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Abstract 

 Paramagnetic NMR data can be profitably incorporated in structural refinement protocols of 

metalloproteins or metal-substituted proteins, mostly as distance or angle restraints. However, they could 

in principle provide much more information, because the magnetic susceptibility of a paramagnetic metal 

ion is largely determined by its coordination sphere. This information can in turn be used to evaluate 

changes occurring in the coordination sphere of the metal when ligands (e.g.: inhibitors) are bound to the 

protein. This gives an experimental handle on the molecular structure in the vicinity of the metal which 

falls in the so-called blind sphere.  

The magnetic susceptibility anisotropy tensors of cobalt(II) and nickel(II) ions bound to human 

carbonic anhydrase II in  free and inhibited forms have been determined. The change of the magnetic 

susceptibility anisotropy is directly linked to the binding mode of different ligands in the active site of 

the enzyme. Indication about the metal coordination sphere in the presence of an inhibitor in 

pharmaceutically-relevant proteins could be important in the design of selective drugs with a structure-

based approach. 
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Introduction 

The appeal of paramagnetism-based NMR data for the investigation of structure and dynamics in 

biological molecules is growing continuously. This is mostly due to the fact that paramagnetic restraints 

are long-range in nature and thus allow for the investigation of the complex architectures of biomolecules 

[1–10]. The presence of a paramagnetic metal ion in a protein introduces a contribution to the magnetic 

susceptibility of the protein that, in turn, influences the chemical shift of the protein nuclei in the NMR 

spectra. The paramagnetic contribution to the shift related to the magnetic susceptibility of a 

paramagnetic metal is called pseudo-contact shift (PCS). PCSs depend on the anisotropy of the 

paramagnetic susceptibility and on the nuclear coordinates of the NMR observed nuclei with respect to 

the metal position; therefore, they have been widely used as structural restraints, providing long-range, 

accurate and robust structural information.  PCSs were first used to refine a protein structure in solution 

starting from an X-ray structure in 1995 [11], and to calculate ab initio the NMR structure of a 

paramagnetic protein, together with other NMR restraints, in 1996 [12]. Metalloproteins containing a 

diamagnetic metal can be made paramagnetic by substituting the native metal ion with a paramagnetic 

one, so that PCSs (possibly complemented by paramagnetic residual dipolar couplings, RDCs) can be 

available to refine the structure of the protein in solution [13, 14]. The attachment of paramagnetic tags 

to diamagnetic proteins extended the possibility to exploit the structural information content of PCSs and 

RDCs to biomolecular systems in general. Over the years, the use of these restraints was also 

implemented in the most used programs for the calculation of protein structures in solution [12, 15–18]. 

Recently, a novel approach has been proposed where PCSs and RDCs are provided as structural restraints 

together with the X-ray reflections to determine whether a single structure can account for both types of 

data, i.e. if a single structure can be a good model for the protein both in solution and in the solid state 

[19]. With respect to previous protocols, based on the search for the smallest perturbation of the 

crystallographic coordinates needed to account for the NMR data [14, 20, 21], this approach has the 
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advantage of using directly the primary data (i.e., the X-ray reflections rather than the derived nuclear 

coordinates) for the refinement.  

The use of PCSs as structural restraints passes through the evaluation of the magnetic 

susceptibility anisotropy tensor () of the paramagnetic metal ion. This tensor can be easily calculated 

from PCS data if the structure of the molecule is available [22, 23]. Therefore, a structural model is 

usually employed to obtain a first estimate of the tensor, so that the latter is used together with the 

experimental PCSs to calculate a refined model, and so on, in an iterative fashion. 

The structure refinement that is achieved with this approach concerns mainly the coordinates of 

protein nuclei for which PCSs are directly measured. This usually excludes the nuclei close to the 

paramagnetic metal ion, either because of the severe paramagnetic line broadening induced by many 

metals, which prevents their signal detectability, or because of the presence of contact contributions to 

the detected hyperfine shifts, so that PCSs are not available (but only the sum of PCSs and contact shifts) 

[24]. For this reason, the refinement achieved with PCSs usually does not include the ligand residues 

around the paramagnetic metal ion. 

