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Abstract: Metalloproteins constitute a significant fraction of the 

proteome of all organisms and their characterization is critical for both 

basic sciences and biomedical applications. A large portion of 

metalloproteins bind paramagnetic metal ions, and paramagnetic 

NMR has been widely used in their structural characterization. 

However, the signals of nuclei in the immediate vicinity of the metal 

center are often broadened beyond detection. In this work, we show 

that it is possible to determine the coordination environment of the 

paramagnetic metal in the protein at a resolution  inaccessible to other 

techniques. Taking the structure of a diamagnetic analogue as a 

starting point, a geometry optimization is carried out by fitting the 

pseudocontact shifts obtained from first principles Quantum Chemical 

calculations to the experimental ones. 

Introduction  

The metal coordination in metalloenzymes is a key determinant of 

their function. Understanding the finest details of the metal 

coordination environment at the highest possible resolution is 

required to improve the reliability of structure-activity relationships 

and, in particular, is crucial to the successful use of docking 

strategies for drug discovery.[1–8]  

A molecular property that reflects the very fine details of the metal 

coordination environment is the magnetic susceptibility 𝝌 , a 

symmetric, rank-two tensor. The magnetic susceptibility is 

determined in any characterization of magnetic materials, where 

it can be measured through SQUID or torque magnetometry, or 

polarized neutron scattering.[9–12] It is less common to realize that 

the magnetic susceptibility of a metal center also makes its mark 

on the NMR spectra of the molecule that bears the paramagnetic 

center: the resonances of each NMR-active nucleus in the 

molecule experience shifts, called pseudocontact shifts (PCS), 

that depend on the position of the nucleus with respect to the 

reference frame defined by the metal center and the principal 

axes of its magnetic susceptibility tensor. PCS are adequately 

described by the Kurland-McGarvey equation:[13,14] 

 

𝛿𝑃𝐶𝑆 =
1

12𝜋𝑟3 𝑇𝑟 [Δ𝝌 ∙ (
3𝒓𝒓𝑇

𝑟2 − 𝟏)]             (1) 

 

where 𝒓  is the vector connecting the nucleus and the 

paramagnetic center and Δ𝝌 = 𝝌 − 1/3 𝑇𝑟(𝝌) ⋅ 𝟏 . This 

relationship has been recently validated by a rigorous Quantum 

Chemical (QC) treatment.[15] In a metalloprotein, PCS remain 

accurately measurable up to several tens of ångströms from the 

metal, therefore hundreds of PCS can be reliably measured.[16] 

Owing to their spatial dependence, PCS have been extensively 

used for structural determination studies of biological systems.[17–

27]  

Since PCS ultimately depend on the Δ𝝌 tensor, they are being 

increasingly employed to evaluate magnetic properties and 

underlying ligand field parameters in the context of molecular 

magnetism.[28–32] In a paramagnetic metalloprotein, a large 

number of signals can be observed, and thus provide a very 

accurate and robust measure of the anisotropy of the magnetic 

susceptibility.[33] 

The improved computational efficiency and quality of relativistic 

wavefunction-based QC  methods[34] allow for the fast and reliable 

calculation of the magnetic susceptibility of metal complexes from 

first principles.[35–37] There is now a number of examples where 

relativistic CASSCF calculations, with second-order perturbation 

theory corrections, successfully predict the magnetic properties of 

metal complexes and their temperature dependencies from the 

molecular structure.[36–38] It is therefore possible to relate the 

experimental observations to the QC prediction of the magnetic 

susceptibility magnitude and orientation obtained from the 

structure of the metal coordination sphere.[10,36,39–41] Magnetic 
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susceptibility as a structural reporter is sensitive to structural 

details at a resolution that is one-two orders of magnitude better 

than the best resolution achieved so far by X-ray or Cryo-EM (Fig. 

1).[37,42,43] 

 

Figure 1. Physical principles correlate the coordination geometry to the PCS 

through Δ𝝌 (top). While Δ𝝌 is easily back-calculated from PCS, reconstruction 

of the coordination geometry from Δ𝝌 (bottom left) is novel and is at the core of 

this work. 

