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Abstract

Antimicrobial proteins such as S100A12 and S100A8/A9 are highly expressed and secreted by
neutrophils during infection and participate in human immune response by sequestering transition
metals. At neutral pH, S100A12 sequesters Zn%* with nanomolar affinity, which is further
enhanced upon calcium binding. We investigated the pH-dependence of human S100A12 zinc
sequestration by using Co?* as a surrogate. Apo-S100A12 exhibits strong Co?* binding between
pH 7.0 - 10.0 that progressively diminishes as the pH is reduced to 5.3. Ca?*-S100A12 can retain
nanomolar Co2* binding up to pH 5.7. NMR measurements revealed that calcium binding does not
alter the sidechain protonation of the Co2*/Zn%* binding histidines. Instead, the calcium-mediated
modulation is achieved by restraining pH-dependent conformational changes to EF loop 1, which
contains Co%*/Zn2* binding Asp25. This calcium-induced enhancement of Co2*/Zn2* binding may
assist in promotion of antimicrobial activities in humans by S100 proteins during neutrophil
activation at sub-neutral pH conditions.
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Calcium enhances the viable pH-range for metal sequestration mediated antimicrobial activities by
S100A12.
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Introduction

Metal sequestration mediated antimicrobial functions in the innate immune system have
been identified for a subset of S100 family of proteins namely, S100A7, A100A8, S100A9,
and S100A12. Intracellularly, the large family of S100 proteins is known for functions that
depend on the ability of these proteins to bind to calcium ions and each member of the S100
family contains two Ca?* binding EF hand motifs.[*] S100A7, S100A8, S100A9 and
S100A12 bind to transition metal ions upon secretion into the extracellular space during
infection.[2 While S100A8/A9 heterodimer sequesters Fe2*, Mn2*, Zn2* and Ni2*, [3]
homodimeric forms of S100A7 and S100A12 are responsible for ZnZ* homoeostasis.[2°: 4]
Sequestration by S100 proteins limits the availability transition metal ion nutrients to
pathogens and gives rise to the antimicrobial activities of SI00A7, S100A8, S100A9 and
S100A12. Primarily expressed in neutrophils, S100A12 is a key component of the human
innate response. Overexpression of S100A12 (also known as Calgranulin C) has been
correlated with several diseases. For example, elevated serum level of SI00A12 have been
reported during severe bacterial infection, in patients suffering from cystic fibrosis, and
neurodegenerative,[5] metabolic and neoplastic disorders.[8 /7 vivo, S100A12, which
inhibits the growth of the pathogens 7 vitro by chelating Zn?* ions, is induced during .
pyloriinfection in humans.[”]
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X-ray crystallography studies have shown that zinc binds a homodimeric SLI00A12 via a
HiszAsp motif that is comprised of two histidine residues from one monomer (His85 and
His89) and a histidine and an aspartic acid residue (His15 and Asp25) from the second
monomer (Figure 1A). The symmetric interface between the two monomeric units of
S100A12 results in two HissAsp binding sites per homodimer.[8] Human S100A12 exhibits
nanomolar binding affinity for Zn?* at neutral pH-values allowing the protein to perform its
antimicrobial activities efficiently and calcium binding further enhances the Zn2* binding
affinity of S100A12.[4d] Calcium binding to S100A12 is afforded by two EF hand motifs
that coordinate Ca2* in pentagonal bipyramidal configuration.[®] The C-terminal 12 residue
canonical EF hand motif (EF hand 11) binds to Ca2* with high affinity (K;~ 107> to 10~/
M), while the N-terminal pseudo EF hand motif (EF hand I), composed of 14 residues has
lower Ca2* affinity (Ky~ 1073 to 1074 M).[6] Notably, residue D25 belonging to EF hand I,
is also a part of the HiszAsp Zn2* binding scaffold and calcium binding may alter the metal
coordination geometry via this residue allowing for the association between calcium and
zinc binding affinity of S100A12. Crystal structures of the apo and Ca2* bound protein[8-°]
have demonstrated that CaZ* binding to the apo protein introduces a major structural
rearrangement to helix 111 but minor changes to helix I and IV that contain the transition
metal binding residues (Figure 1C). These structures do not fully explain the origin of
previously reported association of Ca?* and Zn2* binding affinities.

Given the high concentration of calcium (~ millimolar) in the extracellular space, upon
secretion into the blood serum and while performing its antimicrobial functions of zinc
sequestration, S100A12 is expected to be Ca2* bound. Neutrophils, that primarily express
S100A12, are activated during extracellular acidosis.[1%] Under these conditions, which are
associated with inflammatory reactions against pathogens, sub-neutral pH values for the
blood serum (5.5-7.0) have been reported. Extracellular acidosis also induces a transient
increase in intracellular Ca2* concentrations.[2%°] Taking all these findings into
consideration, it is reasonable to suggest that during infection and upon secretion into the
extracellular space S100A12 experiences sub-neutral pH conditions and is Ca2* bound.
Although metal binding affinities of SL00A12 have been measured at neutral pH values,
Zn2* binding to S100A12 under such physiologically relevant conditions of pH 5.5 — 7.0
have not been investigated.

