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Abstract 

Human calprotectin (CP, S100A8/S100A9 oligomer, MRP8/MRP14 oligomer) is a metal-

sequestering protein that contributes to nutritional immunity. Each human CP subunit contains a 

single Cys residue—Cys42 in S100A8 and Cys3 in S100A9—and recent reports have revealed 

that these residues can undergo disulfide bond formation resulting in a covalently-linked 

heterodimer species hereafter referred to as disulfide-linked CP (dslCP). Nevertheless, the 

biochemical and functional consequences of this intradimer disulfide linkage are largely unknown. 

Here, we report a robust reconstitution and purification protocol affording dslCP and report initial 

biochemical and functional evaluation of the protein. Our investigations demonstrate that dslCP 

undergoes Ca(II)-dependent self-association to form heterotetramers, depletes multiple metals 

from bacterial growth media, and induces an iron-starvation response in diverse bacterial 

pathogens. The intradimer disulfide linkage exhibits a midpoint potential of −213 mV, indicating 

that it can become oxidized in the extracellular space. Studies of enzymatic disulfide bond 

reduction reveal that divalent cation binding renders dslCP a poor substrate for the thioredoxin 

system. Investigations of proteolytic stability show that the intradimer disulfide linkage in dslCP 

enhances the susceptibility of the protein scaffold to digestion by human neutrophil elastase and 

trypsin, supporting a model wherein oxidative post-translational modifications direct protein 

lifetime. Our work expands upon the known roles of post-translational modifications of CP and 

highlights the need for further studies to define how oxidative modifications regulate the structure, 

stability, and function of this important host-defense protein. 
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Introduction 

 During the human innate immune response, neutrophils deploy numerous immune factors 

to defend the host, including antimicrobial peptides, proteases, metal-sequestering proteins, and 

reactive oxygen species.1,2 Calprotectin (CP), a heterooligomer of S100A8 (MRP8, calgranulin A, 

⍺ subunit) and S100A9 (MRP14, calgranulin B,  subunit) is one abundant host-defense protein 

produced and released by neutrophils that participates in nutritional immunity by sequestering 

nutrient metal ions in the extracellular space.3–6 Numerous studies to date have addressed the 

molecular basis for metal sequestration by CP, and these efforts have largely focused on two 

oligomeric forms of CP: the  heterodimer and the ()2 heterotetramer.6–11 Nevertheless, 

biochemical investigations of CP and clinical studies that detected CP subunits in patient samples 

indicate that CP speciation is much more complex. In addition to the  and ()2 oligomeric 

states and multiple possible metal-bound forms, compelling evidence for various post-

translationally modified CP species exists.12–24 Advancing our understanding of how CP functions 

at the host–pathogen interface requires consideration of these additional forms. In this work, we 

investigate a recently recognized oxidative post-translational modification (PTM) of human CP—

an intradimer disulfide linkage between Cys42 of S100A8 and Cys3 of S100A9—and its 

implications for the structure and function of the protein. 

The S100A8 and S100A9 subunits each contain two EF-hand domains for Ca(II) binding, 

and apo CP exists as the  heterodimer.8,9 When the EF-hands coordinate Ca(II) ions, a 

conformational change occurs, including the repositioning of hydrophobic residues that compose 

the tetramer interface and the self-association of two heterodimers.10,11,25,26 Formation of the 

Ca(II)-bound ()2 heterotetramer leads to increased proteolytic stability27 and enhanced binding 

affinities for divalent transition metal ions.28–31 CP has two transition metal binding sites that 

coordinate Mn(II),29,32,33 Fe(II),30 Co(II),28 Ni(II),31 Cu(I/II),34 and Zn(II).28,35 These sites form at the 

S100A8/S100A9 interface and contain metal-coordinating residues from each subunit (Figure 

1A). Site 1 is a His3Asp motif that coordinates Zn(II) and Cu(I/II) with high affinity,28,34,35 whereas 

site 2 is a His6 motif that complexes Mn(II), Fe(II), Ni(II), Cu(I/II) and Zn(II) with high affinity.6,29–
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32,34–36 This high-affinity binding allows CP to sequester multiple metal nutrients in the extracellular 

space and thereby contribute to nutritional immunity. 

 

Figure 1. Structural features of CP. (A) Crystal structure of the Ni(II)-, Ca(II)- and Na(I)-bound CP-

Ser heterotetramer. The dashed box indicates the region expanded in (B), a close-up view 

indicating the proximity between S100A8(S42) and S100A9(M5). The N-terminal tail of S100A9 

is disordered, so Met1 through Lys4 are not observed; the approximate location of the disulfide 

bond is indicated with a dashed line. One of the two heterodimers is presented as transparent. 

Ni(II), Ca(II) and Na(I) ions are shown as cyan, yellow, and purple-colored spheres, respectively. 

The locations and metal-binding preferences of the two metal-binding sites are indicated (circular 

insets), with the side chains of the residues involved shown in grey. The oxidation state(s) of 

sequestered Cu is unclear and is thus denoted as Cu(I/II). PDB ID: 5W1F (ref31). 

 

The current working model for CP in nutritional immunity is based on its biological 

coordination chemistry and observations from many host–pathogen studies.6 In this model, CP 

exists as an  heterodimer in low Ca(II) environment of the neutrophil cytoplasm. Following 

release into the extracellular space where Ca(II) levels are high (~2 mM),37 CP binds Ca(II) ions 

and undergoes self-association to form the ()2 heterotetramer, which is the metal-sequestering 

form that competes with microbial pathogens for available divalent transition metal ions. Indeed, 
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the sequestration of metal nutrients by CP induces metal starvation responses in bacterial and 

fungal pathogens, supporting its role in nutritional immunity.5,31,34,38–41 This working model is 

centered on studies of the heterodimeric and tetrameric forms of CP in the absence of PTMs, 

which may have as-yet undetermined structural and functional consequences. Thus, an important 

next step is to integrate how various PTMs may affect CP structure as well as its self-association 

properties, metal binding abilities, and other functional characteristics. 

