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Abstract

S100A12 is a member of the Ca2+ binding S100 family of proteins that functions within the 

human innate immune system. Zinc sequestration by S100A12 confers antimicrobial activity when 

the protein is secreted by neutrophils. Here, we demonstrate that Ca2+ binding to S100A12’s EF-

hand motifs and Zn2+ binding to its dimeric interface cooperate to induce reversible self-assembly 

of the protein. Solution and magic angle spinning nuclear magnetic resonance spectroscopy on 

apo-, Ca2+-, Zn2+-, and Ca2+,Zn2+-S100A12 shows that significant metal binding-induced 

chemical shift perturbations, indicative of conformational changes, occur throughout the 

polypeptide chain. These perturbations do not originate from changes in the secondary structure of 

the protein, which remains largely preserved. While the overall structure of S100A12 is dominated 

by Ca2+ binding, Zn2+ binding to Ca2+-S100A12 introduces additional structural changes to helix 

II and the hinge domain (residues 38–53). The hinge domain of S100A12 is involved in the 

molecular interactions that promote chemotaxis for human monocyte, acute inflammatory 

responses and generates edema. In Ca2+-S100A12, helix II and the hinge domain participate in 

binding with the C-type immunoglobulin domain of the receptor for advanced glycation products 
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(RAGE). We discuss how the additional conformational changes introduced to these domains upon 

Zn2+ binding may also impact the interaction of S100A12 and target proteins such as RAGE.

Graphical Abstract

The antimicrobial activity by the human innate immune system halts pathogen growth and 

proliferation by sequestering critical nutrients. This “nutritional immunity” is a first level of 

defense against microbial invasion.1,2 Invading microbes require transition metal ions such 

as Fe2+, Mn2+, and Zn2+ for many of their proteins involved in cellular metabolism. By 

confiscating these metal ions, immune cells limit their access to pathogens. This limitation 

leads to a “fight over metals” at the host pathogen interface.2,3 In humans, several members 

of the S100 family of proteins sequester transition metal ions following secretion into the 

extracellular space during infection.2,4 S100A8 and S100A9 sequester Fe2+, Mn2+, Zn2+, 

and Ni2+,5–10 while S100A7 and S100A12 bind Zn2+.2,4,11–13

Expressed exclusively in vertebrates, S100 proteins are Ca2+ binding small polypeptides that 

are responsible for cell proliferation, signal transduction, differentiation, cell cycle 

regulation, and transcription.14,15 S100A12 (also known as Calgranulin C) is a 92-amino 

acid member of this family that performs Zn2+ binding-mediated antimicrobial functions.2,4 

In vitro, S100A12 has been shown to exhibit antimicrobial activities against Brugia malayi,
16 to remove Zn2+ from standard microbial growth media, and to inhibit the growth of 

several pathogenic fungi and human gastrointestinal pathogen Listeria monocytogenes.13 

Elevated levels of this protein have been detected in gastric biopsies of patients colonized 

with Helicobacter pylori.17 These findings have led to the conclusion that the antimicrobial 

properties of S100A12 are exerted by sequestration of Zn2+. Once excreted, S100A12 

initiates a pro-inflammatory signaling cascade by interacting with pattern recognition 

receptors such as the receptor for advanced glycation end products (RAGE) and Toll-like 

receptor 4.4,18–21 Increased serum levels of S100A12 have been reported in patients 

suffering from neurodegenerative, metabolic, and neoplastic disorders.22 S100A12 has been 

suggested to be used as a marker for disease and infection.23–25 These findings show that 

S100A12 is a key component of the innate immune system mediating both antimicrobial and 

proinflammatory activities.

S100A12 is composed of four α-helices (helices I–IV) and two Ca2+ binding EF-hand loops 

[G9–T37 and I54–A85 (Figure 1)].26–28 The motif connecting helices II and III is named the 

“hinge” (K38–V53). Although members of the S100 family share a high degree of sequence 

similarity, variations responsible for functional divergence are observed in the hinge region. 

In human S100A12, the hinge domain is responsible for initiating chemotactic activity for 

human monocytes in vitro and generating proinflammatory responses and edema in vivo.29 
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Apo-S100A12 is dimeric; structural studies infer that the dimer is predominantly stabilized 

by hydrophobic interactions mediated by helix IV and portions of helix I.26 Zn2+ and Cu2+ 

bind to the same site at the S100A12 dimer interface.26,30 The transition metal ions bind via 

a His3Asp motif composed of H85 and H89 from one subunit and H15 and D25 from the 

second subunit (Figure 1), resulting in two metal binding sites per dimer. Although Zn2+-

mediated S100A12 antimicrobial activities have been established, the biological role of 

binding of Cu2+ to S100A12 is unknown.

Many S100 proteins self-assemble. The S100A8/S100A9 heterodimer forms tetramers.31 

Metal binding initiates self-assembly of S100A12. S100A12 hexamers are observed in 

structures crystallized in the presence of excess calcium,28 while tetramers are observed in 

structures crystallized in the presence of Zn2+.32 Self-assembly of S100 proteins is 

functionally relevant;33,34 higher-order S100A12 assemblies are present in blood serum and 

human tissue.35,36 Additionally, hexameric S100A12 interacts with RAGE and Toll-like 

receptor 4 (TLR-4),21,37,38 suggesting that the binding of oligomeric S100A12 to membrane 

receptors may trigger cellular signaling and inflammation. Clearly, a structural 

understanding of oligomeric S100A12 is necessary to evaluate its biological role.

