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Abstract 

Human calprotectin (CP) is an innate immune protein that participates in the metal-withhold ing 

response to infection by sequestering essential metal nutrients from invading microbial pathogens . 

CP is comprised of S100A8 (α subunit, 10.8 kDa) and S100A9 (β subunit, 13.2 kDa). Two 

transition-metal binding sites of CP form at the S100A8/S100A9 dimer interface. Site 1 is a 

His3Asp motif comprised of His83 and His87 from the S100A8 subunit and His20 and Asp30 from 

the S100A9 subunit. Site 2 is an unusual hexahistidine motif composed of S100A8 residues His17 

and His27 and S100A9 residues His91, His95, His103, and His105. In the present study, the 

His3Asp and His6 sites of CP were further characterized by utilizing Co2+ as a spectroscopic probe. 

Magnetic circular dichroism spectroscopy was employed in conjunction with electron 

paramagnetic resonance spectroscopy and density functional theory computations to characterize 

the Co2+-bound S100A8(C42S)/S100A9(C3S) CP-Ser variant and six site variants that allowed the 

His3Asp and His6 sites to be further probed. Our results provide new insight into the metal-bind ing 

sites of CP-Ser and the effect of amino acid substitutions on the structure of site 2. 

 

Keywords 

Calprotectin, immune protein, electron paramagnetic resonance, magnetic circular dichroism, 

density functional theory. 
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Introduction 

Microbial pathogens employ first-row transition metals (e.g. Mn, Fe, Ni, Cu, Zn) in a variety 

of enzymatic processes and must acquire these inorganic cofactors from their host environment in 

order to replicate and cause disease.[1-4] To combat microbial invasion, the human innate immune 

system launches a metal-withholding response that lowers metal availability to starve the invading 

pathogen and inhibit its growth.[1, 4, 5] Human calprotectin (CP) is an innate immune protein that 

participates in the metal-withholding response to infection.[6] In the current working model, CP 

inhibits microbial colonization by sequestering divalent first-row transition-metal ions includ ing 

Mn2+, Fe2+, Ni2+, and Zn2+ in the extracellular space.[6]  

As a heterooligomeric member of the S100 family of Ca2+-binding proteins, CP is comprised 

of S100A8 (α subunit, 10.8 kDa) and S100A9 (β subunit, 13.2 kDa).[7] CP primarily exists as a 

  heterodimer or ()2 heterotetramer.[7-10] Each CP heterodimer harbors a total of six sites for 

cation binding, including four EF-hand domains for Ca2+ binding (two in each S100 subunit) and 

two sites that form at the S100A8/S100A9 interface, designated as site 1 (His3Asp) and site 2 

(His6), that coordinate divalent first-row transition-metal ions (Figure 1).[11-16] Apo CP exists as 

the   heterodimer and Ca2+ binding to the EF-hands of S100A8 and S100A9 results in the self-

association of two heterodimers to form the ()2 heterotetramer.[7-10, 17, 18] Ca2+-induced 

tetramerization increases the transition-metal ion binding affinities of both the His3Asp and His6  

sites of CP, enhances antimicrobial activity, and confers resistance to host proteases.[14-16, 19-

21] 

The two transition-metal binding sites of CP have been extensively studied.[6] Site 2 has 

received the most attention to date. It was first identified in the crystal structure of Ca2+-bound CP-

Ser (the S100A8(C42S)/S100A9(C3S) variant) as a His4 motif composed of S100A8 residues 
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His17 and His27 and S100A9 residues His91 and His95.[13] However, subsequent 

crystallographic[11, 12] and spectroscopic[12, 20, 22] studies of Mn2+-bound CP-Ser revealed that 

site 2 is a remarkable hexahistidine motif with His103 and His105 from the S100A9 C-terminal 

tail, defined as residues 96-114 of this subunit, completing an octahedral Mn2+ coordination sphere 

(Figure 2 A). Subsequently, utilization of this biologically unprecedented and highly symmetr ic 

His6 binding motif for sequestering Fe2+, Ni2+ and Zn2+ was established.[15, 16, 23] Crystal 

structures of CP-Ser with Mn2+ and Ni2+ bound at the His6 site revealed that the S100A9 C-terminal 

tail becomes ordered with M2+ binding and plays an essential role in the ability of CP to sequester 

kinetically labile ions because it encapsulates the metal ion and excludes water molecules from the 

coordination site.[11, 14, 24, 25]  

Site1 is a His3Asp motif comprised of His83 and His87 from the S100A8 subunit and His20 

and Asp30 from the S100A9 subunit (Figure 2B). His3Asp motifs are present in the related S100 

homodimers S100A7 and S100A12.[26-28] A crystal structure of Mn2+- and Ca2+- bound CP-Ser 

revealed electron density corresponding to a metal ion in the His3Asp site and two possible modes 

of ligation, monodentate and bidentate, for Asp30 (PDB ID 4GGF[11], Figure 2 B). In addition, 

magnetic circular dichroism (MCD) spectroscopic studies indicated that Fe2+ binds to the His3Asp 

site in a 5-coordinate geometry, but it remains unknown if the fifth coordination site is occupied 

by the second oxygen atom of the Asp30 side chain or a water-derived molecule.[29] 