To date, post-translationally oxidized S100A8 and S100A9 species have been detected in 

various patient samples and murine specimens.12–23 Mass spectrometric data indicating subunits 

of CP containing methionine sulfoxide (MetO) have been collected from various human samples, 

including sputum, kidney stones, nasal mucus, and pimple pus.12,14–16,18,19,21 Cysteine oxidations 

have also been reported for S100A8 and S100A9 in studies of human samples, including S-

nitrosylation, S-glutathionylation, and S-cysteinylation, as well as oxathiazolidine dioxide, sulfinic 

acid, sulfonic acid, and disulfide bond formation.12,14,15,20,21 Notably, human CP has only two Cys 

residues, one in each subunit (Table S1). Cys42 of S100A8 is adjacent to the hinge region, a 

flexible linker between the N- and C-terminal EF-hands, and Cys3 of S100A9 is in the disordered 

N-terminal region (Figure 1B). An early study of the CP heterodimer concluded that S100A8(C42) 

and S100A9(C3) are not proximal enough to form an intradimer disulfide bond based on homology 

modeling using the solution-state structure of S100A6.9 Subsequently, many investigations 

employed the Cys-null CP-Ser variant [S100A8(C42S)/S100A9(C3S)],9,28,30,34,40 and comparative 

studies employing both CP and CP-Ser have largely supported the notion that the Cys→Ser 

substitution has negligible structural or functional consequences.28,30,40 Nevertheless, evidence 

for disulfide bond formation between Cys42 and Cys3 of the S100A8 and S100A9 subunits of CP 

was found during mass spectrometry studies of human saliva and bronchoalveolar lavage 

fluid.15,20 These observations suggested a potential aspect of CP structure that has been largely 

overlooked and may have relevance to the function and fate of CP at infection and inflammation 

sites. Moreover, two recent biochemical studies uncovered an oxidized CP species with the 

intradimer Cys42–Cys3 disulfide bond, hereafter named dslCP (disulfide-linked CP), in samples 
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that were subjected to chemical oxidation or the neutrophil oxidative burst.19,20 Both investigations 

concluded that formation of this disulfide bond increased the proteolytic susceptibility of the CP 

protein scaffold, affording a model in which this PTM modulates protein lifetime. One limitation of 

this prior work was that both studies examined unpurified oxidation reaction mixtures.19,20 These 

intriguing observations indicate that a detailed biochemical and functional evaluation of a dslCP 

isolate is warranted to further understand the consequences of the presence of the intradimer 

disulfide bond for protein structure as well as biological function and fate. 

In the present work, we report a robust reconstitution and purification of dslCP and probe 

various biochemical and functional consequences of intradimer disulfide bond formation in CP. 

We demonstrate that dslCP forms Ca(II)-bound heterotetramers, depletes transition metals from 

microbial growth media, exhibits antimicrobial activity, and induces iron starvation responses in 

bacterial pathogens. We also show that Ca(II)-induced tetramerization is perturbed and establish 

that formation of the intradimer disulfide bond enhances proteolytic susceptibility of CP, which is 

likely a consequence of conformational changes to the protein scaffold. These results provide 

further evidence that oxidative PTMs modulate the biological fate of CP and allow us to further 

integrate dslCP into the working model for CP in nutritional immunity.  

 

 

Results 

Preparation of dslCP 

We sought to obtain dslCP, the disulfide-linked heterodimer, in sufficient purity and quantity 

for further study using the purified CP heterodimer containing two free Cys residues as the starting 

material. We aimed to identify conditions that would afford (i) near-quantitative conversion of CP 

to dslCP in a reasonable timeframe; (ii) negligible side reactions that would reduce yield and 

complicate purification; and (iii) a straightforward purification to isolate dslCP. Prior investigations 

of other S100 proteins that can harbor disulfide bonds, including S100A7,42 murine S100A8,43 and 

bovine S100B,44 utilized Cu(II)-mediated oxidation to access the respective disulfide-containing 
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 7 

species. However, the observed tendency of CP to precipitate in the presence of excess Cu(II) 

and the anticipated need to remove bound and/or contaminating Cu led us to favor other oxidants. 

We considered performing disulfide-bond exchange reactions between the CP heterodimer and 

oxidized glutathione (GSSG) or oxidized DTT (DTTox), but preliminary reaction screening 

indicated only slow conversion of CP to dslCP in the presence of excess GSSG (Figure S1A), 

and negligible dslCP formation in the presence of excess DTTox (Figure S1B). Thus, we turned 

our attention to using hydrogen peroxide (H2O2) as an oxidant. In our prior work examining post-

translational Met and Cys oxidation,19 we used relatively low concentrations of H2O2 (100 M) that 

favored disulfide-bond formation over Met oxidation to generate disulfide-linked forms of CP—

including dslCP and the S100A9–S100A9 linked heterotetramer—on an analytical scale. In this 

prior work, we observed that the S100A9–S100A9 heterotetramer converted to dslCP over time, 

indicating that the S100A8–S100A9 intradimer disulfide linkage is thermodynamically favored. 

Thus, we investigated the feasibility of implementing this approach on a preparative scale to 

obtain dslCP without the formation of confounding Met-oxidized species.  

 We first tested the analytical-scale reaction conditions on a preparative scale by incubating 

20 mg of CP with 100 M H2O2 at pH 8.0 over a 24 h period and monitoring the reaction by 

analytical HPLC. These conditions resulted in high conversion rates for disulfide bond formation 

and generation of dslCP (>90%), but evidence for Met oxidation was observed in the HPLC traces 

(Figure S2). We then tested lower H2O2 concentrations and found that 20–35 M H2O2 afforded 

a similar conversion rate to dslCP while minimizing unwanted Met oxidation (Figure S3). 

