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S100A8 and S100A9 are small, human, Ca2+-binding pro-
teins with multiple intracellular and extracellular functions in
signaling, regulation, and defense. The two proteins are not
detected as monomers but form various noncovalent homo- or
hetero-oligomers related to specific activities in human physi-
ology. Because of their significant roles in numerous medical
conditions, there has been intense research on the conforma-
tional properties of various S100A8 and S100A9 proteoforms
as essential targets of drug discovery. NMR or crystal structures
are currently available only for mutated or truncated protein
complexes, mainly with bound metal ions, that may well reflect
the proteins’ properties outside cells but not in other biological
contexts in which they perform. Here, we used structural mass
spectrometry methods combined with molecular dynamics
simulations to compare the conformations of wildtype full-
length S100A8 and S100A9 subunits in biologically relevant
homo- and heterodimers and in higher oligomers formed in
the presence of calcium or zinc ions. We provide, first, ratio-
nales for their functional response to changing environmental
conditions, by elucidating differences between proteoforms in
flexible protein regions that may provide the plasticity of the
binding sites for the multiple targets, and second, the key
factors contributing to the variable stability of the oligomers.
The described methods and a systematic view of the confor-
mational properties of S100A8 and S100A9 complexes provide
a basis for further research to characterize and modulate their
functions for basic science and therapies.

S100A8 and S100A9 are small (10.8 and 13.1 kDa, respec-
tively) α-helical proteins belonging to the S100 family, which is
the largest group of calcium-binding proteins in humans (1).
They are involved in various functions connected to cell
signaling, regulation, and defense (1, 2). For instance, they are
overexpressed and secreted by white blood cells to mediate
inflammation by interacting with extracellular receptors, for
example, TLR4 and RAGE (3–5). They also form human
“nutritional immunity” complexes that deprive bacteria of
transition metal ions essential for their growth (6, 7) and are
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anti-inflammatory in the process of wound healing (8). Inside
cells, S100A8 and S100A9 regulate nitric oxide and reactive
oxygen species signaling, NADPH oxidase activation, and
arachidonic acid transport, and they modulate tubulin and
intermediate filament assembly and telomerase activity (2, 4,
9–11). Recent affinity-capture mass spectrometry identifica-
tions suggest over 150 and 229 interactors for S100A8 and
S100A9 proteins, respectively (12). Expression levels of
S100A8, S100A9, or both proteins change significantly with
the development of many human diseases, including rheu-
matoid arthritis, psoriasis, ulcerative colitis, and Crohn disease,
and various human cancers, including breast, prostate,
pancreatic, liver, and skin cancer (1, 13, 14).

The extraordinary diversity of physiological functions of
S100A8 and S100A9 has long been the subject of research.
However, it is still puzzling, considering that both are small,
single-domain proteins, containing only two EF-hand struc-
tural motifs connected with a short linker. According to
available data, S100A8 and S100A9 have almost identical 3D
structures yet perform diverse roles, depending on the bio-
logical context (15). The regulation of their function must thus
rely not only on their overall static fold but also on more
transient factors modulating structural dynamics, thermal sta-
bility, or susceptibility to additional factors. Theoretical studies
have suggested that intertwined in the conserved S100 protein
folds are sequence fragments predicted to have high intrinsic
levels of disorder. A higher propensity for disorder was pro-
posed for the sequence of S100A9 than for S100A8 (16).

S100A8 and S100A9 do not exist as monomers. They are
isolated from biological samples mostly as noncovalent hetero-
oligomers of S100A8 and S100A9 with 1:1 stoichiometry (17).
The S100A8/S100A9 heterodimer (calprotectin) is the
preferred assembly if the two recombinant proteins are cofol-
ded in vitro, from denaturing conditions, for example, but it
does not form upon the mixing of already folded homodimers,
which are the minimal functional units for the individual
proteins (18–20). Tissue-specific protein expression profiles
and detailed proteomic studies indicate that relative levels of
S100A8 and S100A9 in vivo may depart from equimolar, sug-
gesting the significance of other biologically active complexes
(21). The proteins can form higher-order oligomers that exhibit
specific biological properties depending on environmental
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S100A8 and S100A9 protein structural plasticity by HDx-MS
conditions (22). Oligomerization of S100A8 and S100A9 is
related to the binding of divalent metal ions. Each protein binds
two Ca2+ ions in noncanonical and canonical loops located in
the N- and C-terminal EF-hands (18, 20). Some proteoforms,
particularly the heterodimer, also bind transition metal ions,
including, Zn2+, Ni2+, Fe2+, and Mn2+, in additional sites (6, 23,
24). The oligomers differ in proteolytic stability, ligand/ion
specificity, and susceptibility to posttranslational modifications
(6, 25–27). For instance, S100A8/S100A9 heterodimers,
released from the low-Ca2+ interior of cells, form tetramers in
the Ca2+-rich intercellular space. In psoriasis, calprotectin di-
mers bind to TLR4 receptors to induce inflammation signals.
Tetrameric calprotectin loses this capability because the TLR4-
binding epitope hides at the interface between the dimers.
Thus, the localization of its dimeric form capable of TLR4
binding is focused, allowing for precise control of the spread of
the inflammation signal (3). The Ca2+-bound tetramer acts
instead as an antibacterial agent through a “nutritional im-
munity”mechanism by depriving bacteria of essential transition
metal ions. Strong binding of Zn2+, Mn2+, Ni2+, and Fe2+ is
provided by two sites formed at the heterodimer interface. The
first is a classical H3D site built of the side chains of H83A8,
H87A8, H20A9, and D30A9. The second is a unique H6 site
involving the two imidazoles of H17A8 and H27A8 from S100A8
and the four imidazoles of the H91A9, H95A9, H103A9, and
H105A9 residues from the S100A9 tail. Transition ion affinity
drops significantly in the absence of Ca2+ (6, 7, 28, 29). In an
excess of Zn2+ ions, calprotectin assembles into higher, non-
canonical oligomers, leading to harmful amyloid deposits, as
observed in Zn2+-rich prostate cancer cells (30).

The mechanistic rationales underlying effects like hetero-
dimerization and metal ion–dependent tetramerization are
still under debate. Available structures represent primarily
static data and describe only the limited, successfully crystal-
lized conformers determined with flexible regions excluded,
mainly in a metal ion–loaded form (Table S1). Remarkably,
there is no structure of calprotectin in the apo form. All
published structures have a similar main-chain conformation
and do not clearly explain observed functional differences
between oligomeric assemblies under varying conditions. Also,
most crystallized proteins have their reactive cysteines (C42A8
and C3A9) mutated or removed, which is a disadvantage
because S100A8 and S100A9 proteins are particularly sus-
ceptible to oxidative modifications in vivo, and the post-
translational redox modifications of methionine and cysteine
residues regulate some of their biological activities (25–27, 31).
A promising direction is to combine biophysical methods with
computer simulations, as has been already done to study the
conformational dynamics of S100A11 (32).