Here, we investigated the pH dependence of Zn?* sequestration by S100A12 by monitoring
Co?*binding as a surrogate ion. We show that S100A12 transition metal affinity is
significantly reduced between the pH of 5.3 — 7.0, and can be restored upon Ca%* binding,
suggesting that the Zn?* homeostasis mediated antimicrobial activities of SIT00A12 will be
diminished in this pH range. We present NMR studies of apo and Ca2*-S100A12 under
various pH conditions to investigate the origin of the loss of Co%*/Zn2* binding in apo
S100A12 at acidic pH and the preservation of transition metal binding affinity by Ca2*-
S100A12 under identical conditions. Previously sub-nanomolar ZnZ* binding affinity at pH
7.5 have been reported for human S100A12,[44] making it difficult to appreciate the role of
Ca?* in S100A12 antimicrobial functions. However, our results indicate that under the
physiologically relevant sub-neutral pH conditions, expected for activated neutrophils,
S100A12 cannot efficiently sequester Zn2* to kill pathogens without the aid of calcium ions.
Thus, the high CaZ* serum concentrations are imperative for the functions of SI00A12 in the
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human innate immune response. Our studies also underscore the importance of /n vivo and
in vitro investigations of other prominent members of the human innate response, such as
S100A8/A9 heterodimer, whose metal sequestration based antimicrobial activities may be
similarly modulated by pH and calcium binding.

pH variations do not disrupt the tertiary structures of apo and Ca2*-S100A12.

To investigate the pH dependence of S100A12 antimicrobial activities, we first determined if
the protein remains in a well-folded and in soluble conformation under variable pH
conditions examined in this work. 1H-15N HSQC measurements were performed for pH
values ranging from 4.5 — 10.4 in increments of 0.5 pH points. For clarity Figure 2 shows an
overlay of HSQC spectra acquired at pH values of 4.5, 6.0 and 8.3 for apo and Ca2*-
S100A12. For all pH conditions, the backbone amide nuclei exhibited well-distributed
resonances with sufficiently narrow line widths, indicating that the 3D structure of the
protein remains folded in this pH range. 88 out of 91 expected backbone resonances were
detected for the apo protein, while the calcium bound form exhibited 89 well-resolved
signals. The backbone assignments for 86 residues in the apo-protein were made with the aid
of 1H, 13C, 15N heteronuclear experiments, as reported by us previously.l!*] For calcium
bound S100A12, triple-resonance experiments were conducted to confirm the reported
resonance assignments in the literaturel12] and a near complete agreement was observed
providing resonance assignments for 83 out of 91 residues.

X-ray crystallography and NMR studies have demonstrated that calcium binding to apo-
S100A12 introduces significant conformational rearrangement to the tertiary structure of the
protein, particularly in helices Il and 111 (Figure 1B).[% 121 This structural rearrangement is
evident in the H-15N HSQC spectra of Ca2*-S100A12 which shows major perturbations in
the amide resonances compared to the apo-protein. *H-15N HSQC spectra of Ca2*-S10A12
acquired in the pH range of 4.5 to 8.3 also demonstrate that calcium binding is retained
under these conditions (Figure S1), as resonances corresponding to the apo form were not
detected. For both apo- and Ca%*-S100A12, significant pH dependent perturbations were
observed for several residues in the 1H-1°N HSQC spectra. Large perturbations in the
backbone amide (NH and HN) resonances may originate from variations in the local
electronic environment of these nuclei. Such changes may be introduced due to the
protonation/deprotonation of sidechains of charged residues or conformational variations
with pH. Although Zn2* binds at the interface of the homodimer, no detectable differences
between the two monomers of the homodimer have been noted in the crystal structures and,
previous and current NMR studies. Therefore, in this report, the NMR data is reported in
terms of the monomeric protein.

Transition metal binding to apo protein is inhibited at low pH.

Co?* binds to the HiszAsp zinc binding motif and exhibits an electronic transition at 556
nm.[4d] We utilized this optical transition as a probe to monitor Zn?* binding to SI00A12 at
various pH-values. At neutral pH conditions, zinc binds to S100A12 with nanomolar binding
affinity.[4d] Addition of 1 equivalent of cobalt to S100A12 at pH 7.0 yielded the 556 nm
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optical transition, which was in quantitative agreement with the amount of the protein used.
A pH-titration was conducted by gradually increasing the pH of the solution to 10.4, while
monitoring the 556 nm absorbance, as shown in Figure 3 (orange trace). In this pH-range of
7.0 —10.4, no change in the 556 nm absorbance was observed, demonstrating that the metal
binding affinity remains unchanged under neutral to alkaline pH conditions. Incremental
lowering of pH from 7.0 resulted in gradual loss of the 556 nm absorbance between the pH
of 5.3 —7.0. At pH values of 3.4 — 5.3 negligible absorbance was observed, suggesting
complete loss of metal binding in these conditions. These results indicate that although
S100A12 is a high affinity Zn2* chelator at neutral and alkaline pH values, its metal binding
efficacy diminishes dramatically at sub-neutral pH.

Calcium binding restores the metal affinity at low pH.