On the other hand, the anisotropy components of the magnetic susceptibility tensor and its axes 

directions depend on the electronic structure and on the coordination geometry of the paramagnetic metal 

ion. In fact, the orientation of the  tensor axes is related to structural elements of the bonding geometry, 

in terms of number of ligand nuclei and coordination geometry of the metal center. In the presence of a 

non-degenerate ground state well separated from the excited states, the deviation of the g tensor from the 

free electron ge, as well as the  tensor, are predicted to be small, whereas in the presence of low-lying 

excited states, the spin-orbit coupling becomes very effective, so that the intrinsically anisotropic orbital 

contribution to the g values and to the magnetic susceptibility is expected to be large [24].  

The relationship between  tensor and coordination geometry has recently started to be more 

deeply investigated [25, 26], up to the point that the precision of the ab initio theoretical calculations 
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nowadays achievable can allow for reliable estimates of the  tensors if an accurate structural model is 

available [27]. Therefore, we can envisage that a structure refinement at the metal site will become 

possible by looking for a matching between the  tensor back-calculated from the experimental PCSs 

observed for nuclei far from the metal and the  tensor theoretically predicted from the local structure 

at the metal site  [28].  

For monitoring the variation of the  tensors as a result of changes in the metal coordination 

sphere we ideally need a protein that is able to coordinate different metal ions and for which a number 

of different ligands affecting the geometry of the metal site is available.  We have thus selected human 

carbonic anhydrase II (hCAII) as model system. hCAII is a 260 residues metallo-enzyme, which 

catalyzes the fast interconversion of CO2 and HCO3
-. Furthermore, carbonic anhydrases are relevant 

pharmaceutical targets for a number of pathological conditions [29]. The active site of hCAII contains a 

tetracoordinated zinc(II) ion, that is bound to the nitrogen atoms of three histidine residues (His94, His96 

and His119). The fourth ligand is either a water molecule or a hydroxide ion depending on pH. This 

ligand is involved in hydrogen bonding with Thr199 (Figure 1A). The native zinc ion can be easily 

substituted by other bipositive metal ions. For example, substitution with cobalt(II) preserves the 

enzymatic activity and has been widely used in the literature  [30]. Other derivatives, such as those with 

copper(II), manganese(II), and nickel(II) ions, have been also largely investigated [31–38]. Carbonic 

anhydrases are interesting targets in a variety of pathologic conditions, therefore their interaction with 

several small molecules acting as inhibitors are known and characterized. Furthermore, hCAII is one of 

the first discovered anhydrases and several structures exist of its complex with different inhibitors. It is 

thus a good example for understanding how different poses of the ligands can affect the paramagnetic 

properties. In this case, the position of first-sphere ligand residues from the protein is not appreciably 

altered upon binding of the inhibitor molecules, which simplifies the analysis of the results. Proteins with 

a less rigid coordinating environment may undergo larger rearrangements around the metal center, and 
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this would be reflected in the differences in the magnetic susceptibility anisotropy tensor as well. In those 

cases the possibility of linking the electronic structure to the  tensors would be a significant step 

forward. 

The  tensors of the high spin cobalt(II) and nickel(II) substituted hCAII as free enzyme and in 

the presence of different inhibitors (oxalate and/or furosemide, Figure 1B-C) are calculated from the 

experimentally collected 1HN PCSs. The data show that the size and orientation of the tensors largely 

depend on the type of metal ion and on the coordination geometry at the metal center. In particular, the 

increase in magnitude of the  tensors of cobalt(II) and nickel(II) after binding of different protein 

inhibitors correlates with an increase of coordination number for cobalt(II) and a decrease for nickel(II).  

