrons in a molecule 
derives from the fact that the magnetic moment of electrons is almost 
three orders of magnitude larger than that of protons. Therefore, the 
unpaired electron modifies the local magnetic field in its vicinity and 
causes pronounced effects in NMR spectra. The most visible are: unusual 
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chemical shifts and temperature dependence of NMR signals affected by 
the unpaired electrons, and line broadening and enhanced nuclear 
relaxation rates (Fig. 1). 

Electronic correlation times of metal centers span more than five 
orders of magnitude in the range from 10− 13 to 10− 8 s (Fig. 2) [11]. 
Therefore, nuclear relaxation properties of metal centers are diverse, 
and often require specialized strategies for spectral observation in each 
case [12]. 

2.1. Effect of hyperfine coupling on NMR spectra: hyperfine shift 

The hyperfine interaction affects NMR chemical shifts and signal 
linewidths to different extents, which becomes a double-edged sword. 
On the one hand, paramagnetism can make the NMR investigation 
almost intractable, because signals can be broadened beyond detection 
or overwhelmed by sharp, diamagnetic signals. On the other hand, 
unique structural information can be obtained using tailored 

experimental approaches and by studying nuclei of low magnetogyric 
ratio such as 13C and 15N. (Fig. 3) [13,14]. Typically, the first step is the 
observation of NMR signals that are affected by the interaction with the 
paramagnetic center. The established strategy for their observation has 
two components: i) the acquisition of 1H NMR spectra over large spectral 
windows using fast repetition rates for the suppression of slow relaxing 
protein signals and solvent; ii) the collection of a large number of scans 
for achieving sufficient S/N for very broad signals. WEFT (Water Elim-
inated Fourier Transform) and SUPERWEFT pulse sequences, more 
recently revised to include gradients, broadband pre-saturation and 
poly-chromatic pulses, are the most commonly used sequences for 1H 
NMR data collection, allowing both solvent suppression and the obser-
vation of broad paramagnetic signals [15–17]. 

The properties of the orbitals associated with the unpaired electron 
(s) have an impact on the shift of the nuclei being observed. When un-
paired electrons are in orbitals of overall spherical symmetry, the energy 
of the dipolar interaction between electrons and nuclei is averaged to 

Fig. 1. 1H NMR spectra, recorded at 500 MHz, of apo and holo-cytochrome c' from Rhodobacter capsulatus.  

Fig. 2. Maximum chemical shift and typical linewidths ranges observed in metalloproteins for βCH2 protons of cysteines coordinating iron‑sulfur (FeS) clusters, βCH2 
protons of cysteines coordinating copper (Cu) sites, for exchangeable NH protons of histidines coordinating oxo-bridged clusters, and for heme methyls. Dashed lines 
correspond to pseudocontact shifts and linewidths for protons at 10 Å from the metal. 
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zero by the isotropic molecular tumbling. In these conditions the 
chemical shift of the nuclei is not affected by dipolar interaction with the 
unpaired electron. If the unpaired electron can delocalize onto the nu-
cleus being observed, its effect is propagated through the orbitals linking 
the paramagnetic center with the nucleus being observed. This is a scalar 
coupling, the value is independent of the molecular orientation in the 
magnetic field, and it is given by the hyperfine coupling constant 
[18,19]. The NMR signal of the nucleus will display Fermi contact shift 
that depends on metal ion, bond strength, electron delocalization 
mechanisms, number of bonds separating the nuclear spin from the 
metal, geometry of the paramagnetic center and dihedral angles of metal 
binding residues. When the unpaired electron(s) are found in orbitals of 
non-spherical symmetry, the energy of the dipolar interaction between 
the electron(s) and the nuclei does not average to zero by isotropic 
molecular tumbling. This gives rise to the pseudocontact shift (PCS) 
(Fig. 3A). It is dependent on the inverse third power of the distance 
between the nucleus and the paramagnetic center, on angular parame-
ters relating the nucleus under observation with the magnetic properties 
of the paramagnetic center, and on the anisotropy and orientation of the 
magnetic susceptibility tensor (Fig. 3B) [20–23]. The hyperfine shift 
results from the sum of contact- and pseudocontact- shift terms: the 
interplay of the two contributions depends not only on the paramagnetic 
center, but also on the type of nucleus investigated and on its position 
within the protein frame [24]. 

2.2. Effect of hyperfine coupling on nuclear relaxation 

Longitudinal relaxation (R1) relates with the time necessary for the 
nuclear magnetization to return to equilibrium after excitation and is 
stimulated by fluctuations at frequencies near to the Larmor frequency. 
Faster relaxation means that Nuclear Overhauser Enhacement (NOE) 
intensities are quenched and shorter repetition times can be used in 

experiments. Transverse relaxation (R2) is stimulated by fluctuations of 
frequency near to the Larmor frequency and lower. R2 relates with 
linewidth of NMR signals, therefore faster relaxation leads to broader 
signals making their detection challenging. 

The unpaired electron(s) enhance the relaxation of nuclear spins by 
three mechanisms, which are additive to “diamagnetic” nuclear relax-
ation: contact, dipolar and Curie spin relaxation. The extent and the 
relative contribution of each of these mechanisms to R1 and R2 is 
modulated by three phenomena that may affect the correlation time: i) 
electron relaxation; ii) molecular tumbling in solution and iii) chemical 
or conformational exchange [22]. 

For nuclei belonging to atoms of residues directly bound to the metal 
ion, contact relaxation is often the dominating mechanism. In contact 
relaxation, the correlation time is determined by the electron relaxation 
and by chemical exchange, when present. Therefore, R1 and R2 mea-
surements provide a wealth of information on the extent of the inter-
action between the nuclei and the paramagnetic center and on the time 
dependence of this interaction. For nuclei belonging to atoms of residues 
not directly bound to the metal ion, the paramagnetic relaxation is 
dominated by the dipolar contribution. In this case, the relaxation rate 
becomes progressively slower with distance according to the inverse 
sixth power of the metal-nucleus separation since contact relaxation 
does not occur in these nuclei (Fig. 3B) [23]. Deviations from the rMX

− 6 

relationship occur when the unpaired electron spin density cannot be 
considered as fully localized on the metal ion. In the search for structural 
constraints, this is referred as the Paramagnetic Relaxation Enhance-
ment (PRE) (Fig. 3B). 

