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Abstract

Calprotectin (CP, S100A8/S100A9 oligomer, MRP-8/MRP-14 oligomer) is a host-defense protein 

that sequesters nutrient transition metals from microbes. Each S100A8/S100A9 heterodimer 

contains four EF-hand domains and two transition-metal-binding sites. We investigate the effect of 

Ca(II) ions on the structure and Ni(II)-binding properties of human CP. By employing energy 

dispersive X-ray (EDX) spectroscopy, we evaluate the metal content of Ni(II)-bound CP-Ser 

(oligomer of S100A8(C42S) and S100A9(C3S)) crystals obtained in the absence and presence of 

Ca(II). We present a 2.1-Å resolution crystal structure of Ni(II)-bound CP-Ser and compare this 

structure to a reported Ni(II)- and Ca(II)-bound CP-Ser structure (Nakashige, T. G. et al. J. Am. 
Chem. Soc. 2017, 139, 8828–8836). This analysis reveals conformational changes associated with 

Ca(II) coordination to the EF-hands of S100A9, and that Ca(II) binding affects the coordination 

number and geometry of the Ni(II) ion bound to the His3Asp site. In contrast, negligible 

differences are observed for the Ni(II)-His6 site in the absence and presence of Ca(II). 

Biochemical studies show that, whereas the His6 site has a thermodynamic preference for Ni(II) 

over Zn(II), the His3Asp site selects for Zn(II) over Ni(II), and relatively rapid metal exchange 

occurs at this site. These observations inform the working model for how CP withholds nutrient 

metals in the extracellular space.
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Introduction

Calprotectin (CP, S100A8/S100A9 oligomer, MRP-8/MRP-14 oligomer) is an abundant 

metal-chelating protein that is released at sites of microbial infection as part of the host 

innate immune response.1–5 CP exhibits broad-spectrum antimicrobial activity attributed to 

its ability to sequester essential metal nutrients from invading pathogens.1,4,6,7 Human CP 

coordinates divalent first-row transition metals, including Mn(II),8–13 Fe(II),14–16 Ni(II),17 

Cu(II),18 and Zn(II),8,19,20 with sufficiently high affinity to prevent microbial acquisition of 

these nutrients.

CP is the heterooligomer of the S100 proteins S100A8 (α subunit) and S100A9 (β subunit).
21,22 The CP heterodimer exhibits six different sites for coordinating metal ions. Each 

subunit has two Ca(II)-binding EF-hand domains, a C-terminal canonical (“calmodulin-

like”) site and an N-terminal non-canonical site.23–25 Apo CP exists as the αβ heterodimer, 

and Ca(II) coordination at the EF-hand domains causes two heterodimers to self-associate 

and form the α2β2 heterotetramer.22,23,26,27 Ca(II) binding also increases the transition-

metal affinities of CP,9,14,19 enhances its antimicrobial activity,2,4,19 and affords greater 

proteolytic stability.28 The two transition-metal sites are present at the interface between the 

S100A8 and S100A9 subunits. The His3Asp motif (site 1) is composed of (A8)His83, 

(A8)His87, (A9)His20, and (A9)Asp30. This site coordinates Zn(II) with high affinity such 

that it can sequester Zn(II) from microbes.14,20 It also coordinates Mn(II),9 Fe(II),15 and 

Ni(II).17 The His6 site (site 2) is composed of (A8)His17, (A8)His27, (A9)His91, 

(A9)His95, (A9)His103, and (A9)His105. This site is functionally versatile because it has 

the capacity to sequester multiple first-row transition metal ions from microbes. Site 2 

coordinates Mn(II),10–12 Fe(II),14,15 Ni(II),17 and Zn(II)20 in an octahedral environment 

with relative affinities that agree with the Irving-Williams series (Kd,Mn > Kd,Fe > Kd,Zn > 

Kd,Ni).9,14,17,29

Despite multiple reports demonstrating that Ca(II) affects the structural and functional 

properties of CP, we currently have a limited molecular understanding of these processes. 

For proteins that exhibit Ca(II)-dependent conformational changes such as calmodulin, X-

ray crystallography has been instrumental in understanding structural flexibility in the 

absence and presence of Ca(II).30 This technique has also yielded four structures of CP to 

date: one structure of Ca(II)-bound CP (PDB: 1XK4),23 two structures of Mn(II)- and 

Ca(II)-bound CP (PDB: 4GGF, 4XJK),10,12 and a structure of Ni(II)- and Ca(II)-bound CP 

(PDB: 5W1F).17 These studies have provided invaluable insights into the coordination 

chemistry of this host-defense protein and a guide for many studies. Nevertheless, all 

reported crystal structures of CP are of Ca(II)-bound forms and thus provide no insight into 
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Ca(II)-free forms of the protein as well as how Ca(II) binding affects protein structure, the 

transition metal sites, and ultimately function.