In this work, we applied hydrogen–deuterium exchange
mass spectrometry (HDx-MS) combined with molecular dy-
namics (MD) simulations as a complementary technique for
structural studies. We aimed to provide the missing confor-
mational comparison of the full-length, nonmutated S100A8
and S100A9 proteins arranged in different oligomeric struc-
tures. HDx-MS has already been helpful, in our hands, in
studying conformational consequences of posttranslational
2 J. Biol. Chem. (2023) 299(4) 102952
modifications in proteins that escape classical structure
elucidation (33). A significant advantage of the method is that
proteins can be analyzed without labeling and under widely
varying conditions. Most importantly, HDx-MS results reflect
the structural flexibility and dynamics of the investigated sys-
tems (34–36). By superimposing HDx profiles with molecular
dynamic simulations, we tried to infer how the conformational
characteristics of S100A8 and S100A9 subunits evolve when
switching from homodimers to heterodimers, and from apo
forms to Ca2+- or Zn2+-loaded oligomers. Eventually, we
demonstrate that their properties are modulated at the level of
conformational plasticity, tuned at particular protein regions
in different proteoforms.
Results

Preparation and characterization of homogenous
recombinant S100A8 and S100A9 oligomers

Wildtype human S100A8 and S100A9 proteins were indi-
vidually overexpressed in E. coli and purified to homogeneity
under denaturing conditions using HPLC (Fig. S1A). S100A8
and S100A9 complexes were obtained by refolding denatured
proteins back to their native structures by dialysis from pH 2.5
to pH 7.5, as described (20). Refolded proteins assembled into
either a homodimer when using pure S100A8 or S100A9 or
heterodimers for an equimolar mixture of purified S100A8 and
S100A9. Anion exchange chromatography and gel filtration
showed that the dimers were noncovalent, and HPLC, SDS-
PAGE, and liquid chromatography (LC)–electrospray ioniza-
tion (ESI)–MS of whole proteins confirmed the composition of
appropriate proteoforms (Fig. S1, A–C). Circular dichroism
(CD) spectroscopy demonstrated the formation of the ex-
pected α-helical structures observed in these proteins previ-
ously (20, 37, 38) (Fig. S1, D and E). Size-exclusion
chromatography (SEC) (Fig. 1, A–C) and analytical ultracen-
trifugation (Fig. 1D) indicated that pure S100A8 and S100A9
proteins formed only homodimers regardless of the presence
of Ca2+/Zn2+ ions. Heterodimers assembled into tetramers
upon the addition of Ca2+ or into even higher oligomers with
Zn2+. According to native MS results, the predominant pro-
teoform for S100A8/S100A9 in the presence of excess Ca2+/
Zn2+ ions remained the tetramer (Fig. 1, E and F).

Since human S100A8 and S100A9 proteins possess reduced
cysteine residues, we paid special attention throughout the
purification process to prevent the formation of a covalent
disulfide or other oxidation product. Before each experiment,
we confirmed the reduced state of cysteine thiols by HPLC and
MS analysis. The redox stability of cysteines differed markedly
among the various purified proteoforms. Calprotectin and
(S100A8)2 did not form covalent disulfide bonds in solution
even after several days of storage at 4 �C without a thiol-
reducing agent, while (S100A9)2 had to be used immediately
after purification, as it formed covalent dimers more efficiently.

Proper folding of all analyzed proteoforms was also assessed
by thermal stability measurements using nanodifferential
fluorescence based on tryptophan fluorescence analysis.
S100A8 and S100A9 proteins have one tryptophan residue



Figure 1. Oligomeric status of S100A8 and S100A9 proteins. A–C, size-exclusion chromatography elution profiles of 50 μM (A) (S100A8)2, (B) (S100A9)2,
and (C) S100A8/S100A9 in the absence (gray or black line) and presence of 1 mM Ca2+ (pink or yellow line). Elution buffer: 20 mM TES pH 7.5, 100 mM
NaCl, ± 1 mM Ca2+; 20 �C. D, sedimentation coefficient distributions for 25 μM S100A8/S100A9 in the absence (black line) and presence of 500 μM Ca2+

(yellow line), 25 μM Zn2+ (light blue line), 50 μM Zn2+ (blue line), and 100 μM Zn2+ (dark blue line). E and F, native mass spectrometry spectra of 25 μM S100A8/
S100A9 in the absence and presence of (E) Ca2+ ions with the metal:protein stoichiometries 2:1, 4:1, 6:1, and 8:1, and (F) Zn2+ ions with the metal:protein
stoichiometries 1:1, 2:1, 3:1, and 4:1. Each mass spectrum was normalized to a maximum peak value of 1. The pseudomolecular ion charges are provided
above the corresponding peaks.
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each. In homodimers at room temperature, W88A9 is more
exposed to the solvent (fluorescence at 350 nm/330 nm [F] =
0.94) than is W54A8 (F = 0.74). The F value for Trp fluores-
cence in the heterodimer is an arithmetic mean of the values
obtained for the homodimers (F = 0.84). Upon Ca2+-induced
tetramerization, the Trp fluorescence drops (F = 0.71), indi-
cating an additional burial of Trp side chains. With increasing
temperature, the tryptophans in (S100A8)2 become buried (red
shifted in fluorescence), while in (S100A9)2 and calprotectin
they become exposed (blue shifted). The observed unfolding
transitions were sudden and occurred at quite different tem-
peratures. Calprotectin showed much higher stability
(Tm[A8A9

apo] = 70.2 �C, Tm[A8A9
Ca2+] ≈ 75 �C) compared

with homodimers (Tm[A8
apo] = Tm[A8

Ca2+] ≈ 60.5 �C,
Tm[A9

apo] = Tm[A9
Ca2+] ≈ 61.7 �C) (Fig. S1F).

Hydrogen–deuterium exchange mass spectrometry for
S100A8 and S100A9 proteins

We performed HDx-MS experiments to gain insight into
the conformational dynamics of the homogenous S100A8 and
S100A9 oligomers. Using tandem mass spectrometry, we
observed that digestion of each studied proteoform by pepsin
at pH 2.5 yielded, among others, 39 peptides from the S100A8
subunit and 49 from S100A9, altogether covering 93% of the
proteins (Fig. 2 and Table S2). Only two fragments from the N
termini of helices IV (A869–74 and A979–83) could not be
detected. Despite minor differences between our protocols (see
Experimental procedures) and those previously reported in the
literature for a Cys/Ser mutant of calprotectin (39), the
digestion results remained consistent, with only a slightly
decreased number of obtained peptides (39 versus 40 for
S100A8, and 49 versus 55 for S100A9, Table S2). We measured
the deuterium uptake levels for the same sets of peptides in
each proteoform at five exchange time points: immediately
after D2O addition and at 10 s, 1 min, 5 min, and 24 h of HDx.

(S100A8)2 and (S100A9)2 homodimers

HDx-MS for apo homodimers demonstrated substantial
differences in deuteration levels between (S100A8)2 and
(S100A9)2. The HDx profile for apo (S100A8)2 consists of
alternating regions characterized by lower and higher deute-
rium uptake that correlate well with the localization of α-he-
lices (Figs. 3A and S2). Less protected fragments correspond to
the loose parts, such as the protein’s termini, Ca2+-binding
J. Biol. Chem. (2023) 299(4) 102952 3



Figure 2. Sequence coverage map of identified peptic peptides obtained for S100A8 and S100A9 proteins.
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loops, and linker between the two EF-hand motifs. While the
exchange levels eventually saturated after 5 min for most of the
protein sequence, the peptides from helix I (i.e., A85–15)
remained barely accessible to the solvent. For (S100A9)2, HDx
levels were much less differentiated (Figs. 3B and S3), and the
regions within α-helices not as pronounced. The only peptide
with low (<25%) deuterium uptake after 10 s derives from
helix I (A914–19) and corresponds to the most protected frag-
ment in (S100A8)2. Yet, in contrast to (S100A8)2, after 1 and
5 min of exchange, the exchange rates for this peptide reached
60% and 90%, respectively. Also, helices II and IV were more
protected in (S100A8)2 than in (S100A9)2 (�30% versus �55%,
and 45% versus 80% at the 10-s time point, respectively).
Conversely, the Ca2+-binding loops are more dynamic in
(S100A8)2 (80%–100% after 10 s) as compared with the loops
in (S100A9)2 (�70%).