Calcium binding to S100A12 enhances the ability of S100A12 to bind to Zn2*.[4d] Similar to
the apo protein, the pH dependence zinc binding to Ca2* loaded S100A12 was monitored
using Co2* as surrogate to Zn2*. However, unlike the apo protein, minor amount of
precipitation at pH values greater than 8.0 was observed, presumably from insoluble calcium
salts. This precipitation interfered with the baseline of the absorption spectra, as shown in
Figure 3 (blue trace). Therefore, we will focus our attention on the results of pH titration
below pH 7.0. In the presence of Ca2*, the optical absorption spectrum of Co2* -S100A12
remains the same as the apo protein and addition of one equivalent Co?* to SI00A12 at pH
7.0 gives a 556 nm optical transition that is in quantitative agreement with the amount of
protein used. As shown in Figure 3 (blue trace), the pH titration of Ca2*-S100A12 revealed
that the protein retains Co2* binding up to pH 5.7 in the presence of calcium. These results
demonstrate that the viable pH range for transition metal binding is broadened in the
presence of calcium and unlike the apo-protein that exhibits loss in metal binding below pH
7.0, Ca2*-S100A12 can retain Co?* binding down to pH 5.7. Below pH 5.7, the calcium
loaded protein starts to exhibit diminished Co?* affinity and a gradual loss in Co?* binding
was observed in the pH range of 5.0 — 5.7. At pH values below 5.0, negligible metal binding
was observed in the presence of 1 equivalent Co?*,

Sidechain protonation of one or more of the three histidine residues (H15, H85 and H89)
responsible for metal binding could be a likely origin of the observed pH-dependent loss in
metal binding. The imidazole ring of histidine residues in polypeptide chains has three
tautomers: two neutral tautomeric forms (N81H and N&2H) and the protonated imidazolium
state. The pKj of titratable nitrogens in the histidine imidazole ring can greatly depend on
the local protein environment. For instance, histidine in small peptides exhibit pK; of ~ 6,
while in protein environment the pK;; values can range between 3-10.123] Metal ligation to
histidine residue takes place via imidazole nitrogens, protonation of these atoms can prevent
metal binding. In S100A12, calcium binding may alter the pKj’s of histidine residues,
facilitating enhanced Co2*/Zn2* binding at lower pH compared to the apo-protein. If the loss
in Co?* binding at low pH-values originates from the protonation of coordinating histidine
residues, then the pH titration curves in Figure 3 suggests average pKj; values of 6.3 and 5.2
for apo- and Ca%* -S100A12, respectively. This may indicate that although the Ca2* and
Zn2*/Co?* binding sites are structurally distinct; calcium binding may modulate Zn2*
binding to S100A12 by altering the apparent pK; values of metal binding histidines. To test
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this hypothesis, the protonation states of histidine residues were determined for apo- and
Ca2*-S100A12 using NMR spectroscopy at biologically pertinent pH values of 6.0 and 7.5
and, the results are described below.

Protonation state of histidine residues in apo and Ca2*-S100A12.

Although crystal structures of apo and Ca?* bound S100A12 have been reported, -] most
crystal structures lack the resolution to decipher the protonation state of titratable amino
acids. We utilized NMR spectroscopy to observe the protonation state of metal binding
histidines in SLI00A12. Due to fast exchange with solvent water molecules, protons bonded
to imidazole nitrogens are not observed in 1H-1°N HSQC NMR spectra. Non-exchangeable
aromatic protons (H82 and H=1) attached to C®2 and C&1 carbon atoms can be observed
through 2Jn. coupling in long range 1H-1N HMQC correlation spectra.[14] The cross-peak
pattern and intensities in long range H-1°N HMQC NMR spectral14-15] can be used to
probe the tautomeric states of histidine residues as shown in Figure S2. In the protonated
imidazolium form of histidine, Ne2 and N®1 nuclei exhibit chemical shifts of ~173 and 176
ppm, respectively. In the neutral form, the N#2H tautomer has N&2 and N&1 chemical shifts
~164 and 249 ppm, while this pattern is reversed in the N®1H tautomer.[14-15]

The polypeptide chain of SI00A12 contains six histidine residues. While His15, His85 and
His89 form the HiszAsp Zn2*/Co2* binding motif, H6, H23 and H87 do not participate in
metal binding. Figure 4A shows 1H-1°N HMQC spectra of apo-S100A12 at pH 6.0 and 7.5.
At pH 7.5, histidine sidechain resonances originating from four out of six histidines are
observed. The loss of resonances from the remaining two residues is presumably due to
signal broadening, which may result from fast chemical or conformational exchange. The
cross-peak pattern and the N8 chemical shifts around 220 ppm for the four observed
histidines suggest they exist in the neutral the N¢2H tautomeric form. In contrast, when the
pH is reduced to 6.0, resonances originating from all six histidine residues are detected.1®N
chemical shift between 170-190 ppm suggest that these residues exist in protonated
imidazolium form. No evidence of neutral tautomers for any of the histidine residues was
observed at pH 6.0.

Similar to the apo protein at pH 7.5, the 1H-1°N HMQC spectrum of calcium bound
S100A12 shows cross-peak patterns corresponding to four out of six histidine residues,
while at pH 6.0, all of the six histidine residues can be detected (Figure 4B). At pH 7.5, all
observed histidine residues are present in the neutral N®2H tautomeric state. Interestingly,
unlike the apo state, the cross-peak patterns at pH 6.0 indicate that only four histidines exist
in the protonated form while two are present as Ne2H tautomers. In order to establish the
identity of these histidines, additional 3D experiments were performed that allowed for the
assignments of resonances in the *H-15N HMQC spectrum and site-specific identification of
histidine protonation states in Ca2* bound S100A12 at pH 6.0 (vide infra). Based on these
assignments, the metal binding histidine residues (H15, H85 and H89), along with H87 exist
in the protonated form at pH 6.0 (Figure 4B). Residue H6 bears the N&2H tautomeric state,
while the protonation state of H23 cannot be unambiguously established. The signals
originating from H23 exhibit line broadening, which may originate from an equilibrium
between the protonated and neutral tautomers. Taken together, the histidine residues of the
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HiszAsp motif are all protonated at pH 6.0, both in the presence and absence of calcium,
implying that CaZ* binding does not alter the sidechain p&j of the metal binding amino
acids. These results indicate that the modulation of Zn?* binding by calcium is not regulated
by the variations in the electronic environments of the histidine residues leading to change in
the apparent pKj; values, in the presence and absence of calcium.