Building on these grounds, we propose an approach to determine 

the coordination environment of a cobalt(II) metalloprotein from 

PCS measurements. We apply this approach to characterize the 

metal binding site of the catalytic domain of human matrix 

metalloproteinase 12 (CoMMP-12), a 17 kDa metalloprotein, 

coordinated by the inhibitor N-isobutyl-N-[4-

methoxyphenylsulphonyl]glycyl hydroxamic acid (NNGH), and in 

which the native zinc(II) metal center is replaced with high-spin 

cobalt(II).[44] Cobalt substitution has long been known as a 

powerful tool for zinc bioinorganic chemistry, because it does not 

only yield similar coordination geometry but also similar 

reactivity.[45–47] In the present case, the cobalt(II) enzyme is active, 

and inhibited by NNGH as is the zinc(II) enzyme.[48,49] The X-ray 

structure of the NNGH-inhibited zinc(II) enzyme is used as the 

starting point for the high resolution determination of the 

coordination environment in the NNGH-inhibited cobalt(II) 

enzyme in solution. In this effort, we have found that a minor 

structural perturbation of the starting structure is needed to obtain 

a very good fit of the experimental PCS and, unexpectedly, we 

have found that an additional proton needs to be considered in 

the active site for the experimental data to be satisfied.  

 

Results and Discussion 

The 13C PCS measured for CoMMP-12 (taken from reference 

[50]) can be reproduced very well (Fig. S1) by fitting[51] the Δ𝝌 

tensor to the carbon coordinates in the X-ray structure of ZnMMP-

12 (PDB entry 5LAB[52]). This is not surprising since the bulk of 

the protein structure is bound to be the same for both metal 

derivatives. Once the experimental Δ𝝌 tensor is available, it can 

be used to optimize the geometry of the first coordination sphere 

by minimizing the difference between QC-calculated and 

experimental PCS values.  

All the ab initio calculations were carried out using the ORCA 

4.2.0 quantum chemistry computational package.[53,54] The 

magnetic susceptibility tensors were computed using state-

averaged complete active space self-consistent field (SA-

CASSCF),[55,56] accounting for the dynamic correlations by N-

electron valence perturbation theory to the second order 

(NEVPT2).[57,58] The segmented all-electron relativistically 

contracted version of Ahlrichs’ polarized basis sets[59,60] and the 

second-order Douglas−Kroll−Hess Hamiltonian (DKH)[61] were 

employed to account for the scalar relativistic effects. The active 

space was chosen to contain seven electrons in five cobalt 3d-

based molecular orbitals. The spin−orbit coupling (SOC) was 

treated using the mean field (SOMF)[62] approximation as 

implemented in ORCA. The parameters for the calculations are 

given in Table 1. 

 

Table 1. Details of the calculations. 

 

 
Geometry 
optimization 

Final magnetic  
properties calculation 

Method SOC-CASSCF(7,5) SOC-CASSCF(7,5)/NEVPT2 

Quartets 10 10 

Doublets 11 40 

Basis set for Co DKH-def2-TZVP DKH-def2-TZVP 

Basis set for 
other atoms 

DKH-def2-SVP DKH-def2-TZVP 

 

To mitigate the computational cost, the geometry refinement 

requires a selection of the atoms to be included in the calculations, 

and of the degrees of freedom to be adjusted among coordination 

bond lengths, angles and dihedral angles, without altering the 

structure of the ligands themselves. The 19 degrees of freedom 

selected for geometry optimization are shown in Table S1 and S2 

and Fig. S2. The selected degrees of freedom are adjusted 

through a steepest descent search,[63–65] minimizing the 

disagreement between calculated and experimental PCS. The 

implemented numerical procedure is represented in Scheme 1.  

Scheme 1. Numerical steepest descent geometry optimization. See Supporting 

Information for further details. 

 

Starting from the 5LAB structure (Fig. 2), we obtained the initial 

reduced models composed of: the metal, the three imidazole rings 

of H218, H222, and H228, the carboxylate of E219, one water 

molecule,[52] and either the hydroxamate (model A, Fig. 2) or the 

hydroxamic acid (model B, Fig. 2) moiety of the NNGH inhibitor.  
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Figure 2. Left: CoMMP-12 protein structure with details of the active site. Right: models of the active site used for the calculations with the hydroxamate (model A) 

or the hydroxamic acid (model B, structure 1) moieties of the NNGH inhibitor, and the corresponding agreements between QC-calculated and experimental PCS. 