(S100A8)2 and (S100A9)2 homodimers upon Ca2+ binding

In both homodimers, the binding of calcium stabilizes the
Ca2+-binding loops only slightly, with the most pronounced
effect on the canonical loop in (S100A9)2. There are, however,
Figure 3. Hydrogen–deuterium exchange levels resolved to individual p
three different time points for (A) (S100A8)2 and (B) (S100A9)2.
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also substantial differences. (S100A8)2 becomes less dynamic
mainly within helix II, and this is clearly pronounced for the
peptide A831–39 at all measured times (Figs. 4, A and C and
S2). In (S100A9)2, on the other hand, the HDx profile deviated
substantially, becoming differentiated between the more
protected helices I, II, and III and the less protected linker and
helix IV (Figs. 4B and S3). After 5 min, both profiles
converged back to resemble their apo counterparts. Only
helices I and II remained more protected, especially in
(S100A8)2 (Fig 4, C and D), and the C terminus of (S100A9)2
remained less protected.

Apo S100A8/S100A9 heterodimer

Heterodimerization had an even more profound effect on
HDx dynamics in each protein compared with either apo or
Ca2+-loaded homodimers. In the S100A8 subunit, helices I and
II and the linker became further protected, increasing the
contrast with the accessible Ca2+-binding loops and helix III.
Despite the overall protein stabilization, helix IV experienced
increased exchange rates relative to the homodimer (Figs. S2
and S3). S100A9 displayed an overall significant decrease in
eptide segments in apo homodimers. The measurements were made at



Figure 4. Hydrogen–deuterium exchange levels for apo and Ca2+-loaded homodimers, and apo heterodimers. The measurements were made after
10 s in (A) (S100A8)2 and (B) (S100A9)2 and after 5 min in (C) (S100A8)2 and (D) (S100A9)2.
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HDx levels, especially for helices I, II, and III within the linker;
helix IV; and the Ca2+-binding loops. In contrast to the
homodimers, the HDx profiles of the subunits in heterodimers
retained definition even after 5 min of exchange, and their
HDx profiles became more alike. Notably, heterodimerization
in the absence of metal ions decreased deuterium uptake by
both Ca2+-binding loops in S100A9. The loop protection was
higher than after Ca2+ addition to the homodimers (Fig. 4B),
especially after 5 min of exchange (Fig. 4D).
Ca2+-induced tetramerization of the S100A8/S100A9 heterodimer

Loading calprotectin with Ca2+ ions promoted further
decline in HDx ratios in both subunits. Now the last core
structural element, helix III, became protected (Fig. 5, A and
B). This effect was already pronounced for S100A9 in the apo
heterodimer, but here it became apparent for both proteins.
The canonical loops also showed substantially less exchange.
This is in contrast to the small effect of Ca2+ binding on the
same loops in homodimers but consistent with the data from
the Ser/Cys calprotectin mutant (Fig. 5C). In conclusion, in the
Ca2+-bound calprotectin tetramer, helices I, II, and III are
almost inaccessible for HDx, while the noncanonical loops and
C-terminal parts remain flexible (Figs. S2 and S3).
Zn2+-induced tetramerization of S100A8/S100A9 heterodimer

The transition metal ion Zn2+ has different binding-site
preferences than the alkali-earth metal ion Ca2+ (6). Howev-
er, Zn2+-induced changes in HDx levels for both S100A8 and
S100A9 had the exact localization, direction, magnitudes, and
even kinetics of Ca2+-bound calprotectin (Figs. 5, D–F, S4 and
S5). A Zn2+-specific decrease in deuterium uptake (by 25%–
40%) could be observed only for peptides containing residues
directly involved in the coordination of Zn2+ ions: A816–26,
A875–93, A922–32, and A987–114. The binding of additional Zn

2+

ions to the already Ca2+-loaded tetramer did not affect its HDx
profile, except for lowering HDx at the Zn2+-binding sites and
in the S100A9 noncanonical loop (A923–37, change from 80%
to 30%) (Figs. 5, D and E and S8).

Notably, for longer D2O incubation times, specifically in the
absence of Ca2+, but in one or two molar Zn2+ excess, double
envelopes (Fig. S9) of differing intensities could be observed
for most calprotectin peptides, leading to enhanced
J. Biol. Chem. (2023) 299(4) 102952 5



Figure 5. Comparison of hydrogen–deuterium exchange (HDx)–mass spectrometry results for S100A8/S100A9 heterodimer. HDx levels after 10 s in
(A) S100A8 and (B) S100A9 within apo and Ca2+-loaded heterocomplexes; (C) HDx levels for chosen peptides representing major structural elements of
S100A8 and S100A9 within homo- and hetero-oligomers in the absence (grey and black, respectively) and presence of Ca2+(yellow and pink, respectively);
HDx levels after 10 s in (D) S100A8 and (E) S100A9 within heterocomplexes after 10 s measured with and without 1- or 2-molar excess of Zn2+ ions; (F) HDx
levels for chosen peptides representing major structural elements of S100A8/S100A9 after 10 s, 1 min, and 5 min of exchange in the absence (black) and
presence of Ca2+ (yellow), 1-molar (blue) or 2-molar (light blue) excess of Zn2+.

S100A8 and S100A9 protein structural plasticity by HDx-MS
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measurement errors. Such an effect is consistent with the
analytical ultracentrifugation data suggesting significant olig-
omerization heterogeneity.

Comparison of Ca2+- versus Zn2+-induced oligomerization

To compare the effects of Ca2+ or Zn2+ binding and tetra-
merization on calprotectin conformational dynamics, we
measured HDx levels for individual peptic peptides along the
S100A8 and S100A9 sequences upon titration with Ca2+ or
Zn2+ ions. This approach is a so-called protein–ligand inter-
action in solution by mass spectrometry, titration, and
hydrogen/deuterium exchange (PLIMSTEX) experiment. The
PLIMSTEX approach recently provided data quantifying Ca2+

binding to mutant Cys/Ser calprotectin (39). Upon Ca2+

titration in the PLIMSTEX experiment, HDx levels initially
stayed constant for most peptides until the Ca2+:protein ratio
reached 5:1, subsequently decreasing and eventually stabilizing
at the Ca2+:protein ratio of 10:1 (Figs. 6B, S6 and S7).
Consistent with the results related to HDx levels presented
above, the canonical Ca2+-binding loops from both subunits
presented the most pronounced decrease in HDx levels (on
average, from 100% to 30% in S100A8 and from 70% to 45% in
S100A9), compared with helices IIIA8 and IVA8 (�70%–45%)
and helix IA9 (20%–3%). The noncanonical loop from S100A8
remained insensitive to Ca2+ concentration. Similar effects
were observed for Zn2+ titration, with changes occurring be-
tween the ratios of 0.5:1 and 1.25:1. Unlike with Ca2+, in this
case, helix IVA9, which hosts histidines for Zn2+ binding within
the H6 site, was also stabilized.

Three regions of calprotectin displayed the most apparent
changes in HDx levels upon tetramer association, namely,
helix IIIA8 and the canonical Ca2+ loops in both subunits
(Fig. 6A). Figure 6B additionally shows that peptic peptides
covering these protein regions could be assigned to two
separate isotopic envelopes, indicating two stable conforma-
tions for the metal-ion loaded and unloaded proteoforms
(peptides marked with red asterisks). Helix IIIA8 and the ca-
nonical loop of S100A9 settled into one conformation at a
Ca2+:protein ratio of 5:1, but the canonical loop of S100A8
continued to display dual characteristics even up to a 50:1
excess of Ca2+ ions. Double isotopic envelopes for these pep-
tides were also observed in Zn2+-induced tetramerization
(Fig. 6C); however, the effect did not diminish even in higher
ion excess. Similar to what was observed for Ca2+ titration, the
canonical loop of S100A8 remained least stabilized within its
final conformation and kept switching between two states at
the ratio of 0.66:0.34 (Fig. 6D).