When placed in a magnetic field, electrons also display a preference 
for orienting in alignment with the field. This gives rise to an electronic 
magnetic moment called the Curie spin [25]. The interaction between 
the nuclear spin and the Curie spin is modulated by molecular tumbling 
and originates Curie spin nuclear relaxation. In macromolecules, the 

Fig. 3. Distance and geometric information that can 
be extracted from paramagnetic effects, caused by an 
unpaired electron considering the point dipole 
approximation (e) affecting any NMR active nuclei 
(Z), 1H (H) or 15N (N). (a) The Pseudocontact Shift 
(PCS) is dependent on the inverse third power of the 
distance between the nucleus and the paramagnetic 
center and upon the angular parameters θ and φ, 
relating the position of the nucleus under observation 
with the magnetic properties of the paramagnetic 
center. (b) Paramagnetic relaxation enhancements 
(PRE) depend upon the inverse sixth power of the 
distance between the electron and nuclear spin. (c) 
Paramagnetic residual dipolar couplings (RDC) be-
tween a 1H and a 15N spin depend on the angle be-
tween the bond connecting the coupled nuclei and the 
orientation of the magnetic axes that characterize the 
magnetic susceptibility tensor associated with the 
unpaired electron(s) (according to the angles θ and φ) 
and on the internuclear distance rHN. (d) Cross cor-
relation (CCR) between 1H–15N dipole-dipole relax-
ation and Curie relaxation for backbone amide H–N 
results in a measurable effect on the 1H spin, which 
depends upon the inverse third power of the distance 
to the proton and on the angle, φ between the H–N 
vector and vector connecting the H and the unpaired 
electron.   
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slow tumbling in solution creates a spectral density function dominated 
by frequencies that are lower than the resonance frequency set by the 
spectrometer. As a consequence, this relaxation mechanism is often 
dominant in R2 but not R1. Curie relaxation, like dipolar relaxation, 
depends upon the inverse sixth power of the metal-nucleus distance. It is 
given by the magnitude of the thermal average of the electron magnetic 
moments, which increases with the square of the static magnetic field of 
the spectrometer [25]. Therefore, the contribution of the Curie relaxa-
tion increases dramatically with the magnetic field and becomes 
important when the electronic relaxation is much faster (2–3 orders of 
magnitude) than the rotational tumbling of the molecule. Thus, as the 
molecular motion slows down, for instance, due to higher mass, higher 
viscosity of the medium or lower temperature, the contribution of Curie 
relaxation towards the total nuclear spin relaxation increases. For 
macromolecules at high magnetic fields, Curie relaxation can become 
dominant in R2 and can lead to broadening of signals beyond detection 
[26]. This has been observed, for example, in the case of Co(II) 
substituted enzymes where, due to the high S = 3/2 electron spin and to 
the large rotational correlation time, several signals disappear from the 

1H NMR spectrum at increasing the magnetic field [27]. 
Dipolar and Curie relaxation are also proportional to the square of 

the gyromagnetic ratio of the nucleus under observation. Therefore, the 
effect of relaxation is more pronounced in protons and less intense in 
nuclei of lower gyromagnetic ratio such as 13C 15N. For this reason, 13C 
or 15N detected experiments have gained importance for the charac-
terization of paramagnetic proteins and stimulated the development of 
detection probes designed for this purpose [28–30]. 

Additional contributions to relaxation come from the fact that 
relaxation mechanisms modulated by the same correlation time may 
interact with one another and originate cross correlating phenomena 
(CCR, Fig. 3D). This is the case of dipolar relaxation between coupled 
nuclei and Curie spin, which as mentioned above is field dependent. This 
leads to different line broadening of the various components of NMR 
multiplets [31]. The effect depends on the angle between the vector 
connecting the paramagnetic center with the investigated nucleus and 
the vector connecting the coupled nuclei, on the inverse third power of 
the distance and on the magnetic field strength (Fig. 3D). 

Fig. 4. Representation of the most common paramagnetic centers of proteins studied by NMR. In heme, X and Y represent a wide diversity of ligands where histidine 
and methionine are the most prevalent; in 2Fe–2S clusters, X and Y represent either cysteine and histidine (in case of mitoNEET) or two histidines (in case of Rieske 
proteins); in Copper Type I, R usually is methionine. 
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2.3. Paramagnetically induced residual dipolar couplings 

When the unpaired electron is found in orbitals that do not display 
spherical symmetry (anisotropic), there is an energetic preference for 
having the direction of strongest magnetic susceptibility aligned with 
the external magnetic field. At high fields, this preference makes a re-
sidual but noticeable effect on the motion of paramagnetic molecules, 
which is no longer isotropic. As a consequence, residual dipolar cou-
plings (RDCs) (Fig. 3C) between nuclei typically become sufficiently 
large to be measured above 500 MHz, in the absence of orienting media 
[32,33]. These provide information on the angle between the bond 
connecting the coupled nuclei and the orientation of the principal di-
rections of the molecular susceptibility tensor [23]. This effect is unique 
relative to those reported above because it does not depend on distance 
or number of bonds to the paramagnetic center [34]. 