In this work, we report crystallographic and solution studies of Ni(II) binding to human CP 

in the absence and presence of Ca(II). We first employ a single-crystal elemental analysis 

synchrotron technique to evaluate the metal content of X-ray quality crystals of CP obtained 

in the presence of Ni(II) ions only or both Ni(II) and Ca(II) ions. Moreover, we present an 

X-ray structure of Ni(II)-bound CP and compare this structure to a reported Ni(II)- and 

Ca(II)-bound CP structure.17 This analysis highlights conformational changes that occur at 

the EF-hand domains of S100A9 with Ca(II) binding, as well as a change in the Ni(II) 

coordination number of site 1. In contrast, the Ni(II)-His6 motif at site 2 undergoes 

negligible structural change as a result of Ca(II) binding. Although the presence of Ca(II) 

ions affect the Ni(II) coordination spheres at site 1 and site 2 differently, solution studies 

show that Ca(II) ions enhance the Ni(II) affinities of both sites. Lastly, a comparison of 

metal substitution at the His3Asp and His6 sites shows markedly different behavior. Whereas 

the His6 site entraps and retains a bound metal ion, the His3Asp site rapidly selects for 

Zn(II). Taken together, this work informs how Ca(II) ions modulate transition metal binding 

by CP and, in particular, provides new insight into metal chelation by the His3Asp motif.

Experimental Methods

Complete experimental methods are provided as Supporting Information.

Results

Metal Analysis of Single Crystals by Energy Dispersive X-ray Spectroscopy

Previous crystallographic studies employed CP-Ser,10,12,17,23 the heterooligomer of 

S100A8(C42S) and S100A9(C3S) (Table S1), to avoid disulfide bond formation, and we use 

this variant in the current study. These two Cys residues are not implicated in transition-

metal binding, and CP-Ser exhibits comparable metal-binding properites and antimicrobial 

activity to native CP.19 Purified CP-Ser is purified without use of an affinity tag, and 

following column chromatography, the protein is dialyzed against Chelex resin to reduce 

metal contamination.19 We obtained crystals of Ni(II)-bound CP-Ser employing the sitting-

drop vapor diffusion method, using a 1:1 molar ratio of Ni(II) and CP-Ser heterodimer. The 

precipitant solution of 200 mM Li2SO4, 100 mM Tris, 20% (v/v) PEG 3350, pH 8.0 did not 

include added Ca(II) ions. Because Ca(II) ions are a common contaminant, we sought to 

compare the Ca(II)-free and Ca(II)-bound forms of Ni(II)-bound CP-Ser and employed 

energy dispersive X-ray (EDX) spectroscopy to evaluate the levels of calcium and other 

metals in the crystals (Figure 1). Based on an established method to evaluate the elemental 

composition of materials,31 this technique can be utilized to analyze the X-ray fluorescence 

of elements present in single-crystal samples and can be used in tandem with collecting 

diffraction data on the synchrotron beamline.32 X-rays at a fixed incident energy are used to 

excite elements that emit photons corresponding their K-edge energies, with Compton 

backscattering observed near the incident energy. Fluorescence counts of various elements 

are detected, and emission spectra are calibrated to a standard containing Sm, Ni, Zn, Br, 

and Sr. Crystals were analyzed on 100-μm loops, and measurements for the sample (X-rays 
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positioned on crystal, red lines in Figure 1) and a blank (X-rays positioned on an empty 

space of the loop, black lines in Figure 1) were taken at 0.9792 Å incident energy. Data 

acquisition times were the same for each pair of sample and blank.

Results from this single-crystal elemental analysis indicate that the crystal obtained in the 

absence of Ca(II) and later employed for X-ray diffraction (vide infra) contained negligible 

Ca (Kα1 3.69 keV) compared to the blank (Figure 1A,1C). In contrast, the Ca content was 

notably higher for a crystal obtained under the same crystallization conditions that was 

subsequently soaked in Ca(II) (i.e., Ni(II)- and Ca(II)-bound CP-Ser described previously17) 

(Figure 1B,1C). We also employed EDX line scans to evaluate relative concentrations of 

transition metals, including Ni and contaminants that could be present in the crystallization 

conditions. Both crystals exhibited high concentrations of Ni (Kα1 7.48 keV, Kβ1 8.26 keV). 

In addition, contaminating levels of Zn (Kα1 8.64 keV) and trace amounts of Fe (Kα1 6.40 

keV) were detected. Nevertheless, we expect that Ni will be in excess of any contaminating 

metal ions, and this elemental analysis in conjunction with our anomalous scattering data 

(vide infra) supports (i) that the Ni(II)-bound crystal is effectively Ca(II)-free and (ii) that 

Ni(II) ions can be unambiguously assigned to the transition-metal-binding sites.

Crystal Structure of Ni(II)-bound CP-Ser in the Absence of Ca(II)

X-ray diffraction data were collected on the Ni(II)-containing crystal obtained in the absence 

of added Ca(II) that was analyzed by EDX spectroscopy, and a structure was solved to 2.1-Å 

resolution (Table S2) by employing the Mn(II)-, Ca(II)-, and Na(I)-bound CP-Ser crystal 

structure (PDB: 4XJK)12 as the molecular replacement model. Ni(II)-bound CP-Ser 

crystallized as an α2β2 heterotetramer (Figure 2A).

Electron density at the four transition-metal-binding sites of the tetramer was consistent with 

metals bound at one of the His3Asp motifs and both His6 motifs of the tetramer (Figure 2B, 

Tables 1, S3–S6). To confirm the identity of the metals at these sites, anomalous scattering 

datasets were also collected at the Ni (1.4831 Å) and Fe (1.7370 Å) K-edges and processed 

to 2.3- and 2.6-Å resolution, respectively. Maps generated from these anomalous data 

support that all three metal ions are Ni(II). Anomalous signal is observed at the Ni peak 

(Figure 2B), and we assigned Ni(II) ions at 100% occupancy at all three sites (Table 1). 