Although insight into the structure of S100A12 has been obtained for its apo and Ca2+-, 

Ca2+-, and Cu2+,Zn2+-bound forms by nuclear magnetic resonance (NMR)39 and X-ray 

crystallography,26,27,30 a structure of S100A12 simultaneously bound to Zn2+ and Ca2+ is 

not available. The current belief is that Ca2+ binding dominates the architecture of S100A12 

and binding of Zn2+ to Ca2+-S100A12 introduces only minor perturbations into the 

structure. The absence of a dual divalent cation-bound structure is important as the Ca2+ 

concentration in serum is high; Zn2+ sequestration-mediated antimicrobial activity by 

S100A12 clearly must involve the calcium-bound protein. Additionally, both divalent cations 

are necessary for S100A12 induction of Toll-like receptor 4 signaling.21 These findings 

underscore the unexplored importance of synergistic cation-mediated activation of S100A12 

in the immune response and the importance of structural characterization of this state of the 

protein.

We present in this paper structural and assembly studies of S100A12 designed to distinguish 

the effects that are unique to Ca2+ or Zn2+ binding and the physiologically relevant condition 

of simultaneous binding of these cations. Although Zn2+ much more potently stimulates 

S100A12 self-assembly than does Ca2+, the two cations cooperate to facilitate higher-order 

assembly. Solution-state and magic angle spinning (MAS) NMR characterization of Zn2+- 

and Zn2+,Ca2+-bound oligomeric S100A12 reveals that although Ca2+ binding is known to 

introduce major structural rearrangements into the apoprotein and the structure of 

Ca2+,Zn2+-S100A12 is expected to be dominated by calcium binding, significant 

conformational changes are induced by the binding of zinc to Ca2+-S100A12. These 

structural perturbations may promote self-assembly by affording energetically favorable 

oligomers and assist in the interaction of S100A12 with membrane receptors. On the basis of 

the observed reversible self-assembly of S100A12 in the presence of Zn2+ and/or Ca2+ and 

the structural changes introduced due to zinc binding, we propose a cellular model of 

S100A12 function in the extracellular space. Our hypothesis suggests that the 

overexpression and secretion of S100A12 at disease sites and subsequent binding of Zn2+ 
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and Ca2+ lead to its self-assembly. The structural changes introduced upon binding of 

divalent metal ions to assembled S100A12, as reported herein, are hypothesized to induce 

cellular signaling specific to inflammation and disease activities. In our model, these 

signaling pathways are not initiated in healthy cells with normal S100A12 expression where 

dimeric protein is expected to be largely present.

MATERIALS AND METHODS

Purification of S100A12 and Sample Preparation for NMR Measurements.

The cDNA of human S100A12 (UniProt entry P80511) was synthesized and subcloned into 

the pET-41a(+) vector by GenScript. The cloned plasmid was transformed into BL21(DE3) 

Escherichia coli cells. The cell culture was incubated at 37 °C in Luria broth or minimal 

medium containing [U-15N]NH4Cl and/or [U-13C]-D-glucose. Upon induction by 1 mM 

isopropyl β-D-1-thiogalactopyrano-side (IPTG), the cell culture was grown at 18 °C for 20 h 

and harvested by centrifugation at 4000 rpm for 30 min. The cell pellet was resuspended in 

lysis buffer [50 mM Tris-HCl (pH 7.4)] and sonicated, and the lysate was centrifuged at 

15000 rpm and 4 °C for 40 min. The supernatant was loaded onto a diethylaminoethanol 

(DEAE) anion exchange column preequilibrated with loading buffer [50 mM Tris-HCl (pH 

7.4)]. Eluted fractions containing S100A12 were identified by SDS-PAGE and pooled 

together. Five millimolar ethylenediaminetetraacetic acid (EDTA) was added to remove 

divalent metal ions followed by dialysis to remove excess EDTA. The protein was further 

purified with a size exclusion column (GE Healthcare Life Science, HiLoad 16/600 

Superdex 75 prep grade) with 10 mM HEPES (pH 7.0), 150 mM NaCl running buffer. Size 

exclusion chromatography was performed twice to completely remove any trace amounts of 

EDTA remaining after dialysis. The amino acid sequence of purified S100A12 was verified 

by liquid chromatography–electrospray ionization tandem mass spectrometry (LC–ESI-MS/

MS). Two equivalents of Zn2+ and 20 equiv Ca2+ were added for Zn2+-S100A12 and 

Ca2+,Zn2+-S100A12 NMR sample preparation. For the preparation of NMR samples 

containing zinc, 200 μM Zn2+ was added to 100 μM protein and the solution was then 

concentrated to the desirable protein concentration. The samples for solution NMR 

measurements were prepared at a S100A12 concentration of 1 mM in 20 mM HEPES buffer 

(pH 7.5) containing 150 mM NaCl, 5% D2O, and 200 μM 4,4-dimethyl-4-silapentane-1-

sulfonic acid (DSS). MAS NMR samples were prepared by gradual addition of a 30% (w/v) 

PEG-3350 aqueous solution to 2 mM protein samples in 20 mM HEPES buffer (pH 7.5) 

containing 150 mM NaCl, using a protocol similar to that reported previously.40

Mass Spectrometry.

S100A12 sequence analysis and determination of the purity of the protein after purification 

were conducted by LC-MS and LC-MS/MS. The sample preparation protocol and mass 

spectrometry analysis are reported in the Supporting Information.

Analytical Ultracentrifugation (AUC).

