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Abstract

S100A12 or Calgranulin C is a homodimeric antimicrobial protein of the S100 fam-
ily of EF-hand calcium-modulated proteins. SI00A12 is involved in many diseases
such as inflammation, tumor invasion, cancer and neurological disorders such as
Alzheimer’s disease. The binding of transition metal ions to the protein is important
as the sequestering of the metal ion induces conformational changes in the protein,
inhibiting the growth of various pathogenic microorganisms. In this work, we probe
the Cu?* binding properties of Calgranulin C. We demonstrate that the two Cu>*
binding sites in Calgranulin C show different coordination environments in solu-
tion. Continuous wave-electron spin resonance (CW-ESR) spectra of Cu**-bound
protein clearly show two distinct components at higher Cu**:protein ratios, which
is indicative of the two different binding environments for the Cu”* ions. The g, and
A, values are also different for the two components, indicating that the number of
directly coordinated nitrogen in each site differs. Furthermore, we perform CW-ESR
titrations to obtain the binding affinity of the Ca**-loaded protein to Cu** ions. We
observe a positive cooperativity in binding of the two Cu?* ions. To further probe
the Cu®* coordination, we also perform electron spin echo envelope modulation
(ESEEM) experiment. We perform ESEEM at two different fields where one Cu®*
binding site dominates the other. At both sites we see distinct signatures of Cu*f—
histidine coordination. However, we clearly see that the ESEEM spectra correspond-
ing to the two Cu*" binding sites are significantly different. There is clear change
in the intensity of the double quantum peak with respect to the nuclear quadrupole
interaction peak at the two different fields. Furthermore, ESEEM along with hyper-
fine sublevel correlation show that only one of the two Cu** binding sites has back-
bone coordination, confirming our previous observation. Finally, we perform dou-
ble electron—electron resonance spectroscopy to probe if the difference in binding
environment is due to the Cu?* binding to different sites in the protein. We obtain
a distance distribution with a sharp peak at ~3 nm and a broad peak at ~4 nm. The
shorter distance agrees with the Cu?*—Cu>* distance expected for a dimer from the
crystal structure. The longer distance is consistent with the Cu**—Cu** distance
when oligomerization occurs.
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1 Introduction

Calgranulin C or S100A12 is a member of the S100 class of EF-hand calcium
(Ca®")-binding proteins. There are~20 S100 proteins which are expressed in a
tissue and cell-specific manner and act intracellularly to regulate a diverse array
of biological functions including Ca** homeostasis, cell proliferation, and energy
metabolism [1]. Additionally, a number of S100 proteins are exported from cells
where they activate signaling mechanisms and act as antimicrobial agents [2, 3].
The biological relevance of S100 proteins is underscored by the misregulation of
their expression in a number of diseases such as Alzheimer’s disease, diabetes,
cancer and inflammatory disorders [4—6].

In addition to binding calcium, several S100 proteins bind divalent transition
metals, most notably 7Zn%*. S100A7 and S100A15 bind zinc, and the STI00A8/
S100A9 heterodimer calprotectin binds zinc and manganese as part of the host
innate immune response to starve pathogens, a mechanism termed nutritional
immunity [7-11]. S100A12 zinc sequestration has been implicated in the con-
trol of H. pylori and Campylobacter jejuni infections [12, 13]. Additionally, Zn**
binding to S100A12 and S100A7 has been implicated in activation of the recep-
tor for advanced glycation end products, an inflammation receptor [14, 15].

Compared to 7Zn*, less is known about the role of Cu®* in the function of
S100 proteins. Copper is an important metal in the innate immune response. Cop-
per is accumulated at sites of infection in the phagosomes of macrophages and
can produce reactive oxygen species [16, 17]. The general mechanism of Cu®* is
based on its toxicity to bacterial pathogens [18]. However, recently it was shown
that calprotectin starves Cu?" and Zn** as part of the innate immune response
toward Candida albicans [19]. Several S100 proteins bind copper, including
S100B, S100A13, S100AS5, Calprotectin, and SI00A12 [19-24]. Whether copper
sequestration by S100 proteins is a general innate immune mechanism remains to
be determined. Given the similarity between Zn>* and Cu?*, the possibility that
Cu?* potentiates activation of inflammatory receptors is also feasible.