Sidechain resonance assignment for Ca2+-S100A12 at pH 6.0.

3D HNCACB, HN(CO)CACB and 2D (HB)CB(CGCDCE)HE and (HB)CB(CGCD)HD
measurements were performed in order to assign sidechain resonances of histidine residues
observed in 1H-15N HMQC spectra (Figure 5). HNCACB, HN(CO)CACB spectra allowed
to establish a correlation between the backbone amide and the CP nuclei (Figure 5C), while
(HB)CB(CGCDCE)HE and (HB)CB(CGCD)HD experiments provided correlation between
CP and H52/H=1 nuclei (Figure 5B). Subsequently, with the aid of previously made backbone
assignments, 111 the sidechain resonances in 1H-1>N HMQC spectra were assigned. The
separation between the resonances from H87 and H89 was not readily discernible in the
spectra. These resonances were indirectly assigned with the assistance of the 1H-15N
NOESY-HSQC spectrum (Figure 5D). The assignments of resonances in 1H-1°N HMQC
spectrum, along with the tautomeric state of histidine residues, are reported in Table 1.
Attempts were made to utilize a similar strategy to assign histidine residues in apo-(pH 6.0
and 7.5) and Ca2*-S100A12 at pH 7.5. However, unambiguous assignments cannot be made
for the above states of the protein due to lack of resolution in the indirect 13C (CP)
dimension of 2D (HB)CB(CGCDCE)HE and (HB)CB(CGCD)HD experiments. Although
assignments are not available for sidechain resonances of the apo-protein at pH 6.0 and 7.5
and, for Ca2*-S100A12 at pH 7.5, we note that all histidine residues in the polypeptide chain
(with and without calcium) at pH 7.5 exit in the neutral N#2H tautomeric state and in the
protonated state at pH 6.0. Therefore, albeit a lack of availability of site-specific
assignments, our data suggests that calcium binding does not affect protonation of the metal
binding histidines, which are present in the neutral and the protonated forms at pH 7.5 and
6.0, respectively, both in the presence and the absence of calcium.

pH dependent chemical shift perturbations in apo and Ca2*-S100A12.

To quantitatively assess the changes in the backbone conformation due to variations in pH,
C= and NH chemical shifts in the presence and absence of calcium were monitored at
multiple pH conditions. While several factors effecting the local electronic environment of
the backbone amide nitrogen may give rise to perturbation in NH chemical shift, 13Ce
chemicals shifts correlate strongly with protein backbone conformation.[16] Backbone
chemical shift assignments for apo- and Ca2*-S100A12 at pH 6.0 and 7.0, were made with
the aid of standard triple-resonance experiments (see Experimental Section), and the
calculated chemical shift perturbations (CSP) are displayed in Figure 6. These two pH
values for CSP calculations were chosen because the loss in Co2* binding was observed in
the pH range of 5.3 — 7.0 for the apo-protein, while calcium restored the metal binding
affinity up to pH 5.7. Therefore, the pH span of 6.0-7.0 represents the conditions under
which the apo-protein exhibits a loss in metal binding, while the calcium loaded protein
retains its metal chelation.

Chembiochem. Author manuscript; available in PMC 2020 July 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 8

Majority of residues in the apo-protein did not exhibit large CSPs for C* and NH nuclei.
However, CSPs greater than 0.2 and 0.4 ppm for C® and N nuclei, respectively, were
observed for the residues in the C-terminal helix IV. Notably, this region of the protein
contains the three metal binding histidine residues. Additionally, the residues (residues 22 —
29) in the loop preceding helix 11 also demonstrate large CSPs. These residues belong to the
EF hand-1 of the polypeptide chain (Figure 1), which bears the Co2*/Zn%* binding D25 and
participates in calcium binding. These results indicate that the conformation around the
HisgAsp motif (H15, D25, H85 and H89), along with the EF hand -1 loop, is affected upon
pH variation. As in the apo-protein, while minor CSPs were observed for majority of the
polypeptide chain in Ca2*-S100A12, helix 1V shows large CSPs of magnitude similar to that
of the apo-form. However, in contrast to the apo-protein, the residues in EF hand-1 loop,
which contains D25 do not experience significant CSP. We note that although complete
resonance assignments for all the residues in the EF hand-1 are not available, the
conclusions above can be made as majority of residues have been assigned.

Secondary structure propensities of apo- and Ca2*-S100A12.

pH induced changes in the secondary structure of the protein may give rise to the observed
CSPs in Figure 6. To investigate the pH dependence on the secondary structure, SSPs were
calculated for S100A12 at pH 6.0 and 7.0 in the presence and absence of calcium. These
SSP values are plotted against the residue numbers and displayed in Figure 7. As shown in
Figure 7A and B, no major pH dependent variations in SSPs values was observed for the
four helices in apo and calcium loaded protein, suggesting that the pH variations do not alter
the major secondary structure composition in SI00A12. Although the SSPs are not affected
by pH, a comparison between the SSPs of the apo and Ca?* bound S100A12 reveals that the
secondary structure of loop (residue 22-29) belonging to EF hand-1 is different in the two
forms of the protein. In the apo state, this region exists in coil-like secondary structure while
upon calcium binding, these residues engage in a p-strand conformation. Below, based on
these overall findings, we discuss the role of the EF hand-1 loop residues and the secondary
structure employed by them towards calcium modulated zinc binding to S100A12.