AUC studies were conducted in a Beckman XL-I analytical ultracentrifuge using the An60-

Ti rotor with the absorption optics set to either 230 or 280 nm to expand the accessible 

protein concentration range. The protein absorbance was tracked using double-sector cell 
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assemblies with the sample blanked against buffer. All experiments were performed at 20 °C 

in 50 mM Tris-HCl and 150 mM NaCl (pH 7.5) to which the indicated amount of divalent 

cation had been added. For AUC sample preparation, stock metal ion solutions were added 

to 0.1 mM apoprotein to achieve concentrations of 0.2 mM Zn2+ and/or 20 mM Ca2+. These 

concentrations of the divalent metal ions are sufficient for complete metal binding based on 

published Kd values and our NMR measurements. The protein solution was dialyzed against 

buffer containing 0.2 mM Zn2+ and/or 20 mM Ca2+ and concentrated to 2.5 mM. Additional 

dilutions conducted for AUC studies used buffers containing the respective metal ions at the 

concentrations mentioned above. The partial specific volume of the protein v and the solute 

density and viscosity were calculated using Sednterp (B. Hayes, T. Laue, and J. Philo, 

Sedimentation Interpretation Program, University of New Hampshire, Durham, NH) from 

the amino acid and buffer compositions, respectively. Using these values, resolved 

sedimentation parameters were corrected to standard conditions (20,W). To facilitate 

comparison with published crystal structures, sedimentation and diffusion coefficients were 

calculated from PDB entries 2wcf, 2wc8, and 1GQM using HYDROPRO.41

Sedimentation velocity (SV) experiments were performed at 55000 rpm. Approximately 100 

scans were acquired over the course of a SV experiment. A subset of these scans were 

analyzed by the time-derivative (dc/dt) method using DCDT+ version 2.4.2.42,43 The dc/dt 
method removes time-invariant noise from the data by subtracting pairs of scans. 

Normalizing and averaging multiple scan pairs improves the precision of resolved 

sedimentation parameters. Sedimentation equilibrium (EQ) experiments were conducted 

using six channel centerpieces in the Ti-60 rotor; samples were equilibrated for 24 h at each 

of three rotor speeds and globally analyzed using HeteroAnalysis version 1.0.114 (J. L. Cole 

and J. W. Lary, Analytical Ultracentrifugation Facility, Biotechnology Services Center, 

University of Connecticut, Storrs, CT).

NMR Spectroscopy.
1H–15N HSQC44 and three-dimensional (3D) 1H–15N TOCSY-HSQC,45 NOESY-HSQC,
46,47 and 1H–15N–13C CBCACONH48 solution NMR experiments were performed at 14.1 T 

(600 MHz) on a Varian NMR spectrometer outfitted with an HCN cryoprobe. The Larmor 

frequencies were 599.93, 150.87, and 60.79 MHz for 1H, 13C, and 15N, respectively, and the 

sample temperature was maintained at 25 °C. A 3D 1H–15N–13C HNCACB49 experiment 

was conducted at the City University of New York’s Advanced Science Research Center at 

16.4 T on a standard bore Bruker Avance III HD spectrometer equipped with a 5 mm 

quadruple resonance inverse QCI-F cryoprobe. Ca2+-S100A12 solution NMR measurements 

were performed under conditions reported in the literature at 14.1 T.39 13C–13C dipolar 

assisted rotational resonance (DARR)50 MAS NMR experiments were performed at 14.1 T 

on a Varian NMR spectrometer using a fast MAS PhoenixNMR 1.6 mm HXY probe. The 

spectra were acquired at a MAS frequency of 12 kHz controlled by a Tecmag MAS 

controller. The temperature was maintained at 4.0 ± 0.1 °C. The Larmor frequencies were 

599.93 and 150.87 MHz for 1H and 13C, respectively. The typical pulse lengths were 2.4 μs 

(1H) and 2.2 μs (13C). 1H–13C cross-polarization (CP) was performed with a linear 

amplitude ramp (80–100%); the CP contact time was 1.5 ms, and the DARR mixing time 

was 15 ms. A two-pulse phase modulation (TPPM)51 decoupling was applied during the 
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acquisition. 3D NCACX and NCOCX spectra were acquired at 21.15 and 17.6 T, 

respectively, on a Bruker Avance II spectrometer outfitted with a 3.2 mm HCN EFree probe 

at the New York Structural Biology Institute. All 3D spectra were acquired at a MAS 

frequency of 14 kHz. These experiments utilized SPECIFIC-CP52 heteronuclear 

magnetization transfer from 15N to 13Cα/13CO using a 4 ms tangent amplitude ramp on the 
15N channel, followed by the DARR mixing sequence. The contact time for 1H–15N CP was 

1.5 ms, and a recycle delay of 2.0 s was used for all experiments.

NMR Data Processing and Secondary Structure Propensity (SSP) Calculations.

All NMR spectra were processed with NMRpipe53 and analyzed with Sparky.54 A forward 

linear prediction to twice the number of original data points followed by zero filling to twice 

the total number of points was used for all experiments. A 30°- and 60°-shifted sine bell 

apodization with water suppression function were used for both dimensions on solution 

NMR spectra. All solid-state spectra were processed using 30°-, 45°-, 60°-, or 90°-shifted 

sine bell apodization followed by a Lorentzian-to-Gaussian transformation in all dimensions.

SSPs were calculated using 13Cα and 13Cβ chemical shifts by a method described by Marsh 

et al.55 The SSP program (provided by the authors) calculates a single score representing the 

fraction of α and β structure propensities. An SSP score of 1 represents a fully formed α 
structure, while a score of −1 represents a fully formed β structure. Positive and negative 

SSP values between 1 and −1 indicate α and β structures, respectively, and the magnitude of 

the score gives the propensity of the secondary structure.

RESULTS

Characterization of Apo-S100A12 and Metal-Bound S100A12.

As the first step in determining the structural changes in S100A12 that occur during its 

divalent cation-mediated oligomerization, we characterized the dimeric apoprotein by 

solution NMR spectroscopy. As expected, apo-S100A12 is a stable dimer under the 

experimental conditions used in this study in the absence of any divalent cations. The results 

of SV analysis are consistent with a monodisperse dimer at S100A12 concentrations from 6 

to 233 μM. The time-derivative profiles are described well by the normal distribution, and 

the measured values of S increase with a decrease in protein concentration. For a 

monodisperse particle, the ratio of the sedimentation and diffusion coefficients provides an 

accurate estimate of the molecular weight (Figure 2a and Table 1). The resolved coefficients 

are consistent with those of the S100A12 dimer calculated by the program HydroPro from 

the crystal structure of PDB entry 2WCF (Table 1).