Thus, although the crystallization conditions contained only 1.0 equiv Ni(II) relative to the 

heterodimer, the crystallization yielded a 3:2 Ni(II) to CP heterotetramer ratio. This same 

ratio was observed in the structure of Ni(II)- and Ca(II)-bound CP-Ser that contains Ni(II) 

ions bound to both His6 sites and one His3Asp site of the heterotetramer, suggesting that the 

metallation state of CP-Ser is not homogeneous under crystallization conditions and that the 

more fully metallated protein is preferentially crystallized.17

The EDX data (vide supra) show no Ca signal in Ni(II)-bound CP-Ser crystals and 

anomalous maps generated using data collected at the Fe K-edge (1.7370 Å) also indicate a 

lack of Ca(II) ions (Figure S1). Because the Ca K-edge at 3.3582 Å is inaccessible for data 

collection at most synchrotrons, Ca(II) scattering is often evaluated by using data collected 

at the Fe Kedge (1.7370 Å). The Fe anomalous maps show density for the Ni(II) ions that 

are bound at sites 1 and 2, as expected, because Ni scatters anomalously at this wavelength. 

Ca, if present in the sample, should display stronger anomalous scattering than Ni at the Fe 
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K-edge wavelength, but no anomalous density is present at the EF-hand domains (Figure 

S1), suggesting that Ca(II) is not bound. To determine if another atom is bound in these 

sites, the electron density was evaluated. Three of the eight EF-hands do not exhibit electron 

density, and we consider these sites to be metal-free (Table 1). The other five EF-hand 

domains exhibit electron density consistent with an atom present at these sites. Previous 

structures have been refined with Na(I) ions at select EF-hands,12,17 and our crystallization 

condition contained 1000-fold excess Na(I) (100 mM) compared to the concentration of CP-

Ser (100 μM). To evaluate if Na(I) ions provide a good fit in this structure, Na(I) was refined 

at 100% occupancy in all five sites (Tables 1, S7). No positive or negative difference electron 

density appeared, indicating that Na(I) is consistent with the crystallographic data.

Conformational Changes at the EF-hand Domains upon Ca(II) Coordination

To examine the conformational changes that occur upon Ca(II) coordination, we compared 

the Ni(II)-bound CP-Ser structures obtained in the absence and presence of Ca(II). We first 

examined the EF-hand domains of S100A9 that are adjacent to site 1 (Figure 3). Dimer 1 has 

no metal at the His3Asp motif (site 1) in both structures, and the Ca(II)-free species (Figure 

3A), in which both EF-hand domains are empty, exhibits several sidechain and loop 

rearrangements when compared to the Ca(II)-bound structure (Figure 3B). In particular, the 

loop that contributes (A9)Asp30 has undergone a conformational rearrangement, resulting in 

substantially different positions for (A9)Leu26 and (A9)His28 and an altered conformation 

of the (A9)Asp30 residue that is pointing away from the three His residues of the His3Asp 

motif ((A9)His20, (A8)His83, (A8)His87 in Figure 3A). With the non-canonical site empty 

in the Ca(II)-free structure, the side chain of (A8)His87 of the His3Asp motif has also moved 

toward the empty site, and (A9)His20 of the His3Asp motif has moved down toward the 

position vacated by (A8)His87 (Figure 3A). The net result of these movements is that three 

of the four residues of the His3Asp motif are not arranged to bind a metal ion. Site 1 is also 

empty in the Ca(II)-bound structure (Figure 3B), but the side chains of all the residues of the 

His3Asp motif are all much closer to their metal-binding orientations (compare Figure 3B to 

Figure 3D). In the Ca(II)-bound structure, Na(I) occupies the non-canonical site, which 

further stabilizes the (A9)Asp30 loop and helps to maintain the positions of (A8)His87 and 

(A9)His20 in their metal-binding orientations (Figure 3B). Connectivity in dimer 1 between 

the canonical EF-hand with Ca(II) bound, the non-canonical site with Na(I) bound, and site 

1 is apparent in the Ca(II)-bound structure (Figure 3B). In particular, residues of the S100A9 

canonical EF-hand (i.e., Asp67, Asn69, Asp71, Gln73, and Glu78) adjust upon Ca(II) 

binding and Gln73 moves closer to the non-canonical site where it forms a hydrogen bond to 

a coordinating water of the bound Na(I) ion, the non-canonical site appears to be stabilized, 

and the resulting well-ordered non-canonical site appears to stabilize residues of the 

His3Asp motif in metal-binding orientations (Figure 3B).