Materials and methods 

Protein preparation  

The cobalt(II) and nickel(II) derivatives were obtained from the Zn(II) adduct by a 

demetallation/metallation approach. Zn(II)-hCAII was expressed and purified as previously reported 

[39–41], then the protein solution was dialyzed extensively against 10 mM HEPES, pH 7.2, 50 mM 

pyridine-2,6-dicarboxylic acid (PDA) buffer [41, 42]. After complete demetallation, the excess of PDA 

solution was removed by cyclic washings with 10 mM HEPES, pH 7.2 buffer using a 10000 MWCO 

Amicon Ultra-15 Centrifugal Filter Concentrator (MilliporeSigma). The paramagnetic proteins were 

prepared by monitoring the titration of the apo-enzyme with cobalt(II) and nickel(II) sulfate solutions, 

respectively, with 1D 1H and 2D 1H-15N HSQC solution NMR spectra. 

NMR measurements and analysis of pseudocontact shifts 
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All the experiments were acquired on a Bruker DRX NMR spectrometer operating at 500 MHz, 

1H Larmor frequency. All the spectra were processed with the Bruker TopSpin 2.0 software package and 

were analyzed with the program CARA (ETH Zürich). 

The NMR experiments for the backbone assignment were performed at 310 K on a zinc(II)-hCAII 

buffered solution (50 mM TrisSO4, pH 7.5) at the concentration of 0.4 mM. 2 D 1H–15N HSQC spectra 

were acquired for the different adducts [zinc(II), cobalt(II) and nickel(II)] of hCAII (~ 0.4 mM in 10 mM 

HEPES buffer solution) in the absence and in the presence of increasing concentration of ligands (oxalate 

or furosemide), for the evaluation of PCSs. During the addition of the oxalate ligand to the free protein 

[cobalt(II)-hCAII and zinc(II)-hCAII] a progressive shift of the signals was visible, as expected for a 

ligand in the fast exchange regime on the NMR timescale. The final concentration of oxalate added to 

the protein was 5 mM and 15 mM for cobalt(II)-hCAII and zinc(II)-hCAII, respectively. Instead, during 

the addition of furosemide to the protein solution [cobalt(II)-hCAII, nickel(II)-hCAII and zinc(II)-

hCAII], the signals of the free protein disappeared progressively through the titration while the 

concentration of the ligand increased. At the same time, new cross-peaks corresponding to the protein–

ligand adduct appeared in the spectra, and increased in intensity with increasing concentration of 

furosemide, up to the stoichiometric ratio, as expected for a high-affinity ligand in the slow-exchange 

regime on the NMR timescale.  

The titrations of cobalt(II)-hCAII and zinc(II)-hCAII with oxalate were performed at pH 5.8, 303 

K; the titrations of cobalt(II)-hCAII and zinc(II)-hCAII with furosemide were performed at pH 6.8, 298 

K; instead the titrations of zinc(II)-hCAII and nickel(II)-hCAII with furosemide were performed at pH 

8.0, 303 K. The experimental conditions were chosen to maximize the affinity of the selected ligands for 

the protein [30, 36].  
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The PCSs were calculated from the difference in the value of chemical shift between the 

paramagnetic [cobalt(II) or nickel(II)] and diamagnetic [zinc(II)] spectrum of the free proteins or at the 

maximum ligand concentration.  

The assignment of the NMR signals of zinc(II)-hCAII was obtained by the analysis of standard triple 

resonance 1H-detected NMR spectra (HNCA, CBCA(CO)NH, HNCACB, HNCO and HN(CA)CO). The 

assignment of zinc(II)-hCAII in the presence of the oxalate ligand was obtained following the progressive 

shift of the peaks during the titration. The assignment of the new peaks of zinc(II)-hCAII with furosemide 

was unambiguous for most of the residues; the agreement of the obtained chemical shift perturbation, 

between the free protein and the protein bound to furosemide, with the X-ray structure of zinc(II)-hCAII 

in the presence of furosemide (PDB: 1Z9Y) was then assessed [39]. Assignment of the signal of the 

paramagnetic spectra of the cobalt(II) and nickel(II) derivatives of hCAII, instead, was obtained 

following an iterative procedure. First the PCSs tensor was evaluated with the program FANTEN 

[22] from the best fit of a set of unambiguous PCSs. The prediction of new PCSs according to the tensor 

estimate assisted in the determination of new PCSs, and thus in the refinement of the tensor [23, 43]. 