Figure 3a shows 14.1 T 1H–15N HSQC spectrum of the apoprotein. The spectrum shows 110 

well-resolved peaks, 91 of which originate from the backbone amide nitrogen atoms. 

Additional 3D 1H–15N NOESY-HSQC, TOCSY-HSQC (Figure 3b), and 1H–13C–15N 

HNCACB, CBCACONH experiments allowed for the assignment of 80 of 92 backbone and 

86 side chain (of 110) resonances. These assignments are presented on the 1H–15N HSQC 

spectrum in Figure 3a. Solution NMR studies and resonance assignments of calcium-bound 

S100A12 have been reported.39 To ensure our sample preparation methodology generates 
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spectra identical to those reported in the literature, we performed 1H–13C–15N HNCACB, 

CBCACONH experiments on uniformly 13C- and 15N-labeled Ca2+-S100A12 (Figure S3). 

The chemical shifts obtained from our measurements were in complete agreement with the 

reported assignments39 and allowed for the identification of 73 backbone resonances.

In contrast to the apoprotein, zinc-bound S100A12 exhibited a dramatic loss of NMR signal 

intensities. The two-dimensional (2D) 1H–15N HSQC spectrum of zinc-bound S100A12 

showed only a few signals (Figure S4). Similar signal loss was observed for Ca2+,Zn2+-

S100A12. These results are presumably because of the increased molecular weights of 

oligomeric S100A12 assemblies, which prohibit their detection in the solution state due to 

attenuated molecular tumbling. This conjecture was confirmed by AUC analysis. SV 

analyses were conducted as a function of S100A12 concentration in which Zn2+ was present 

in 2-fold molar excess. In contrast to that of the apoprotein, the level of sedimentation of 

Zn2+-S100A12 increases with an increase in protein concentration (Figure 2b). In addition, 

the time-derivative profiles systematically deviate from the normal distribution (Figure 2c). 

This behavior is diagnostic of a system undergoing reversible self-assembly; for such a 

system, the molecular weight is not accurately reported by the ratio of the sedimentation and 

diffusion constants. Because S20,w does not plateau with S100A12 concentration over the 

analyzed range, we are unable to estimate the size of the terminal oligomer of the assembly 

reaction from the SV experiments.

An alternative AUC approach is sedimentation equilibrium (SE) that reports the weight-

average molecular weight (Mw). S100A12 samples were analyzed in a buffer containing 

Ca2+, Zn2+, or both Zn2+ and Ca2+. The results of the SE analysis show that Zn2+ is a much 

more potent facilitator of S100A12 self-assembly than is Ca2+ and that, when bound 

simultaneously, the two cations cooperate to drive the self-assembly. When the data sets are 

fit to the single-component model, the Mw values determined do not correspond to multiples 

of the dimer [21146, 42292, and 63439 Da for the dimer, tetramer, and hexamer, respectively 

(Figure 4 and Table 2)]. The fits to the single-component model display nonrandom 

residuals (data not shown) demonstrating cation-mediated reversible self-assembly of 

S100A12. This result is consistent with the SV results obtained for Zn2+-S100A12 (Figure 

2b,c).

Attempts to fit each of these data sets to a variety of self-assembly models failed to yield a 

“clear winner” displaying random residuals. One issue is that sufficiently high protein 

concentrations cannot be analyzed to significantly populate terminal oligomers of each self-

assembly reaction, if in fact assembly can reach saturation. To provide a consistent 

numerical comparison, we invoked Occam’s razor and report the Kd values from fits to the 

dimer-octamer assembly model that can embrace all three conditions (Table 2). This 

calculation highlights the observation that Zn2+ and Ca2+ cooperate to stimulate S100A12 to 

form high-order oligomers that are too large for solution NMR analysis. These data 

successfully explain the dramatic loss of NMR signal intensity for Zn2+- and Ca2+-bound 

S100A12 noted above. We therefore turned to solid-state NMR structural characterization of 

the oligomeric Zn2+- and Ca2+-bound S100A12 assemblies.
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MAS NMR Spectra of Dimeric and Oligomeric S100A12.

Figure 5a shows 2D MAS NMR 13C–13C (12 kHz MAS; Bo = 14.1 T) and 13C–15N (12 

kHz MAS; Bo = 16.4 T) correlation spectra of apo-S100A12, which exhibits highly resolved 

NMR spectra in the solid state. With the aid of 3D HNCACB and CBCACONH solution 

NMR experiments, assignments were made for 81 residues in the 2D 13C–13C correlation 

MAS NMR spectrum (Figure 5a). The near-perfect alignment of solid- and solution-state 

spectra shows that the structure of the apoprotein in the solid-state NMR sample is identical 

to that in the solution, demonstrating that the sample preparation protocol employed for 

MAS NMR measurements does not disrupt the overall structure of the protein while 

maintaining a hydrated environment that mimics solution-like conditions. A similar strategy 

was used for Ca2+-S100A12. The 2D MAS NMR 13C–13C (12 kHz MAS; Bo = 14.1 T) 

correlation spectrum of Ca2+-S100A12 was acquired, and Cα and Cβ resonances were 

assigned by comparison with 3D HNCACB and CBCACONH solution NMR data. The 

detection of Zn2+- and Ca2+,Zn2+-S100A12 assemblies required MAS NMR measurements. 

Well-resolved NMR spectra were observed for the zinc-bound S100A12 in the solid state, 

suggesting homogeneous S100A12 assemblies. An overlay of 13C–13C MAS correlation 

spectra of the apoprotein and zinc-bound protein revealed several chemical shift 

perturbations (CSPs) in the Cα and Cβ resonances, as shown in Figure 5b. In particular, 

significant CSPs (around 1 ppm) were observed for Cα atoms. On the basis of these 

perturbations and 3D NCACX and 3D NCOCX measurements, assignments of 57 of 92 

amino acids (62% of the polypeptide chain acids) in the zinc-bound assemblies were made 

(Figure 5c–e and Figure S5).