2.4. Exploitation of low gyromagnetic ratio nuclei 

Unlike the hyperfine shift, paramagnetic relaxation is dependent on 
γ2: when passing from 1H to 13C detected experiments, the paramagnetic 
contribution to relaxation will be scaled during acquisition according to 
a factor (γH/γC)2. The 13C direct detection has been applied in copper 
proteins and in Ln(III)-substituted Calcium binding proteins, signifi-
cantly reduced the blind sphere due to paramagnetism around the metal 
ion [35–37]. When 1H spins are broadened beyond detection, 2H spin 
may remain observable and helpful to characterize the first coordination 
sphere of metal ions with slow, unfavorable, electron relaxation times 
such as high spin Fe3+ of rubredoxins [38]. Together with 13C, the direct 
detection of 15N may elucidate the delocalization of unpaired spin 
density occurring not only trough coordination bonds but also via H- 
bonds [39,40]. Indeed, the direct detection of low gyromagnetic ration 
nuclei has been extremely useful for an increasing number of systems 
such as intrinsically disordered and proline-rich proteins, and molecules 
affected by chemical exchange [28,41]. Among the very many 13C 
detected experiments developed, the 13C–13C COSY (COrrelation 
SpectroscopY) and the CACO (Cα-C′ correlation) were specifically 
tailored to paramagnetic systems [29,42,43]. 

2.5. Which metals are addressed in this review 

All of the distance and geometric information that derives from the 
presence of a paramagnetic center has been crucial for obtaining the 
solution structure of metalloproteins and has allowed the investigation 
of the electronic structure of the active site of metalloproteins by NMR 
spectroscopy. This complements the experiments performed at cryo-
genic temperatures using other spectroscopies, such as Mössbauer and 
EPR but it also explores excited electronic states when they are ther-
mally populated at physiological temperatures. This can be achieved by 
measuring the temperature dependence of the signals and fitting the 
data using the VanVleck formalism [11,44,45]. The analysis of the 
temperature dependence of NMR signals has a pivotal role for the study 
of magnetically coupled systems as well as in the cases of spin admixture 
and chemical exchange. This work on the electronic structure and ge-
ometry of paramagnetic metallic cofactors in proteins evolved from 
well-established investigation in inorganic chemistry [46–48]. Due to a 
combination of biological interest and more favorable electronic prop-
erties, hemes, iron‑sulfur clusters and copper centers have attracted 
more attention than other systems (Fig. 4). A search in the Web of Sci-
ence database for protein NMR plus copper, heme or iron gives an output 
that is at least one order of magnitude larger than when the second 
search term is replaced by vanadium, manganese, cobalt, nickel, or 
molybdenum. This review focuses on the analysis of paramagnetic iron 
and copper proteins. 

3. Brief historical context of the origin of application of 
paramagnetic NMR to biological molecules 

Heme proteins play many key roles in biology and their study was 
central to the development of biochemistry [49]. Due to their favorable 
spectroscopic features, they became early targets of NMR studies and the 
first spectrum of a metalloprotein was that of cytochrome c. Kowalsky 
observed signals downfield of the main protein envelope that were, for 
the first time, attributed not only to the “ring current model” of the 
porphyrin but also attributed to the magnetic properties of the iron [50]. 
Kowalsky further explored these observations and reported that the 
unusual resonances were the result of electron delocalization with 
consequent hyperfine contact interaction between the electron and 
certain protons of the heme or of the protein [7]. Subsequent work 
immediately revealed the power of paramagnetic NMR to characterize 
the structure of the paramagnetic cofactor with greater detail than that 
available by X-ray crystallography at the time [51]. In the same period 
the first measurements by NMR of magnetic susceptibility of ferredoxin 
from Costridium pasteurianum were taking place and the importance of 
interpreting resonances outside the crowded diamagnetic region of 
proteins started to gain its relevance [52,53]. In 1968, the temperature 
dependence of resonances of cyanometmyoglobin showed the possibil-
ity of distinguishing between shifts arising from hyperfine interactions 
and other mechanisms [51,53]. In 1970 the first spectra of an iron‑sulfur 
protein and the temperature dependence of low field resonances were 
reported, giving rise to the first proposed model of cysteine-iron bonding 
in the ferredoxin from Clostridium pasteurianum [54]. This type of 
spectroscopic studies in metalloproteins became popular in the 
following years, when the development of the WEFT and SUPERWEFT 
pulse sequences contributed to overcome the problems of dynamic range 
and allowed the utilization of water as solvent without compromising 
the observation of the considerably broadened contact-shifted proton 
signals [15,55]. This boosted the elucidation of the electronic structure 
of the different paramagnetic centers in metalloproteins [56–60]. 

Notwithstanding, the structure determination of paramagnetic pro-
teins lingered languished for a few years because the fast nuclear R1 and 
R2 hampered the detection of dipolar and scalar connectivities and 
adequate force field energy minimization parameters were difficult to 
select. Selective 1D NOEs and two-dimensional experiments were 
fundamental to overcome the loss of information around the metal 
center. In 1994, after assigning the missing connectivities in the vicinity 
of the paramagnetic center, the first solution structure of a paramagnetic 
protein was published: the High Potential Iron Sulfur Protein (HiPIP) 
from Ectothiorhodospira halophila in its reduced [Fe4S4]2+ form (PDB ID: 
1PIH) [45–49]. In the same year, Pochapsky reported the structure of a 
2Fe–2S ferredoxin. However, unlike the previous example, the missing 
connectivies in the vicinity of the 2Fe–2S cluster hampered the quality 
of the model (PDB ID: 1PUT) [61]. One year later, the first structure of a 
paramagnetic heme protein was reported. It was the cyanide adduct of a 
Met80Ala variant of Saccharomyces cerevisiae Iso-1-cytochrome c using 
the assignment of hyperfine-shifted signals and NOE constraints (PDB 
ID: 1FHB) [62,63]. For copper proteins, the detailed characterization of 
the metal binding site was often made by metal substitution [64]. 
Indeed, paramagnetic copper proteins were for a long time considered 
non-tractable by NMR spectroscopy because of extreme broadening of 
resonances around the Cu2+ center. It was the recognition of different 
electron relaxation properties of blue vs non-blue copper proteins that 
opened the route to paramagnetic NMR of blue copper proteins [35,65]. 
As a consequence, the first solution structure of a paramagnetic copper 
protein was reported only in 2001, an oxidized plastocyanin from the 
cyanobacterium Synechocystis PCC6803 (PDB ID: 1J5C) [66]. Today, 26 
years after the first structure of the nearly 12,000 NMR protein struc-
tures deposited in the PDB, about 12% are metalloproteins and only 
about 1% are paramagnetic metalloproteins [67]. This highlights both 
the enduring perception of the challenges of studying these systems by 
NMR spectroscopy, and the vast untapped potential that this approach 
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holds (Table 1). 