Crystallographic studies of Ni2+-bound CP-Ser in the presence and absence of Ca2+ ions revealed 

that the coordination mode of Asp30 is modulated by Ca2+ binding to the nearby EF-hand domains, 

resulting in 4-coordinate and 6-coordinate Ni2+ complexes in the Ca2+-bound and Ca2+-free forms, 

respectively.[14, 25] Although site 1 coordinates multiple metal ions, biological investigat ions 

demonstrated that it only sequesters Zn2+ and Cu2+ from microbes.[30-32] 
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One early study of CP designed to identify its metal-binding sites employed Co2+ as a 

spectroscopic probe.[19] Co2+ has been widely used as a spectroscopic probe of the coordination 

geometry of zinc proteins due to the characteristic spectra displayed by Co2+ in different 

coordination environments and the fact that zinc enzymes frequently retain both the native 

geometry and enzymatic activity with Co2+ substitution.[33-37] The prior study using Co2+ and 

employing CP-Ser variants that lacked one or both metal-binding sites established that both sites 

coordinate Co2+ and provided the first spectroscopic signatures of the His3Asp and His6 sites.[19] 

Electronic absorption spectra of the Co2+-bound variants ΔHis4 (site 2 HisAla substitutions for 

the isolated study of site 1) and ΔHis3Asp (site 1 His/AspAla substitutions for the study of site 

2) were consistent with 4- or 5-coordinate Co2+ ligation by the His3Asp site and centrosymmetr ic, 

6-coordinate ligation by site 2.[19]  

MCD spectroscopy is a particularly sensitive tool for probing the geometric and electronic 

structures of transition metal ions in protein environments.[38, 39] Like absorption spectra, MCD 

spectra of Co2+-bound small molecules and metalloproteins display characteristic patterns for 

different coordination geometries.[40, 41] MCD spectra of 4-coordinate, tetrahedral Co2+ 

complexes typically display an intense negative feature at lower energy along with a positive 

feature at slightly higher energy in the 15,600–18,000 cm-1 range.[40] Alternatively, MCD spectra 

of 5-coordinate Co2+ complexes are characterized by a pair of negative features in approximate ly 

the same energy range.[40] MCD spectra of synthetic 6-coordinate Co2+ complexes invariab ly 

display a weak negative feature centered near 20,000 cm-1 with intensity and shape that vary 

depending on the degree of distortion from an ideal octahedral geometry.[40, 42] This feature is 

sometimes accompanied by a second, very weak negative feature at slightly higher energy.[43, 44] 

5            



Acc
ep

te
d 

m
an

us
cr

ip
t

                                          ACCEPTED MANUSCRIPT                                      
 

 

6 

 

Small spectral variations in these patterns are observed for different protein environments, but the 

general patterns remain largely unaffected.[41]  

The objective of the present study was to further characterize the two transition-meta l 

binding sites of CP-Ser in solution. To this end, we leveraged MCD spectroscopy in conjunction 

with electron paramagnetic resonance (EPR) spectroscopy and density functional theory (DFT) 

computations to characterize Co2+ bound to the His6 and His3Asp sites of CP-Ser. Our results 

provide additional information about how this remarkable metal-sequestering protein interacts 

with divalent first-row transition metal ions. 

 

 
Figure 1. X-ray crystal structure of the CP αβ heterodimer in the Ca2+-, Na2+-  and Ni2+-bound 
tetramer (PDB ID 5W1F).[14] S100A8 is shown in green, and S100A9 is shown in blue, with C-
termini indicated. The Ca2+ ions in the canonical EF-hand loops are depicted as yellow spheres, 

and Na+ ions occupying the non-canonical loops are depicted as purple spheres. Ni2+-binding 
residues are shown in orange, and the Ni2+ ions are depicted as green spheres.  
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Figure 2. The transition metal-binding sites of CP observed in the X-ray crystal structure of Mn2+-

bound CP-Ser (PBD file 4GGF).[11] The His6 motif with Mn2+ at 100% occupancy (A) and the 

His3Asp motif with a metal ion presumed to be Mn2+ at 50% occupancy (B). S100A8 is colored 

green, S100A9 is colored blue, and the Mn2+ ions are colored purple. The residues comprising the 

metal-binding motifs are shown in orange.  

 

 

Experimental and Computational Methods  

 Protein Purification. Variants of the human calprotectin S100A8 and S100A9 subunits 

(Table 1, Figure S1) were produced in Escherichia coli BL21(DE3) cells and the heterodimers 

were reconstituted and purified as described previously.[15, 19] All variants were purified as the 

apo heterodimers and stored in 20 mM HEPES, 100 mM NaCl (pH 8.0) at -80 °C. All protein 

concentrations, determined using calculated extinction coefficients (Table S1), are reported for the 

αβ heterodimer, and equivalents of Co2+ are relative to the αβ heterodimer.  