S100A12 adopts the classic S100 protein fold, as shown in Fig. 1. Two subu-
nits of 92 amino acids, each comprised of two helix—loop-helix EF-hand motifs
separated by a hinge region, are arranged in an antiparallel homodimer. Similar
to the related proteins S100B, SIO0A7, S100AS8, and S100A9, there are two tran-
sition metal binding sites located at opposite ends of the dimer interface. Each
metal binding site is believed to comprise two histidines from one subunit and
a histidine and aspartic (or glutamic) acid in the other. These canonical transi-
tion metal binding sites are highly conserved in S100 proteins. In SI00A12, each
metal binding site is comprised of His-15 and Asp-25 of one subunit and His-85
and His-89 from the other, as shown in Fig. 1. The X-ray crystal structure of
Ca**—Cu?*-S100A12 has been determined to be 2.19 A resolution [20]. In com-
parison to the Ca>*—S100A12 structure, there is little change to the overall ter-
tiary structure upon copper binding. The most significant conformational change
is the elongation of the C-terminal helix of Cu**~Ca**~S100A 12 by four residues
which include the Cu®**-chelating residue His89. In stark contrast, the quaternary
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Fig. 1 Dimer of SI00A12 (PDB: 10DB). The two subunits are shown in dark and light gray. The blue
sticks denote the histidine residues while the green denotes aspartic acid. The orange spheres represent
the Cu®* ions. So far crystal structure (PDB: 10DB) [20] predicts that in an SI00A12 dimer, each metal
binding site is comprised of His-15 and Asp-25 of one subunit and His-85 and His-89 from the other.
However, in solution, we see distinct differences between the binding environments of the two Cu?t
binding sites (color figure online)

structure of Cu?*—Ca®*-S100A12 is drastically different from apo-S100A12. Sim-
ilar to Zn** and Ca?* complexes of SIO0A12 which form dimers, tetramers, and
hexamers [25-27], Cu®>* induces oligomerization of Ca**~S100A12 into a trimer
of dimers. It has been proposed that oligomeric forms of SI00A12 are required
for its activation of the RAGE inflammation receptor [27, 28]. However, to date,
no link between Cu?* and S100A12-RAGE signaling has been established.
Despite the importance of Cu®*, relatively few studies have focused on the
interaction of Cu®* with S100A12 in solution. Here, we describe electron spin
resonance (ESR) studies to characterize the Cu** binding site of Ca’*-S100A12,
and the effect of Cu®>* on S100A12 oligomerization. First, we use continuous
wave (CW)-ESR to show that there are two distinct binding sites. This interpre-
tation is supported by pulsed electron spin echo envelope modulation (ESEEM)
experiments that show differences in the spectra between the two sites, with
backbone coordination to Cu?* shown at only one of the sites. Hyperfine sub-
level correlation (HYSCORE) experiments also validate the presence of back-
bone coordination for only one of the Cu** binding sites. Finally, we explore the
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structure and oligomerization using double electron—electron resonance (DEER)
measurements.

2 Materials and Methods
2.1 Sample Preparation

The expression and purification of S100A12 were performed as previously
described [29]. CaCl, solution, prepared in MQ H,0, was added to the protein in a
4:1 ratio. CuCl, solution, prepared in water, was added to the calcium-bound protein
as necessary.

2.2 ESR Measurements

The samples were prepared in 50 mM N-ethylmorpholine (NEM) buffer, pH 7.4,
to eliminate any free Cu?* signal [30]. Glycerol (20% v/v) was added as a cryo-
protectant. All sample volumes were 120 uL. ESR experiments were performed
on either a Bruker ElexSys E680 X-band FT/CW spectrometer equipped with a
Bruker EN4118X-MD4 resonator or a Bruker ElexSys 580 X-band FT/CW spec-
trometer equipped with a Bruker ER4118X-MDS5 resonator. The temperature for all
experiments was controlled using an Oxford ITC503 temperature controller with an
Oxford ER 4118CF gas flow cryostat.