4. In the beginning there was iron 

Iron-proteins have been the most extensively studied metal-
loproteins; not only because of their biological significance but also 
because iron centers can be characterized by several, and often com-
plementary spectroscopies. In biological systems, iron is typically found 
as Fe3+ and Fe2+. With the exception of octahedral Fe(II) with strong 
field axial ligands such as histidines, methionines and lysines, all iron 
centers in proteins have paramagnetic states at physiological tempera-
ture. For iron-proteins, the extent of paramagnetic effects varies greatly 

depending on the iron center and oxidation state [24]. 

4.1. Heme proteins 

In heme proteins, the chemical shift of the signals of the substituents 
at the periphery of the heme ring has a strong contribution from the 
contact shift that results from mixing of the iron d orbitals with the 
porphyrin π orbitals [68]. This leads to the delocalization of the un-
paired electron onto the porphyrin, which is modulated by the orien-
tation of the axial ligands. The resulting contact shift is defined by the 
position where the axial ligands are projected on the heme plane. It is 
also defined by their dynamics, for instance with inversion of the axial 
methionine diasterioisomers at frequencies similar to the Larmor fre-
quency [69–73]. This applies for both low-spin and high-spin states and 
for a variety of axial ligands [64–66]. Therefore, based solely on the 
assignment of the substituents at the periphery of the heme, it is possible 
to define the orientation of its axial ligands, and thus characterize the 
geometry and dynamics of the active site of hemeproteins, or enzyme 
mimics containing hemes (Fig. 5) [62,69–71,74–79]. 

In both low- and high-spin heme proteins the temperature depen-
dence of the shifts of some heme methyls shows significant deviations 
from the 1/T expected from the Curie law. This reveals the presence of 
thermal population of the first excited electronic state in addition to the 
ground state and does not entail a change in the heme geometry or the 
position of the axial ligands with temperature [70,81,82]. 

Table 1 
Number of entries in the protein data bank for different search 
categories.  

Total proteins PDB 162,477 
(metalloproteins) 81,723 
Total proteins by NMR 13,526 
(metalloproteins) 1560 
Total paramagnetic proteins by NMR 115 
(Co) 3 
(Cu) 8 
(Fe) 95 
(Ni) 4 
(Fe–Cu) 5  

Fig. 5. 1H chemical shift of the methyls at the pe-
riphery of the heme calculated for the case of low-spin 
hemes at 298 K, with two axial histidines with a 
relative angle β of their aromatic planes of 5 
(continuous line) and 85 degrees (dashed line) [80]. 
Corrections due to the asymmetric placement of the 
vinyls in hemes b, or thioether bonds to cysteines in 
the case of hemes c, in the periphery of the heme were 
proposed but are not included in this representation. 
These corrections lift the degeneracy of the shifts of 
methyl 21 and methyl 121, with methyl 121 having a 
downfield shift larger than methyl 21 [61]. Matching 
the peak positions in the spectra with the lines in the 
figure allows for a simple determination of the 
orientation of the axial ligands. The right panel shows 
the diagram of the geometry of the axial ligands 
where θ is the average orientation of the axial ligands.   

Fig. 6. Effect of magnetic coupling for the case of a 2Fe–2S cluster. The spin-state ladder for the oxidized and reduced states is shown on the left and right hand 
sides, with calculated temperature dependence of the paramagnetic shifts of signals of the ligands in the center. The thin and dashed lines report an increase of 10% 
of exchange coupling constant or of hyperfine electron-nuclear coupling, respectively, relative to the arbitrary reference values (J = 200 cm− 1 and A = 1.81 MHz) 
giving the thick line, to illustrate the effect of these two parameters. 
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4.2. Iron-sulfur proteins. The effect of magnetic coupling on the NMR 
parameters 

Iron-sulfur clusters are likely among the oldest metallic cofactors in 
biology [83,84]. Except for rubredoxins, that contain a single iron, all 
metal centers of iron-sulfur proteins are polymetallic, where each of the 
iron atoms is coordinated in approximate tetrahedral geometry to 
inorganic sulfide ions of the cluster and to the polypeptide by cysteine 
side chains, in the vast majority of the cases, or by cysteines/histidine(s) 
or cysteines/serine coordination (Fig. 4) [85]. 

In 2Fe–2S clusters the two iron ions are linked by two bridging 
inorganic sulfide ions. In ferredoxins each iron is coordinated by two 
cysteines, whereas in mitoNEET-type and Rieske-type proteins one of 
the iron ions is coordinated by respectively, one or two histidines 
(Fig. 4). The iron ions are antiferromagnetically coupled. In the oxidized 
state this coupling between two, high-spin, Fe3+ ions leads to a S =
0 ground state even though a significant paramagnetism may occur at 
room temperature due to thermal population of excited paramagnetic 
states, as shown in Fig. 6 [86]. This gives rise to paramagnetically shifted 
signals which increase their shift with increasing temperature, the so- 
called anti-Curie behaviour (Fig. 7). This has been used in the study of 
iron-sulfur proteins containing 2Fe–2S and 4Fe–4S clusters, to identify 

the oxidation state of the cluster and its electronic structure. The two 
iron ions of the 2Fe–2S cluster are not equivalent due to differences in 
their primary (Rieske and mitoNEET proteins) or secondary (ferre-
doxins) coordination sphere and, upon reduction, the electron tends to 
be localized in one of them giving rise to a localized mixed valence 
cluster [44]. However, the electronic state of reduced 2Fe–2S clusters 
(Fig. 6) is also affected by the ability of 2Fe–2S clusters to exchange one 
electron between the two iron ions due to double exchange mechanism; 
the predominance of localized vs delocalized valence can be driven by 
subtle structural factors [87,88]. In Rieske-type ferredoxins the iron 
coordinated to the histidines is the one that is redox active [89]. The 
larger spin of the high-spin Fe3+ aligns with the magnetic field and the 
signals of the cysteines coordinating this iron display a large downfield 
shift and Curie type temperature dependence. By contrast, the smaller 
spin of the high-spin Fe2+ is anti-parallel to the field and the signals of its 
coordinating cysteines (histidines in Rieske type proteins) display anti- 
Curie temperature dependence (Fig. 7) [86]. This offers the unique op-
portunity to identify the redox active iron in the cluster. The fact that the 
temperature dependence of the signals does not follow a strict Curie 
dependence reveals the population of excited spin states at room tem-
perature. The exchange coupling constant between the irons increases 
from ~100 cm− 1 in the reduced state to ~200–300 cm− 1 in the oxidized 