Moreover, varying the buffer pH over the 7.0–9.5 range had a negligible effect on dslCP formation 

(Figure S4). Further analysis of the reaction mixtures by Western blot showed that dslCP was the 

major product but that the mixtures contained some unreacted CP (indicated by S100A8red and 

S100A9red), as well as species with disulfide linkages between S100A8–S100A8 and S100A9–

S100A9 (hereafter referred to as S100A8ox and S100A9ox; Figure 2A). These latter species 

indicated the formation of interdimer disulfide bonds that afford disulfide-linked heterotetramers 

and the species were not further characterized; their identities were inferred based on a 
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combination of apparent molecular weight, antibody reactivity, and our prior work.19 Consistent 

with prior reports,19,20 the S100A9–S100A9 species appeared to be a kinetically favored product 

that was produced early on (up to 6 h post-H2O2 addition) but was then consumed as the 

thermodynamically favored dslCP species accumulated (Figure 2A). We isolated dslCP from this 

mixture by utilizing anion exchange chromatography, with buffers at pH 9.5. We reasoned that 

basic pH would deprotonate the free cysteines in CP, affording a different formal charge for CP 

compared to dslCP and thereby facilitating separation of these two species. SDS-PAGE of the 

protein-containing fractions obtained from anion exchange chromatography indicated that the 

procedure afforded separation of dslCP from S100A8ox and S100A9ox and that trace CP, indicated 

by the S100A8red and S100A9red subunit bands, was present in most fractions (Figure 2C–D, 

Figure S5). Overall, this procedure was highly reproducible and typically afforded dslCP in 10–

40% yield when starting from 40–60 mg of CP. To further support the assignment of dslCP as the 

disulfide-linked species containing the Cys42–Cys3 disulfide bond, we performed thiol 

quantification, which revealed no free thiols in dslCP (Table S6), as well as trypsin digest and 

mass spectrometry, which allowed us to unambiguously identify the Cys42–Cys3 linkage 

(Figures S6–S8, Table S7). 
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Figure 2. Preparation of dslCP. (A) Time-course Western blot showing dslCP formation from the 

CP heterodimer and its reduction by -mercaptoethanol (-ME) to the constituent S100A8 and 

S100A9 subunits. S100A8 was stained red and S100A9 was stained green; yellow indicates 

overlapping signals. (B) Overview of the dslCP-forming reaction, involving incubation in H2O2-

supplemented buffer, followed by anion exchange chromatography (AEX). (C) Anion exchange 

chromatogram of a representative oxidation reaction after 24 h. The reaction mixture was adjusted 

to pH 9.5 and eluted at the same pH in a buffer consisting of 20 mM Tris and an NaCl gradient (0

→300 mM NaCl over 15 column volumes, 1 mL/min). Fraction numbers (13–22) are indicated 

above the chromatogram. The volume corresponds to volume post-injection. (D) SDS-PAGE 

analysis of the anion exchange chromatography fractions from panel C. For this purification, 

fractions 14–18 (highlighted red in panels C and D) were pooled to afford dslCP. 

 

dslCP Is -Helical and Undergoes Ca(II)-Dependent Heterotetramerization 

We examined the secondary structure and oligomerization properties of dslCP to obtain 

initial insights into the structural consequences of the disulfide linkage. The circular dichroism 

(CD) spectra of dslCP in the absence and presence of excess Ca(II) showed features 

characteristic of an -helical structure and closely resembled the spectra of CP (Figure S9).28 

This comparison indicated that the intradimer disulfide bond in dslCP has negligible impact on the 
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 10 

overall secondary structure of the CP protein scaffold in both the absence and presence of Ca(II). 

Thermal denaturation of dslCP revealed that, as observed for CP, the thermal stability of dslCP 

increased upon Ca(II) addition (Figure S10). CP exhibited Tm values of 73 ºC in the absence of 

Ca(II) and 86 ºC in the presence of Ca(II). These values were in good agreement with the Tm 

values previously reported for CP-Ser, which were 59 ºC and 79 ºC in the absence and presence 

of Ca(II), respectively (Table S8).28 Similarly, the unfolding curve of dslCP in the presence of 

excess Ca(II) had a single transition of 85 ºC. In the absence of Ca(II), most dslCP unfolding 

occurred at lower temperatures than observed for the +Ca(II) samples; however, its unfolding 

profile showed variable behavior across samples, and some samples did not exhibit a clear 

singular unfolding transition (Figure S11). Overall, these data indicate that dslCP also exhibited 

Ca(II)-dependent stabilization and that the unfolding of apo dslCP differed from that of CP for 

reasons that are currently unclear. 

We employed analytical size exclusion chromatography (SEC) to ascertain whether dslCP 

undergoes Ca(II)-dependent self-association, a hallmark of the quaternary structure of CP 

(Figure 3, Table S9). In the absence of added Ca(II) in the protein sample and running buffer, 

dslCP eluted at 11.1 mL, which corresponded to a molecular weight of 36 kDa and is assigned to 

the 24 kDa disulfide-linked  heterodimer (Figure 3A). Upon the addition of excess Ca(II) to the 

sample and running buffer, dslCP eluted at 10.5 mL, which corresponded to a molecular weight 

of 47 kDa and indicates that dslCP undergoes Ca(II)-dependent formation of an ()2 

heterotetramer. The analytical SEC profiles of dslCP are highly similar to those of CP, which eluted 

at 11.1 mL (36 kDa) and 10.4 mL (48 kDa) in the absence and presence of Ca(II), respectively. 

These results were in agreement with previously reported molecular weight values obtained from 

analytical SEC.28 To further examine Ca(II)-dependent self-association by dslCP, we performed 

Ca(II) titrations in which increasing Ca(II) equivalents were added to the protein samples and 

Ca(II) was omitted from the running buffer. A comparison of the resulting chromatograms for dslCP 

and CP indicated that dslCP requires higher Ca(II) equivalents to fully tetramerize (Figure 3B). 