Molecular dynamics simulations

To gain more mechanistic insight into the dynamics re-
flected in HDx results reported above, we performed MD
simulations for all the proteoforms. As a starting point, we
used structures available in the Protein Data Bank (PDB)
database. If a proteoform had been studied only with Ca2+

ions, we used its structure and removed the ions before the
simulation run for an apo protein (e.g., (S100A8)2 - pdb|1mr8,
S100A8/S100A9 - pdb|4ggf). We ran MD for the calprotectin
tetramer without ions to double-check whether deleting ions
from the X-ray structure would affect the simulation results.
The tetramer disassembled into two dimers after less than
50 ns of simulation time, as expected since tetramers are
known to form only in conditions of ion excess. We added
Ca2+ ions before calculations for Ca2+-loaded simulation if the
only available structure lacked them (e.g., [S100A9]2 - pdb|
5i8n). We also reverted the Cys/Ser mutations when present.
Although MD simulations cover a much shorter timescale
than HDx experiments (at most 500 ns versus 10 s), the results
were consistent enough to draw rational conclusions. We
present the overall flexibility of the subunits calculated in MD
simulations as a comparison of the root-mean-square fluctu-
ations (RMSFs) for S100A8 and S100A9 in different proteo-
forms (Fig. S10).

The MD results for both homodimers in apo form imme-
diately demonstrated the higher stability of (S100A8)2
compared with (S100A9)2 (Fig. 7, A and B). The distances
between helices IA8 were more rigid in (S100A8)2 as measured
for V15A8-L5A8 and A8A8-A8A8 and their counterparts in
(S100A9)2, L8A9-T18A9 and N11A9-N11A9. Similarly, increased
(S100A8)2 helix IVA8 protection correlated with the distance
G79A8-L9A8 (Fig. 7C), which was more stable than T87A9-
I12A9 (Fig. 7D). The observed differences are probably a
consequence of the better packing of more hydrophobic resi-
dues lining the interhelical interfaces in (S100A8)2. Helix IIA8,
in turn, seems to be stabilized in (S100A8)2 by ionic bonds
D33A8-K23A8 and E41A8-K18A8. In (S100A9)2, the corre-
sponding pairs E36A9-K25A9 and D44A9-Q21A9 remained
disconnected, the latter apparently due to the different prop-
erties of the residues involved (glutamic acid versus glutamine).

Ca2+-binding loops, unlike the core parts of the homodimer,
remained less stable in (S100A8)2 compared with (S100A9)2
(Fig. 8). An extensive network of bonds between D67A9 and
amides lining the canonical loop was maintained more rigidly
than its counterpart, D58A8. Moreover, although in all S100
proteins a short β-sheet forms between the canonical and
noncanonical loops, it is longer and more pronounced in
(S100A9)2, where it is stabilized by two hydrogen bonds be-
tween L74A9-L32A9 and P29A9-F76A9 (Fig. 8C). Also, P29A9
defines an apex of this β-sheet by imposing conformational
constraints that may additionally contribute to local stability.
In (S100A8)2, the β-sheet disassembles and the loops become
disentangled.

Upon heterodimer formation, additional interactions
emerge that correspond to the stabilization of helices I and II
observed in HDx profiles for both subunits. Helices I are linked
by the S11A8-N11A9 interaction (Fig. 9A), the most stabilizing
factor in this calprotectin region. There is no candidate for a
similar interaction in homodimers. The N terminus of helix
IA9 becomes more stable than it is in the homodimer. The
E41A8 carboxylate moiety, although located in the proximity of
the K18A8 side chain and amide of L8A9, seems to have only a
minor impact on the dynamics of this region and either does
not set up stable interactions at all or forms them only occa-
sionally. Also, Q7A9-S11A8 and Q7A9-K18A8 interactions,
J. Biol. Chem. (2023) 299(4) 102952 7



Figure 6. PLIMSTEX titrations of apo calprotectin with Ca2+ and Zn2+ ions (orange or blue dots, respectively). Double isotopic envelopes assigned to
peptides A854–59, A859–68, and A967–76 (marked with red stars) during titration with (A) Ca2+ and (C) Zn2+. Hydrogen–deuterium exchange levels measured
after 5 min of exchange as a function of (B) Ca2+ and (D) Zn2+ ion concentration. For each peptide, gray dots represent the exchange levels measured under
the same conditions for apo and for Ca2+-bound homodimers and hetero-oligomers. Red and blue dots indicate hydrogen–deuterium exchange levels for
two observed conformers. The PLIMSTEX results for Zn2+ titrations of Ca2+-devoid calprotectin varied substantially between biological replicates, and a
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although clearly defined in the calprotectin X-ray structure,
are not maintained in the simulations. On the opposite end of
helix IA9, an essential role in heterodimer stabilization is
played by Y22A9 (Fig. 9B). Y22A9-D44A9, D44A9-T3A8, and
E6A8-N47A9 form a rigid network of hydrogen bonds consis-
tent with the observed substantial HDx decrease here (30% for
S100A8 and >60% for S100A9). However, in (S100A9)2, the
tyrosine phenol flips to interact with the side chains of either
D44A9 or S6A9, which disrupts surrounding interactions
(Fig. 9C). Finally, the increased stability of the C terminus of
helix IVA9 is a consequence of the emerging N10A8-S90A9
interaction.

Upon Ca2+ binding, N10A8-S90A8 and S11A8-Q7A9 become
more stable (0.28 ± 0.03 nm versus 0.42 ± 0.24 nm for apo and
0.41 ± 0.11 nm versus 0.58 ± 0.29 nm for apo, respectively) and
contribute to a further increase in instability of the N-terminal
EF-hand domains within calprotectin dimers, as observed in
HDx.

According to crystal structures of Ca2+-loaded calpro-
tectin, the dimers are fastened by Ca2+-binding loops inter-
acting at two opposite tetramer poles. Both canonical loops
constitute the core of the assembly within each site, while
noncanonical loops remain peripheral (Fig. 10A). T68A9-
D63A8 and E77A9-N61A8 interactions between canonical
loops were the most stable observed of all performed sim-
ulations. These interactions diminished in a control MD
simulation run for tetrameric calprotectin devoid of Ca2+

ions (data not shown). At the interface between helices III
(Fig. 10B), another stabilizing interaction occurs between
glutamic acids E57A8. Although in all available PDB struc-
tures of calprotectin the E57A8 residue interacts with either
lysine K49A8 (pdb|6ds2, pdb|1xk4) or lysine K77A8 (pdb|
5w1f), none of these interactions is stable according to the
MD results. Instead, the distance between a pair of E57A8
side chains from two interacting heterodimers seems to be
maintained through the intermediation of several water
molecules (Fig. 10B inset).

Besides the peripheral regions of interacting loops, the
central part of an interface between calprotectin dimers forms
an empty pocket hosting, for example, W88A9 residues. Ac-
cording to MD simulations this space continues to be acces-
sible to solvent, which raises the question of the drop in
W88A9 fluorescence upon tetramerization. The dynamic
behavior of residues lining the pocket’s entry may explain this
phenomenon. R85A9 from helix IVA9 continuously switches
between interaction with D65A9 in the same dimer and E92A9
incoming from the other dimer, acting like a windshield wiper
and limiting access to the pocket (Fig. 11). Moreover, the
E92A9-R85A9 interaction also stabilizes the tetramer.

Formation of the proposed pocket may be the cause of
changes in the characteristic tryptophan-related chirality at
285 to 300 nm observed in the near-UV circular dichroism
spectra in the presence of Ca2+ or Zn2+ ions in calprotectin
solutions (Fig. S11). The near-UV CD spectra are close for
single representative experiment of three technical replications is presented
titration, and hydrogen/deuterium exchange.
apo homo- and heterodimers (Fig. S11D) but differ from
those of the similar Ca2+ or Zn2+ bound tetramers (Fig. S11, A
and B).