2D (13C–13C DARR; Bo = 14.1 T) and 3D (15N–13C, NCACX and NCOCX; Bo = 16.4 T; 

Figure S6) MAS NMR spectra of Ca2+,Zn2+-S100A12 allowed for the assignment of 66 of 

92 amino acids in the polypeptide chain. Narrow line widths of approximately 0.46–0.62 

ppm were observed, indicating a high degree of conformational homogeneity. Because Ca2+ 

is known to introduce major structural rearrangements into the apoprotein, the protein bound 

to both Ca2+ and Zn2+ was compared with Ca2+-S100A12 to monitor structural 

perturbations upon Zn2+ binding. The 13C–13C MAS NMR spectrum of Ca2+,Zn2+-

S100A12 overlays well on the spectrum of Ca2+-bound S100A12 (Figure 6), suggesting that 

the structure remains largely unaltered upon binding of Zn2+ to Ca2+-S100A12. As 

expected, CSPs were observed for the metal binding residues. However, a closer inspection 

reveals several major perturbations were also observed in residues that do not belong to the 

metal binding scaffold. Some of these residues are shown in the close-ups of the 13C–13C 

overlay in Figure 6, and a detailed description of these perturbations is presented below.

Chemical Shift Perturbations upon Binding of Zinc to Apo- and Ca2+-S100A12.

Several CSPs can be observed for both Cα and Cβ nuclei in 13C–13C correlation spectra 

upon binding of zinc to apo- and Ca2+-S100A12. These observed CSPs, derived from 2D 

and 3D spectra, were plotted against the residue numbers for Cα, Cβ, and NH nuclei, as 

shown in Figure 7. On the basis of the line widths of the 13C–13C MAS NMR signals, a 

perturbation in the backbone Cα chemical shift of >0.3 ppm was considered to reflect 

changes in the local structure of the protein. Any perturbation of <0.15 ppm was considered 

to denote residues with conserved structural domains. The crystal structures of the 
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apoprotein and the Ca2+-bound protein show four helices (helices I–IV) connected by loop 

regions. Binding of Zn2+ to the apoprotein induced changes in the entire polypeptide chain 

as monitored by the CSPs. While most residues in helix II exhibited CSPs of ~0.3 ppm, 

large CSPs were observed for helices I and IV, indicating major structural perturbations in 

these helices (Figure 7, left). The hinge region (residues K38–V53), which has been shown 

to be responsible for target recognition,29,56,57 exhibited CSPs of >0.3 ppm for few residues. 

CSPs for backbone 15N amide nitrogen nuclei (NH), deduced from 3D measurements, are 

also presented in Figure 7. Most residues with large perturbations in Cα chemical shifts also 

showed significant perturbations in NH and Cβ chemical shifts.

Contrary to the zinc-induced conformational changes that were observed in all domains of 

the apoprotein, structural perturbations in Ca2+-S100A12 are more specific as shown in the 

right panel of Figure 7. As expected, zinc binding residues in helices I and IV (H15, D25, 

H85, and H89) and the amino acids in their vicinity exhibit perturbations. A majority of the 

residues in helix III showed Cα CSPs of <0.3 ppm; however, major CSPs were observed for 

most of the residues in helix II and the hinge region denoting structural variation in this 

motif of the protein between the dimeric and oligomeric assemblies. This suggests the 

conformation of helix II and the hinge region are modulated by the binding of zinc to Ca2+-

S100A12.

Secondary Structure Propensities.

The SSP for the apoprotein and the three metal-bound states of S100A12 were calculated 

using Cα and Cβ chemical shifts (see Materials and Methods) and are plotted versus residue 

number in Figure 8. The SSP values for the apoprotein predicted four helical domains and β-

sheet propensity for several loop residues, in good agreement with the secondary structure 

determined by X-ray crystallography (Figure 8, left).26 These findings indicate that MAS 

NMR results are consistent with the predicted secondary structure of the apoprotein and that 

the overall conformation of protein is not affected by sample preparation or during spinning. 

A comparison of SSPs for apo- and Zn2+-S100A12 (Figure 8, left) shows Zn2+ binding does 

not disrupt the overall domainwise secondary structure of apo-S100A12. The helical 

domains in the apoprotein and the loop regions with β-sheet propensity (such as residues 

24–27) retain their conformation upon self-assembly. However, compared to those of the 

apoprotein, the residues at the C-terminus of the oligomeric assemblies exhibit significantly 

increased α-helical propensity, suggesting extension of helix IV upon zinc binding. 

Similarly, the overall secondary structure of Ca2+-S100A12 is preserved upon Zn2+ binding, 

as shown in the right panel of Figure 8. The extension of helix IV upon binding of zinc to 

the apoprotein is also observed for Ca2+-S100A12.

■ DISCUSSION

Oligomeric S100A12 has been observed both in vivo and in vitro, and binding of these 

higher-order oligomers has been implicated in mechanisms of cellular signaling.32,35,36,38 

While divalent cations clearly facilitate S100A12 self-assembly, the literature is inconsistent 

with regard to the precise conditions that induce S100A12 self-assembly. For instance, 

hexameric assemblies were observed when S100A12 was crystallized in the presence of 
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Ca2+,28 although both Zn2+ and Ca2+ have been proposed to be necessary for 

oligomerization.32 The extreme peak broadening that we observed in our NMR analysis of 

0.2–2 mM S100A12 in solutions containing Ca2+ and Zn2+ suggested that the protein forms 

higher-order assemblies in the presence of both divalent cations.