Using this simple protocol, we were able to easily assign the 88% of the HN of total non-proline residues 

for zinc(II)-hCAII, 68% and 72% for cobalt(II)-hCAII at pH 5.8 and 6.8, respectively, and 64% for 

nickel(II)-hCAII (see Tables S1-S4 in Supplementary material). 

Results and discussion 

A total of 165, 176, 160 and 174 PCSs were collected for the cobalt(II)-substituted hCAII at pH 5.8 and 

6.8 and for its adducts with the oxalate and the furosemide ligands, respectively, and of 25 and 159 PCSs 

for the nickel(II)-substituted hCAII and for its adduct with furosemide, respectively (see Tables S5-S10 

in Supplementary material). The free nickel(II) protein showed very small changes in the chemical shifts 

with respect to the zinc(II) form, and PCSs were considered reliable only if the shifts were similar in the 
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1H and 15N dimensions of the 2D 1H-15N HSQC spectrum. A different shift for the 1H and the 15N nuclei 

of the same residue may, indeed, be related to small structural changes between the two samples, which 

may be of the same order or larger than the PCSs themselves. The data were fitted against the highest 

resolution (0.9 Å) X-ray structure of zinc(II)-hCAII (PDB 3KS3) [44] to obtain the  tensors with the 

program FANTEN [22]. The agreement in the correlation plots between experimental and calculated data 

was good in all cases (see Figure 2, where the Q values are reported) resulting in the best fit values for 

the axial and rhombic anisotropies components (ax and rh) and tensor orientations (expressed as 

angles of the main axes directions with the metal-ligand directions) reported in Table 1. It is apparent 

that there is a sizable increase in the anisotropy of the magnetic susceptibility tensor upon binding of 

oxalate to cobalt(II)-hCAII, and upon binding of furosemide to nickel(II)-hCAII, whereas binding of 

furosemide to cobalt(II)-hCAII affects only marginally the size of the tensor. 

 

Table 1. Tensor parameters calculated with the program FANTEN for the different hCAII adducts. The 

tensor orientations are expressed as angles of the principal axes directions with the metal-ligand direction, 

defined as the direction from the metal to the coordinating atom in the ligand. 

 

Co-hCAII 

pH 5.8 

Co-hCAII-

C2O4
2- pH 

5.8 

Co-hCAII 

pH 6.8 

Co-hCAII-

furosemide 

pH 6.8 

Ni-hCAII 

pH 8.0 

Ni-hCAII-

furosemide 

pH 8.0 

ax (10-32 m3) 2.24 ± 0.02 6.54 ± 0.04(*) 2.81 ± 0.03 3.09 ± 0.02 0.25 ± 0.08 (*) 1.65 ± 0.03 

rh (10-32 m3) -1.18 ± 0.02 -4.44 ± 0.03(*) -0.63 ± 0.02 -1.69 ± 0.02 -0.3 ± 0.1 (*) -0.77 ± 0.02 

x-His 96 27 ± 1° 70 ± 0.5°(*) 32 ± 1° 22 ± 0.5° 54 ± 19° (*) 80 ± 1° 

y-His 94 26 ± 1° 43 ± 0.5°(*) 19 ± 1° 7 ± 0.5° 55 ± 20° (*) 80 ± 1° 

z-His 119 27 ± 0.5° 80 ± 0.2°(*) 33 ± 0.2° 33 ± 0.4° 77± 13° (*) 71 ± 1° 
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 Figure 3A 

 

Figure 3B 

 

Figure 3C Figure 3D Figure 3E Figure 3F 

 (*) The standard convention of labeling the axes in order to have  |rh |  2|ax |/3 is not used here in 

order to better compare the directions where the magnetic susceptibility is larger (z-axis) or smaller (x-

axis) (see [45] for a further discussion of this point). 

 

NMR analysis of the cobalt(II)-substituted hCAII and its adducts with oxalate and furosemide. 