Zn2+ ions bind to calprotectin away from the Ca2+-binding
loops. There are two major Zn2+-binding sites. The first is in
the immediate proximity of either the S100A9 or S100A8
noncanonical loops (Fig. 10A). The former is lined with his-
tidines incoming from helix IA9 and helix IVA8 and also en-
gages D30A9 from the noncanonical loop. Zn2+ binding in this
place flips the D30A9 side chain toward an ion to bind it firmly,
stabilizing the loop. Ca2+-binding loops are entangled in
S100A9 through the short β-sheet. Thus, effects imposed on
one of them are likely to affect the other, hence the enhanced
stability of the S100A9 canonical loop in the presence of Zn2+

(Fig. 10A). A less dynamic canonical loop might, in turn, be
more accepting of more lasting interactions with incoming
S100A8. The other Zn2+-binding site, the “H-6 site,” is located
under the S100A8 noncanonical loop, between helix IA8 and
helix IVA9. Unlike the S100A9 loops, the presence of Zn2+ in
this site does not significantly affect the S100A8 canonical
loop, and the eventual consequences for calprotectin dynamics
are much harder to interpret.
Discussion

This work is a systematic comparative analysis of the wild-
type human S100A8 and S100A9 proteins in different non-
covalent oligomeric variants. We show that subunits exhibit
substantially different conformational dynamics depending on
the oligomeric state, manifested in timescales ranging from
nanoseconds (in MD simulations) to minutes (in HDx-MS
experiments).

A combination of HDx-MS and MD simulations reproduced
well most of the interactions proposed in the static X-ray
structure of Ca2+-bound tetramer. Hence, we assume that our
experiments also reflect the native state features for other
proteoforms. For instance, the (S100A8)2 homodimer maintains
more rigid interaction between helices IA8, the noncanonical
loop, and helix IIA8, and between helices IA8 and IVA8, all re-
flected in its HDx profile displaying regions of increased pro-
tection (helices IA8, IIA8, and IVA8). Ca

2+ binding only slightly
exaggerates the already-observed characteristics, demonstrating
that (S100A8)2 comes inherently preformed for ion binding. In
contrast, apo (S100A9)2 shows much flatter HDx ratios, which
differentiate upon binding incoming Ca2+ ions. The structure of
(S100A9)2 is more malleable and adjusts its dynamical prop-
erties according to the context. Besides helix IA8, both HDx
profiles saturate after 5 min, even in the presence of Ca2+ ions.
More pronounced effects emerge upon the formation of the
heterodimer. Additional interactions occur between helices IA8
(S11A8-N11A9), helices IA8 and IIA8 (K18A8-E41A8), and helices
IA8 and IVA9 (N10A8-S90A9), and in the region between helices
IA9 and helix IIIA9 (Y22A9-D44A9, D44A9-T3A8, E6A8-N47A9).
HDx characteristics for both proteins became more alike and
. PLIMSTEX, protein–ligand interaction in solution by mass spectrometry,
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Figure 7. Dynamical properties of (S100A8)2 and (S100A9)2 derived from molecular dynamics simulations. Interactions between helices I in (A)
(S100A8)2 and (B) (S100A9)2. Interaction between helices I and IV in (C) (S100A8)2 and (D) (S100A9)2. Residues likely contributing to the observed differences
are shown with sticks. The plots depict the evolution of corresponding distances in molecular dynamics trajectories (the vertical axis presents the distance in
nanometers versus time in nanoseconds on the horizontal axis). Colors on the protein structures correspond to the hydrogen–deuterium exchange levels
measured after 10 s, and the coloring scale is given at the bottom.
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Figure 8. Interactions within canonical Ca2+-binding loop. (A) (S100A8)2 and (B) (S100A9)2 loops display different dynamical properties according to the
distances measured through MD simulation. Colors on the structures correspond to the HDx levels measured after 10 s with a coloring scale as in Figure 1.
(C) Interactions within noncanonical Ca2+-binding loop in (S100A9)2.

S100A8 and S100A9 protein structural plasticity by HDx-MS
stable even after 5 min. Eventually, tetrameric calprotectin
forms in the presence of Ca2+ ions and the canonical loops and
helices gain even more protection.

Since there is no known structure of calprotectin without
Ca2+ ions, it was challenging to reconstruct the steps of
tetramer formation and distill factors contributing to this
process. Two stabilizing interactions emerge here. The first
one, between the S100A8 and S100A9 canonical loops (T68A9-
D63A8 and E77A9-N61A8), is highly stable. As already proposed
based on the crystal structures, it is likely the primary fastener
holding the dimers within the tetramer in the presence of ions
stabilizing the canonical loops (15, 20). The second spans
helices IIIA8 between both dimers (E57A8-E57A8) through a
network of water molecules. Both interactions clearly modify
the HDx profiles and exchange kinetics. The canonical loops
and helices III remain extensively protected in time. Interest-
ingly, the noncanonical loops and C-terminal parts of the
subunits remain continuously exposed to the solvent and
probably provide some flexibility at transition metal–binding
sites nearby.

The HDx results for canonical loops and helix IIIA8 suggest
the existence of two alternating conformations of the struc-
tures. In the presence of a sufficient excess of Ca2+ ions
(>10:1), helix IIIA8 and the canonical loop from S100A9 settle
in a stable conformation while the remaining canonical loop in
S100A8 continues to switch between two states. Unfortu-
nately, we could not capture those conformations from the
MD runs.
J. Biol. Chem. (2023) 299(4) 102952 11



Figure 9. Comparison of hydrogen–deuterium exchange (HDx)–mass spectrometry results for calprotectin and (S100A9)2 homodimer. (A) Stabi-
lizing interactions in the apo calprotectin derived from MD runs. (B) Interaction network between Y22A9-D44A9, D44A9-T3A8, and E6A8-N47A9 stabilize helices
IA9 and IIA9 in calprotectin. In (S100A9)2, these interactions dissipate while Y22A9 fluctuates towards S6A9, which disrupts local stability (inlet) (C).
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Figure 10. Interactions between heterodimers in the tetramer. A, Ca2+-binding loops assemble and form an interface holding heterodimers together. B,
helices IIIA8 are close to each other in a tetramer and bound by water-mediated interactions between E57A8 residues.

S100A8 and S100A9 protein structural plasticity by HDx-MS
The flexibility of proteins’ amino termini regulates their
proteolytic stability (7, 28). Indeed, the observed decline in HDx
levels when comparing homodimers to heterodimer to Ca2+-
loaded calprotectin is pronounced at the N termini. It correlates
with the previously reported increase of proteolytic resistance
(A92<A92

Ca2+≤A82<A82
Ca2+<[A8A9]2<[A8A9]2

Ca2+) (40) and
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Figure 11. Interactions between helices IVA9 set up a dynamic gate protecting the dimer–dimer interface from solvent access. The evolution plots of
respective distances are aligned to demonstrate the alternating interchangeable switching between interactions (schematically marked with black dots
based on distance).

S100A8 and S100A9 protein structural plasticity by HDx-MS
therefore could be used as an implicit but more feasible mea-
sure of this property for other, for example, posttranslationally
modified, proteoforms.

The strong hydrophobic interactions between helices I in
(S100A8)2 may be the reason for a kinetic inhibition of the
native homodimer’s rearrangement to the thermodynamically
more stable heterodimer both in vivo and in vitro; disassembly
of homodimers at low pH and refolding to neutral pH leads to
preferential heterodimer formation (20).