Although discrete oligomers and assembly models could not be resolved from our AUC 

analyses, it is clear that Zn2+ is 2 orders of magnitude more effective than Ca2+ in 

stimulating S100A12 self-assembly. In addition, the two cations cooperate to enhance 

oligomerization. The cooperation of the two cations makes structural sense because each 

cation binds to discrete crystallographically identified sites. While our results did not 

determine the terminal oligomer formed by Ca2+- and Zn2+-bound S100A12, they do clearly 

demonstrate that divalent cations stimulate reversible S100A12 self-assembly. It is this 

propensity that is likely to be relevant to selective cellular regulation.

As shown by our AUC results, binding of zinc to Ca2+-S100A12 affords increased 

propensity for self-assembly; however, structural changes introduced by zinc binding are not 

known. We performed NMR investigation of the apoprotein and Ca2+- and Zn2+-bound 

protein. Using 2D and 3D 1H–13C–15N correlation solution NMR spectroscopy, nearly 

complete (88%) backbone peak assignments were made for the apoprotein and 81% of 

amino acids were identified for Ca2+-S100A12 on the basis of the reported assignments.39 

Zn2+- and Ca2+,Zn2+-bound assemblies prohibited their characterization by solution NMR 

because of their high molecular weight, consistent with the results of AUC experiments. In 

the solid state, MAS NMR spectra of Zn2+-and Ca2+,Zn2+-S100A12 gave well-resolved 

NMR spectra that allowed for the structural comparison with the apo and Ca2+-bound forms. 

Although complete backbone assignments for Zn2+- and Ca2+,Zn2+-S100A12 are not 

available, it is note-worthy that the current assignments are made throughout the polypeptide 

backbone, and consequently, the analysis presented in this report is not biased toward a 

specific domain of S100A12.

Comparison of Apo- and Zn2+-S100A12.

The observed Cα CSPs are mapped on the crystal structure of apo-S100A12 and displayed 

in Figure 9. According to the crystal structure (PDB entry 2WCF), four main helices in apo-

S100A12 are linked by loops and short β-strands.26 Large perturbations were measured for 

helices I and IV, suggesting conformational changes in these domains upon zinc binding. 

Zinc binding introduces CSPs to several residues in Ca2+ binding EF-hand loop I near D25 

and in the C-terminal residues near H85 and H89, consistent with the His3Asp binding 

motif, which is composed of H15, D25, H85, and H89. Our results indicate that all four 

helices undergo conformational changes upon zinc binding. A comparison of SSPs of apo- 

and zinc-S100A12 revealed that the helical regions retain their secondary structure upon 

oligomerization. This also suggests that the observed CSPs do not represent a change in the 

secondary structure of these domains. Similarly, albeit CSPs were observed for few residues, 

the SSP of the hinge region remained unperturbed and this motif exists primarily in its α-
helical conformation in the two states. SSPs predicted by MAS NMR measurements reveal 

that the loop residues following helix IV in the apoprotein with β-sheet propensity acquire 

an α-helical conformation in Zn2+-bound assemblies. This increased helical propensity 
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indicating extension of helix IV was also observed in the Zn2+-bound S100A12 crystal 

structure and can be introduced due to binding of Zn2+ to H85 and H89 at the C-terminus.26

The crystal structure of Zn2+-bound S100A12 has been reported.26 In this work, close 

contacts between two dimeric Zn2+-S100A12 units arranged in a plausible tetrameric form 

were identified, which allowed the authors to propose a tetramerization interface. On the 

basis of this observation, helix I was suggested to participate in the tetramer interface, which 

was also proposed to be stabilized by extension of helix IV. Minor variations in helix I are 

observed between the crystal structures of apo- and Zn2+-S100A12 (PDB entries 2WCB and 

2WCF, respectively), as indicated by the root-mean-square deviation of 1.18 Å and shown in 

the overlay of the two structures in Figure S7. The observed CSPs in helix I in our studies, 

which contains metal binding H15, may originate from the perturbations introduced upon 

metal binding.

Comparison of Ca2+- and Ca2+,Zn2+-S100A12.

Binding of zinc to the apoprotein introduces structural perturbations, as shown by 

crystallographic studies and the results presented here. However, binding of calcium to apo-

S100A12 imposes major structural rearrangement on helices II and III as shown in an 

overlay of the two structures in Figure S8. Therefore, the overall structure of Ca2+,Zn2+-

S100A12 is expected to be dominated by calcium-induced perturbations to the apoprotein. 

Although a structure of Ca2+,Zn2+-S100A12 is not available, S100A12 bound to calcium 

and copper has been investigated by X-ray crystallography.30 Surprisingly, an overlay of 

Ca2+- and Ca2+,Cu2+-S100A12 crystal structures reveals no major variations in these 

structures (Figure S9). Because Zn2+ and Cu2+ share the same metal binding site, the 

structure of Ca2+,Cu2+-S100A12 is expected to be similar to that of Ca2+,Zn2+-S100A12, 

and currently, this structure is being used as a surrogate structure of Zn2+,Ca2+-S100A12.

Our MAS NMR studies show that the overall secondary structure is conserved between 

Ca2+- and Ca2+,Zn2+-S100A12. The 13C–13C correlation spectra of Ca2+-S100A12 and 

Ca2+,Zn2+-S100A12 overlay well, with most regions of the polypeptide chain exhibiting 

minor perturbations and suggesting that the overall architecture of the protein is modulated 

by calcium binding, consistent with the similarities between the Ca2+- and Ca2+,Cu2+-

S100A12 crystal structures. As expected, zinc binding introduces CSPs into helices I and IV 

at the metal binding scaffold and neighboring residues. However, a closer look revealed 

major CSPs for helix II and the hinge region (Figure 10). Because this region of the 

polypeptide chain does not contain zinc-coordinating residues, these CSPs indicate zinc 

binding modulated long-range conformational changes introduced into the protein. 

Therefore, our findings demonstrate that the Ca2+,Cu2+-S100A12 crystal structure, which 

does not show these conformational changes, should not be equated to the structure of the 

Zn2+- and Ca2+-bound protein.