Discussion

1H-15N HSQC spectra of S100A12 show noticeable variations in the amide backbone
chemical shifts throughout the polypeptide even with minor pH changes (Figure S3). These
CSPs indicate that S100A12 undergoes pH-dependent conformational changes. In addition,
HSQC titrations also reveal that in the pH range of 4.5 — 8.0, the tertiary structure of the
protein remains folded both in the absence and presence of calcium. Although, near neutral
pH values best mimic the most cellular conditions, studies in the literature have shown that
human neutrophils, which constitutively express and secrete SI00A12 are activated during
extracellular acidosis.[1%] Under these conditions, the pH of the extracellular milieu can drop
to pH 5.5. Therefore, metal sequestration properties of SI00A12 pertaining to its biological
functions of nutritional immunity need to be investigated at sub-neutral pH conditions.
S100A12 is a high efficiency Zn?* chelator, exhibiting nanomolar binding affinity at pH 7.0,
which is further enhanced upon calcium binding.[4d] Our results have demonstrated that
although S100A12 is structurally resistant to pH variations (in the range of pH 4.5 — 10.4),
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the metal chelation efficiency of the apo-protein dramatically reduces in the pH range of 5.3
— 7.0. However, calcium binding can retain Zn2* chelation down to pH 5.7 and below this
pH the calcium bound protein also shows loss in metal binding.

Given the strong nanomolar zinc binding affinity of apo-S100A12 at neutral pH conditions,
it is difficult to evaluate the biological role of calcium binding towards antimicrobial
activities of S100A12. Due to the high concentration of CaZ* in the extracellular space, upon
secretion, calcium bound S100A12 and not its apo form is expected participate in Zn2*
homeostasis. Here we present a plausible explanation for the relevance of calcium binding
towards metal sequestration functions to S100A12. We propose that upon neutrophil
activation initiated by extracellular acidosis, S100A12 secreted into the serum experiences
sub-neutral pH conditions between pH 5.5 — 6.0. At this pH values, the apo protein is not an
efficient Zn2* chelator. However, due to the abundance of Ca2* in the extracellular space,
S100A12 is loaded with calcium upon secretion. Unlike the apo-protein, Ca2*-S100A12 can
efficiently bind Zn?* in the pH of 5.5 — 6.0, allowing S100A12 to perform its antimicrobial
functions.

S100A8/A9 and S100A12 together compose ~ 50% of the total cytoplasmic proteins in
neutrophils. ST00A8/A9 heterodimer binds to various transition metal ions via a HiszAsp
motif, identical to SI00A12, and a Hisg site. The HisgAsp binding motif of SI00A8/A9
bears remarkable similarities to S100A12 including this site sharing the Asp residue with
Ca?* binding EF hand 1 of the dimer.l17] Also, similar to S100A12, SI00A8/A9 exhibits
nanomolar Zn%* binding affinity which is enhanced upon Ca2* binding.[32l Given such
commonalities between Zn2* sequestration of these two components of the human immune
response, we suggest that pH variations may also regulate the transition metal binding to
S100A8/A9 with dependence similar to S1I00A12. Therefore, the pH dependence and Ca2*
mediated enhancement of Zn2* sequestration presented here may represent a general
mechanism employed by neutrophils during the activation of these immune cells to excecute
antimicrobial functions. Below, based on the results presented here, we discuss the
mechanism of calcium mediated modulation of Zn%* binding to S100A12 as the pH is
varied.

The pH dependence of Co2* binding to S100A12 and modulation of viable metal binding
pH range by calcium as shown in Figure 2 represents apparent Co2* binding affinities in the
absence and presence of calcium. We consider and discuss two plausible explanations for the
observed tuning of Co2* binding by calcium. Firstly, it is conceivable that Co*/Zn?* Kj of
the HiszAsp motif does not change with pH; instead the differences in the apparent Kj
observed in the pH titration curves with and without calcium originates from the variations
in the sidechain pKj; values of metal binding histidine residues. Due to the protonatable
sidechains of the H15, H85 and H89 residues, the Co2*/Zn2* binding motif in S100A12 may
be sensitive to pH changes particular because pK; values of 3-10 are common for histidine
sidechains in protein environments. Binding of calcium may not affect the inherent Kj of the
HiszAsp motif but alter the pKj values of histidine sidechains, resulting differential
protonation of coordinating histidine residues and loss in the observed binding affinities
between apo and Ca2*-S100A12. However, the tautomeric states derived from 1H-1°N
HMQC measurements do not support this hypothesis. At pH 7.5, all observed histidine
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residues in TH-15N HMQC spectra exist in neutral tautomeric form for both apo and calcium
bound S100A12 (Figure 4). The pH titration curves in Figure 2, if indicative of histidine pKj;
values suggest pKj of 6.3 and 5.2, respectively for SLI00A12 in the absence and presence of
calcium. At pH 6.0, assuming pKj of 6.3, the concentration of the neutral and the protonated
tautomer should be near equal in the apo protein. However, 1H-15N HMQC spectrum of apo-
S100A12 (Figure 4A) demonstrates that all histidines exist in the protonated tautomeric
form with no evidence of neutral tautomer.