 The data show that the anisotropy of the tensor for the free cobalt(II)-hCAII slightly increases on 

passing from pH 5.8 to pH 6.8. When passing from the free form to the adduct with oxalate, the increase 

is much larger (of about a factor 3), whereas furosemide binding affects only slightly the axial anisotropy 

and more appreciably the rhombicity of the tensor. The orientations of the tensors are very similar for 

the free forms as well as for the furosemide adduct (Figure 3, panels A, C, D), with the z-axis, indicating 

the direction where the magnetic susceptibility is largest, pointing towards histidine 119 and the x-axis, 

indicating the direction where the magnetic susceptibility is smallest, pointing towards histidine 96. In 

the adduct with oxalate, the z-axis rotates of about 50°, pointing toward histidine 96 and forming an angle 

of about 50° with the perpendicular to the plane of the coordinating nitrogen atoms, and the x-axis rotates 

of about 80°, pointing between histidines 94 and 119, and forming an angle of about 40° with the 

perpendicular to the plane of the coordinating nitrogen atoms. 

PCSs of the high-spin cobalt(II)-substituted hCAII were previously measured for the thiocyanate 

[46], perchlorate and nitrate adducts [41] and used to predict the magnetic susceptibility anisotropy 

tensors. In these cases the axis along which the magnitude of the magnetic susceptibility is the largest is 

very close to the cobalt(II)-N His 119 direction, and the cobalt(II) ion is pentacoordinated with geometry 
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ranging from trigonal bipyramidal (thiocyanate) to square pyramidal (perchlorate). The trend observed 

in the magnitude of the magnetic susceptibility anisotropies and the different orientations of the tensors 

must be related to the presence of differences in the coordination geometry of the metal ion. 

Figure 4 shows the splitting of the d orbitals in ideal tetrahedral (Td), trigonal bipyramidal (D3h), 

square pyramidal (C4v) and octahedral (Oh) geometries. If in an ideal geometry the ground state is 

degenerate, the distortions occurring in the protein coordination environment remove the degeneracy, 

but the excited states are very close in energy. On the other hand, when in ideal geometry the ground 

state is not degenerate, excited states can be significantly higher in energy. 

High spin cobalt(II) has a d7 external electronic configuration, implying 3 unpaired electrons. 

When cobalt(II) is four-coordinated, with a pseudo-tetrahedral geometry, the ground state is non 

degenerate, and the excited states are relatively far in energy (see Figure 4). The zero-field splitting is 

usually small. In these conditions, the electron relaxation time is relatively slow and  is small (typical 

values are around 10 ps and 310-32 m3, respectively [47]). On the opposite, in idealized octahedral 

geometry the ground state is triply degenerate: the degeneracy is removed by the non-ideality of the 

coordination geometry, or by five-coordination in distorted D3h and C4v geometries, in such a way that 

the excited states are close in energy. In this case, the electron relaxation time becomes faster and  

larger (with typical values of 5 ps and 710-32 m3, respectively). In fact, the presence of low lying excited 

states, especially in distorted C4v geometry, makes the anisotropic spin-orbit coupling and the Orbach 

relaxation mechanism efficient. The faster electron relaxation time determines narrower NMR signals. 

In the cobalt(II)-substituted hCAII, in the low-pH form, the cobalt(II) ion, besides the three 

protein histidines, is also expected to coordinate one or two water molecules: in solution there is an 

equilibrium of four- and five-coordinated species containing one or two water molecules as ligands [48–

51]. In the high-pH form, cobalt(II) is tetracoordinated with OH- as a fourth ligand that exchanges as 

H2O via a pentacoordinated intermediate [49]. X-ray structures of the cobalt-substituted crystals obtained 
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in the presence of ammonium sulfate indicate a tetrahedral geometry at the metal site both at pH 6.0 and 

7.8 [52]. The calculated values for the axial anisotropies of the magnetic susceptibility tensor are in 

agreement with a tetracoordinated cobalt(II) or with an equilibrium of tetracoordinated and 

pentacoordinated species. The slightly larger anisotropy observed for the higher pH may be due to a 

conformational variation (e.g., smaller distance of the oxygen atom from the metal, decreased mobility 

of the oxygen donor) when OH- is bound with respect to when H2O is bound [53].  