 The CP-Ser His3Asp(D98A) variant was prepared and characterized using reported 

methods.[19] The pET41a-S100A9(C3S)(H20A)(D30A)(D98A) variant was prepared using two 

rounds of quick change mutagenesis starting from pET41a-S100A9(C3S)(D98A).[22] The 

S100A8 and S100A9 subunits were overexpressed and purified in E. coli BL21(DE3) cells 

harboring pET41a-S100A8(H83A)(H87A)[19] or pET41a-S100A9(C3S)(H20A)(D30A)(D98A), 

respectively,  as described for CP-Ser and other CP-Ser variants (Tables S2-S3).[19] The protein 

was evaluated by mass spectrometry, analytical size exclusion chromatography (Figure S2 and 
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Table S4), and CD spectroscopy (Figure S3) as previously described for CP-Ser and other CP-Ser 

variants.[19] 

Table 1. Differences in Amino Acid Sequences of Relevant Calprotectin Species 

Protein S100A8 S100A9 Reference  

CP Wild-type Wild-type [19]  

CP-Ser (C42S) (C3S) [19]  

CP-Ser ∆His4 (C42S)(H17A)(H27A) (C3S)(H91A)(H95A) [19]  

CP-Ser ∆His3Asp (C42S)(H83A)(H87A) (C3S)(H20A)(D30A) [19]  

CP-Ser ∆His3Asp D98A (C42S)(H83A)(H87A) (C3S)(H20A)(D30A)(D98A) [45]  

CP-Ser ∆His3Asp H103A (C42S)(H83A)(H87A) (C3S)(H20A)(D30A)(H103A) [45]  

CP-Ser ∆His3Asp H105A (C42S)(H83A)(H87A) (C3S)(H20A)(D30A)(H105A) [45]  

CP-Ser ∆His3Asp AHA (C42S)(H83A)(H87A) (C3S)(H20A)(D30A)(H103A)(H105A) [45]  

 
Magnetic Circular Dichroism Spectroscopy. Protein samples were thawed on ice and 

concentrated with buffer exchange by multiple (3-4) centrifugation cycles at 4 °C with ice-chilled 

buffer (75 mM HEPES, 100 mM NaCl, pH 7.0) using a 10 kDa Centricon filter. Final protein 

concentrations were verified by measuring the room-temperature electronic absorption spectra of 

diluted aliquots at 280 nm (heterodimer 280 = 18,450 M-1cm-1) on a Varian Cary 5e 

spectrophotometer. Aqueous solutions of 50 mM Co2+ were prepared by dissolving CoCl2 salt 

(Aldrich, 99.999%) in Milli-Q water. For each MCD sample, protein aliquots were concentrated 

to 2.2-2.5 mM and subsequently mixed with ~60% (v/v) ice-chilled glycerol (glassing agent) prior 

to the addition of ice-chilled Co2+ stock solution. The colorless CP-Ser and ΔHis4 protein solutions 

turned pale pink and purple, respectively, upon cobalt binding, while the ΔHis3Asp and ΔHis3Asp 

variant protein solutions remained colorless in this process. The final concentration of each sample 

was 1.0-1.1 mM αβ heterodimer, with 0.80-0.84 equivalents of Co2+ and 58-65% (v/v) glycerol. 
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Samples were injected into 2-mm pathlength MCD cells fitted with quartz windows and 

immediately frozen and stored in liquid nitrogen. Low-temperature (4.5 K) electronic absorption 

and variable temperature (4.5, 8.0, 15.0, and 25.0 K) MCD data were collected with a Jasco J-715 

spectropolarimeter in conjunction with an Oxford Instruments SM-4000 8 T superconducting 

magnetocryostat. Contributions from the circular dichroism signal and glass strain were removed 

from the MCD data by taking the difference between data obtained with the magnetic field aligned 

parallel and antiparallel to the light propagation axis.  

Electron Paramagnetic Resonance Spectroscopy. All low-temperature electron 

paramagnetic resonance (EPR) spectra (X-band, 9 GHz) were recorded on a Bruker EMX 

spectrometer equipped with an ER 4199HS cavity and an Oxford Instruments ESR900 continuous 

flow liquid helium cryostat outfitted with a Cernox sensor. EPR samples were prepared similar ly 

as described above for the MCD experiments, but without the addition of glycerol. All samples 

were housed in 4-mm (outer diameter) quartz tubes and stored under liquid nitrogen.  

Computational Methods. Initial atomic coordinates for Co2+-bound site 1 and site 2 

models were derived from X-ray crystallographic data (PDB IDs 4GGF for Mn2+- and Ca2+-bound 

hCP-Ser and 5W1F for Ni2+- and Ca2+-bound hCP-Ser).[11, 14] All models considered only the 

first coordination sphere (where the protein backbone atoms were removed and the α-carbon of 

each amino acid residue was converted to a methyl group) and were modified to add the 

appropriate number of hydrogen atoms, add or remove amino acid residues to model protein 

variants, and/or substitute the coordinated metal ion as appropriate. Density functional theory 

(DFT) geometry optimizations of these models were performed with the ORCA v. 2.9.0 or 2.9.1 

software package.[46] All models contained a high-spin (S = 3/2) Co2+ ion, for which Ahlrich’s 

triple-ζ basis set with a polarization function (TZVP) was used.[47] The remaining atoms were 