Although dimer 2 displays fewer conformational rearrangements between the Ca(II)-bound 

and Ca(II)-free structures, the same general trends as described above are observed. Dimer 2 

coordinates a Ni(II) ion in the His3Asp motif (site 1) in both structures, and both structures 

have a metal ion, either Na(I) or Ca(II), in the non-canonical site (Figure 3C,D). As observed 

in dimer 1, ordering of EF-hand residues upon Ca(II) binding results in the formation of a 

hydrogen bond between (A9)Gln73 and a water molecule that is coordinated to the metal in 
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the non-canonical site, and the non-canonical site is well-ordered and residues of the 

His3Asp motif are positioned to bind Ni(II) (Figure 3D). In the Ca(II)-free structure, 

(A9)Gln73 does not hydrogen bond to the Na(I)-coordinating water, and Na(I) has fewer 

protein ligands than are observed at this dimer 2 site when Ca(II) is bound. Namely, Na(I) 

has two sites occupied by water molecules in the Ca(II)-free structure whereas the Ca(II) ion 

at the non-canonical site is coordinated by (A9)Glu36 in a bidentate fashion. Importantly, 

neither Ni(II)-bound CP-Ser structure includes a CP heterodimer species with a Ni(II) ion at 

site 1 and without a metal ion at the S100A9 non-canonical EF-hand (i.e., site 1 is not 

occupied unless a metal is present at the non-canonical EF-hand), which suggests that 

cooperativity exists between these two sites. Lastly, although a Ni(II) ion is bound at site 1 

of dimer 2 in the absence of Ca(II), the geometry and ligand identity is altered (vide infra).

The Ni(II) Coordination Sphere at the His3Asp Motif

The conformational changes of the EF-hand domains adjacent to site 1 of dimer 2 result in a 

shift in the primary coordination sphere of Ni(II) at the His3Asp motif (Figure 4 and 

Supporting Video). The Ca(II)-free CP-Ser structure exhibits a six-coordinate Ni(II) center, 

where the bond distances and angles are consistent with a pseudooctahedral coordination 

environment (Tables S3, S4). In addition to the three His residues, a bidentate (A9)Asp30, 

and a solvent-derived water molecule complete this site. When Ca(II) binds at the adjacent 

S100A8 EF-hand domains, Asp30 rotates ≈45°, positioning one of the oxygen ligands (Oδ2) 

≈0.5 Å away from the Ni(II) ion, thereby forming a tetrahedral Ni(II) center with a 

monodentate (A9)Asp30 and no coordinating water molecule. Thus, although Ni(II) can 

bind to site 1 without Ca(II) being present, only the Ca(II)-bound structure displays the 

tetrahedral His3Asp arrangement that is associated with higher affinity metal binding.

The Ni(II) Coordination Sphere at the His6 Motif

Site 2 is adjacent to the EF-hand domains of S100A8 (Figure S2). However, structural 

alignments show that site 2 does not exhibit marked conformational changes upon Ca(II) 

binding to the S100A8 EF-hand domains (Figures 5, S2). In the Ca(II)-free structure, Na(I) 

ions are present at both EF-hand domains, and in the Ca(II)-bound structure, Ca(II) replaces 

Na(I) at the canonical EF-hand. Regardless of identity, the primary coordination sphere of 

the metal bound to the S100A8 EF-hand domain is the same. Moreover, the Ni(II)-bound 

His6 motifs are nearly identical in the absence or presence of Ca(II) (Figure 5), and atoms 

comprising the His6 motifs harbor similar B-factors for both the Ca(II)-free and Ca(II)-

bound structures, indicating that these sites have comparable degrees of order. Thus, the 

Ca(II)-free structure does not provide information into how Ca(II) influences the metal-

binding affinity at site 2, and further investigations are required to probe this phenomenon.

Ni(II) Coordination Causes Tetramerization in Solution

To complement crystallographic analyses and further our understanding of how Ni(II) 

binding affects the biophysical properties of CP-Ser in solution, we performed solution 

studies to examine Ni(II) binding in the absence and presence of Ca(II) ions. We first 

employed analytical size-exclusion chromatography (SEC) to examine the effect of Ni(II) 

coordination on the quaternary structure of CP-Ser and protein variants. The variants lack 
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residues of site 1 (ΔHis3Asp), site 2 (ΔHis4), or both sites 1 and 2 (ΔΔ) or His residues of the 

S100A9 C-terminal tail (AAA, AHA, H103A, H104A, H105A) (Table S1).

All apo CP variants exhibit peak elution volumes of ≈11.4 mL, consistent with the presence 

of αβ heterodimers (Figure S3).19 Following preincubation of CP-Ser, ΔHis3Asp, and 

H104A with 5 equiv of Ni(II), the peak elution volumes shifted to ≈10.8 mL. These new 

peaks exhibit comparable elution volumes to that of the Ca(II)-bound α2β2 heterotetramer, 

indicating formation of Ni(II)-bound α2β2 heterotetramers in the absence of Ca(II). In 

contrast, when ΔHis4 and ΔΔ were preincubated with 5 equiv of Ni(II), the proteins 

exhibited the same peak elution volume as apo CP-Ser. Thus, these two variants did not form 

heterotetramers as a result of Ni(II) preincubation. We previously determined the 

stoichiometry of Ni(II) binding to CP-Ser and variants by SEC and observed that CP-Ser 

retained ≈2 equiv of Ni(II) and that ΔHis3Asp and ΔHis4 retained ≈1 equiv of Ni(II) over 

the elution protocol.17 These data indicate that Ni(II) binding at site 2, and not at site 1, 

results in tetramerization. This observation is consistent with prior studies that show that 

coordination of Mn(II) or Fe(II) to the His6 site of CP-Ser results in the formation of a 