Fig. 7. Typical position and temperature dependence of the signals of coordinating cysteines in various FeS clusters in distinct redox states. Arrows indicate direction 
of change in chemical shift of the signals upon temperature increase. 
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state for various proteins [44,45,90]. This shows that the magnitude of 
the exchange coupling constant is determined by the architecture Fe2S2 
rhomb and not by the chemical nature or geometrical distortions that 
might be caused by the protein ligands that bind the cluster [44,91]. 

In the case of 3Fe–4S clusters, the third iron ion cannot be antifer-
romagnetically coupled to both of the other two iron ions, a phenome-
non designated spin frustration [92,93]. In the oxidized [Fe3S4]+ cluster 
the three Fe3+ ions are not equivalent, with one pair more strongly 
coupled together than with the remaining iron [94–96]. As a conse-
quence, the β-CH protons of cysteines coordinating the more strongly 
coupled irons (conventionally designated I and II) display anti-Curie 
behaviour whereas those of the more weakly coupled iron (designated 
III) are found more downfield and display a Curie type temperature 
dependence (Fig. 7) [95,97]. When the cluster is in the reduced, [Fe3S4]0 

state, valence delocalization occurs [98]. This means that an electron is 
shared by a pair of iron ions that assume a formal fractionary charge 
value of +2.5. The reduced form of these clusters has signals too broad to 
be detected. 

For proteins containing 4Fe–4S clusters, valence delocalization is 
also observed [99]. In the case of ferredoxins, the cluster oxidizes from 
[Fe4S4]+ to [Fe4S4]2+ at low potential with the iron ions displaying the 
formal 2Fe2.5+- 2Fe2+ and 4Fe2.5+, respectively. In the case of HIPIPs the 
reduced state [Fe4S4]2+ again contains 4Fe2.5+and oxidizes to [Fe4S4]3+

with 2Fe2.5+ and 2Fe3+ [100]. In oxidized ferredoxins and reduced 
HiPIPs, the four irons are equivalent and antiferromagnetically coupled. 
The overall situation is therefore similar to the case of [Fe2S2]2+ ferre-
doxins where the electron spin has a ground state S = 0 and para-
magnetically shifted signals occur due to thermal population of low 
lying excited paramagnetic states. However, shorter electronic correla-
tion times are observed for [Fe4S4]2+ clusters, making the para-
magnetically shifted 1H signals of cysteine βCH2 much sharper than for 
[Fe2S2]2+ clusters. For oxidized HIPIPs and reduced ferredoxins, the 
β-CH protons of the cysteines coordinating the mixed valence irons are 
found at low field and with a Curie type temperature dependence 
(Fig. 7). The β-CH protons of the cysteines coordinating Fe2+ in reduced 
ferredoxins and coordinating Fe3+ in oxidized HIPIPs are less shifted and 
display anti-Curie behaviour. In the case of oxidized HiPIPs, where 
magnetic coupling is expected to be slightly larger than in ferredoxins, 
the β-CH protons of the cysteines coordinating Fe3+ are also found at 
high fields (<0 ppm) [101–103]. 

Proteins containing iron-sulfur clusters were early targets of studies 
by NMR spectroscopy, providing insights on the structure of the clusters 
that were unresolved by X-ray at the time [54]. These early in-
vestigations revealed that contact shifts influence the spectral position of 
the signals of the cysteine beta protons and alpha carbons. For [Fe4S4]2+

clusters, contact shifts provide information on the dihedral angle be-
tween Fe-S-Cβ-Hβ or Fe-S-Cβ-Cα. This influence is modulated according 
to contributions of unpaired spin density in Fe–S σ bonds and in pπ 
bonds of the sulfur, with the latter being the dominant term [104,105]. 
This provides an important geometrical constraint to define the struc-
ture of the protein in the vicinity of the cluster, which is often difficult by 

other NMR observables such as NOEs due to fast paramagnetic relaxa-
tion [106] (Fig. 8). 

Often the redox activity of a polymetallic cluster is confined to a 
single iron atom. Assignment of the resonances of the ligands of the irons 
in the cluster, allows to pinpoint the relevant iron [44,45]. This is a 
crucial mechanistic information because the rates of electron transfer 
decay exponentially with distance [3,107]. Furthermore, electrostatic 
interactions between partners depend on the presence and location of 
charges. These interactions contribute to recognition and transient 
binding between redox partners, and also depend exponentially with 
distance [108,109]. Indeed, iron-sulfur clusters are also involved in 
other metabolic pathways not directly related to biological electron 
transfer [110–112]. This opens the possibility to use paramagnetic NMR 
for example to elucidate iron-sulfur cluster assembly mechanisms within 
the mitochondrial matrix and to obtain insights onto the catalytic 
mechanisms of (Radical S-Adenosyl-L-Methionine) R-SAM enzymes 
[113–116]. 