9            



Acc
ep

te
d 

m
an

us
cr

ip
t

                                          ACCEPTED MANUSCRIPT                                      
 

 

10 

 

modeled with the split-valence polarized (SVP) basis set.[48] All computations were carried out 

spin-unrestricted with Becke’s three-parameter hybrid functional for exchange and the Lee-Yang-

Parr functional for correlation (B3LYP).[49] Tight SCF convergence criteria were specified with 

an integration grid of 302 Lebedev points. The optimized models were used in subsequent single-

point DFT computations with the same functional and basis sets as described above. To validate 

the computational results, time-dependent density functional theory (TDDFT) was used to 

calculate electronic transition energies and absorption intensities for each of the computationa l 

models. Absorption spectra were simulated by assuming that each transition gives rise to a 

Gaussian band with full width at half maximum of 1250 cm-1, chosen based on spectral analyses 

of the experimental data. Electron density difference maps (EDDMs) for transitions of interest 

were generated with PyMOL using isodensity values of ±0.01 au. 

 

Results and Discussion 

 Selection of CP variants and Sample Conditions. We elected to evaluate CP-Ser and an 

additional six variants in this study (Table 1) that include His3Asp, His4, His3Asp D98A, 

His3Asp H103A, His3Asp H105A, and His3Asp AHA (AHA indicates two amino acid 

substitutions, His103Ala and His105Ala). Excluding D98A, each of these variants has one or more 

amino acid residues that define the primary coordination sphere of site 1 (His3Asp) or site 2 (His6) 

substituted by non-coordinating Ala. The His3Asp variant allows for Co2+ coordination by site 2 

to be studied in isolation. Likewise, the variants composed of His3Asp and one or more 

substitutions in the S100A9 C-terminal tail (D98A, H103A, H105A, AHA) allow for the 

contributions of the tail to be investigated in the absence of spectral contributions from the His3Asp 

site. The His4 variant has four His residues of site 2 replaced by Ala, which allows for site 1 to 
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be studied in isolation. All CP variants are based on CP-Ser, the S100A8(C42S)/S100A9(C3S) 

variant that has been extensively used in studies of metal-binding because the CysSer 

substitutions allow studies to be done in the absence of a reductant.[19] This work focused on the 

spectroscopic characterization of the Co2+ sites of CP-Ser in the absence of Ca2+ ions.  

Cobalt(II) Coordination at Site 2 (His6 site). We first collected variable-tempera ture 

MCD spectra of Co2+-bound CP-Ser, His4, and His3Asp (Figure 3). While the spectra obtained 

for CP-Ser and His4 are nearly indistinguishable, they are markedly different form the spectra of 

His3Asp (note that differences in MCD band intensities displayed by CP-Ser and His4 are 

consistent with  electronic absorption spectra reported previously[19] and may reflect a decreased 

Co2+ binding affinity of site 1 in the His4 variant). The MCD spectra of Co2+-bound His3Asp 

display a pair of very weak negative features at 18,000 cm-1 and 20,500 cm-1 (≈ 3 M-1cm-1).  As 

mentioned above, MCD spectra of synthetic 6-coordinate Co2+ complexes invariably display a 

weak negative feature centered near 20,000 cm-1 with intensity and shape that vary depending on 

the degree of distortion from an ideal octahedral geometry and sometimes a second, very weak 

negative feature at slightly higher energy.[40, 42-44] Given the very low signal intensity observed 

here, the MCD spectra of the Co2+-bound ΔHis3Asp variant are consistent with an almost ideal 

octahedral coordination environment of the Co2+ ion in the His6 site. This finding is in agreement 

with prior UV-Vis spectroscopic studies, which revealed that Co2+-bound ΔHis3Asp displays a 

very weak d  d transition centered at 20,040 cm-1 ( ≈ 38 M-1cm-1), also characteristic of a 

centrosymmetric binding site.[19] It is therefore reasonable to conclude that Co2+ bound at site 2 

of CP is coordinated by the His6 motif defined by His17 and His27 of S100A8 and His91, His95, 

His103, and His105 of S100A9, as has previously been established for Mn2+, Fe2+, Ni2+ and Zn2+. 
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Figure 3. Variable temperature MCD spectra at 7 T of Co2+-bound CP-Ser and the site variants 

ΔHis4 and ΔHis3Asp. Note that different y-axis scales are used for the different data sets. All 

protein sample concentrations were 1.0-1.1 mM αβ dimer in 75 mM HEPES buffer, pH 7.0-7.5, 

with 0.80-0.84 eq. Co2+ in 58-65% (v/v) glycerol. 
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To further probe Co2+ binding by site 2 and examine contributions from the S100A9 C-

terminal tail residues, MCD spectra were collected for the Co2+-bound D98A, H103A, H105A, 

and AHA (i.e., H103A/H105A) variants of ΔHis3Asp (Figures 4 and S4).[19] The MCD spectra 

of the Co2+-bound ΔHis3Asp D98A variant are similar to, albeit slightly more intense than, those 

of Co2+-bound ΔHis3Asp, displaying a pair of negatively-signed features near 18,000 cm-1 and 