HDx kinetics, PLIMSTEX, and native MS have been used
recently to study Ca2+ binding to the C42SA8C3SA9 mutant of
calprotectin (39). Despite differences in the details of the
procedures, our experiments on wildtype protein yielded re-
sults consistent with the C to S–mutant data. The set of
identified peptic peptides was similar, and analogous regions
in the wildtype and mutant complexes have similar HDx
properties, suggesting that the mutations do not influence the
Ca2+ binding properties of the heterodimer. Under the
experimental conditions in this work, at the Ca2+:calprotectin
ratio of 5:1, the formation of tetramers is already advanced,
and the dynamics of HDx rates show sharp changes for both
canonical loops and a flatter profile for the S100A9 nonca-
nonical loop. In S100A8, the noncanonical loop is insensitive
to any Ca2+ excess, suggesting it is dispensable for tetrame-
rization. This is consistent with the previously proposed
scenario that tetramer formation might start right after the
filling of both the canonical and S100A9 noncanonical loops
with Ca2+. Experiments with Zn2+ provided additional insight.
Calprotectin already assembles into tetramers at the
Zn2+:protein ratio of 0.5:1, so only one ion is sufficient for this
process.
14 J. Biol. Chem. (2023) 299(4) 102952
Studies on transition metal ion binding to the calprotectin
showed that the preferred binding site for Zn2+ is the H3D site
involving the D30A9 side chain. Thus, Zn

2+ transitively reduces
the dynamics of the S100A9 canonical loop.

The canonical loop in S100A8 (A859–68) is represented by a
peptic peptide that displays two isotopic envelopes after the
tetramer forms, and this impaired stability may have its source
in the immediate structural neighborhood and its context
within the tetramer. Specifically, helix IIIA9 preceding the ca-
nonical loop of S100A9 is buried between two heterodimers. It
packs onto the S100A8 noncanonical loop and S100A9
C-terminal tail of the incoming dimer, while in S100A8 it is
exposed and away from the dimer–dimer interface. Conse-
quently, unlike helix IIIA8, its counterpart from S100A9 does
not display the dual appearance of isotopic envelopes and
converges straight into its final conformation. Differences in
the stability of helices III might directly affect the canonical
loops, hence the imperfect stability in S100A8. The sustained
presence of double isotopic envelopes during Zn2+-induced
tetramerization also suggests that the calprotectin tetramer
maintains some flexibility within the loops; however, to reach
an ultimately stable conformation, these must become
geometrically rigid upon Ca2+ binding.

Calprotectin assembles into higher oligomers in the pres-
ence of Zn2+ ions, with and without Ca2+. Although the pro-
cess, in most cases, leads to tetramer formation, it may also
result in the formation of higher oligomers. Because Zn2+ ions
do not occupy the Ca2+ loops but localize to specific sites
nearby, the mechanistic details are different. They predomi-
nantly include implicit stabilization of S100A9 loops upon
securing the D30A9-Zn

2+ interaction. A similar effect has been
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described for the H3D site in the crystal structures of Mn2+-
and Ni2+-calprotectin complexes (7, 28, 41, 42). The H6 Zn2+-
binding site seems to be less rigid. Interaction of Zn2+ ions
with optional histidines or thiols from beyond the transient
metal-binding sites might allow for the formation of other,
noncanonical oligomers. In addition, since the interaction
between Zn2+ ion and histidine depends on the protonation
state of the latter, the Zn2+-dependent oligomerization might
be sensitive to pH changes.

The interactions between tetramers are an unexplored
phenomenon. Interestingly, all X-ray structures contain more
than one tetramer (7, 15, 28, 41, 42). Remarkably, all asym-
metric units for structures solved with the H6 site occupied
with a transition metal, be it Mn2+ (pdb|4ggf, pdb|4xjk) or
Ni2+ (pdb|5w1f, pdb|6ds2), contain tetramers contacting each
other through the S100A8 noncanonical loops (7, 28, 41, 42).
In pdb|4xjk, the noncanonical loop of S100A8 interacts with
the rim of the H6 site: the C-terminal tail of S100A9 of the
other tetramer, which is also stabilized upon ion binding. The
only tetrameric structure lacking transition metals shows no
immediate interaction between tetramers within the asym-
metrical unit. Calprotectin forms amyloid fibrils 4 to 8 nm in
diameter in the presence of excess Zn2+ ions (30). A single
chain of tetramers binding through their S100A8 noncanonical
loops would have a diameter of about 44 Å, which is
compatible with observed microscopic properties. However,
additional studies might be needed to verify the nature of such
tetramer–tetramer interactions.
Conclusions

We have identified conformational changes between mul-
tiple proteoforms of S100A8 and S100A9 proteins. The
methods used allowed us to study even minute changes to
calprotectin’s dynamical properties that have not been re-
ported previously. We show that the conserved S100 proteins’
3D-structural plasticity should be regarded as an essential
aspect of S100A8 and S100A9 regulation. The changing flex-
ibility and accessibility of specific regions in different proteo-
forms may allow binding surfaces to adapt to their diverse
target proteins. Such conclusions agree with the increasing
number of observations that, despite the general sequence-to-
structure relationship, the proteins’ plasticity shapes how they
interact within their biological context (43).

As the technique has few molecular weight and buffer
limitations, we propose HDx-MS as a method of choice for
differential studies of the multitude of S100A8 and S100A9
interactors that have been described biochemically but not
structurally. It can be successfully applied to unmodified
proteins, making it a solid basis for future research on the
regulatory effects of posttranslational modifications, including
redox modifications of cysteine thiols. Understanding the re-
lationships between conformational dynamics and biological
properties such as proteolytic susceptibility, oligomerization
potential, and the formation of target-specific binding sites
given by the combination of HDx-MS and MD should provide
rationales for developing screening tests or targeted medicines.
Recognizing specific interactions that maintain proteoforms
without bound metal ions is a starting point for the design of
mutants that could allow the intracellular functions of homo-
and heterodimers to be distinguished, as has been done suc-
cessfully with mutants in calcium loops for the heterodimer
and tetramer (3, 44, 45). Such methods would be indispensable
in explaining the many contradictory studies regarding the
effects of intracellular S100A8 and S100A9, by distinguishing
between proteoforms that may exhibit different activities.

Experimental procedures

Overexpression and purification of the recombinant S100A8
and S100A9 proteins

Recombinant wildtype human S100A8 and S100A9 proteins
without purification tags were overexpressed in E. coli as
described in detail in the supporting information. They were
purified from solubilized bacterial inclusion bodies using
reverse-phase (RP) HPLC. Pure protein fractions were
collected, lyophilized, and stored at −80 �C. The identity and
purity of proteins were confirmed using analytical RP HPLC
and electrospray mass spectrometry of whole proteins. The
concentration of the proteins in solutions was quantified by
UV absorbance at 280 nm. The absorption coefficients were
taken from the literature (1.03 ml/mg−1 cm−1 for S100A8,
0.526 ml/mg−1 cm−1 for S100A9, and 0.75 ml/mg−1 cm−1 for
calprotectin, for dimers) (20).

Refolding of denatured S100A8 and S100A9 proteins

Lyophilized denatured proteins were dissolved in 0.1 M
glycine buffer, pH 2.5 to a final concentration of 100 μM.
Homodimers were prepared by renaturation of individual
S100A8 or S100A9 proteins in glycine buffers by stepwise
dialysis to 20 mM TES, 50 mM NaCl, pH 8.0 (for (S100A8)2)
or 20 mM TES, 100 mM NaCl, pH 7.5 (for (S100A9)2) using
Spectra/Por 3 3.5 kD MWCO (Spectrum Labs) dialysis tubes.
To obtain the S100A8/S100A9 heterodimer, a mixture of the
same volumes of equimolar glycine buffer solutions of both
proteins was dialyzed to 20 mM TES pH 7.5, 100 mM NaCl.