Similarly, based on the postulated pKj value of 5.2 for metal binding histidines in Ca?*-
S100A12, the neutral tautomer should be ca. six times greater in concentrations compared to
the protonated tautomer at pH 6.0. The restoration of metal binding ability at this pH value
in the presence of calcium could be justified if the neutral tautomer is the major species in
Ca?*-S100A12 at pH 6.0. 1H-15N HMQC measurements disprove this hypothesis and
demonstrate that similar to the apo form, all metal binding histidine residues in Ca%*-
S100A12 exist as protonated tautomer. These experiments indicate that the inflection point
observed in the pH dependent metal binding curves does not reflect protonation of
coordinating histidine residues, which is also not the origin of the loss in metal binding.

A second plausible explanation may be that calcium binding alters the inherent binding
affinity of the Zn2* motif resulting in the observed differences in metal binding in the
presence and absence of calcium. Such variations may originate from calcium induced
structural variations to the HiszAsp binding scaffold. To evaluate this hypothesis, we
analyzed residue specific pH dependent CSPs in SI00A12 in the absence and presence of
calcium. The pH values of 6.0 and 7.0 were chosen to examine the CSPs because the apo
protein shows gradual loss in Co?* binding in this range, while Ca?*-S100A12 retains its
bound cobalt ion. Furthermore, based on the reported studies of extracellular acidosis
triggered neutrophil activation,[1% this pH range is also biologically relevant. Large CSPs
were observed in protein samples prepared in the absence and presence of calcium for most
of the residues in helix 1V, which contains two out of the three CoZ*/Zn2* binding histidines.
In addition to this, similar magnitudes of CSPs for helix IV residues were observed in both
apo and Ca2*-S100A12, including metal binding H85 and H89 residues. Significant C* and
NH CSPs suggest that these perturbations originate from pH induced conformational
changes and that calcium binding does not modulate the conformation of this region of
S100A12.

A noticeable difference in the CSPs for apo and Ca2*-S100A12 can be observed in the
residues belonging to the calcium binding EF hand 1 motif. As shown in Figure 6, the
residues of this loop exhibit minor pH-dependent CSPs upon calcium binding. Contrary to
the calcium loaded protein, the EF hand-1 loop shows large perturbations as the pH is varied
in the apo protein. This 14 residue EF hand is the non-canonical, S100-specific calcium
binding motif found in this family of proteins.[28] Asp25, which participates in Co2*/Zn%*
binding, belongs to this loop and calcium may introduce structural restraints to this residue.
Our results reveal that calcium binding minimizes pH induced conformational perturbations
to the EF hand 1 loop, which may in turn, provide the structural stability to the HiszAsp
motif via Asp25 thereby regulating the pH dependence of S100A12 metal binding.
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SSP analysis showed that while the pH induced conformational changes do not alter the
secondary structure of the protein, calcium binding promotes a p-strand conformation for
residues D25-L.27 of the EF hand 1 loop. These residues occupy a coil-like configuration in
the apo protein. The B-strand conformation of these loop residues upon calcium binding is
not disrupted by pH variations (Figure 7) and may play a critical role by introducing
structural constraints needed to provide improved zinc affinity. The coil-like configuration in
the apo protein, on the other hand, is susceptible to pH induced conformational changes, as
demonstrated by the CSPs in Figure 6. Therefore, we posit that the calcium modulated zinc
affinity of SI00A12 is executed via the EF hand 1 loop residues, which in the absence of
calcium, occupies a flexible coil conformation that is susceptible to pH variations. Calcium
binding induces p-strand conformation providing resistance towards pH mediated structural
variations and expands the viable Zn?* binding pH range to sub-neutral conditions. These
results explain the relevance of calcium binding to S100A12 and its role in zinc
sequestration and antimicrobial functions of SI00A12. While the apo protein has high Zn2*
affinity at neutral pH, the abundance of calcium in the extracellular milieu may assist in
S100A12 antimicrobial functions at the sites of infection by extending the viable pH range
for zinc sequestration during extracellular acidosis. We have recently reported on structural
perturbations induced upon divalent metal ion (Zn2*, Ca2* and, Zn%*/Ca2*) binding to apo-
S100A12 at pH 7.0.111 Upon Zn2* binding, S100A12 forms oligomeric assemblies that are
not amenable to standard solution NMR methodologies owing to their large molecular
weights. To overcome this hindrance, we utilized solid state NMR spectroscopy to
demonstrate Zn2* binding introduces distinct structural changes in helix 11 of the
polypeptide chain. With the results reported herein, pH dependent solid state NMR studies
on Zn2* bound assemblies of S100A12 may provide additional insights into structural
perturbations with pH variations and such studies will be undertaken in the future.

Conclusion

S100A12 is a high affinity Zn2* chelating protein at neutral pH conditions. Zn2* binding to
S100A12 allows the protein to participate in the innate immune response via zinc
sequestration mediated antimicrobial functions. Although calcium binding to the two EF
hand loops of S100A12 increases its Zn2* affinity, the mechanism of calcium mediated zinc
sequestration is not completely known. Here, we demonstrate that while apo-S100A12
exhibits strong Zn?* binding at neutral pH conditions, the protein gradually loses its Zn?*
affinity as the pH is reduced below 7.0. Calcium binding to S100A12 extends the viable pH
range for high affinity ZnZ* binding to pH 5.7. These results indicate that calcium binding
not only improves S100A12 Zn2* affinity, it also allows the protein to efficiently perform
zinc sequestration at sub-neutral pH conditions. We propose that given the already high Zn*
affinity at neutral pH, the biologically relevant role of calcium binding is to extend the viable
zinc binding pH range of S100A12 to sub-neutral conditions which may be generated during
extracellular acidosis and that such dependence may also be exhibited by other antimicrobial
innate immune proteins, particularly ST00A8/A9 heterodimer. We demonstrate that the loss
of zinc binding below pH 7.0 for the apo protein does not originate from the protonation of
metal binding histidines. Instead our results indicate the extended pH range for zinc binding
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originates when calcium ligation introduces B-strand conformation to S100 specific EF hand
loop, providing resistance from pH induced conformational changes.