20,500 cm-1 (≈ 6 M-1cm-1). By contrast, the MCD spectra of the Co2+-bound ΔHis3Asp H103A, 

H105A, and AHA variants display only a single negative feature near 20,500 cm-1 that is 

considerably more intense ( ≈ 15 M-1cm-1) than those of the D98A and ΔHis3Asp variants. In 

early studies of Mn2+ binding, CP-Ser variants with these C-terminal tail amino acid substitut ions 

were designed and studied biochemically and spectroscopically. [22] The CP-Ser D98A variant 

displayed comparable Mn2+ EPR spectral signatures and binding properties to CP-Ser, whereas 

substitution of His103 and/or His105 with Ala resulted in a loss of the EPR signal characterist ic 

of Mn2+ bound to the His6 site and lower Mn2+ binding affinities.[22] These results, along with 

crystallographic studies, demonstrated that His103 and His105 but not Asp98 bind Mn2+ at site 2. 

Similarly, our MCD spectra indicate that His103 and His105 also play an important role in Co2+ 

binding at site 2, and that substitution of Asp98 with Ala only weakly perturbs site 2. 
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Figure 4. MCD spectra of Co2+-bound ΔHis3Asp C-terminal tail variants. Note that different y-

axis scales are used for the different data sets. The protein concentrations were 1.0-1.1 mM αβ 

dimer in 75 mM HEPES buffer, 100 mM NaCl, pH 7.0-7.5. All samples contained 0.80-0.95 eq. 

Co2+ in 54-58% (v/v) glycerol.  
 

As noted above, the spectral differences between Co2+-bound ΔHis3Asp and its D98A 

variant are small and primarily involve a minor increase in overall intensity observed for the latter. 

This difference may indicate a very slight perturbation to the symmetry about the Co2+ center, as 

is expected for the substitution of a non-ligating residue. Although the MCD signal intensities and 
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pattern of the D98A variant are strongly indicative of an intact His6 site, the additional, negative ly 

signed feature at lower energy (~ 18,000 cm-1) could potentially arise from a small fraction of a 5-

coordinate Co2+ species.[40, 41, 50] To investigate this possibility, the temperature dependence of 

the MCD data of the D98A variant was examined further, since features arising from different 

species should exhibit different saturation behavior due to differences in the zero-field splitting 

(ZFS) parameters.[51] We found that all features display similar temperature dependence (Figure 

S5), which suggests that a single Co2+ species contributes to the MCD spectrum of the D98A 

variant.  

The MCD spectra of the ΔHis3Asp H103A, H105A, and AHA variants are nearly identica l 

(Figure 4). Each spectrum displays a single, negatively-signed feature centered at ~20,300 cm-1 as 

would be expected for octahedrally-coordinated Co2+ species, but these features are at least twice 

as intense as their counterparts in the spectra of ΔHis3Asp and its D98A variant. This finding 

suggests that the 6-coordinate geometry is preserved in these variants; however, substitution of 

one or both ligating His103 and His105 residues eliminates the inversion symmetry. We reason 

that the octahedral Co2+ coordination sphere in these variants is completed by either solvent-

derived water molecules or possibly other protein residues and favor the former possibility based 

on prior studies. Advanced EPR spectroscopic studies of Mn2+ bound to the His6 site revealed that 

water molecules access the Mn2+ center when His103 and/or His105 are replaced by Ala.[12] 

Similarly, previous MCD spectroscopic studies of Fe2+-bound H103A and H105A CP-Ser revealed 

that water-derived molecules coordinate to the Fe2+ center in these variants.[29]  

We also collected low-temperature EPR spectra of Co2+-bound ΔHis3Asp D98A, H103A, 

H105A, and AHA and compared these spectra to previously reported spectra of Co2+-bound 

His3Asp and His4 (Figure 5).[19] All spectra are characteristic of high-spin (S = 3/2) Co2+ 
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species with no observable 59Co (I = 7/2) nuclear hyperfine structure. Consistent with the MCD 

spectra (Figure 4), the EPR spectra of ΔHis3Asp and its D98A variant are nearly indistinguishab le, 

whereas those obtained for the Co2+-bound H103A, H105A, and AHA ΔHis3Asp variants show a 

significant degree of perturbation (note that based on the signals in the g~5.5 region, a small 

fraction of a second species may be present in the samples of ΔHis3Asp and its D98A variant). 

These results further support the involvement of (A9)H103 and (A9)H105 in Co2+ binding. Also 

consistent with the MCD spectra (Figure 4) is the close resemblance of the EPR spectra displayed 

by the Co2+-bound H103A, H105A, and AHA ΔHis3Asp variants, which further indicates that Ala 

substitution of H103, H105, or both has essentially the same effect on the Co2+ coordination 

environment in site 2. 
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Figure 5. Low-temperature X band (9.4 GHz) EPR spectra at 10 K of Co2+-bound ΔHis4 , 

ΔHis3Asp, and the ΔHis3Asp C-terminal tail variants. Protein sample concentrations were 1.0 mM 

αβ dimer with 800 μM Co2+ at pH 7.0 (75 mM HEPES, 100 mM NaCl). 