Ca(II)-free heterotetramer.28 Lastly, whereas the AHA, H103A, and H105A variants exhibit 

comparable elution volume peak shifts with Ni(II) to CP-Ser, the AAA variant appears to 

have perturbed tetramerization because its chromatogram displays a shoulder. Similar 

behavior was observed for Mn(II) binding to the tail variants, where the presence of the His 

residues in the S100A9 C-terminal tail are important for complete transformation to the 

heterotetrameric species.11

Ni(II) Coordination Increases the Thermal Stability of CP

On the basis of our prior studies of Mn(II) and Zn(II) chelation to CP-Ser,9,19 we expected 

that Ni(II) binding enhances the thermal stability of the protein. We employed circular 

dichroism (CD) spectroscopy to monitor the thermal denaturation of CP-Ser in the presence 

of Ni(II) and both Ni(II) and Ca(II) (Figure S4). In the absence of Ca(II), Ni(II) binding 

increases the melting temperature (Tm) of CP-Ser from ≈65 °C to ≈80 °C. In the presence of 

both Ni(II) and Ca(II), negligible protein unfolding was observed until >95 °C. These trends 

are consistent with results from prior thermal denaturation studies of Zn(II) and Mn(II) 

coordination.9,19

Ca(II) Ions Enhance the Ni(II) Affinity of CP

Our prior studies indicated that Ca(II) enhances the ability of CP to deplete Ni from bacterial 

growth media.14 We therefore reasoned that the affinity of CP for Ni(II) depends on Ca(II) 

coordination, as observed for other transition metals.9,14,19 We conducted Ni(II) competition 

experiments employing the Ca(II)-insensitive metal sensor Zinpyr-1 (ZP1), which displays 

fluorescence quenching as a result of Ni(II) complexation (Figure S5).33 Although we did 

not ascertain an apparent dissociation constant value of ZP1 for Ni(II) and thus quantitative 

assessment of Ni(II) affinities for CP-Ser, this study indicated that Ca(II) ions enhance the 

Ni(II) affinity of CP-Ser (Figure S6). When Ni(II) was added to equimolar mixtures of ZP1 

and CP-Ser in the absence and presence of excess Ca(II) ions, the fluorescence from ZP1 

indicated that most of the added Ni(II) is bound to CP-Ser under both conditions, and that a 

larger fraction of total Ni(II) is bound to CP-Ser in the presence of Ca(II).
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Ca(II) Coordination Results in Slower Exchange of Zn(II) for Ni(II) at the His6 Site

We previously observed that the presence of Ca(II) caused the substitution for transition 

metals (e.g. Mn(II), Fe(II), Zn(II)) at the His6 site to occur relatively slowly.14 To extend this 

work to Ni(II), we conducted a metal-substitution assay where we monitored the exchange 

of Ni(II) and Zn(II) at site 2 in the absence and presence of Ca(II) over 72 h (Figure 6). We 

pre-incubated B-ΔHis3Asp, a biotinylated ΔHis3Asp variant (Table S1),17 with 1.0 equiv of 

either Ni(II) or Zn(II) and then added 1.0 equiv of the other metal ion. We then performed 

pull-down with streptavidin resin at varying time points and quantified the metal content in 

the resulting supernatant by inductively coupled plasma-mass spectrometry (ICP-MS). At 

the end of each time course, a higher concentration of Zn(II) remained in the supernatant, 

suggesting that B-ΔHis3Asp removed during the pull-down step was predominately the 

Ni(II)-bound species. When Ni(II) was added first, Zn(II) displaced ≈30% of the Ni(II) over 

the incubation period (Figure 6A). When Zn(II) was added first, Ni(II) displaced ≈70% of 

the Zn(II) (Figure 6B). Thus, site 2 has a thermodynamic preference for Ni(II) over Zn(II) in 

the presence and absence of Ca(II), and the exchange between these two metal ions occurs 

more slowly in the presence of Ca(II).

The His3Asp Site Selects for Zn(II) Over Ni(II)

Since the discovery that site 2 is a biologically unprecedented His6 site that sequesters 

Mn(II) and other metal ions, many studies have focused on delineating its biophysical and 

functional properties, and less emphasis has been placed on characterizing the His3Asp site.
10–12,14–17,20 Nevertheless, investigations of CP-Ser20 as well as the host-defense proteins 

S100A734 and S100A1235 have demonstrated that His3Asp sites sequester Zn(II). Moreover, 

studies of metal depletion from microbial growth media indicate that His3Asp sites select for 

Zn(II) over other metals, including Ni(II).14,34,35 We therefore sought to examine metal 

exchange at the His3Asp site using the pull-down assay described above. Efforts to purify a 

biotinylated His4 variant resulted in poor yields because the protein routinely precipitated, 

and we were unable to readily obtain sufficient quantities of this protein for the assay. We 

thus optimized a spin-filtration assay to examine metal substitution at the His3Asp site 

(Supporting Discussion). Under conditions of excess Ca(II), we pre-loaded 10 μM CP-Ser 

with 2.0 equiv of Ni(II) and added 1.0 equiv of Zn(II) to the solution (75 mM HEPES, 100 

mM NaCl, pH 7.4, 2 mM Ca(II)). Following incubation (up to 120 min), the bound and 

unbound fractions were separated via spin filtration (10-kDa MWCO membrane), and the 

filtrate (unbound fraction) was analyzed by ICP-MS. Because site 2 has a thermodynamic 

preference for Ni(II) over Zn(II) (Figure 6), we reasoned that any unbound Ni(II) that is 

detected after Zn(II) addition would originate from the His3Asp site. ICP-MS analysis of 

samples taken at varying time points after Zn(II) addition revealed that the filtrate contained 

≈2 μM Zn(II) and ≈7 μM Ni(II) following 10 min, which is the earliest time point that could 

be reliably analyzed by this method (Figure 7A). Over the course of 120 min, the 

concentrations of Zn(II) and Ni(II) in the filtrate further decreased and increased, 

respectively, indicating that Ni(II) had been displaced from the His3Asp site by Zn(II). 