 

The different protonation state of the NNGH results in sizable 

differences in the ab initio calculated magnetic susceptibility 

anisotropy: in the situation depicted in model A, the optimization 

of the hydrogen positions invariably shifts the proton from NNGH  

to E219, confirming the picture adopted by most MMP 

researchers.[66–69]  However, the anisotropy of the susceptibility 

obtained from this model is too large with respect to the 

experimental one (as highlighted by the too large slope of the 

regression line of Model A, Fig. 2). Conversely, if the hydroxamate 

is protonated, the anisotropy of the susceptibility decreases 

sizably, getting much closer to the experimental value (as 

highlighted by the slope almost equal to 1 of the regression line 

of Model B, Fig. 2). To force protonation of the hydroxamate 

ligand, a second proton bound to E219 is needed (model B). This 

proton distribution in the active site may have interesting 

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

discussed later.  

In four steps of geometry refinement of model B, the agreement 

between the QC-calculated and the experimental data becomes 

very good (Tables S3-S6). On the contrary, no improvement is 

achieved for model A (data not shown). The variations among the 

initial and final steps in the minimization of model B, named 

structures 1 and 4, can be observed in Fig. 3. The details about 

calculations and calculated parameters are given in Tables S3-S6 

and Fig. S3. 

 

To prove the robustness of the results, we have performed 

additional calculations where either the basis set or the size of the 

reduced model were modified. In particular:  

1) the PCS calculated with the basis set used for the intermediate 

steps of the PCS-driven geometry optimization and with more 

complete basis sets is equally good (Fig. S43), and a perfect 

correlation between PCS calculated with different basis sets is 

obtained (Fig. S54);  

2) the comparison of the PCS calculated with the DKH-def2-SVP 

basis set for all atoms with the experimental ones confirms that a) 

the addition of a proton in the active site is needed (cfr. model A 

and model B, structure 1, Fig. S65) and that b) the optimization 

yields a better agreement with the experimental data (cfr. model 

B, structures 1 and 4, Fig. S65);  

3) including the hydrogen bonding partners of all the metal ligands 

in the model used for the calculation of the magnetic properties 

does not alter significantly the quality of the fit for the final 

structure (Model B, structure 4, Fig. S76). 

Figure 3. Top: comparison of structures 1 and 4, respectively before and after 

geometry refinement of model B. Bottom: agreement between experimental and 

QC-calculated PCS for both structures. 
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Finally, even changing completely the approach to the calculation 

of the magnetic susceptibility does not seem to play a crucial role. 

We have calculated the magnetic susceptibility from the Spin 

Hamiltonian (SH) parameters using the semiempirical formulation 

of the Van Vleck equation instead of directly as the second 

derivative of the energy with respect to the magnetic field, as 

implemented in ORCA. Of note, the ab initio determination of SH 

parameters at the CASSCF-NEVPT2 is amply benchmarked.[70–

73] Although the semiempirical approach is more approximate, the 

results are in remarkable agreement with those of the direct 

calculation of the magnetic susceptibility, and confirm all the 

structural conclusions drawn in this work (Fig. S87). 

 

In principle, an ambiguity in the structural results could arise from 

the fact that different geometrical modifications of the CoMMP-12 

coordination sphere could yield the same magnetic susceptibility 

tensor, and therefore the same agreement to the experimental 

PCS. However, the steepest descent minimization ensures that 

the movement is towards the local minimum that is geometrically 

the closest to the starting coordinates. Indeed, the first 

coordination sphere structure of CoMMP-12 obtained from the 

PCS-driven optimization still fits into the ZnMMP-12 electron 

density map (Fig. 4, Supporting Information, Table S7 and Figs. 

S98-S109 for details).  

 

Figure 4. 2FO-FC map of ZnMMP-12 with the original structure in 

yellow and the constrained one in green. The density is shown at 

1.0. 