Upon furosemide binding, the magnitude of the tensor anisotropy does not change sizably, thus 

indicating that the coordination geometry is maintained. Actually, we may expect that in this adduct 

cobalt(II) is tetracoordinated, as observed in the X-ray structure solved for the zinc hCAII (PDB 1Z9Y). 

On the contrary, in the presence of oxalate, the much larger anisotropy indicates that cobalt(II) is 

fully pentacoordinated [48]: an adduct is thus formed where the ligands are the three protein histidine 

residues and two oxygen atoms of the oxalate. In distorted pentacoordinated geometries (D3h and C4v, 

see Fig. 4), in fact, the excited states are closer to the ground state than in tetrahedral geometry because 

of the vicinity of the energy levels with paired and unpaired electrons. In line with the faster electron 

relaxation time expected in the presence of a larger anisotropy, a sizable sharpening of the NMR peaks 

of the adduct between cobalt(II)-hCAII and oxalate is observed. 

NMR analysis of the Ni-substituted hCAII and its adduct with furosemide. 

 The anisotropy of the magnetic susceptibility of the free nickel(II)-substituted hCAII is very 

small, suggesting that the excited states are far in energy from the ground state. Crystal structures 

obtained in the presence of ammonium sulfate (PDB 1RZE) indicate that nickel(II) is hexacoordinated, 

with the nitrogen atoms of the three protein histidines, two water molecules and one sulfate oxygen as 

ligands [52]. Electronic and CD spectra of the bovine protein suggest the presence of a thermal 
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equilibrium between two species where the metal ion is coordinated to the three protein histidines and to 

either two or three water molecules [54].  

Again, the low magnetic susceptibility anisotropy of this system can be related to the coordination 

geometry of the metal. Nickel(II) has a d8 external electronic configuration, implying 2 unpaired 

electrons. When nickel(II) is six-coordinated (with pseudo-octahedral geometry) or five-coordinated in 

square pyramidal geometry, the ground state is singly degenerate and excited states are very far in energy 

(Figure 4), so that electron relaxation times of 100 ps and very small  are expected, as actually 

observed. The main mechanism for electron relaxation is in this case the modulation of the zero-field 

splitting. The orientation of the tensor is not well defined due to the low signal-to-noise ratio and the high 

rhombicity (the axial and rhombic anisotropies are 0.341032 and 0.041032 m3, respectively, using 

the standard convention |rh |  2|ax |/3). The axis along which the magnetic susceptibility is largest 

is pointing towards histidine 94, forming an angle of about 43° with the perpendicular to the plane of the 

coordinating histidine nitrogen atoms. The axis along which the magnetic susceptibility is smallest is 

pointing towards histidine 119 (Figure 3E). 

The sizable increase in anisotropy observed for nickel(II)-hCAII in the presence of furosemide 

suggests a change in the coordination geometry of the metal ion upon binding of furosemide. When 

nickel(II) is four-coordinated in ideal tetrahedral geometry the ground state is triply degenerate. The 

degeneracy is removed by the non-ideality of the coordination geometry, but still allowing for the excited 

states to be close in energy. The low-lying excited states arising in pseudo-tetrahedral geometry make 

Orbach relaxation very efficient, so that the electron relaxation time decreases to values of the order of 

1 ps, and  is expected to increase. Intermediate values between those in pseudo-octahedral and in 

pseudo-tetrahedral geometries are expected for five coordination in trigonal bipyramidal geometry, when 

the ground state is doubly degenerate. We can thus expect that, in the presence of furosemide, the ligand 

replaces the water molecules in a tetrahedral arrangement, as observed in the X-ray structure (PDB 1Z9Y) 
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of the zinc(II) derivative. Therefore, upon complex formation, the coordination number decreases from 

five/six to four.  