For instance, when the proteins were pre-incubated with 16 equiv of Ca(II), the chromatogram for 
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 11 

the CP sample exhibited a single peak at 10.4 mL (48 kDa). In contrast, the chromatogram for 

dslCP also contained a peak at 10.4 mL, but a marked shoulder of higher elution volume was also 

present. This result indicated incomplete conversion of dslCP to the ()2 heterotetramer. This 

comparison suggested that the intradimer Cys42–Cys3 disulfide bond in dslCP somewhat 

perturbs Ca(II)-induced self-association relative to CP. Nonetheless, these data indicate that 

dslCP will form heterotetramers in the extracellular environment, where Ca(II) concentrations are 

~2 mM37 and in excess of reported concentrations of CP in human samples (up to 1000 g/mL, 

or ~40 M heterodimer).45 These results also allowed us to conceptualize dslCP as a 

heterotetramer species in our subsequent experiments designed to probe the functional 

properties of the protein, which were conducted under high Ca(II) conditions to mimic the 

extracellular space. 
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 12 

Figure 3. dslCP and CP form heterotetramers in the presence of excess Ca(II) ions. (A) Analytical 

SEC traces of 100 M dslCP (left) and CP (right) in the presence of 0 or 2 mM Ca(II) in the running 

buffer. (B) Analytical SEC traces of 80 M dslCP (left) and CP (right) following incubation with 

varying equivalents of Ca(II) and no Ca(II) added to the running buffer. Molecular weight standards 

used for calibration are shown in Figure S12. Table S9 reports peak elution volumes and 

corresponding molecular weights.  

 

dslCP Depletes Multiple Nutrient Metals from Microbial Growth Media  

 To obtain preliminary insight into whether the intradimer disulfide bond might affect the 

metal sequestration properties of dslCP, we performed metal-depletion studies using dslCP, CP 

and CP-Ser in three different growth media that have been employed in studies of CP. CDM is a 

chemically-defined medium that was originally described for Staphylococcus aureus growth46 and 

that we have modified with defined metal concentrations for studies of CP.31 Tris:TSB is a rich 

medium and a mixture (62:38) of Tris buffer and tryptic soy broth (TSB) that has been employed 

in many studies examining the consequences of metal sequestration by CP and other S100 

proteins on bacterial pathogens.28,30,32,33,47–52 Lastly, Tris:YPD (68:32) contains yeast–peptone–

dextrose (YPD) medium for fungal growth. Each medium was supplemented with Ca(II) to mimic 

extracellular Ca(II) levels (1 mM for CDM; 2 mM for Tris:TSB and Tris:YPD). We treated each 

medium with 15 M protein (30 ºC, 24 h, 150 rpm), separated the protein-bound and -unbound 

fractions by spin filtration (Figures S13–S15), and quantified unbound metal levels (Mn, Fe, Ni, 

Cu, Zn) in the filtrate by inductively-coupled plasma mass spectrometry (ICP-MS). The resulting 

data showed that dslCP depleted multiple metals from each microbial growth medium (Figure 4). 

For instance, treatment of CDM with dslCP afforded significant decreases in metal concentrations, 

with a ~90% decrease in Mn, Ni, Cu and Zn and a ~80% decrease in Fe levels. Notably, 

comparison of metal depletion by dslCP, CP and CP-Ser demonstrated that dslCP depletes 

metals from CDM to a comparable extent as CP and CP-Ser. The same general trends were 

observed for Tris:TSB and Tris:YPD, in which dslCP treatment resulted in depletion of Mn, Fe, Ni, 

Cu and Zn to similar levels as CP and CP-Ser treatment (Figure 4). Overall, these results 
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indicated that formation of the intradimer disulfide bond has negligible effect on the metal-

depleting activity of CP and provided motivation for examining the antimicrobial activity of dslCP.  

 

 

Figure 4. dslCP depletes transition metals from microbial growth media. Metal depletion profiles 

of CDM (top), Tris:TSB (middle), and Tris:YPD (bottom) by dslCP, CP and CP-Ser. Media was 

incubated with or without 10 M protein for 24 h at 30 ºC and 150 rpm, filtered, and tested for 

metal content by ICP-MS. Samples of CP-treated media were supplemented with 5 mM DTT prior 

to incubation. All values are reported as mean ± s.e.m.; n = 10 for all samples. Statistical 

significance was assessed by Welch’s two-sample t-test. * p < 0.05, *** p < 0.001. In CDM 

samples, Co concentrations were near the ICP-MS detection limit. 
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dslCP Possesses Broad-Spectrum Antimicrobial Activity 

We determined whether dslCP exhibits antimicrobial activity using a panel of seven 

clinically relevant microbial species, including the Gram-positive bacterial pathogen S. aureus 

USA300 JE2, the Gram-negative bacterial pathogens Escherichia coli CFT073, Klebsiella 

pneumoniae ATCC 13883, Salmonella enterica IR715, Acinetobacter baumannii ATCC 17978, 

and Pseudomonas aeruginosa PA14, and the single-celled opportunistic fungal pathogen 

Candida albicans SC5314 (Table S10). These organisms were chosen because they have been 

the subjects of prior studies focused on CP and nutritional immunity,3,32,53–55 and because they 

encompass a range of metal requirements.56–62 We performed antimicrobial activity assays by 

monitoring growth over time for cultures treated with dslCP, CP, or CP-Ser in CDM and Tris:TSB 

for the six bacterial species and in Tris:YPD for C. albicans. We observed that dslCP exhibited 

antimicrobial activity against all microbes tested across different medium conditions that was 

generally comparable to the growth inhibition caused by CP or CP-Ser treatment (Figure 5, 

Figures S16–S18). Thus, these results indicate that the intradimer disulfide bond has negligible 

consequence on antimicrobial activity against the selected pathogens.  

When examining the antimicrobial activity data, we noted some medium-dependent 

effects. For instance, S. aureus growth was inhibited to a greater extent in Tris:TSB than CDM. 

The data for A. baumannii indicated differences in antimicrobial activity between protein variants 

that were dependent on the growth medium. A. baumannii was equally susceptible to all three 

proteins in CDM, but varying degrees of growth inhibition were observed for this organism when 

the assays were performed in Tris:TSB, with dslCP displaying the weakest antimicrobial activity. 