 

 

Next, computational methods were used to further explore the coordination environment 

of Co2+ bound to site 2. Models of this site were constructed based on the Mn2+-bound crystal 

structure (PDB ID 4GGF[11]) with six neutral His residues, both with and without the potentially 

hydrogen-bonding second coordination sphere residues Asp65, Asp98, and the amide backbone of 

Ile13 (Figure S6). In general, models with one or more hydrogen-bonded His residue(s) converged 

to unreasonable geometries, with abstraction of protons from the His residues by the Asp65 and 

Asp98 residues. In addition, the His6 models with hydrogen-bonding generally yielded TDDFT 

computed absorption spectra exhibiting charge-transfer transitions in the visible region that have 

no experimental counterparts.[19] In comparison, the first sphere only His6 model based on the 

Mn2+-bound structure yielded by far the most reasonable geometry (Figure 6A and Table S5, with 

key metric parameters included in Tables S6 and S7) and TDDFT-calculated transition energies 

and absorption intensities (Figure 7) when compared to the corresponding experimental data 

(Figure 8). Importantly, the absorption feature at ~20,000 cm-1 in the TDDFT-computed spectrum 

for the His6 model aligns well with the weak absorption feature  at 20,040 cm-1 in the experimenta l 

absorption spectrum.[19] Electron density difference maps (EDDMs) for the transitions in the 

visible region of the computed absorption spectrum, which provide a visual representation of the 

changes in electron density upon electronic excitation, indicate that all are Co2+ d  d transitions 

(Figure S7), as expected. The computed absorption intensities are slightly underestimated for this 

model, as expected because the TDDFT method ignores vibronic coupling (or Herzberg-Teller 

coupling), the mechanism by which symmetry-forbidden transitions gain electric dipole 

intensity.[52, 53]  
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Figure 6. DFT optimized Co2+-bound site 2 models. (A) CP-Ser His6, (B) H103A, (C) H105A, 

and (D) AHA. Cobalt ions are represented by pink spheres, and solvent-derived water molecules 

are shown as red spheres. Hydrogen atoms have been omitted for clarity. 

 
 

 To further explore the Co2+-binding sites of the H103A, H105A, and AHA ΔHis3Asp 

variants, additional models were generated starting from the optimized His6 site model by 

substituting one or two His residues with water molecules (Figure 6B-D). The relevant metric 

parameters for these models are included in Table S6, optimized coordinates are listed in Tables 

S8-S10, and the TDDFT-calculated absorption spectra are shown in Figure 7 (see Figures S8 and 

S9 for representative EDDMs). All three models converged to reasonable geometries, with the 

remaining average Co2+–N(His) bond distances differing by less than 0.07 Å from those of the 

His6 model. The TDDFT-computed absorption spectrum for the AHA variant model with two 

water molecules replacing His103 and His105 reproduces the experimental data for all three 

variants reasonably well (Figures 7 and 8), whereas the computed spectra for the H103A and 

H105A models featuring a single water molecule and five His residues exhibit multiple features 
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in the 15,000 – 28,500 cm-1 spectral region that have no counterparts in the experimental data 

(Figure 4). From these computations and the MCD and EPR spectroscopic data (Figures 4 and 5), 

we propose that the six-coordinate, distorted octahedral Co2+ coordination environments of the 

H103A and H105A ΔHis3Asp variants are completed by four His residues and two water 

molecules. Hence, it appears that coordination of both His103 and His105 is required for the 

ordering of the S100A9 C-terminal tail in response to Co2+ binding to site 2. Interestingly, previous 

advanced EPR spectroscopic studies of Mn2+-bound CP-Ser variants provided evidence that the 

number of exchangeable protons at site 2 increases from H105A to H103A and AHA ΔHis3Asp 

[19], indicating that the presence of His103 or His105 alone is sufficient for the S100A9 C-terminal 

tail to coordinate to site 2-bound Mn2+.  

Lastly, we note that an examination of the crystal structures of apo- and Mn2+-bound CP-

Ser (PDB IDs 1XK4[13],  4GGF[11], and 4XJK[12]) reveals hydrogen-bonding interactions that 

may contribute to the high affinity of the His6 site for Mn2+ as well as other metal ions that are 

coordinated in the same manner. In particular, extended hydrogen-bonding networks involving 

His95, Asp98, and His61 or His27, Asp65, and Arg85 could serve to induce partial, finely-tuned 

anionic character into the coordinating His residues, which would help balance the positive charge 

of the bound metal ion.[12, 22] A comparison of the X-ray crystal structures of apo CP-Ser and its 

Mn2+-bound derivative reveals a large change in the positioning of the His27/Asp65 pair in 

response to Mn2+ binding, which may also contribute to the ordering of the S100A9 C-terminal 

tail (Figure S6). In the apo-CP structure (PDB ID 1XK4[13]), hydrogen-bonding interactions 

likely exist between His27, Asp65, and His61, and the repositioning of His27 and Asp65 in the 