All buffers were treated with Chelex 100 Resin before use to
remove traces of metal ions. If necessary, a 10-fold molar
excess of tris-(2-carboxyethyl)phosphine (TCEP) was added to
reduce any disulfide bonds.

Purification of refolded complexes

The refolded protein solutions were adjusted to a concen-
tration of 80 to 100 μM, centrifuged at 4 �C for 1 min at
14,000 rpm to get rid of any unspecific higher aggregates, and
purified using anion exchange chromatography on a HiTrap Q
HP column (GE Lifesciences) connected to an ÄKTA purifier
(GE Lifesciences) at 10 �C with a 0.5 μl/min flow rate. In detail,
2000 μl of the protein sample was loaded into a column
equilibrated with solvent A (20 mM TES pH 7.5, 20 mM NaCl)
and eluted with an increasing gradient (0%–60% in 35 min) of
solvent B (20 mM TES pH 7.5, 1 M NaCl) with protein
detection at 280 nm. The subunit content, purity, and the
reduced state of cysteine thiols were confirmed using analytical
J. Biol. Chem. (2023) 299(4) 102952 15
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RP HPLC, LC-ESI-MS, and SDS-PAGE (Fig. S1). Fractions
containing purified expected proteins were collected, the
buffer was exchanged to 20 mM TES pH 7.5, 100 mM NaCl
and samples at a final protein concentration of 80 to 100 μM
were passed through a size-exclusion column to select a single
oligomeric species for further analyses.

Analytical size-exclusion chromatography

A volume of 100 μl of a 50 μM protein complex solution in
20 mM TES pH 7.5, 100 mM NaCl was loaded onto an
equilibrated Superdex 75 5/150 GL column (GE Healthcare)
connected to the ÄKTA purifier (GE Lifesciences) at a flow
rate of 0.5 ml/min at 20 �C.

To determine the oligomerization status of complexes in the
presence of divalent metal ions before SEC analysis, samples
were incubated with a metal ion for 15 min at 4 �C and
centrifuged for 1 min at 14 ,000 rpm. The final concentration
of Ca2+ (CaCl2 salt) was 1 mM and the final concentrations of
Zn2+ (ZnCl2 salt) were 50, 75, and 100 μM. For the analysis
with Ca2+-induced oligomerization, the SEC running buffer
included 1 mM CaCl2. The protein elution peaks were
detected by UV absorbance at 280 nm, collected, and analyzed
by LC-ESI-MS and SDS-PAGE under reducing and nonre-
ducing conditions. The oligomer sizes were estimated using a
Bio-Rad gel filtration standard containing mass markers
ranging from 1.35 kDa to 670 kDa (vitamin B12, 1.35 kDa;
myoglobin, 17 kDa; ovalbumin, 44 kDa; γ-globulin, 158 kDa;
and thyroglobulin, 670 kDa).

Analytical ultracentrifugation

Sedimentation velocity measurements were carried out in a
Beckman-Coulter ProteomeLab XL-I analytical ultracentrifuge
equipped with an An-50 8-hole analytical rotor, 12-mm path
length, and double-sector charcoal-Epon cells. The protein
samples prior to analysis were incubated for 15 min at 4 �C with
metal ions and measured at a concentration of 0.5 mg/ml in
20 mM TES pH 7.5, 100 mM NaCl in the absence and presence
of a 20 molar excess per dimer of Ca2+ (CaCl2 salt) and 1, 2, and
4 molar equivalents per dimer of Zn2+ (ZnCl2 salt). The analytic
cells containing 400 μl of sample and 410 μl of buffer in
separate sectors were centrifuged at 50,000 rpm and monitored
by UV absorbance at 280 nm at 20 �C, using a continuous scan
mode and radial spacing of 0.003 cm. Data were analyzed using
the “Continuous c(s) distribution” model of the SEDFIT pro-
gram (46), with a confidence level (F-ratio) specified as 0.68.
Solvent density (1.0047 g/cm3) and viscosity (1.020 mPa s) were
measured at 20 �C using an Anton Paar DMA 5000 densi-
tometer and Lovis 2000 M rolling-ball viscometer, respectively.
Partial specific volume and extinction coefficients for proteins
were calculated using SEDNTERP software (47). The results
were plotted using the GUSSI graphical program (48).

Circular dichroism spectroscopy

Far-UV CD

Protein samples after SEC purification were dialyzed to
20 mM TES pH 7.5 to remove NaCl and adjusted to the final
16 J. Biol. Chem. (2023) 299(4) 102952
protein concentration of 5.5 μM in a volume of 300 μl. To
detect metal ion–induced changes, proteins were incubated
with a 10-fold molar excess of Ca2+, 2-fold excess of Zn2+, or a
combination of both ions, for 15 min at 4 �C. CD spectra were
recorded from 270 nm to 195 nm.

Near-UV CD

Solutions of protein complexes after FPLC purification were
adjusted to the final protein concentration of 1 mg/ml in a
volume of 1500 μl. To detect metal ion–induced changes,
calprotectin was incubated with a 2.5-, 5-, and 7.5-fold molar
excess of Ca2+, 0.1-, 0.25-, 0.5-, 0.75-, 1-, and 2-fold excess of
Zn2+ for 15 min at 4 �C. Near-UV spectra were recorded from
360 nm to 240 nm.

All spectra (far-UV and near-UV CD) were recorded in a 1-
mm path-length quartz CD cuvette (Hellma Analytics) with a
J-815 CD Spectrometer (Jasco) at 20 �C. The blank buffer was
used as a control. Wavelength scans were carried out with 1-
nm intervals (2 s averaging time, three averaged scans). Molar
ellipticity [θ] and mean residual ellipticity [θ]MRW were
calculated according to the following formulas:

½θ� ¼ θ = ðc ⋅ lÞ
½θ�MRW¼ θ = ðc ⋅ l ⋅ nÞ

where: θ is the measured ellipticity (millidegrees); c is the
molar protein concentration; l is the optical path length of the
cuvette (millimeters); n is the number of peptide bonds in a
peptide, considering these numbers to be 185, 225, and 205,
respectively, for (S100A8)2, (S100A9)2, and the calprotectin
complex.

Native mass spectrometry

For native MS analyses, proteins were transferred using P-6
Micro BioSpin columns (Bio-Rad), from the nonvolatile TES
buffer to a volatile 100 mM ammonium acetate (AmAc) buffer,
pH 7.5. Native MS spectra were measured for 25 μM calpro-
tectin in the presence of ammonium salts of 0, 1, 2, 4, 6, and
8 molar equivalents of the Ca2+ ion, or 0, 1, 2, 3, and 4 molar
equivalents of Zn2+. Using precut TaperTip emitters (Waters),
the protein samples were introduced to a Q-TOF (Synapt G2
HDMS, Waters) mass spectrometer tuned to maintain the
native structure of protein complexes. The MS settings (for
samples without metal ions) with optimal ion transmission
were as follows: 1.6 kV capillary voltage, 14 V sampling cone,
5 V extractor cone, 30 �C source temperature, 10 V trap
collision energy, and 5 V transfer collision energy. MS settings
for samples with metal ions were as follows: 1.8 kV capillary
voltage, 100 V sampling cone, 5 V extractor cone, 30 �C source
temperature, 50 V trap collision energy, and 5 V transfer
collision energy. Pressures throughout the instrument were
�6 mbar backing, 3.1 mbar in the ion mobility cell, and
2.5*10−2 mbar for the trap and transfer cell, respectively.
Deconvolution of the native mass spectra was performed using
the online tool ESIprot (49).
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Nano differential scanning fluorimetry

The thermal stability of (S100A8)2, (S100A9)2, and cal-
protectin in the absence of metal ions and after a 15-min
incubation with 20 molar excess of Ca2+ at 4 �C was
analyzed using a Prometheus NT.48 instrument (Nano-
Temper Technologies). Protein solutions (10 μl) with a final
concentration of 25 μM in 20 mM TES, pH 7.5, 100 mM NaCl
were loaded into capillaries (NanoTemper Technologies) and
the fluorescence was monitored at 330 and 350 nm in
duplicate. The thermal ramp was from 20 to 90 �C with a
temperature slope of 1 �C/min. The denaturation data are
presented as the 350 nm:330 nm fluorescence ratio versus
temperature. The melting temperatures for each complex
were calculated using the producer-provided PR.Therm-
Control software.