Of the species included in the panel, C. albicans was the most sensitive to treatment with the 

three proteins; it failed to grow in the presence of all three protein variants under the conditions 

tested. This result is expected based on prior studies of the antifungal activities of CP3,4,34,63–69 

and CP-Ser35 and the Zn(II)-sequestering protein S100A12,48 and the high metabolic Zn 

requirement exhibited by C. albicans.70,71 
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Figure 5. dslCP exhibits broad-spectrum antimicrobial activity. OD600 values are reported for each 

species following 12 h of growth in CDM, Tris:TSB or Tris:YPD. Species were grown at 37 ºC in 

the presence of ± 10 M dslCP, CP or CP-Ser. For C. albicans, OD600 is reported after 22 h of 

growth at 37 ºC. All values are reported as mean ± s.e.m., n = 6 (S. enterica: n = 9). Statistical 

significance was assessed by Welch’s two-sample t-test. *** p < 0.001. 
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dslCP Treatment Induces Siderophore Production by Diverse Bacterial Pathogens 

We reasoned that the metal-depletion profile and broad-spectrum antimicrobial activity of 

dslCP were strong indicators of its ability to sequester metal nutrients from microbial pathogens. 

To further investigate this notion, we focused on bacterial siderophore production, which is a 

canonical Fe-starvation response and provides a means to probe for Fe withholding. We 

quantified siderophore production by five bacterial pathogens following treatment with dslCP, CP, 

and CP-Ser by determining siderophore levels in culture supernatants using the universal CAS 

assay.72–74 When S. aureus, E. coli, S. enterica, A. baumannii and P. aeruginosa were treated with 

15 M dslCP, the measured siderophore content in all five culture supernatants was significantly 

greater than that of the untreated controls and comparable to that of CP or CP-Ser treated cultures 

(Figure 6, Figure S19). These results indicated that dslCP elicited iron-starvation responses in 

these bacterial pathogens, presumably by sequestering iron from the assay medium and 

attenuating bacterial iron uptake. The assay was also attempted for K. pneumoniae supernatants, 

but siderophore quantification was complicated by precipitation of the dye complex and a lack of 

naked-eye observable color differences between dslCP-treated and untreated culture 

supernatants. Despite this complication, our overall results from the panel of microbes indicates 

that dslCP is capable of eliciting iron-starvation responses in bacterial pathogens.  
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Figure 6. Siderophore content of bacterial supernatants following an 8 h growth in CDM with 

dslCP, CP or CP-Ser treatment. The plotted values are the siderophore contents calculated based 

on the A630 of the samples and the media-only reference. Values were normalized to the OD600 of 

the cultures. All values are reported as mean ± s.e.m.; n = 5 for all samples except E. coli (n = 6). 

Statistical significance was assessed by pairwise comparisons (Welch's two-sample t-test) 

between each individual treatment group and the untreated control. No statistical comparisons 

were made between different protein treatment groups. ** p < 0.01, *** p < 0.001. 

 

dslCP Exhibits Proteolytic Instability 

Two prior studies examining the protease susceptibility of mixtures that contained oxidized 

CP species indicated that dslCP is more susceptible to proteolytic degradation than CP under 

conditions of excess Ca(II).19,20 This observation was somewhat surprising given the common role 

of disulfide bonds as “molecular staples” that stabilize secondary and tertiary structures. Because 

neither study analyzed an isolated sample of dslCP, we revisited these proteolytic susceptibility 

experiments using purified dslCP. We evaluated the stability of dslCP towards digestion by two 

serine proteases, human neutrophil elastase (HNE) and trypsin. These proteases were employed 

in the prior work and are biologically relevant because they co-localize with CP in vivo: HNE is 

present at sites of infection and neutrophil infiltration,75 whereas trypsin is abundant in the 

gastrointestinal tract.76 For comparison and as controls, we included CP-Ser and its I60E variant 

in these assays; the Ca(II)-bound CP-Ser heterotetramer exhibits protease resistance while I60E, 

which does not undergo Ca(II)-dependent tetramerization and thus is a Ca(II)-bound heterodimer, 

exhibits enhanced proteolytic susceptibility.27 Moreover, we included samples incubated with 1 

equiv of Mn(II) because Mn(II) binding causes the I60E variant to self-associate and form a 

protease-resistant heterotetramer under these assay conditions.27 

Analytical HPLC analyses of the protease digests revealed that dslCP was readily 

degraded by both HNE and trypsin (Figure 7A, Figures S20–S28). This observation is consistent 

with the two prior studies that analyzed the proteolytic susceptibility of CP mixtures containing 

dslCP.19,20 Moreover, the protease degradation time-course data for CP-Ser and I60E reproduced 

prior findings and revealed that the degradation rate of dslCP was intermediate between that of 

CP-Ser and I60E (Figure 7B). Introduction of 1 equiv of Mn(II) into each sample resulted in a 
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near-complete protection of all three proteins against digestion (Figure 7A–B). CP-Ser remained 

resistant to digestion regardless of Mn(II) addition, consistent with its known ability to form a 

Ca(II)-bound, protease-resistant heterotetramer. In the case of I60E, protection from proteolysis 

upon addition of Mn(II) was shown in an earlier study to be a result of Mn(II)-induced 

tetramerization that shielded cut sites from protease access.27 However, tetramerization alone 

cannot explain Mn(II)-dependent protection in dslCP, as dslCP already exists as a tetramer under 

the excess Ca(II) conditions of the assay (Figure 3A). Thus, we sought alternative explanations 

for the behavior of dslCP. We reasoned that two underlying processes could explain its proteolytic 

susceptibility as well as the protease resistance observed in the presence of Ca(II) and Mn(II). 

One possible explanation is that in the presence of excess Ca(II) alone, dslCP exists as a rapidly 

interconverting mixture of Ca(II)-bound dimers and tetramers that is not resolved by analytical 

SEC. Mn(II) binding, presumably to the His6 site of dslCP, causes the dynamic equilibrium to shift 

in favor of the heterotetrameric species, which is protease resistant.27 We previously found this 

scenario to be at play during studies of Met-oxidized CP-Ser.19 Methionine oxidation caused 

Ca(II)-bound CP-Ser to switch from a heterotetrameric population to an interconverting system, 

which resulted in increased proteolytic susceptibility due to degradation of the heterodimeric 

species. Mn(II) binding to Met-oxidized CP-Ser caused the protein to tetramerize and become 

resistant to degradation by trypsin. A second plausible explanation is that intradimer disulfide bond 

formation sensitizes the protein scaffold to proteolytic degradation regardless of oligomeric state 

by altering the protein fold to expose one or more cut sites that are not accessible in Ca(II)-bound 

CP. This effect is mitigated by Mn(II) binding, perhaps resulting from tighter packing or other 

conformational change in the region nearby the cut site(s). 