Continuous wave (CW)-ESR experiments were carried out at X-band frequencies
at 80 K. Data were collected for 1024 points over a sweep width of 2000 G, from
2100 G to 4100 G, with a modulation amplitude of 4 G. The CW-ESR data were
acquired with a modulation frequency of 100 kHz, a time constant of 10.24 ms, a
conversion time of 20.48 ms and an incident power of 0.1992 mw. All CW spectra
were simulated and fit using the EasySpin software [31].

Three-pulse electron spin envelope echo modulation (ESEEM) experiments were
performed at X-band frequencies at 80 K. A #/2—7—n/2—-T—n/2—echo pulse sequence
with a /2 pulse length of 16 ns was used. The first time delay, T, was set to 144 ns
for ESEEM performed at 2807 G and 152 ns for 3430 G. The second time delay, 7,
was varied, starting from an initial value of 288 ns with a step size of 16 ns. A four-
step phase cycling was employed to eliminate all unwanted echoes [32, 33]. Data
acquisition took ~ 12 h. The resultant signal was phase corrected, baseline subtracted
and Fourier-transformed using the Bruker WinEPR software.

Four-pulse hyperfine sublevel correlation (HYSCORE) experi-
ments were performed at 20 K at X-band frequencies. The pulse sequence
71/ 2—t—n/2—t,—n—t,—n/2—7—echo was used. HYSCORE was performed at two fields.
At 2807 G, the first pulse separation, 7 was set at 144 ns while at 3430 G, 7 was
set at 152 ns. The pulse separations, ¢, and f,, were varied from 200 ns with a step
size of 16 ns for a total of 256 points. The pulse lengths used were 16 ns and 32 ns
for #/2 and =z pulses, respectively. A four-step phase cycling eliminated unwanted
echo. The real parts of the collected two-dimensional data were phase corrected,
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baseline subtracted and zero filled to 512 points in both dimensions using the Bruker
WinEPR software. The data were then fast Fourier transformed and reported as a
contour plot.

Double electron—electron resonance (DEER) experiments were performed at
20 K at X-band frequencies. The four-pulse sequence used was (#/2)v,—7,—(7)
v,—(t; + )—(7)v,~(7, + 7,—1)—(7w)v,—7,—echo [34]. The observer pulses, (#/2)v; and (7)
v, were 16 ns and 32 ns, respectively, and the pump pulse (7)v, was 16 ns. The
delay, ¢, was incremented using a step size of 14 ns for a total of 128 points. The
pump frequency, v,, was placed at the maximum of the echo-detected field swept
spectrum with the observer frequency, v,, offset 150 MHz downfield. The raw time
domain DEER data were analyzed by DEER Analysis2015b [35] via Tikhonov reg-
ularization. Distance distribution was corrected using proper g values [36]. Data
acquisition took ~ 24 h.

3 Results and Discussion

We first performed CW-ESR titrations to obtain the maximum loading efficiency of
the Cu®* to the Ca?"-bound S100A12 protein and consequently, the binding affinity
of Cu* to the native Cu’*-binding sites in the protein. Figure 2a shows the CW-
ESR spectra of the protein at different Cu** equivalents. Figure 2b shows the CW
spectrum of 1 Cu?" equivalent along with the best fit. The simulation indicates a
single component fit with g, and A, values of 2.335 and 118 G, respectively. We
refer to this binding environment as component 1. Around 3 Cu®* equivalents, the
CW spectrum showed a distinct second component (cf. Fig. 2c), which is easily dis-
tinguishable in the g, region. Simulations of the spectrum at 3.5 Cu** equivalents
confirmed the presence of two components. The second component corresponded
to g, and A, values of 2.292 and 115 G, respectively. The difference in g; (2.335
and 2.292) between the first and the second components indicates differences in the
coordination environment of copper. The A, values of the two components indi-
cate that the copper in S1I00A12 is a type II copper center which forms tetrahedral

(b) 1 Cu* equivalent (c) 3.5 Cu™ equivalents
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Fig.2 a CW-ESR titrations performed at different Cu>* equivalents. b Simulations show that the CW-
ESR spectrum at 1 equivalent of Cu®* is a single component with g, and A, values of 2.335 and 118
G, respectively. ¢ At 3.5 equivalents of Cu*, a distinct second component is observed. Hence, we use
another component with g, and A, of 2.292 and 115 G (blue dotted lines, upper panel). By varying the
ratios of the two components we get the best fit for the spectrum, as shown in the lower panel (color fig-
ure online)
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geometry, which is consistent with the Ca**—~Cu*" crystal structure of S100A12
[20] and previously reported data from ESR studies on the Cu**~S100A 12 (without
Ca™) [37].