Hydrogen–deuterium exchange reactions

The solutions of purified refolded protein complexes were
buffer-exchanged to 20 mM TES pH 7.5, 100 mM NaCl.
Protein concentrations were adjusted to 50 μM. For experi-
ments with metal ions, solutions of appropriate apo dimers
were incubated with either a 20-fold molar excess of Ca2+

(CaCl2 salt), a 1- and 2-fold molar equivalent, per dimer, of
Zn2+ (ZnCl2 salt), or a combination of both ions for 15 min at
4 �C.

To initiate the hydrogen–deuterium exchange, 5 μl of
appropriate oligomer solution was diluted with a 9-fold
excess (45 μl) of a D2O buffer (20 mM TES buffer pH 7.5,
100 mM NaCl in 99.9% D2O) at 25 �C. Aliquots of the so-
lutions were taken at various time points after the addition of
D2O: immediately, at 10 s; and at 1 min, 5 min, or 24 h, added
to 10 μl of an ice-cold quench buffer (2 M glycine pH 2.5 in
D2O) to stop the hydrogen/deuterium exchange reaction, and
immediately frozen at −80 �C. For further calculations,
samples analyzed immediately after D2O addition were
considered minimally labeled, and after 24 h of exchange,
maximally labeled. All HDx experiments were repeated in
triplicate.

Detection of deuterium uptake in proteins based on mass
spectrometry of peptic peptides

First, for all studied proteoforms, stock solutions of homo-
geneous complexes were diluted to the final concentration of
5 μM in 20 mM TES, pH 7.5, 100 mMNaCl, in H2O. A volume
of 50 μl of the 5 μM solutions were mixed with 10 μl of ice-
cold 2 M glycine buffer pH 2.5 in H2O and immediately
passed through an immobilized pepsin column (Poroszyme
Immobilized Pepsin). The peptic peptides were (i) desalted by
passing through a directly connected C18 precolumn
(2.1 × 5 mm, ACQUITY BEH C18 VanGuard precolumn,
1.7 μM resin, Waters) using 0.07% formic acid (FA) in water
run at 200 μl/min; (ii) separated on a C18 reversed-phase
column (1.0 × 50 mm, ACQUITY UPLC-BEH reversed-
phase column, 1.7 μM resin, Waters) with a gradient of solvent
A (0.1% FA in water) and solvent B (0.1% FA in 90%
acetonitrile in water) with a 90-μl/min flow rate; and (iii)
analyzed using a SYNAPT G2 HDMS (Waters) mass spec-
trometer. ProteinLynx Global SERVER software (PLGS, Wa-
ters) was used to identify the sequences of detected peptides
with the criteria of acceptance as 0.3 minimum products per
amino acid and a minimum intensity threshold of 3000. A
common set of peptides detected in each proteoform was
determined and covered 93% of S100A8 and S100A9 se-
quences. The common peptides were used to measure and
compare the deuterium uptakes between proteins under
different experimental conditions.

Samples frozen after HDx reactions were individually
thawed and processed in exactly the same manner as described
above for samples in H2O for peptic peptide identifications.
However, D2O replaced H2O in all elution buffers and the
mass spectrometer worked in the LC-MS mode, without
peptide sequencing. All LC-MS analyses were carried out at
0.5 �C.

Analysis of HDx-MS data

DynamX 3.0 software (Waters) was used to determine the
deuterium uptake for peptic peptides common to all proteo-
forms based on the HDx-MS experimental results. The peak
assignments to isotopic envelopes were manually curated in all
mass spectra. If fragmentary envelopes were proposed by the
software, full envelopes were searched for in the spectra.
Experimental peptide retention times and molecular weights
were exported, and the percentage of peptide deuteration (D%)
was calculated using Excel according to the formula:

Dð%Þ¼ ðMex –Mex0Þ
ðMex100 –Mex0Þ � 100%

where Mex is the molecular weight of a peptide at specific
incubation time, Mex0 is the molecular weight of a peptide
with a minimum exchange, and Mex100 is the molecular
weight of a peptide with maximum exchange.

Error bars for deuterium uptake in three replicates of
measurements were calculated as standard deviations. The
deuterium uptakes were calculated using Excel software
(Microsoft Office), and graphs were plotted with OriginPro
(OriginLab) software.

Bimodal isotopic distribution analysis

Some peptic peptides could be assigned in the metal-ion
titration experiments to two separate isotopic envelopes
(Fig. 6, A and C), indicating the presence of two different
conformations for the metal ion—loaded and unloaded
proteoforms in their protein region. For such peptides, we
calculated the contributions of the two observed con-
formers. For this, a set of 200 theoretical uniformly
deuterated single-state distributions ranging from 0% to
100% deuterium uptake was simulated for selected peptides.
For the deconvolution procedure, both centroided experi-
mental distributions and theoretical distributions were
J. Biol. Chem. (2023) 299(4) 102952 17
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represented as 500-element vectors, calculated by convolu-
tion with a Gaussian function and sampling at points uni-
formly distributed along the specified mass range. The
resulting linear equations were solved using a boosted Gold
algorithm as described in Mohrac et al., with 10,000 itera-
tions, 100 boosting steps, and p = 1.2. This allowed us to
obtain a linear combination of single-state distributions that
fits the measured distribution while meeting physical con-
straints (a small number of nonzero elements, no negative
elements). In case of two neighboring nonzero elements in
the solution vector, only a single component distribution is
reported in the results, with deuterium uptake linearly
interpolated between theoretical uptakes corresponding to
these elements (50).

Protein–ligand interaction in solution by mass spectrometry,
titration, and hydrogen/deuterium exchange experiment

For PLIMSTEX titration experiments, individual 5-μl ali-
quots of 40 μM calprotectin were incubated for 15 min at 4 �C
with increasing amounts of Ca2+ (CaCl2 salt) or Zn2+ (ZnCl2
salt) ions. The following molar equivalents were used for Ca2+:
0, 0.05, 1.25, 1.75, 2.5, 5, 7, 5, 10, 20, 25, 40, and 50, and for
Zn2+: 0, 0.1, 0.25, 0.5, 1, 1.25, 1.75, 2, 2.25, 2.5, 3, and 4. After
incubation with metal ions, the samples were diluted with D2O
and the HDx reaction was run for 5 min at 25 �C. Further
HDx-MS procedures and data analyses were conducted as
described above. PLIMSTEX runs were repeated at least twice
for every metal ion:protein ratio.

Molecular dynamics simulations and structure visualization

MD simulations in an environment corresponding to
physiological solution have been performed to assess the
conformational stability of all oligomers studied in this project.
Initial structures were obtained from the PDB database: pdb|
5i8n for S100A9 homodimer, pdb|5hlo for S100A8 homo-
dimer, pdb|4ggf for S100A8/S100A9 heterodimer and heter-
otetramer. All nonprotein molecules were removed from the
PDB structures, except for the Ca2+ ions for respective runs.
Residue mutations or sequence deletions present in the PDB
structures were reversed prior to simulations. All MD simu-
lations were carried out using GROMACS 2020.3 software (51)
with a CHARMM36 (July 2020) force field (52) and the TIP3P
water model.

All structure 3D representations were rendered in Pymol
(www.pymol.org).
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