Mn2+-bound form allows His61 to interact with Asp98, which in turn hydrogen-bonds with the 

coordinating His95. These hydrogen bonding networks are also present in the X-ray crystal 
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structure of Mn2+- and Ca2+-bound CP-Ser (PDB ID 4XJK[24]), and alignment of the apo- and 

Ni2+-and Ca2+-bound structures (PDB IDs 1XK4[13] and 5W1F[14]) reveals similar shifts in the 

positioning of second-sphere residues His61, Asp65, and the site 2 residue His27 upon Ni2+ 

binding. While it is possible that the movement of Asp98, the first residue in the C-terminal tail 

that becomes ordered upon coordination of Mn2+, could trigger the ordering of the remaining C-

terminal residues, neither the MCD (Figure 4) nor EPR (Figure 5) spectroscopic data obtained for 

Co2+-bound ΔHis3Asp and its D98A variant show any significant differences, which would be 

expected if this substitution precluded wrapping of the C-terminal tail entirely. Our results are 

consistent with previous studies of the D98A, H103A, H105A, and AHA ΔHis3Asp variants, 

which also revealed that substitution of Asp98 did not appreciably affect the Mn2+ binding affinity 

of CP, while substitution of one or both of the His103 or His 105 residues had a significant 

impact.[22] 
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Figure 7. Comparison of TDDFT-calculated absorption spectra for Co2+-bound site 2 models of 

CP-Ser. (A) His6 model, (B) His5/H2O model with a water molecule replacing His103, (C) 

His5/H2O model with a water molecule replacing His105, and (D) His4/(H2O)2 model with water 

molecules replacing both His103 and His105. Note that different y-axis scales are used for the 

different data sets. 

 

21            



Acc
ep

te
d 

m
an

us
cr

ip
t

                                          ACCEPTED MANUSCRIPT                                      
 

 

22 

 

 

Figure 8. Comparison of experimental electronic absorption spectra of Co2+-bound (A) ΔHis3Asp, 

(B) D98A ΔHis3Asp, (C), H103A ΔHis3Asp, (D) H105A ΔHis3Asp, and (E) AHA ΔHis3Asp. 

Data shown are for final protein concentrations of 385 μM αβ dimer with 4 eq. Co2+. Note that 

different y-axis scales are used for the different data sets. Co2+-binding titration data for these 

species are shown in Figure S4.  
 

In summary, this spectroscopic and computational analysis of Co2+ bound to site 2 of CP-Ser 

provides compelling evidence that the Co2+ ion is coordinated in a nearly idealized octahedral 

geometry by the His6 motif defined by His17 and His27 of S100A8, and His91, His95, His103 and 

His105 of S100A9. To our knowledge, no other MCD spectra of highly symmetric octahedral 

Co2+-bound metalloprotein species have been reported.   
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Cobalt(II) Coordination at Site 1 (His3Asp site). The MCD spectra of Co2+-bound CP-

Ser and ΔHis4 (Figure 3), both of which are dominated by site 1, exhibit an intense negative feature 

near 18,000 cm-1 (≈ 150–300 M-1cm-1 at 4.5 K) and a positive feature near 19,000 cm-1 (≈ 

100 M-1cm-1). These features coincide with the relatively weak bands observed in the 

corresponding electronic absorption spectra (centered at 18,000 cm-1, ≈ 280 M-1cm-1 for His4), 

which were previously assigned as ligand-field (d → d) transitions of high-spin Co2+ (S = 3/2) 

centers.[19, 54] The pattern and intensities of the MCD features are characteristic of 4-coordinate, 

distorted tetrahedral Co2+ complexes.[40, 41, 44] For example, published electronic absorption 

and MCD spectra of Co2+-substituted carbonic anhydrase, which contains a distorted tetrahedral 

His3/H2O coordination environment, display nearly identical features in this region.[55] Thus, our 

MCD data suggest monodentate Asp30 ligation of Co2+ at site 1 in solution. However, a 5-

coordinate Co2+ species arising from bidentate Asp ligation could produce less intense features 

that might be obscured by the intense signal associated with the 4-coordinate species.[40, 41, 44] 

Hence, the presence of a minor 5-coordinate species with bidentate Asp coordination cannot be 

ruled out solely on the basis of our MCD data. We therefore performed an EPR power saturation 

study of Co2+-bound His4 at 5, 10, and 20 K (Figure S10) to explore whether the Co2+ ion might 

adopt more than a single coordination geometry at the His3Asp site. Indeed, power saturation data 

obtained at 5 and 10 K show a weak signal at g ~ 4.5 that exhibits a different saturation behavior 

than the feature at g > 6. We therefore conclude that while the MCD spectra exhibited by Co2+-

bound CP-Ser and ΔHis4 (Figure 3) are dominated by a 4-coordinate species with monodentate 

Asp coordination, a small fraction of a second, potentially 5-coordinate species with bidentate Asp 

coordination at site 1 is present in these samples. 
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Prior structural studies of CP-Ser featuring Mn2+ or Ni2+ bound to the His3Asp site revealed 

monodentate or bidentate Asp30 ligation depending on the identity of the bound metal ion and 

sample conditions. For instance, a crystal structure of Mn2+- and Ca2+-bound CP-Ser shows both 