4.3. Non-heme, non-sulfur iron proteins 

Proteins containing iron clusters devoid of coordinating sulfur atoms 
play key roles in biology. Well researched examples are ribonucleotide 
reductases (Fig. 4) that are key enzymes for RNA synthesis, hemery-
thrins (Fig. 4) that transport oxygen in some marine invertebrates, and 
ferritins (Fig. 4) that perform iron storage in all domains of life. In these 
proteins two iron atoms are held together by oxygen atoms, either as 
bridging ligand or provided by carboxylates of amino acid sidechains of 
aspartates or glutamates [117–120]. In ferritins the two irons bind 
asymmetrically to the ferroxidase site as ferrous iron ions held together 
by a single carboxylate bridge. Upon binding of oxygen the ferrous irons 
are converted into diferric oxo groups that are stored in the internal 
cavity of the protein [120]. In ribonucleotide reductases and hemery-
thrin, the two iron atoms are held together by two carboxylate bridges. 
In ribonucleotide reductase the iron ions are hexacoordinated, whereas 
in hemerythrins the two iron ions have different coordination with 
pentacoordinated (Fea) and hexacoordinated (Feb) iron sites. These 
differences appear to impact on the redox properties of the two classes of 
proteins. Ribonucleotide reductases undergo a two-electron transfer 
from 2Fe3+ to 2Fe2+ coupled to transfer of one proton, whereas in 
hemerythrins the so called ‘semi-met’ state with one Fe3+ and one Fe2+

is easily obtained. For hemerythrins the electronic structure of the di- 
iron cluster was investigated by multiple spectroscopic methods, 
including paramagnetic NMR [121]. The iron atoms are antiferromag-
netically coupled and this coupling varies with oxidation state, being 
considerably diminished in the semi-met and in reduced deoxy states. A 
trapped mixed valence state can be observed for the semi-met protein 
with the maximum shift, linewidth and temperature dependence of 
separate histidine imidazole NH resonances allowing assignment of the 
redox state of the Fea and Feb [121]. This is reminiscent of the situation 
observed in reduced 2Fe–2S clusters. 

Fig. 8. Top: Geometric dependence of the hyperfine 
shift of β-CH protons and alpha carbons of cysteines 
attached to the cluster in oxidized ferredoxins and 
reduced HIPIPs [11]. Bottom: β-CH protons of cyste-
ines coordinating strongly coupled irons and coordi-
nating the more weakly coupled iron of oxidized 
[Fe3S4]+ clusters [104]. Angles refer to the dihedral 
angle with the Fe-Sγ bond and matching the position 
of the peaks with the lines in the figure allows for an 
easy determination of the dihedral angles that are 
compatible with experimental data.   
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5. Then there was copper 

Copper gained prominence as a biologically relevant metal with the 
advent of an oxidizing atmosphere, and copper containing proteins play 
key roles in aerobic metabolism [122]. Indeed, multicopper oxidases are 
very fast and efficient catalysts of oxidation reactions. Copper in bio-
logical systems alternates between the Cu+/Cu2+ states. 

Cu+ is diamagnetic, whereas Cu2+ has one unpaired electron and 
thus is paramagnetic. Copper proteins can have mononuclear copper 
centers or multi-copper centers, and these are usually typified according 
to their EPR spectra. Paramagnetically shifted NMR signals have been 
assigned to ligands of different kinds of mono- and multi-nuclear copper 
clusters [123]. This assignment allows the investigation of the nature of 
the ligands and their binding mode to the metal [124]. It also allows the 
investigation of the reaction mechanisms of copper enzymes. Changes in 
coordination of the copper ions and the formation and breakage of 
bridges during the reaction mechanism change the electronic coupling 
between the metals. This has an impact on the temperature dependence 
of the paramagnetically shifted signals [125]. 

Mononuclear copper centers can be classified into type I or type II 
(Fig. 4). Type I, typically represented by blue copper proteins, display a 
distorted trigonal geometry where the metal ion is strongly bound to two 
histidines and one cysteine. Often, a fourth weakly bound ligand (usu-
ally a methionine) can be found. A fast electron relaxation (τs ≈ 10− 10 s) 
occurs in these types of centers, as a result of the relatively small energy 
separation between the ground and excited states. Consequently, NMR 
signals of copper bound residues are detectable. Type II, typical of non- 
blue copper proteins, display a tetragonal geometry, as commonly found 
in “normal” tetragonal Cu2+ complexes where the metal ion is bound to 
four ligands. Despite the apparent normality, type II copper proteins 
present unique properties [126]. As consequence of the lack of low-lying 
excited electronic states, electronic relaxation is inefficient causing long 
correlation time for electron-nucleus interaction [127]. In comparison to 
type I copper proteins, this leads to dramatic line broadening of NMR 
signals of copper bound residues. For type II proteins, 13C and 15N nuclei 
can be used for signal assignment because of the lower gyromagnetic 
ratio of these nuclei [128]. 

Multicopper centers display relatively sharp NMR lines due to a 
decreased paramagnetism or a shorter electron relaxation time, as a 
consequence of the magnetic coupling. These properties can be used to 
explore the electronic structure of these systems and their physiological 
consequences. For example, the CuA center of multicopper oxidases, 
which are essential enzymes in aerobic respiration, has two spin-coupled 
copper ions in formal Cu1.5+ oxidation state, with a thermally accessible 
excited state at room temperature [129]. A substantial degree of un-
paired spin density is found in the bridging cysteine ligands and the 
order of the molecular orbitals in the ground and first excited state are 
predicted to change depending on the Cu-S-Cu angle [130]. The Karplus- 
like equation provides a linkage between the electronic and molecular 
structure of the cluster: a sine squared dependence on the Hβ-Cβ-Sγ-Cu 
dihedral angle is expected for the ground state σu* while a cosine 
squared dependence is expected for the πu state [131]. The fact that 
neither a sine squared, nor a cosine squared correlation is found for the 
shifts of the cysteine beta protons with the dihedral angle Hβ-Cβ-Sγ-Sγ 
means that, at room temperature, NMR is monitoring a temperature 
average of two states. Therefore, a substantial fraction of the πu elec-
tronic excited state exists at the physiological temperature and argues 
for its participation in the electron transfer mechanism [129,131]. In the 
case of tyrosinase at room temperature, the oxidized Cu2+-Cu2+ type III 
cluster has a diamagnetic ground state as a consequence of the antifer-
romagnetically coupling of the copper ions but an excited triplet state is 
thermally accessible giving rise to paramagnetically shifted signals. The 
temperature dependence of these signals, as well as their relaxation 
rates, showed that binding of chloride increases the exchange coupling 
between the copper ions and enhances the electronic relaxation [124]. 
In the case of laccases, another important group of multicopper oxidases, 