Moreover, a control performed with the ΔHis3Asp variant showed that Ni(II) remains bound 

to the His6 site under the assay conditions (Figure 7B). We also conducted this experiment in 

the absence of added Ca(II), and we observed similar metal substitution at site 1 of CP-Ser 

in the absence or presence of Ca(II) (Figure S7). Overall, these results demonstrate that the 
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His3Asp site has a thermodynamic preference for Zn(II) over Ni(II) and exhibits markedly 

more rapid metal exchange kinetics than the His6 site.

Discussion

In this work, we pursued X-ray protein crystallography and solution experiments to evaluate 

Ni(II) binding by CP-Ser under conditions of low and high Ca(II) concentrations. This 

initiative was motivated by our previous report that CP-Ser binds Ni(II) at the His3Asp and 

His6 sites, and sequesters this metal nutrient from Staphylococcus aureus and Klebsiella 
pneumonaie, two bacterial pathogens that can colonize the urinary tract and employ the Ni-

enzyme urease during urinary tract infections.17 It also addresses the fundamental and 

unresolved question of how Ca(II) binding affects the structure and function of this 

remarkable host-defense protein. In particular, structural comparisons of the Ni(II)-bound 

CP-Ser structure and our previously reported Ni(II)- and Ca(II)-bound structure reveal 

conformational changes associated with Ca(II) binding to the EF-hand domains and provide 

insight into how Ca(II) ions influence transition-metal coordination by CP. This study also 

examines the metal-exchange properties of the His3Asp site of CP, which has received less 

attention than the His6 site to date.

We first employed EDX spectroscopy to discern the metal content of CP-Ser crystals that we 

subsequently examined by X-ray diffraction. This synchrotron technique allows high-

resolution detection of K-edge energy emission of metals such as Ca, Mn, Fe, Ni, and Zn.32 

Unlike traditional methods for elemental analysis such as ICP-MS and atomic absorption/

emission spectroscopy, EDX line scans can be collected on crystalline samples as small as 

50 μm in length and can be obtained in tandem with X-ray diffraction experiments. 

Employing EDX spectroscopy, in combination with anomalous scattering, was helpful in 

this crystallographic work because CP-Ser has the capacity to coordinate a number of 

different metal ions. The technique confirmed that negligible Ca was present in the Ca(II)-

free crystal and, along with X-ray anomalous data, contributed to our unambiguous 

assignment of Ni(II) ions at the transition-metal-binding sites.

From the standpoint of biological Ni(II) sites, CP-Ser is unusual because it can exhibit three 

different Ni(II) coordination motifs. Site 1 (His3Asp) exhibits one of two coordination 

modes depending on the presence of Ca(II): (i) a pseudooctahedral Ni(II) site composed of 

three nitrogen and three oxygen donors when Ca(II) is absent, and (ii) a tetrahedral Ni(II) 

site composed of three nitrogen donors and one oxygen ligand when Ca(II) is bound. 

Analysis of Ni(II)-chelating proteins in the Protein Data Bank (PDB)36 using the MESPEUS 

online database37 reveals only one other protein with a metal-binding site that is comparable 

to the six-coordinate Ni(II) center at site 1 (Table S8). The transcriptional regulator TM1602 

of Thermotoga maritima has a His3Glu motif where the bidentate Glu residue and a water 

molecule complete the Ni(II) coordination sphere.38 Moreover, to the best of our knowledge, 

no other four-coordinate Ni(II) site with three His residues and a carboxylate ligand is 

deposited in the PDB (Table S8). Site 2 is the hexahistidine site, and this Ni(II) motif has 

previously only been identified for His-tagged or engineered proteins.39–41 Nevertheless, in 

small-molecule complexes, mononuclear hexaimidazole Ni(II) centers have been structurally 
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characterized,42,43 and the Ni(II)-His6 sites of CP observed in the absence and presence of 

bound Ca(II) ions exhibit metal–ligand bond lengths comparable to these complexes.

The Ca(II)-induced conformational changes that occur at the His3Asp motif and the S100A9 

EF-hand domains adjacent to site 1 shows a new facet of how transition-metal binding is 

modulated at site 1, at least in the case of a bound Ni(II) ion. At present, there is a paucity of 

information about the geometric and electronic structures of M(II)-His3Asp in CP, and 

reported studies are limited to Fe(II) and Co(II).15,19 Comparable optical absorption 

transitions, suggesting a 4- or 5-coordinate geometry, are observed for Co(II) bound to the 

His3Asp site in the absence and presence of Ca(II).19 Subsequent near-infrared (NIR) 

magnetic circular dichroism (MCD) spectroscopic studies of Fe(II)-bound CP-Ser revealed a 

five-coordinate Fe(II) signal associated with site 1 in both the absence and presence of 

Ca(II) ions.15 Although the coordination number of the Fe(II) atom did not change, the 

presence of Ca(II) ions affected the ligand field of site 1. Thus, whether the change of 

coordination number of Ni(II) bound to site 1 that occurs with Ca(II) binding is specific to 

this metal or can be generalized to others such as Zn(II) remains to be determined. 