Experimental Section

S100A12 expression and purification.

Human S100A12 (UniProt ID P80511) cDNA was synthesized and subcloned into the
pET-41a(+) vector by GenScript followed by transformation to BL21(DE3) E£.coli competent
cells. The E.coli cell culture induced from a single colony of obtained from plasmid
transformation was incubated at 37 °C with shaking at 200 rpm in Luria Broth (LB) or M9
minimal medium which contained U-1°N NH,4CI or both U-15N NH,ClI and U-13Cg D-
glucose. After induction by 1 mM isopropy! p-D-1-thiogalactopyranoside (IPTG), the cell
culture in M9 minimal medium was allowed to grow at 18 °C, while cell culture in LB was
allowed to grow at 37 °C for 4 hours. Cells were collected by centrifugation at 4,000 rpm at
4 °C for 20 minutes. The harvested cell pellet was resuspended in lysis buffer (50 mM Tris-
HCI, pH 8.3). The resuspended cells were sonicated with a microtip for 20 min of
processing time with 5 seconds on and one second off. After sonication, cell lysate was
centrifuged at 17,000 rpm at 4 °C for 40 minutes. The supernatant was collected and injected
into a diethylaminoethanol (DEAE) anion exchange column pre-equilibrated with loading
buffer (50 mM Tris-HCI, pH 8.3). For purification with the DEAE column, a gradient of 0—
10% B was gradually applied over a volume of 50 mL (Eluent A, 50 mM Tris-HCI, pH 8.3;
Eluent B, 50 mM Tris-HCI, 1 M NaCl, pH 8.3) and fractions were collected. Fractions
containing S100A12 were determined by SDS-PAGE gel electrophoresis, combined and
concentrated for further purification. To ensure generation of apo state of the protein upon
purification, 25 mM ethylenediaminetetraacetic acid (EDTA) was added to remove divalent
metal ions followed by dialysis and buffer exchange to remove excess EDTA. In the next
purification step, size exclusion chromatography (GE Healthcare Life Science, HiLoad
16/600 Superdex 75 prep grade) was performed on a column pre-equilibrated with 20 mM
HEPES pH 7.5, 150 mM NacCl. Fractions containing S100A12 were pooled and SDS-PAGE
gels were used to evaluate the purity of the protein. The protein concentration was
determined by observing the 280 nm absorbance (e = 2980 M~ cm™1). The amino acid
sequence of the purified protein was verified as reported previously.[1]

UV-Vis spectroscopy.

The samples for UV-Vis spectroscopy were prepared at 0.1 mM or 0.2 mM S100A12
concentration in 20 mM HEPES, 150 mM NaCl, pH 7.5 buffer. The buffer pH was raised
with 0.1 M Sodium Carbonate — Sodium Bicarbonate buffer up to pH 10.4, or lowered up to
pH 3.5 using dilute HCI. For UV-Vis measurements on Ca2*-S100A12, 20 equivalents of
calcium were added. Co2*-S100A12 complex was detected by monitoring the absorbance at

556 nm and quantified using previously reported e = 820 M~cm=2 (for S100A12 dimers).
[4d]

NMR sample preparation and NMR spectroscopy.

Uniformly 1°N and/or 13C labeled samples for solution NMR measurements were prepared
in buffer containing 20 mM MES, 150 mM NacCl at pH 6.0 or 20 mM HEPES, 150 mM
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NaCl, pH 7.5 with 10% D,0 and 200 uM 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS).
NMR samples were prepared at 0.7 mM protein concentration. The pH of the buffer during
pH titration experiments was adjusted using NaOH or HCI.

NMR spectra were acquired at 14.1 T on a Varian Inova NMR spectrometer outfitted with an
HCN cryoprobe or at the City University of New York’s Advanced Science Research Center
at 16.8 T. The Larmor frequencies (at 14.1 T) were 599.93, 150.87 and 60.79 MHz for 1H,
13C and 15N, respectively, and the sample temperature was maintained at 25 °C or 37 °C. All
NMR spectra were processed with NMRpipel] and analyzed with Sparky.[2%] 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. 30°- and 60°-shifted sine bell
apodization with water suppression function were used for both dimensions. Backbone
assignments of C® and NH were accomplished by 2D *H-15N heteronuclear multiple-
quantum coherence (HSQC),[2] 3D HNCACB22] and HN(CO)CACBI23] experiments (all
part of the Agilent BioPack library). 1H-1°N heteronuclear multiple quantum coherence
(HMQC)[21 experiment using a 22.4 ms delay period was employed to detect long range
correlation between N®1/Ne2 and He1/H52 histidine sidechain nuclei via 2Jy.y couplings.[t4]
Histidine sidechain H&1/H®2 assignments were made with the aid of 2D 1H-13C
(HB)CB(CGCDCE)HE[?4] and (HB)CB(CGCD)HDI24] correlation spectra that provided
correlation between known CP chemical shifts and H21/H82 nuclei.