In order to distinguish between these two possibilities, we employed sedimentation 

velocity analytical ultracentrifugation (SV-AUC) to further elucidate the self-association properties 

of dslCP and, specifically, to probe whether Ca(II)-bound dslCP is an interconverting or non-

interconverting system.19,77,78 We determined sedimentation coefficients for dslCP and CP-Ser in 

the absence of Ca(II) as well as in the presence of excess Ca(II) (550 M or 2 mM), with or without 
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1 equiv of Mn(II) (Figure 7C, Figures S29–S32). The SV-AUC analysis demonstrated that both 

apo CP-Ser and apo dslCP existed as dimers with sedimentation coefficients of 2.1 S, 

corresponding to molecular weights of 22.9 and 23.6 kDa, respectively (Table S12). Addition of 

20 equiv of Ca(II) (550 M) was sufficient to induce complete tetramerization in both proteins, 

yielding sedimentation coefficients of 3.4S and molecular weights of 44.4 kDa for CP-Ser and 

43.0 kDa for dslCP. Under physiological levels of Ca(II) (2 mM), CP-Ser retained its 3.4 S 

sedimentation coefficient (45.2 kDa). By contrast, dslCP shifted to 3.6 S while retaining a similar 

molecular weight (47.4 kDa), indicative of the formation of Ca(II)-bound heterotetramers with 

altered hydrodynamic radii. Both CP-Ser and dslCP shifted to a larger S value upon Mn(II) addition 

(3.6 S and 3.8 S, respectively, corresponding to 46.2 and 49.0 kDa). We note that a second, 

independent SV-AUC run (Figures S33–S36) yielded similar results, albeit dslCP displayed an 

increased tendency to form higher-order oligomers in the presence of Ca(II) or Mn(II). The 

different behavior observed is likely a result of slight variations between dslCP preparations, 

although the possibility of a metal contamination in the second run cannot be excluded. Of 

relevance to understanding the proteolytic susceptibility of dslCP, the +Ca(II) samples contained 

no measurable dimeric population of dslCP, and the tetramer peak did not shift toward lower S 

values. Consequently, the SV-AUC experiments in the presence of Ca(II) provide no evidence for 

dslCP being an interconverting system. Thus, these results indicate that the increased 

susceptibility of dslCP to digestion by HNE and trypsin is unlikely to result from an altered dimer–

tetramer equilibrium, but instead from structural changes that increase protease accessibility to 

one or more cut sites. Future studies are warranted to identify the cut site(s) as well as structural 

changes induced by disulfide bond formation that may increase proteolytic susceptibility. 
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Figure 7. dslCP possesses enhanced proteolytic instability towards HNE independent of its 

oligomeric state. (A) HPLC time-course stack plots for dslCP, CP-Ser and CP-SerI60E treated with 

2.5 M HNE for 0–6 h in the presence and absence of 1 equiv Mn(II). (B) Quantification of the 

plots in A (mean ± s.e.m., n = 3). The +Mn(II) controls are shown with dashed grey lines. (C) SV-

AUC analysis of CP-Ser and dslCP. Samples (27.5 M) were analyzed in the apo state or after 

incubation with 20 equiv Ca(II) (550 M), physiological Ca(II) (2 mM), and/or 1 equiv Mn(II) as 

indicated. Plots were normalized to a maximum peak height of 1 (refer to Figure S37 for 

unnormalized plots). 
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Redox Properties of the S100A8–S100A9 Disulfide Bond 

 To evaluate the redox properties of the Cys42–Cys3 disulfide bond in dslCP and whether 

it could undergo reversible reduction under biologically relevant redox conditions, we determined 

its midpoint potential (Em). We incubated dslCP in buffers with varying redox potentials achieved 

using defined ratios of DTTox:DTTred (–225 to –196 mV, see Supplementary Discussion), in the 

presence or absence of 2 mM Ca(II) at pH 7.0 (37 ºC, 24 h, anaerobic). We subsequently analyzed 

the samples by SDS-PAGE to assess the redox speciation of the protein. The data revealed that 

in both the absence and presence of excess Ca(II), dslCP was predominantly oxidized when 

incubated in buffers with more positive redox potentials, and predominantly reduced following 

incubation in buffers with more negative redox potentials (Figure 8A). As expected for a redox 

transition, mixtures of oxidized and reduced species were observed near the midpoint. However, 

even at the most oxidizing potentials examined, a persistent fraction of reduced dslCP remained, 

preventing the data from approaching the expected upper plateau for a simple two-state, two-

electron Nernst transition (Figure S38A–B). We thus fit the data using a four-parameter logistic 

function that allows the upper and lower asymptotes to vary (see Supplementary Discussion; 

also see Figure S38C–D and Tables S14–S15). Consistent with per-eye estimates, this fitting 

procedure afforded Em values of −213.5 ± 1.0 mV and −215.1 ± 2.4 mV for apo and Ca(II)-bound 

dslCP, respectively (Figure 8B–C). These data indicated that Ca(II) binding had a negligible effect 

on the Em value of the intradimer disulfide bond, and that this value falls within the range typically 

associated with redox-active disulfides (Table S16).  
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Figure 8. Midpoint potential value determination for dslCP in the absence and presence of excess 

Ca(II) ions. (A) Representative SDS-PAGE gels of dslCP incubated with varying ratios of 

DTTox:DTTred and ± 3 mM Ca(II). Samples were incubated for 24 h at 37 ºC under anaerobic 

conditions. (Protein concentration: 20 M; [DTTox]+[DTTred]=100 mM). (B) Quantification of the 

gels from panel A (mean ± s.e.m.; n = 3). The dashed vertical lines indicate the midpoint based 

on the fit to a four-parameter logistic model (see Supplementary Discussion). (C) Computed Em 

values in the presence and absence of excess Ca(II). 