Many S100 proteins such as S100B, S100A1, S100A2, S100A3, S100A5, S100A6, S100A7, 

S100A8/A9, S100A12, and S100A16 bind to Zn2+. On the basis of structural studies, the 

overall architecture upon Ca2+ binding is retained after Zn2+ ligation.58 A more methodical 

comparison can be made for S100A7 for which structures of both Ca2+- and Ca2+,Zn2+-

bound states are available.59 In these structures, Zn2+ binding does not appear to affect the 
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conformation of helix II. In contrast, binding of Zn2+ to Ca2+-S100B induces more 

pronounced changes in helices III and IV.60,61 These comparisons suggest that although the 

architecture of most S100 proteins is dominated by Ca2+ binding, the extent and the nature 

of Zn2+-mediated structural modulation may not be similar for all S100 proteins.

The C-type immunoglobulin domain of RAGE binds to Ca2+-S100A12 via an interface 

composed of helix II and the hinge domain.37 The perturbations in these regions observed in 

our MAS NMR studies may represent biologically pertinent Zn2+-modulated structural 

changes in S100A12 that could dictate its interactions with membrane receptors such as 

RAGE and TLR-4. Leu40, Ile44, Ile47, and Ile53 of the hinge domain have been shown to 

play an important role in S100A12-induced chemotaxis and edema.29 Interestingly, in our 

NMR studies, we observed large CSPs for these residues upon binding of Zn2+ to Ca2+-

S100A12. The observed perturbations, denoting conformational changes, could also affect 

the aforementioned functions of the hinge domain of S100A12, which may be dependent on 

metal binding.

Due to the high calcium concentration in serum, it is reasonable to suggest that upon 

secretion into the extracellular space, S100A12 is bound to calcium. Therefore, during its 

antimicrobial activity in the serum afforded by zinc sequestration, our results indicate that 

S100A12 is likely to exist in oligomeric form. In the immune response, S100A12 also 

interacts with membrane receptors to initiate the proinflammatory signaling cascade.4,19 The 

self-assembly of S100A12 during the immune response may also suggest that oligomeric 

protein (as opposed to dimers) could be responsible for triggering the inflammatory 

pathways in human bodies.

We close with some thoughts about how the observed reversible S100A12 self-assembly and 

the variation in the assembly formation facilitate a feedback loop in the immune system that 

allows the cells to regulate inflammation. During infection, overexpression and excretion of 

S100A12 into the extracellular space result in the formation of oligomers upon zinc binding, 

which may interact with the membrane receptors to initiate inflammation and induce cellular 

signaling. We suggest that dimeric S100A12, which may not lead to inflammation, is present 

in a healthy cell under normal levels of S100A12 expression. The ability of the protein to 

reversibly assemble may also have ramifications in the context of its interactions with 

membrane receptors. Our results indicate that S100A12 should not be considered as discrete 

tetrameric or hexameric oligomers but rather as a protein concentration-dependent 

continuum. Binding of S100A12 to different physiological targets such as RAGE and 

induction of Toll-like receptor 4 signaling may be facilitated by structurally distinct forms of 

the protein.21 Lastly, the long-range conformational changes to helix II and the hinge region 

induced by zinc binding suggest that studies in the future focusing on the role of these 

domains in facilitating receptor interactions may provide insights into the mechanism of 

S100A12-induced cellular signaling.

■ CONCLUSION

S100A12 self-assembles upon zinc binding, indicating that this member of the innate 

immune response is likely to exist in oligomeric form during its antimicrobial functions. We 
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demonstrate that although calcium alone can initiate the self-assembly of S100A12, zinc and 

calcium cooperate to increase the propensity of the protein to self-assemble. Magic angle 

NMR studies demonstrate that binding of zinc to Ca2+-S100A12 induces major chemical 

shift perturbations to helix II and the hinge region. These perturbations in NMR chemical 

shifts may indicate functionally relevant structural changes, which could influence the 

interactions of S100A12 with membrane receptors, affecting cellular signaling. The 

conformational changes introduced in the hinge region may, in turn, impact the S100A12-

mediated chemotactic and inflammatory responses. Taken together, this work demonstrates 

that zinc binding-driven structural changes should be considered as a contributor to the 

mechanism of action of S100A12 in human immune response and inflammatory pathways.
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Figure 1. 
Amino acid sequence and structure of zinc-bound S100A12. (a) Crystal structure of Zn2+-

S100A12 (PDB entry 2WCB). (b) Close-up showing the zinc binding motif with residues 

H15 and D25 (orange) from one monomer and H85 and H89 (blue) from the second 

monomer. (c) Polypeptide sequence and secondary structure of the apoprotein based on the 

crystal structure (PDB entry 2WCF). Gray and purple spheres denote zinc and sodium ions, 

respectively.
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Figure 2. 
Sedimentation velocity (SV) analyses of (a) apo-S100A12 and (b and c) Zn2+-S100A12 with 

the cation present in 2-fold molar excess relative to the protein. Panels A and C show the 

time-derivative distributions and the best fits of the data to a single-component (normal) 

distribution (Table 1 for panel A). In panel A, apo-S100A12 was analyzed at 233 μM (red), 

23 μM (black), and 6 μM (blue). Sedimentation of the first sample was tracked at 280 nm; 

the latter samples were tracked at 230 nm. Panel C shows two of the Zn2+-S100A12 samples 

that were analyzed: 196 μM (black) and 6.9 μM (blue) tracked at 280 and 230 nm, 

respectively. Panel B shows that S20,w increases with S100A12 concentration for the eight 

protein concentrations analyzed; the solid blue and black symbols represent the two 

distributions shown in panel C. The dotted line depicts a linear regression that highlights the 

upward trend of the data and does not represent a particular assembly model.
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Figure 3. 
1H–15N HSQC spectrum and selected two-dimensional planes of the 3D 1H–15N NOESY-