the electronic structures of the resting, oxidized and native intermediate 
states, can be distinguished. They show different degrees of coupling 
between the type II and type III sites and have markedly different oxygen 
to water reduction kinetics [123,125]. The most reactive native inter-
mediate has three Cu2+ ions with spin ½ antiferromagnetically coupled. 
This leads to spin-frustration in which one of the copper ions has the spin 
aligned with that of one of its partners. This situation is akin to that 
observed for 3Fe–4S clusters. 

As observed for iron-sulfur clusters, the contact shifts of copper 
coordinating cysteine atoms have an angular dependence on the dihe-
dral angle, which were used as constraints to obtain the first solution 
structure of a blue copper protein in the oxidized Cu2+ state [66,132]. 
The structure of the mononuclear copper cluster of plastocyanin was 
determined from paramagnetic NMR restraints by dropping the point 
dipole approximation and correcting for the distribution of spin density 
of the unpaired electron onto the ligand atoms [133]. However, some 
kinds of copper clusters, notably type II casts a veil of invisibility over 
the signals of nuclei in their vicinity. Exploration of these systems 
required the development of dedicated protocols for structure determi-
nation in these proteins [128,134]. Indeed, in the next section it will be 
briefly shown that, although the strategy for solution structure of 
paramagnetic protein is “general”, each different metallocofactor re-
quires a specific treatment. 

These developments, interesting by themselves in the contexts of 
spectroscopy and coordination chemistry, furthermore, enabled the 
study of cellular copper trafficking and homeostasis both in vitro and in 
vivo enabling the identification of insights relevant for intervention in 
numerous diseases [135,136]. 

6. Solution structures of metalloproteins, a current state-of the- 
art 

Paramagnetism-based NMR restraints became a topic well beyond 
the enclave of metalloproteins over the last years. Many laboratories 
have promoted the use of paramagnetism-based NMR restraints to study 
diamagnetic proteins: metal binding tags have been used as spin-labels 
and provide restraints to complement the NMR information available 
[137–144]. However, tagged-proteins and metalloproteins are quite 
different. In the former cases, the paramagnetic binding tag is typically 
used to generate long range constraints, capable to provide structural 
information typically in a distance range of 10 to 40 Å. This can be 
accomplished either by measuring PCSs of highly anisotropic centers, 
typically Dy3+, Tm3+ and other Ln3+ ions, or by measuring dipolar 
paramagnetic relaxation enhancement (PRE) [145,146]. The most use-
ful spin-labels for PRE measurements are those with slow electronic 
relaxation rates and isotropic g-tensor, such as Cu(II) or Gd(III). The 
magnitude of PCS is proportional to r− 3 (r being the metal-to-nucleus 
distance) and the magnitude of PREs is proportional to r− 6 (Fig. 3). In 
both cases, long range interactions are very useful to identify intra-
molecular reorientations within proteins of large molecular weight or 
within multidomain proteins. PRE are also popular for elucidating 
structures of complexes, as they shed light into weak protein-protein/ 
DNA/ions interactions [147–154]. In metalloproteins the situation is 
completely different from the case of spin labels: the environment of the 
metal center(s) is the core region for the protein function. Therefore, the 
goal is to obtain structural information, detailed as much as possible, in 
the close proximity of the metal. In this frame, reducing the blind sphere, 
obtaining structural restraints around the paramagnetic center and 
including them into structure calculations is crucial. In addition to the 
most widely used PREs and PCS, different types of paramagnetism based 
restraints have been introduced into structure calculation programs 
[155–158]. RDCs arising from self-orientation due to the paramagnetic 
susceptibility tensor, provide dipole orientations with respect to the 
molecular susceptibility tensor which, in paramagnetic systems, is often 
driven by the paramagnetic component [159]. Also, cross correlation 
rates have been included into structure calculations [160,161]. 

I.B. Trindade et al.                                                                                                                                                                                                                             



Journal of Inorganic Biochemistry 234 (2022) 111871

10

A relevant aspect for structure calculation is how the metal center is 
treated within software packages for biomolecular structure determi-
nation such as Xplor-NIH or CYANA [162–166]. In the case of CYANA, 
the easiest approach to include one or more metal ions is to append a 
chain of linker residues to the amino acid sequence. At the end of the 
linker, an atom with a radius mimicking the target metal ion is added. 
The linker residues have pseudo-atoms with van der Waals radii set to 
zero. The atoms of the ligands can be linked to the metal ion through 
upper and lower distance limits. With this approach, which has been 
used for Cu2+ containing proteins, the metal ion is located within the 
protein frame by using PRE restraints. Typically, the latter are obtained 
using 1H relaxation at larger metal to proton distances and, in a closer 
shell from the metal, using 13C PRE restraints [128]. When more com-
plex cofactors are needed, such as iron-sulfur clusters or heme moieties, 
the definition of their molecular topology, is required. The library file 
needs to contain a description of atom types and nomenclature, covalent 
connectivities and geometry of the cofactors. To facilitate this process, 
an algorithm named CYLIB was developed for converting small molecule 
ligands and non-standard amino acid residues of the PDB Chemical 
Component Dictionary into CYANA residue library entries [167]. The 
non-standard library is subsequently appended to the standard CYANA 
library file with a unique“residue” identifier (e.g. SF2; SF4…). Finally, as 
structure calculations in torsion angle space requires that all compo-
nents of the system should be linked by covalent bonds in a single chain, 
the cofactor must be incorporated into the protein with the same pro-
cedure used for a single metal ion. 