4- and 5-coordinate coordination environments of a metal ion modeled as Mn2+ at the His3Asp site 

arising from monodentate and bidentate ligation of Asp30, respectively.[11] Alternatively, in the 

crystal structure of Ni2+- and Ca2+-bound CP-Ser, the Ni2+ ion only adopts a 4-coordinate geometry 

with monodentate Asp30 ligation at this site.[14] In the absence of Ca2+, however, the Ni2+ ion 

resides in a 6-coordinate coordination environment completed by bidentate Asp30 ligation and a 

water molecule.[25] We also note that MCD spectroscopic studies of Fe2+-bound wild-type and 

variant CP-Ser species indicated a 5-coordinate Fe2+ environment at the His3Asp site but could not 

distinguish whether this resulted from monodentate Asp30 coordination and additional binding of 

a water molecule or bidentate Asp30 binding.[29] 

 To further assess the coordination mode of the Asp ligand at the His3Asp site, DFT geometry 

optimizations were performed on two Co2+-bound His3Asp site models. The first model, based on 

the Ni2+- and Ca2+-bound X-ray crystal structure (PDB ID 5W1F[14]), features monodentate 

Asp30 ligation whereby the position of the non-ligating Asp30–O was frozen during geometry 

optimization (Figure 9A). The second model, based on the Mn2+- and Ca2+- bound structure (PDB 

ID 4GGF[11]), features bidentate Asp30 coordination (Figure 9B). The crystal structures used to 

extract the initial coordinates share nearly identical α-carbon positioning for the His3Asp site 

residues. The optimized coordinates for these Co2+-bound His3Asp site models are listed in Tables 

S11 and S12, respectively, and relevant bond distances and angles are listed in Table S13. The 

Co–O(Asp) bond distances are consistent with monodentate Asp ligation in the monodentate 

model based on the Ni2+-bound CP-Ser structure (1.91 Å and 3.22 Å) and bidentate, though 
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asymmetric, Asp ligation in the bidentate model based on the Mn2+-bound structure (2.00 Å and 

2.30 Å). To assess which model provides a better description of the Co2+-bound His3Asp site of 

CP-Ser, TDDFT was used to predict the electronic transition energies and absorption intensit ies 

for both models. A comparison of the TDDFT-computed (Figure 10) and experimentally derived 

(from a Gaussian deconvolution of the electronic absorption spectrum of Co2+-bound ΔHis4, see 

Figure 11) transition energies and intensities indicates that the experimental data are better 

reproduced with the monodentate Asp model (Table S14), for which three Co2+ d  d transitions 

with similar energies are correctly predicted (EDDMs for these transitions are shown in Figure 

S11). By contrast, for the bidentate model TDDFT predicts only two transitions with similar 

energies and a third transition at much lower energy (see Figure S12 for EDDMs). Collective ly, 

our MCD and TDDFT results favor a 4-coordinate geometry for Co2+ bound at the His3Asp site.  

 

 

Figure 9. DFT-optimized Co2+-bound site 1 models. (A) 4-coordinate (4-C) His3Asp model and 

(B) 5-coordinate (5-C) His3Asp model with monodentate and bidentate Asp30 ligat ion, 

respectively. Cobalt ions are represented by pink spheres, and solvent-derived water molecules are 

shown as red spheres. Hydrogen atoms have been omitted for clarity. 
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Figure 10. Comparison of TDDFT-calculated absorption spectra for Co2+-bound site 1 models of 

CP-Ser. (A) 4-coordinate His3Asp model with monodentate Asp30 ligation and (B) 5-coordinate 

His3Asp model with bidentate Asp30 ligation. A bandwidth of 1250 cm-1, as determined 

experimentally, was used to simulate these spectra. Note that different y-axis scales are used for 

the different data sets.  

 

Figure 11. Gaussian deconvolution (with constant bandwidth of 1250 cm-1) of the experimenta l 

room temperature absorption spectrum of Co2+-bound ΔHis4. Protein sample concentration was 

1.0 mM in 75 mM HEPES buffer, pH 7.0, with 800 μM Co2+ in 59% (v/v) glycerol.  
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Conclusions 

 This spectroscopic and computational examination of Co2+-bound CP-Ser and variants 

provides new information about the Co2+ coordination environment at the His6 and His3Asp sites. 

Overall, MCD and EPR spectroscopic data support nearly idealized octahedral coordination of 

Co2+ by the His6 site. Moreover, MCD spectroscopic data in conjunction with computational results 

of CP-Ser and His4 indicate that Co2+ bound to the His3Asp site resides in a distorted tetrahedral 

coordination environment, indicating that Asp30 serves as a monodentate ligand to the Co2+ ion 

under the experimental conditions used in this work. These results further our fundamenta l 

understanding of the biological coordination chemistry of CP. Whether human CP coordinates 

Co2+ under any physiological or pathological conditions warrants exploration. 
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