HSQC and TOCSY-HSQC spectra: (a) 14.1 T 1H–15N HSQC spectrum of apo-S100A12 

with assignment of resonances and (b) strip plots from 1H–15N NOESY-HSQC (blue) and 

TOCSYHSQC (orange) spectra for residues G9–F14.
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Figure 4. 
Sedimentation equilibrium analysis of S100A12 equilibrated in a buffer containing (a) 20 

mM Ca2+, (b) 0.2 mM Zn2+, and (c) 20 mM Ca2+ and 0.2 mM Zn2+. The protein 

concentrations loaded into each sector of the six-channel centerpiece were 33 μM (left), 98 

μM (middle), and 327 μM (right). The concentration gradients were determined using the 

absorption optics set at 280 nm. The best global fits of the dimer–octamer model to the three 

protein concentrations equilibrated at 12000 (black), 24000 (blue), and 30000 rpm (red) are 

shown along with the residuals; the resolved Kd values are cited in the text.
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Figure 5. 
MAS NMR spectra of apo- and Zn2+-S100A12. (a) 13C–13C DARR (14.1 T) and 13C–15N 

NCACX (16.4 T) 2D correlation spectra of apo-S100A12 with resonance assignments (left) 

and strip plots from 1H–13C–15N CBCACONH (blue) and HNCACB (orange) solution 

NMR spectra for residues T26–S28 (right). Signals belonging to an assigned residue in 

MAS and solution spectra are connected with the same color. (b) Overlay of Zn2+-S100A12 

(orange) and apo-S100A12 (blue) 13C–13C DARR MAS spectra acquired at 14.1 T. (c–e) 

Close-ups of panel b with assignments of the perturbed residues. All solid-state NMR 

spectra were acquired at 12 kHz MAS.
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Figure 6. 
Overlay of 13C–13C correlation MAS NMR spectra of Ca2+,Zn2+-S100A12 (blue) and Ca2+-

S100A12 (orange). Panels a–c are close-ups with assignments showing perturbed residues. 

Residues marked in red show significant CSP upon zinc binding. The experimental 

conditions were the same as those described for Figure 5.
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Figure 7. 
Site-specific CSPs for binding of zinc to apo-S100A12 (left) and Ca2+-S100A12 (right). Cα, 

NH, and Cβ perturbations are colored pink, yellow, and blue, respectively. The secondary 

structure of the apoprotein determined from the crystal structure (PDB entry 2WCF) is 

displayed at the top: α-helices (blue bars), β-strands (yellow arrows), and loop regions (cyan 

lines). The dashed horizontal lines represent CSPs of 0.15 and 0.3 ppm for Cα and Cβ and 

0.50 and 1.00 ppm for NH.
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Figure 8. 
Comparison of the SSPs predicted from Cα and Cβ chemical shifts: apo-S100A12 (pink 

bars) and Zn2+-S100A12 (empty blue bars) (left) and Ca2+-S100A12 (pink bars) and 

Ca2+,Zn2+-S100A12 (empty blue bars) (right). The secondary structure of the apoprotein 

and Ca2+-bound protein determined from the crystal structure (PDB entries 2WCF and 

1E8A) is displayed at the top: α-helices (blue bars), β-strands (yellow arrows), and loop 

regions (cyan lines).
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Figure 9. 
Observed Cα CSPs mapped onto the crystal structure of apo-S100A12 (PDB entry 2WCF). 

Color scheme: gray for unassigned residues, blue for residues with CSPs between 0 and 0.15 

ppm, cyan for residues with CSPs between 0.15 and 0.3 ppm, gradient from orange to red 

for residues with CSPs between 0.30 and 2.00 ppm, and red for residues with CSPs of >2.00 

ppm. The zinc binding residues are shown as sticks and labeled in red.
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Figure 10. 
Observed Cα CSPs observed upon binding of Zn2+ to Ca2+-S100A12 mapped onto the 

crystal structure of hexameric S100A12 (PDB entry 1GQM). The CSPs are mapped on the 

monomeric chain for the sake of clarity. Color scheme: gray for unassigned residues, blue 

for residues with CSPs between 0 and 0.15 ppm, cyan for residues with CSPs between 0.15 

and 0.3 ppm, gradient from orange to red for residues with CSPs between 0.30 and 2.00 

ppm, and red for residues with CSPs of >2.00 ppm. The calcium ions are denoted by gray 

spheres.
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Table 1.

Summary of the Sedimentation Parameters Determined from Velocity Centrifugation of Apo-S100A12

233 ,μM S100A12
a

23 ,μM S100A12
a

6 μM S100A12
a

PDB entry 2WCF
b

S (20,w) (S) 2.195 (2.185, 2.205) 2.165 (2.163, 2.167) 2.483 (2.469, 2.497) 2.4

S/D (Mw) (kDa) 19.90 (19.25, 20.55) 20.75 (20.57, 20.93) 18.15 (17.11, 19.12) 20.3

D (20,w) (F) 10.53 (10.20, 10.86) 9.96 (9.87, 10.04) 13.05 (12.29, 13.89) 9.7

a
The parameters were obtained from fitting the time-derivative distributions shown in Figure 2 to a single-component model as described in 

Materials and Methods.

b
The hydrodynamic parameters were calculated from the indicated crystal structure using the program HydroPro as described in Materials and 

Methods.
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Table 2.

Summary of the Sedimentation Parameters Determined by Equilibrium Centrifugation of S100A12 

Complexed with Ca2+, Zn2+, and Both Zn2+ and Ca2+

metal ion Mw (Da) Kd(DX-O) (μM)

20 mM Ca2+mM 32750 (28610, 37489) 4585.3 (4005.7, 5248.8)

0.2 mM Zn2+ 47320 (41005, 54607) 56.7 (49.1, 65.4)

0.2 mM Zn2+ and 20 Ca2+ 68225 (59228, 78588) 13.2 (11.5, 15.2)
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