Moreover, the exclusion of a solvent-derived ligand at site 1 in the presence of Ca(II) is 

reminiscent of our prior work on the His6 site, which supports a model in which the S100A9 

C-terminal tail precludes access of water molecules to the metal center and thereby 

contributes to the metal-sequestering function of CP.12,15

Structural comparisons of the Ni(II)-bound His6 motif in the absence and presence of Ca(II) 

demonstrate that Ca(II) binding at the EF-hand domains has negligible effect on the primary 

coordination sphere of site 2. These results are congruous with prior spectroscopic studies 

on Mn(II) and Fe(II) coordination at this site.12,15 Together, these data indicate that the 

enhanced affinities for transition metal ions observed at this His6 site for the Ca(II)-bound 

heterotetramer cannot be explained by changes in the primary sphere or electronic structure 

at this site. We expect that further investigations of allostery and Ca(II)-induced 

tetramerization will inform how Ca(II) coordination enhances the transition-metal affinities 

of this site.

Deciphering metal selectivity and exchange at sites 1 and 2 also informs the current model 

for the metal-withholding function of CP. The present work provides further evidence for 

relatively slow metal exchange at the His6 site, and supports the notion that presence of 

Ca(II) ions reduces the metal exchange rate at this site to some degree. These observations 

further substantiate a model of “functional versatility” where the His6 site binds and entraps 

the metal ion it encounters first. In contrast, the current investigation of metal exchange at 

the His3Asp site indicates that it has a thermodynamic preference for Zn(II) over Ni(II) and 

displays relatively rapid substitution of Zn(II) for Ni(II) in both the absence and presence of 

Ca(II). The His3Asp site has been described as Zn(II) selective in prior work, and Zn(II) 

sequestration by site 1 of CP has been shown to inhibit the growth of Lactobacillus 
plantarum and Candida albicans.20 The current data are consistent with this concept. 

Nevertheless, a recent study indicates that CP sequesters Cu(II) from C. albicans and that 

both sites 1 and 2 bind Cu(II) with high affinity.18 Whether the His3Asp site has 

thermodynamic preference for Zn(II) or Cu(II) is currently unknown and an avenue for 

future work.
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In closing, Ca(II)-dependent properties of S100 proteins have been studied for several 

decades,24,44 and evidence for allosteric communication between the Ca(II)-binding EF-

hand domains and transition metal sites has also been reported for S100A12 and S100B. 
35,45–47 Although evidence for Ca(II) ions modulating the antimicrobial properties of CP 

emerged almost thirty years ago,2 only in the past decade have we learned that allosteric 

communication between the EF-hand domains and transition metal sites contributes to 

metal-sequestering ability of CP.9,14,19 Expanding upon these recent studies, this work on 

Ni(II)-bound CP-Ser provides a structural snapshot of a Ca(II)-free CP species and 

motivation for future studies that further address how Ca(II) binding modulates its structural 

and functional properties.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
EDX emission spectra of CP-Ser crystals. The metal content of each protein crystal was 

analyzed prior to X-ray diffraction data collection. (A) The Ni(II)-bound CP-Ser crystal 

contains Ni, Ca, and Zn as well as trace amounts of Ti and Fe. (B) The Ni(II)- and Ca(II)-

bound CP-Ser crystal contains Ni and Zn as well as trace amounts of Ca and Fe. (C) Zoom 

on Ca Kα1 region of both samples. Scans were obtained for the protein crystal (red line) and 

a blank sample (black line). Compton scatter is observed at the fixed incident energy at 

0.9792 Å (12,622 eV). Peak positions indicated on the plots correspond to element K-edge 

transitions: Ca Kα1 (3.69 keV), Ti Kα1 (4.51 keV), Fe Kα1 (6.40 keV), Ni Kα1 (7.48 keV), 

Ni Kβ1 (8.26 keV), and Zn Kα1 (8.64 keV). We note that the magnitude of counts are 

different between the Ca(II)-free and Ca(II)-bound analyses. The ratio of Ca/Ni in the Ni(II)- 

and Ca(II)-bound CP-Ser is larger than the negligible ratio of Ca/Ni in the Ni(II)-bound CP-

Ser. These data are hard to quantify because the Ca signal in the Ca-free crystal is just above 

the noise. Although the data collection time for each sample and its corresponding blank 

were identical, the collection time and thickness of crystals varied between sample/blank 

pairs, accounting for the differences in count magnitude observed.
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Figure 2. 
Ni(II)-bound CP-Ser crystal structure. (A) CP-Ser forms an α2β2 heterotetramer (middle) in 

the presence of Ni(II). The dashed line represents the dimer-dimer interface. The two 

heterodimers (left and right) are shown. The transition-metal-binding sites and the N-termini 

are labeled. The S100A8 subunits of both dimers 1 and 2 bind two Na(I) ions at the 

noncanonical and canonical EF-hand domains. The S100A9 subunit of dimer 2 binds one 