 

 We noted that the determined Em values for dslCP were more positive than that of 

thioredoxin (Trx), a cellular redox regulator that operates alongside the glutathione system 

(Figure 9A).79–81 Trx operates in conjunction with thioredoxin reductase (TrxR) and NADPH to 

reduce disulfides to their constituent cysteines.82 Trx possesses many homologs across diverse 

species, and the human protein displays a midpoint potential of approximately −230 mV.79 

Because CP is a human host-defense protein, we considered the possibility that dslCP could be 

a substrate for the human Trx system. To test this notion, we mixed apo dslCP with catalytic 

amounts of human Trx, rat liver TrxR, and excess NADPH at pH 7.0 and monitored the proportion 

of oxidized and reduced CP species in the reaction mixture over time by Western blot (Figure 

9B). We observed quantitative conversion of dslCP to CP in less than 10 min, as evidenced by 

the detection of S100A8red and S100A9red, demonstrating that the Trx system readily accepted 
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dslCP as a substrate to afford CP (Figure S40). Control reactions in which individual components 

of the Trx system were omitted showed no detectable reduction of dslCP (Figure S41).  

 

 

Figure 9. dslCP is a substrate of the Trx system. (A) Trx reduces disulfide bonds in proteins and 

is kept catalytically active by the combined redox cycles of thioredoxin reductase (TrxR) and 

NADPH. As in Figure 1, S100A8 is shown in green and S100A9 in blue. (B) -S100A9 Western 

blots depicting the change in dslCP levels over time in the presence of Trx (2.5 M), TrxR (0.05 

M) and NADPH (2.5 mM). Proteins were incubated with either no Ca(II) or 2 mM Ca(II), and 

either 1 equiv Mn(II) or 1.9 equiv Zn(II) as indicated. (C) Quantification of the Western blots in B 

(mean ± s.e.m.; n = 3).  

 

Next, we examined the consequences of Ca(II) addition on dslCP reduction by the Trx 

system. When excess Ca(II) was included in the reaction, reduction of the intradimer disulfide 

bond occurred but was relatively slow compared to the reduction in the absence of added Ca(II) 

(Figure 9B–C). The t1/2 of 2.4 min for apo dslCP reduction increased to 74.9 min when excess 
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Ca(II) was added to the reaction mixture (Figure S43). This result indicated that the Trx system 

reduces the intradimer disulfide bond less efficiently when dslCP is in its Ca(II)-bound 

heterotetrameric form, despite this species having the same Em value as the apo protein. We note 

that because Ca(II) does not inhibit the thioredoxin system,42,83 the observed decrease in the 

reduction rate is unlikely to arise from direct inhibition of the protein machinery. Instead, it is 

possible that Ca(II)-induced tetramerization or other Ca(II)-induced conformational changes 

within dslCP decrease the accessibility of the disulfide bond.  

To study the effect of transition metal binding on dslCP reduction by the Trx system, we 

pre-incubated dslCP with 1 equiv of Mn(II) and excess Ca(II), which resulted in only a moderate 

decrease in reduction rate compared to the +Ca(II) condition. By contrast, pre-incubation with 1.9 

equiv of Zn(II) and excess Ca(II) substantially slowed disulfide bond reduction, and dslCP 

remained the predominant species throughout the reaction (Figure 9B–C). These M(II) 

equivalents were selected because CP has one high-affinity Mn(II) site (His6)29,36 and two high-

affinity Zn(II) sites (His6 and His3Asp).28,35 The origin of the stabilizing effect of Zn(II) binding 

towards reduction of dslCP by thioredoxin is unclear. It is possible that metal binding to the 

His3Asp site alters the three-dimensional shape of dslCP in a manner that impairs thioredoxin 

access to the intradimer disulfide bond. Alternatively, metal binding at the His3Asp site may alter 

the midpoint potential of the disulfide bond by changing the local electrostatic environment or 

conformational dynamics around the Cys residues. Finally, we cannot exclude a potential role of 

Zn(II) in templating higher-order oligomerization, which has been observed for CP and may 

impede Trx accessibility.84,85 

 In summary, our redox characterization of dslCP indicated that this protein behaves as a 

redox-responsive species. Its midpoint potential (−213 mV) falls within the range characteristic of 

reversible disulfides, consistent with the apo protein being readily reduced by the Trx system. At 

the same time, studies with the Trx system indicate that Ca(II) and Zn(II) binding perturb the ability 

of Trx to reduce the intradimer disulfide bond. 
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Discussion 

 In this work, we examined the biochemical and functional consequences of intradimer 

disulfide bond formation in CP. Our findings show that dslCP retains many of the properties of CP: 

it is highly -helical, undergoes Ca(II)-dependent tetramerization, depletes microbial growth 

media of nutrient transition metals, exerts broad-spectrum antimicrobial activity, and induces 

siderophore production by diverse bacterial pathogens. These findings indicate that dslCP has 

the capacity to participate in nutritional immunity and provide motivation for future studies of its 

biological coordination chemistry and impacts on microbial physiology. Our study also shows that 

dslCP and CP differ in some profound ways. Notably, dslCP appears to require more Ca(II) 

equivalents to fully tetramerize. Further investigations are necessary to understand the 

biophysical basis of this observation and determine whether it has any functional consequences 

in vivo. We also found that dslCP is more susceptible to proteolysis by host proteases. This feature 

was apparent in two prior studies using protein mixtures.19,20 Formation of the intradimer disulfide 

bond undoubtedly has structural consequences that require elucidation.  