Secondary structure propensity calculations.

The secondary structure propensity (SSP) of S100A12 was calculated by the SSP
program(23] using the C and NH chemical shift as inputs. For each residue, the C* and NH
were combined to calculate a single score representing the expected fraction of a— or f—
secondary structures. The a—, B— or random coil structure is predicted based on the
proximity of the SSP value to 1.0, —1.0 or O respectively. For example, an SSP score of 1
represents a fully formed a structure and a score of —1 represents a fully formed B structure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A) The primary sequence of human S100A12 showing Zn2* binding residues (colored cyan)

and EF hand loops. The secondary structure elements are presented above the sequence and
displayed as blue bar for helices, pink arrows for B-strand and cyan line for loops; B) an
expansion of Zn2* bound S100A12 crystal structure showing the zinc binding site (PDB:
2WCB). The two monomers are colored blue and gray. The zinc and sodium ions are
colored purple and blue, respectively and; C) an overlay of the crystal structures of apo
S100A12 (PDB: 2WCF, blue) and Ca?* bound S100A12 (PDB: 1E8A, orange). The EF-
hand loops are colored using the same color scheme as in (A).

Chembiochem. Author manuscript; available in PMC 2020 July 23.



1duosnuely Joyiny 1duosnue Joyiny

1duosnuepy Joyiny

1duosnuely Joyiny

Wang et al.

SN Chemical Shift/ ppm

125

130

A R
ezu cge ® 128
> T
Ta7
.Y
- B hd
Cl,
E38 Tag Haar
N4 D 5 o L81
- D65\, De1v77§ },
' “*1‘}‘% oy
S28e e/ E70 |53
T AR T ""3“5’5 °i“
*  “asslicy ‘Ess
L EaE KA
e
K2» 'T43-‘F|4; A73'C§'5-T‘\_ 47
< *f_ |1u L76
La ViRl e
i . N 13
KQCI 2 E3'A£0,q33
K50
Kag=
i
— — — —
10 9 8
'H Chemical Shift/ ppm
Figure 2.

SN Chemical Shift / ppm

Page 17

o )
105: B &30 Gg.
1
17
| 1
1104 .
E39 N&3
] E s oL
| a2 - -
1 - Qg7 Gt 17
115 es6 Qs 3q7® ges
13r g LA
1 ms* »1a=- -f pel
] FroF36 N12e Eeu :m 013
1 L5 DSS'bm 054 e
1204 K2 13?.‘ “As1 Q; zll'tqﬁz AT A
J A 7 ;\Ja )73
K9 F73~ "E‘ pgaviss \5!' -~.|w‘44
| -l if3 =4} s
ABD
1254
Vs
1I KSP K15 E?J‘. .y
o D25 pH 8.3
4 *
130i Aiz
T T T L T
10 9 8 7
'H Chemical Shift / ppm
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(light green) for A) apo-protein and, B) calcium bound S100A12. The residues involved in

HisgAsp Zn2* binding motif are labeled in red.
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Figure 3.
pH dependence of Co?* binding to S100A12 in the absence (orange) and presence (blue) of

Ca?* shown with a plot of absorbance at 556 nm versus pH. At pH values greater than 7.3
minor protein precipitation in the calcium bound S100A12 was observed that interfered with
the baselines of the absorption spectra, giving rise to irregular absorption maxima under
these conditions.
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Figure 5.

2D and 3D 1H, 13N, 13C experiments conducted for the assignments of histidine sidechain
nuclei of calcium bound S100A12 at pH 6.0. A) 1H-15N HMQC: B) 2D 1H-13C
(HB)CB(CDCGCD)HD; C) a strip plot of the 3D HN(CO)CACB (blue) and HNCACB (red)
spectra; D) a strip plot of the 1H-15N NOESY-HSQC (orange) spectrum. Resonances
associated with a residue are labeled and marked with same color across all spectra.
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Figure 6.
Site specific absolute values of chemical shift perturbation between pH 6.0 and 7.0 for (A)

C< and, (B) NH nuclei in the absence (pink) or presence (blue) of calcium ion. The negative
values represent residues for which resonance assignments are not available. The secondary
structure of the apo-protein determined from the crystal structure (PDB code 2WCF) is
displayed at the top: a-helices (blue bars), p-strands (pink arrows), and loop regions (cyan
lines). The values 1.38 and 3.33 in (B) refer to CSPs that are larger than the displayed range
of the plot.
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Figure 7.
SSP based C* and NH chemical shifts at pH 7.0 (red) and 6.0 (blue) for (A) Apo-S100A12

and, (B) Ca2*-S100A12. The secondary structure of the apoprotein determined from the
crystal structure (PDB code 2WCF) is displayed at the top: a-helices (blue bars), p-strands
(pink arrows), and loop regions (cyan lines).
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Table 1.

Sidechain resonance assignment of histidine residues in calcium bound S100A12 at pH 6.0.

Residue  N®2 (ppm) N8 (ppm) He' (ppm) H82 (ppm)  Tautomeric state

H6 169.9 224.2 7.93 7.19 N&2H tautomer
H15 183.7 187.9 8.31 7.45 protonated
H23 191.2 2122 8.20 6.73 N/AZ
H85 184.7 199.6 8.08 6.02 protonated
H87 176.4 188.9 8.22 7.06 protonated
H89 177.1 189.2 8.38 7.23 protonated

a .
cannot be determined
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