An alternative approach is to prepare a modified version of the res-
idues that link the metal center and append the definition of these 
modified residues to the standard CYANA library file. In the case of iron- 
sulfur clusters the ligand cysteines were substituted by a cysteinyl res-
idue in which the thiol hydrogen (Hγ) replaced by an iron atom (Feδ) at 
the proper distance and by adding to the latter, through another 

covalent bond, the sulfur atom (Sε) constituting the inorganic sulfide of 
the cluster. Bond lengths and angles used in this construction need to be 
defined. Additional covalent bonds are added as link statements be-
tween each iron atoms (Feδ) and the bonded sulfur atoms (Sγ and Sε) 
[168]. For c-type cytochromes, two strategies were devised. One of them 
involved the use of a heme topology connected by the C31 and C81 to the 
Sγ atom of the two cysteines of the CXXCH heme binding that were 
modified to cysteinyl residues [168]. In the other strategy the second 
cysteine of the CXXCH heme binding motif was modified to have the Sγ 
connected to the C81 atom of a heme that is flexible through torsion 
angles associated with the bonds between the pyrroles and the meso 
carbons. The first cysteine of the heme binding motif was modified to a 
cysteinyl residue and a bond defined to bind the Sγ to the C31 atom of the 
heme. Axial histidines were replaced by hystidynil residues with the Ne2 

linked to an iron pseudoatom that overlaps with the iron of the heme to 
establish the hexacoordinate geometry [169]. 

Finally, the output of a CYANA calculation, the conformers with 
lowest target function values, are usually subjected to restrained energy 
minimization and Molecular Dynamics calculations with AMBER (D.A. 
Case et al. University of California, San Francisco). The refinement 
calculation is performed in explicit water with suitable force field pa-
rameters to treat the metal centers. These parameters cannot be gener-
alized, nor be easily automated, and hence should be obtained for each 
system separately [170–172]. 

7. Future perspectives 

The previous sections showed the potential for paramagnetic NMR to 
contribute to the structural and functional characterization of metal-
loproteins and metalloenzymes, which is summarized in Table 2. 

There are exciting perspectives on the theoretical, instrumentation, 
methodological and biological fronts for their future study by NMR. 
Their structure and interactions can nowadays be monitored in vivo or in 
cell, thus opening unique opportunities to address biological functions 
[173,174]. 

On the theoretical front, there is renewed interest in replacing the 
classical semi-empirical description of the paramagnetic effect devel-
oped over the last 70 years with first principles quantum chemical cal-
culations [175–177]. Ab-initio calculations of paramagnetic shifts and 
susceptibility, contributed to design ad-hoc paramagnetic probes and to 
compute paramagnetism-based structural restraints [178–180]. Relax-
ation anisotropy, intermolecular interactions, cross correlation, charge 
delocalization, pose still open questions on the accuracy of para-
magnetic relaxation as structural restraints [179,182–184]. Recent 

Table 2 
Structural and electronic information that can be extracted from paramagnetic 
NMR experiments on selected metalloproteins.  

Heme proteins Orientation of the axial ligands 
Spin state of the iron 

FeS proteins Geometry of the coordinating cysteines 
Energy separation between electronic states 
Redox state of individual irons in the cluster 

FeO proteins Energy separation between electronic states 
Redox state of individual irons in the cluster 

Cu proteins Geometry of the coordinating cysteines 
Energy separation between electronic states  

Fig. 9. Limits of detection of protons around different kinds of paramagnetic centers. The line at 50 s− 1 represents the detection limit for (Heteronuclear Single 
Quantum Coherence) HSQC based experiments. The line at 500 s− 1 represents the detection limit of novel R2-weighted HSQC-AP (Anti-Phase) experiments [106]. R2 
calculated for a proton at various distances from the paramagnetic center in a protein of moderate size (τr = 1.5 × 10–8 s− 1) at 800 MHz. The line at 0.5 s− 1 marks the 
limit of detection of the paramagnetic effect. The image on the right-hand side shows the impact of contracting the limit of detection on the characterization of 
paramagnetic metalloproteins. 
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developments in EPR spectroscopy open the possibility of guiding these 
efforts by probing experimentally the deviations from the point dipole 
approximation [185]. 

Also on the methodological front, ingenious developments of NMR 
pulse-programs are whittling away at the drawbacks of the para-
magnetic effect on coherence transfer. For example, the time-scale of 1H 
R2 that can be measured has recently been increased from ~50 s− 1 to 
500 s− 1 [106,186]. This significantly contracts the radius of the sphere 
around the paramagnetic center where signals cannot be observed, as 
shown in Fig. 9. 

The effect is more pronounced the slower the electronic relaxation 
rate or the higher the spin-state with contractions of more than 4 Å for 
proteins containing high-spin Fe3+ or containing Cu2+. 

Last but not least, nature is a continuous source of surprises and 
opportunities. The recent realization that lanthanides may be the 
physiological metal cofactors of some proteins offers new targets which 
paramagnetic NMR is exquisitely suited to engage [187,188]. 

All of these can contribute to move paramagnetic protein NMR closer 
to the mainstream. Paramagnetic metalloproteins studied by NMR are 
woefully underrepresented in the PDB. A search on the Web of Science 
database for paramagnetic protein NMR reveals an annual publication 
output of approximately 100 papers vs approximately 2500 papers ful-
filling the search criteria protein NMR. Given the undisputed relevance 
of metalloproteins and metalloenzymes for biological processes and for 
biotechnological applications, there is a vast untapped potential for 
application of NMR to the study of the structure and function of para-
magnetic metalloproteins. Noticeably, this potential can be explored 
also on the cheap. Curie relaxation makes, for many cases, the study of 
paramagnetic metalloproteins less convenient at high field, alleviating 
the pressure to participate in the current race to install supra-GHz 
spectrometers to stay in the game. Additionally, field dependent ef-
fects such as cross correlations, molecular orientation and relaxation 
anisotropies promise to open new possibilities to exploit paramagnetic 
centers via NMR spectroscopy. 
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