Collectively, our data and those of others support a model in which dslCP forms following 

neutrophil release of CP into the extracellular space. The neutrophil cytoplasm is reducing, with 

a reported potential of −318 mV for a neutrophil at rest and −264 mV upon activation.86 In contrast, 

the extracellular space is generally more oxidizing,87 and can become even more oxidizing as a 

result of the neutrophil oxidative burst.1,2 Disulfide bond formation within CP may occur before, 

concurrently with, or after Ca(II) or M(II) binding. Regardless of the order of these events, our data 

indicate that Ca(II)-bound dslCP exists as a heterotetramer. We anticipate that dslCP has multiple 

possible fates in the extracellular space. dslCP may participate in the metal withholding response 

by sequestering available divalent transition metal ions, and this binding event affords protease 

resistance similar to what we previously proposed for methionine-oxidized CP.19 Because the 

intradimer disulfide bond in dslCP sensitizes the Ca(II)-bound protein to proteolytic attack, in the 

absence of a bound transition metal ion the protein can be readily degraded by extracellular 

proteases. This work expands on our prior study of CP oxidation, where we proposed that the 
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enhanced proteolytic susceptibility of the methionine-oxidized and disulfide-bonded forms may 

serve a physiological role by promoting clearance of extracellular CP and thereby attenuating CP-

mediated pro-inflammatory signaling (Figure 10).19,88–91 Meanwhile, by targeting only the apo and 

Ca(II)-bound protein, this pathway avoids metal release from M(II)-bound dslCP, which would 

counter its involvement in nutritional immunity. 

Although disulfide bonds are generally viewed as stabilizing, and thus the proteolytic 

susceptibility of dslCP may seem unusual,92–94 Cys oxidation triggering protein instability has 

precedent. For example, human angiotensinogen contains two highly conserved cysteine 

residues (Cys18/138) that form a redox-sensitive disulfide bond. This bond induces a major 

conformational change that exposes the N-terminal tail for proteolytic cleavage by the aspartyl 

protease renin.95 This cleavage event initiates the production of angiotensin peptides that regulate 

blood pressure. Cys oxidation has also been found to trigger protein clearance. For instance, 

human serum albumin contains a single, redox-active cysteine (Cys34) which usually exists in its 

reduced form. Oxidation of Cys34 to either a mixed disulfide or a sulfinic/sulfonic acid results in 

conformational loosening of Domain I.96 This conformational change reduces the affinity of serum 

albumin for its ligands97 and promotes recognition by hepatic scavenger receptors (e.g., SR-A 

and CD36), ultimately leading to endocytosis and lysosomal degradation.98 

In the context of S100 proteins, disulfide bonding has been reported in a number of 

homologs including S100A2,99–101 S100A4,102,103 S100A11 (S100C),104,105 S100A7,42,106 

S100B44,107 and murine S100A9.108,109 The reported consequences of this post-translational 

modification are diverse, affecting processes as varied as subcellular localization, protein 

oligomeric state, ligand interactions, and antimicrobial activity.42,99,100,103,106,109 For the S100A2 

homodimer, the formation of intra- and inter-dimeric disulfide bonds alters its interaction with 

target proteins such as p53 and regulates its movement between the cytoplasm and the nucleus, 

serving as a sensor for oxidative stress in the cell.99,100,110 In S100A7, intradimer disulfide bond 

formation enhances structural stability, Zn(II) sequestration, and antimicrobial activity.42 In murine 

S100A9 homodimer, an intrasubunit disulfide bridge between Cys91 and Cys111 stabilizes the C-
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terminal tail in a rigid conformation, creating an additional Zn(II) binding site.109 The rigidification 

of the C-terminal tail in the murine homolog serves to tether the flexible C-terminus, which can 

also be achieved via hydrophobic interactions as evidenced by a study of human CP.25 Despite 

the extensive studies probing the functional consequences of disulfide bonding in S100 proteins, 

whether this PTM affects the proteolytic susceptibility and lifetime of other S100 proteins remains 

unclear and represents a worthwhile topic for future investigation. 

 Concluding this discussion, we note the remarkable combined use of Ca(II) ions and 

disulfide bonds in the extracellular space and endoplasmic reticulum, which has been the focus 

of studies across several unrelated systems that we highlight here. First, our group studied 

disulfide bond formation in S100A7 and reported that Ca(II) binding lowers the midpoint potential 

of the S100A7 intradimer disulfide bond, making the Ca(II)-bound oxidized form more resistant to 

reduction and attenuating the ability of the Trx system to convert S100A7ox to S100A7red.42 In the 

current work, we observed a similar effect for dslCP in which the Ca(II)-bound protein was less 

readily reduced by the Trx system, although this result was not reflected in a depression of the 

Em value under conditions of excess Ca(II) (Figures 8 and 9). Second, studies of collagen 

assembly revealed a relationship between Ca(II) binding and disulfide formation, whereby Ca(II) 

binding precedes disulfide bond formation and templates maturation of the collagen triple helix.111 

Third, studies of mammalian transglutaminase-2 (TG2) revealed that disulfide bonding and Ca(II) 

binding had opposing effects on enzymatic activity: Ca(II) binding activates TG2 by promoting its 

catalytically competent conformation, whereas formation of the Cys370–Cys371 disulfide bond 

inhibits its activity.112–114 Taken together, these examples cover proteins that have diverse 

functions but all use both Ca(II) and disulfide bonding in some way to modulate their structure 

and regulate their activity and stability. These observations raise the possibility that interplay 

between Ca(II) ions and disulfide bonds plays a role in shaping protein structure and function in 

oxidizing environments such as the extracellular space and endoplasmic reticulum.  
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Figure 10. Proposed model for the effect of disulfide bond formation on CP speciation and 

persistence. The disulfide bond is formed in the extracellular space as a result of the oxidizing 

environment and reactive oxygen species. The reactivity of dslCP towards proteases and the 

thioredoxin system are highlighted. The disulfide bond is depicted forming after tetramerization 

and prior to metal binding; however, the order of these events may differ (see text for details). 

Ca(II) ions are omitted for clarity. The neutrophil schematic was created with BioRender. 

 

Conclusion 

This study provides new initial insights into how intradimer disulfide bond formation in CP 

impacts the biochemical properties and function of this remarkable metal-sequestering protein. 

CP speciation has largely been conceptualized from the perspectives of self-association and 

divalent cation binding. However, recent studies, including ours, make it increasingly apparent 

that PTMs require consideration and integration into our understanding of how CP functions in 

innate immunity and host defense. This work considered disulfide bond formation in isolation; 

however, it is likely that this oxidative PTM occurs concurrently with methionine oxidation in vivo 

due to the neutrophil oxidative burst and thus ascertaining the consequences of multiple PTMs 

should be informative. We hope that future investigations will continue to look at PTMs—

individually and in combinations—and their effects on CP in metal sequestration and beyond. 
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