Na(I) ion at the noncanonical EF-hand domain. (B) Two transition-metal-binding sites form 

at the S100A8/S100A9 interface. The sites of each heterodimer are shown. Dimer 1 binds 

one Ni(II) at site 2, and dimer 2 binds two Ni(II) ions located at sites 1 and 2. The metal 

occupancy is summarized in Table 1. S100A8 is green, S100A9 is blue, Ni(II) ions are teal 

spheres, Na(I) ions are purple spheres, and water molecules are red spheres. A 2Fo-Fc 
composite omit electron density map (orange mesh) to 2.1-Å resolution is contoured at 1σ 
around the metal sites. A 2.3-Å resolution nickel anomalous difference map, calculated 

using data collected at a wavelength of 1.4831 Å, is contoured at 5σ and shown in teal.
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Figure 3. 
Calcium-induced conformational changes near site 1. In these structural alignments, the 

metal-binding ligands of the EF-hands are shown (Table S7). (A and B) In dimer 1, Ca(II) 

binding at the canonical EF-hand domain of S100A9 results in conformational changes in 

the non-canonical domain and allows for (A9)Asp30 to be positioned to form the His3Asp 

motif. The loop of the non-canonical EF-hand domain exhibits a relatively large 

conformational change. (C and D) Coordination of Ca(II) ions at both EF-hand domains 

results in a change in coordination number at the His3Asp motif of dimer 2. In the Ca(II)-

free structure, two water molecules coordinate the Na(I) ion at the S100A9 non-canonical 

EF-hand domain, whereas a bidentate Glu36 and one water molecule (with a hydrogen bond 

interaction with Gln73) coordinate Ca(II) in the Ca(II)-bound form. The Ca(II)-free 

structures (A and C) are depicted in color, where S100A8 is green and S100A9 is blue. The 

Ca(II)-bound structures (B and D) are in gray. The residues of site 1 and the EF-hand 

domains are in orange (−Ca(II)) or gray (+Ca(II)). Ni(II) ions are teal spheres. Na(I) ions are 

purple spheres. Ca(II) ions are yellow spheres. Water molecules are red spheres. Metal–

ligand and hydrogen bonds are shown as dashed lines.
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Figure 4. 
Change in coordination number at the His3Asp motif of dimer 2 with Ca(II) binding. (A) 

Electron density at site 1 of dimer 2 in the Ca(II)-free and Ca(II)-bound CP-Ser crystal 

structures. A 2Fo-Fc composite omit electron density map (orange mesh) to 2.1-Å (−Ca(II)) 

or 2.6-Å (+Ca(II)) resolution is contoured at 0.5σ around the His3Asp motif. (B) The six-

coordinate Ni(II) site of the Ca(II)-free structure is shown in color (left), and the four-

coordinate Ni(II) site of the Ca(II)-bound structure is shown in gray (right). The metal-

binding residues are depicted in orange (−Ca(II)) and gray (+Ca(II)). Space-filling models of 

the proteins are shown in gray. A structural alignment of all alpha carbons is depicted in the 

middle, and the conformational changes from Ca(II)-free to Ca(II)-bound are shown as 

arrows. S100A8 residues are labeled in green, and S100A9 residues are labeled in blue. 

Ni(II) ions are teal spheres. The water molecule is a red sphere. Metal–ligand bonds are 

shown as dashed lines.
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Figure 5. 
Structural alignment of the Ni(II)-His6 motif. The Ca(II)-free structure is depicted in color, 

and the Ca(II)-bound structure is in gray. S100A8 residues are labeled in green, and S100A9 

residues are labeled in blue. The Ni(II) ion is depicted as a teal sphere. Models of site 2 of 

dimer 1 are shown. Further details of the structural alignment at site 2 are shown in Figure 

S2.
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Figure 6. 
Metal substitution of the His6 site is slowed in the presence of Ca(II). Metal content of 

supernatant of B-ΔHis3Asp (10 μM) incubated with 10 μM Ni(II) and Zn(II) in the absence 

and presence of 2 mM Ca(II) (room temperature; 75 mM HEPES, 100 mM NaCl, pH 7.0) 

after treatment with streptavidin agarose resin. (A) Zn(II) was added to a pre-equilibrated 

solution of Ni(II) and B-ΔHis3Asp. (B) Ni(II) was added to a pre-equilibrated solution of 

Zn(II) and B- ΔHis3Asp. The Ni (black) and Zn (red) concentrations were measured by ICP-

MS. Closed circles represent metal content without Ca(II), and open circles represent metal 

content with Ca(II). The mean and SDM are reported (n = 4).
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Figure 7. 
Zn(II) rapidly displaces Ni(II) at the His3Asp site in the presence of 2 mM Ca(II). (A) Metal 

content of filtrate of CP-Ser (10 μM) pre-incubated with 20 μM Ni(II) and supplemented 

with 10 μM Zn(II). (B) Metal content of filtrate of His3Asp (10 μM) pre-incubated with 10 

μM Ni(II) and supplemented with 10 μM Zn(II). All solutions of protein and metal contained 

2 mM Ca(II) and were prepared in 75 mM HEPES, 100 mM NaCl, pH 7.0. Protein was 

incubated for 1 hour with Ni(II) before Zn(II) addition. The t = 0 h time point is the flow 

through before Zn(II) addition, and all subsequent times correspond to the time post-Zn(II) 

addition. The Ni (gray) and Zn (red) concentrations were measured by ICP-MS. The mean 

and SDM are reported (n = 3). Data obtained in the absence of 2 mM Ca(II) are presented in 

Figure S7.
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