 

It is important to underline that the geometry optimization 

presented here does not constitute a refinement of the low-

temperature X-ray structure of the zinc(II) derivative. Here, we 

obtain a stand-alone refined structure in solution at room 

temperature of the active site of the cobalt(II) enzyme, having only 

used the zinc(II) enzyme structure as the starting model. 

The general applicability of this method will increase with the 

continuously increasing computational power, which will soon 

allow us to find the absolute minimum even by starting from a 

more distant initial structure, or from structures of lower quality, or 

even from homology models.  

The initial and final structures are so similar as to be hardly 

distinguishable (Fig. 3, Table S2). However, it is possible to notice 

that: 

1) the hydroxamic acid fragment gets closer to the metal; 

2) H222 tends to decrease the angle formed with the metal and 

the NNGH OC, and  

3) H218 tends to decrease the angle formed with the metal and 

H228.  

These structural differences, which are relatively modest (Table 

S6), can be rationalized by comparing the position of the ligands 

with respect to the axes of the experimental and QC-calculated 

magnetic susceptibility tensors (Fig. 5 and Fig. S110). 

All these structural features witness a level of “resolution” in the 

active site that can be estimated at the picometer scale and 

therefore well beyond that presently attainable by any structural 

method in solution. 

 

Figure 5. Comparison of the isoPCS surfaces (calculated at ±1.5 ppm) of 

experimental and QC-calculated PCS for structures 1 and 4. 

 

Of note, the magnetic anisotropy in structure 4 is smaller than in 

structure 1 (Table 2) due to a larger ligand field associated with 

the shorter Co-N218 distance (2.044 Å compared to 2.075 Å) that 

defines the main axis of the ligand field (Fig. S121, panel a) of a 

distorted square pyramidal coordination (Fig. S132). The energy 

of the first excited state that largely determines the magnetic 

anisotropy is connected with the splitting between the 𝑑𝑥𝑦 and 𝑑𝑥𝑧 

orbitals; the 𝑑𝑥𝑧  orbital is destabilised due to -antibonding 

interaction with the H218 -system and this effect becomes more 

pronounced as the Co-N218 bond shortens (Fig. S121, panel b). 

 

Table 2. Comparison of the experimental magnetic susceptibility anisotropy 

tensor with ab initio calculated (CASSCF(7,5)/NEVPT2) tensors at 298 K for 

structures 1 and 4 (see Table S8 for the full Δ𝝌 tensors). 

 

 Δ𝜒𝑎𝑥  Δ𝜒𝑟ℎ 𝛼 𝛽 𝛾 

 10-32 m3 10-32 m3 ° ° ° 

Str.1 10.4 -4.95 -102.42 -77.97 -105.08 

Str.4 9.71 -4.67 -70.33 -98.93 -70.58 

Exp. 10 ± 0.1 -2.8 ± 0.1 -75±1 -98.2±0.5 68.6±0.2 

 

Coordination chemists are inclined to think that metal coordination 

geometries impose rather stiff restraints to the molecular shape. 

However, it has long been known that metalloproteins are not 

canonical coordination systems, because the protein itself poses 

significant strains to the idealised geometries and, in some cases, 

this is related to function.[74] Even for the present low-symmetry 

system, we find it instructive to relate the starting and the 

minimized structures to ideal geometries. In ranging from 

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

pass through different flavours of pentacoordination (see chapter 

7 of reference [16]). In the present case, the structure of the first 

coordination sphere is intermediate between square pyramidal 

and trigonal bipyramidal (see Table S9 and Fig. S132, S143), and 

the refinement brings it somewhat closer to the latter.  
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The protonation state of the hydroxamate ligand in inhibited 

MMPs has been a subject of debate in the early years of the 

discovery of this class of enzymes, which are of potential 

pharmacological interest due to their implication in inflammation 

and in the spreading of metastatic cells (see [67], [75], and 

references therein). Carboxylic acids have pKas around 5, while 

hydroxamic acids have pKas around 9, so at a physiological pH 

of around 7 it would be expected that E219 is deprotonated and 

anionic, and the hydroxamic inhibitor protonated and neutral. 