The directions of the axes of the tensor are similar to those of the tensors of the cobalt species when 

free and in its adduct with furosemide, but the three axes are interchanged: the z-axis, indicating the 

direction where the magnetic susceptibility is largest, points towards histidine 119 in the cobalt form and 

towards histidine 96 in the nickel-furosemide adduct, and the x-axis, indicating the direction where the 

magnetic susceptibility is smallest, pointing towards histidine 96 in the cobalt form and towards histidine 

94 in the nickel-furosemide adduct. No axis is oriented along the perpendicular to the plane of the three 

histidine nitrogen atoms. 

 Conclusions 

 Paramagnetic NMR has been widely exploited for structure calculation and refinement of 

metalloproteins, because paramagnetic restraints are highly sensitive to small structural changes. A 

drawback is the lack of experimental structural information for the so called “blind sphere”, i.e. the region 

around the metal site, which includes the ligands coordinating the paramagnetic metal ion. Furthermore, 

the chemical shifts of the metal ligands are influenced by both contact and pseudocontact contributions, 

that are difficult to isolate. On the other hand, the anisotropy of the magnetic susceptibility tensor and its 

axes directions depend on the electronic structure and on the coordination geometry of the paramagnetic 

metal ion. Therefore, the evaluation of the Δχ tensors starting from paramagnetic observables (PCSs) 

measured on nuclei distant from the paramagnetic center can provide information on the coordination 

geometry of the metal ion. In perspective, the calculation of the Δχ tensor from the molecular structure 

at the metal site can also be performed from first principles. From a structural model of the metal site, in 

fact, the molecular g and zero-field splitting tensors can be calculated, and from these quantities, the  

tensor [27]. In turn, the comparison of the calculated tensor with the experimental Δχ tensor could allow 
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for a refinement of the coordination geometry of the paramagnetic metal ion: this will be possible by 

optimizing the molecular structure until a good agreement between calculated and experimental Δχ 

tensors is achieved (Figure 5). 

We have shown that the comparison of the Δχ tensors calculated for the free cobalt(II)-hCAII and 

for its adducts with the oxalate and furosemide ligands allows for monitoring changes in the coordination 

of the metal. The similarities in magnitude and orientation of the Δχ tensors when passing from the free 

form to the adduct with furosemide report on a similar coordination of the metal. On the contrary, the 

increase in magnitude of the Δχ tensor and the change in its orientation, detected in the presence of 

oxalate, indicate an increase in the coordination number of the metal. Similarly, in nickel(II)-hCAII, the 

drastic change in the magnitude of the tensor observed when passing from the free protein to the adduct 

with furosemide testifies the variation from penta/hexacoordination to tetracoordination. By and large, 

the high sensitivity of PCSs to the metal coordination sphere can provide a useful tool for a quick 

screening of ligands on pharmaceutically-relevant targets.  
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Captions to the Figures. 

Figure 1. Cartoon representation of the X-ray structure of zinc(II)-hCAII (PDB 3KS3) with 

indicated the active site ligands (A) and structural formula of the oxalate (B) and furosemide (C) ligands. 

Figure 2. Correlation plots between experimental and calculated PCS collected for the cobalt(II)- 

and nickel(II)-substituted carbonic anhydrase. *The Q value for the free nickel(II) form is calculated 

taking into account a tolerance of 0.02 ppm, which is the estimated error of PCSs. 

 Figure 3. Stereo cross-eyed graphical representation of the magnetic susceptibility anisotropy 

tensor orientations and the PCS isosurfaces of 1 (blue) and -1 (red) ppm obtained for: uninhibited 

cobalt(II)-hCAII at pH 5.8 (A), cobalt(II)-hCAII bound to oxalate (B), uninhibited cobalt(II)-hCAII at 

pH 6.8 (C), cobalt(II)-hCAII bound to furosemide (D), uninhibited nickel(II)-hCAII (E) and nickel(II)-

hCAII bound to furosemide (F). The x, y and z axes (corresponding to the directions with the smallest, 

intermediate and largest magnetic susceptibility) are represented as red, yellow and blue arrows, 

respectively; the positive isosurfaces are in blue and the negative are in red. 

Figure 4. Population of the electronic d orbitals in idealized tetrahedral and octahedral geometry 

for high spin cobalt(II) and nickel(II). 
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