However, multiple experimental evidences point to a situation 

where the proton forms an H-bond between the two groups and 

is actually residing mostly on E219, leaving a negative 

hydroxamate moiety. This has been rationalized by considering 

that the bulky hydroxamic inhibitor completely occludes the active 

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

accessible to solvent molecules. Under these conditions a low 

dielectric environment is created, and the pKa of E219 can 

increase by several units, while the negative charge of the 

hydroxamate can be stabilised by the dipositive zinc (or in our 

case cobalt) cation. As described above, attempts to predict by 

computations the position of the proton shared between these two 

groups invariably point to a negative hydroxamate group and a 

protonated, neutral E219 (model A, Fig. 6), in agreement with the 

expectations. However, a neutral hydroxamic moiety and a still 

neutral E219 (model B, Fig. 6) yield a magnetic susceptibility 

anisotropy much closer to the experimental one. This 

computationally suggested arrangement of protons in the active 

site of MMPs could provide a plausible explanation for the proton 

uptake observed by calorimetry when hydroxamic acid inhibitors 

bind the enzyme: E219 could be deprotonated in the free enzyme 

but could regain a proton from the hydroxamic acid moiety, which 

in turn could regain a proton from the solvent. In the free, active 

enzyme, protonation of E219 by a metal coordinated water 

molecule, which then becomes a hydroxide ion, has also been 

invoked to explain the efficient nucleophilic attack on the peptide 

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

enzyme.[75,76] 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Comparison of model A and model B (structure 1) with the hydrogen 

bonds represented as dashed lines. For clarity, NNGH, E219, and the water 

molecule are shown as sticks, while the imidazole rings are traced as wires. 

 

The presence of metal centers is challenging for all structural 

techniques: X-ray diffraction (XRD) may suffer from density 

flattening in the vicinity of the metal,[77] for cryo-EM the 

reconstruction may be complicated by the density deviations of 

metals from the average electron distribution of proteins.[78] 

EXAFS can, in principle, provide metal coordination geometries 

with interatomic distances and angles that are significantly more 

accurate than those provided by XRD or Cryo-EM. However, 

EXAFS is limited to the immediate vicinity of the metal ion and is 

poorly sensitive to protons.  

NMR signals observed in the immediate vicinity of the metal 

center are subject to Fermi-contact shifts (FCS), which are 

proportional to the electron spin densities on the observed 

nuclei.[16] FCS of metal ligands can be as large as several 

hundreds of ppm and may be reporters of the coordination 

geometry at the metal center.[79–82] Recently, a QC approach has 

been employed to select one among a few structural models of 

the cobalt(II) coordination sphere in the active site of human 

superoxide dismutase 1, on the basis of the FCS from 7 nearby 

nuclei.[83]  

Nuclei in the immediate vicinity of the metal center can also be 

observed in EPR-based approaches (ENDOR, ESEEM, 

HYSCORE).[84–89] These approaches are also particularly 

powerful in (e.g.) detecting protonation states,[90,91] but these 

measurements usually require low to very low temperatures 

(below 10 K for high-spin cobalt(II)), which may alter the local 

structure at the metal center. As for FCS in NMR, also in EPR-

based approaches, only a limited number of hyperfine couplings 

can be obtained. In the present case, the situation is further 

complicated by the presence of as many as 13(14) protons in the 

first coordination sphere of the metal, making it problematic to 

assess the correct protonation state (Tables S10, S11). 

The approach we present here relies, instead, on many shifts - 

measured in solution at room temperature - that can be used to 

determine with high accuracy the magnetic susceptibility 

anisotropy. The latter is currently calculated from first principles 

with higher accuracy than electron spin densities, which means 

that PCS are calculated more accurately than FCS.[70,92–95]  

 

Concluding remarks 

We describe a method to determine with very high accuracy the 

coordination sphere of a paramagnetic metal ion in a 

metalloprotein that combines experimental determination and 

quantum chemical calculations of  NMR observables. We have 

applied this method to the determination of the active site 

structure of the enzymatically active CoMMP-12. 

The results of this work demonstrate that the ab initio quantum 

chemical calculations of paramagnetic NMR observables have 

improved so much that their combination with experiments can 

now reveal the structural features of the coordination environment 

of metalloenzyme active sites. We expect that, with the increase 

in computational power, more complex systems will become 

accessible in this way, providing a further tool in the hands of 

bioinorganic chemists. 
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