The CW-ESR results are interesting when compared to the crystal structure of
Ca’*—S100A12 crystallized in the presence of excess Cu** (PDB 10DB) [20].
Three homodimers of S100A12 arranged as a hexamer are present in the asym-
metric unit which results in six total Cu®** ions in the structure. Five of the Cu**
binding sites are canonical S100 transition metal binding sites comprised of a his-
tidine and aspartic acid (His15 and Asp25) from one subunit of the dimer and two
histidine residues from the other subunit (His85 and His 89). However, in one of
the dimers, the canonical Cu®* binding site is altered. Asp25 is replaced by Glu55
from a symmetry-related molecule. This results in a larger Cu—O distance as com-
pared to the Asp—Cu?* coordination in the other sites (2.4 vs 2.05) [14]. This non-
canonical coordination may be an artifact from crystal packing. However, a study
of Zn** binding to Ca’*~S100B revealed that different ligands coordinate Zn>" at
different pH, which suggest the residues in the transition metal binding sites of S100
proteins may be dynamic [38]. Other studies have shown the canonical transition
metal binding site may be modified by external ligands. For example, SI00A15 has
the required aspartic acid residue replaced with a glycine. A chloride ion serves as
the fourth zinc ligand in the Zn**—S100A15 crystal structure [39]. Additionally, the
Zn>*—Ca®*-S100A8 homodimer structure has His27 replaced with a chloride ion
in two out of the eight molecules in the asymmetric unit [40]. In total, these data
suggest that the transition metal binding sites in S100 proteins may be more flex-
ible than previously thought. Hence, it is possible to observe slight differences in
the predicted equivalent Cu”** binding sites of SI00A12. From the A, and g, values
that we report, Cu>* shows difference in its binding environment. This suggests that
in solution the two symmetrical Cu’" binding sites in S1I00A12 behave differently.
Indeed, literature reports that even though proteins of S100 family are known to be
typically homodimers, they can adopt overall asymmetric conformations upon metal
binding [7].

Next, we established the mode of binding of Cu?* to Ca**-bound S100A12 in
solution. The double integrated intensity of the CW-ESR spectrum is related to the
concentration of the bound Cu®*. Note that the data were acquired in NEM buffer
where free Cu* is ESR silent [30, 41]. By comparing to a standard, the concentra-
tion of bound Cu?* can be determined [42-45]. Figure 3 shows the ratio of bound
Cu**:protein as a function of total equivalents of added Cu®*. We fit these data to
different binding models. The first model we considered was independent binding
to the two sites [43]. The fit is shown by a dotted line in Fig. 3. The second model
we tried was the Klotz equation [46, 47] (Fig. 3, dashed line). The Klotz model
considers cooperative binding between the two binding sites with different bind-
ing affinities for each site. Lastly, we applied the Hill’s equation [48-50] to fit our
data (Fig. 3, solid line). As can be seen, our data best fit the binding affinity model
described by Hill’s equation. The apparent dissociation constant K; can be then cal-
culated from the Hill’s equation as

_
Ky +[L]™
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Fig.3 Plot showing the bound Cu?* concentration/protein monomer concentration versus total equiva-
lents of Cu?*. Protein monomer concentration is 200 pM. The raw data were fitted to three different mod-
els. The model corresponding to the Hill equation best fits the data. The apparent dissociation constant
using the Hill equation was found to be 676 uM with a positive cooperativity of 4

where 6 is the fraction of protein bound to ligand, [L] is the concentration of the free
(unbound) ligand, K, is the apparent dissociation constant and n is the Hill’s coef-
ficient. A value of n greater than 1 is associated with positive cooperative binding.
For our data, the Hill’s coefficient of 4 indicates that the binding of a ligand mol-
ecule at one site facilitates the binding of the same ligand at a different site. Thus,
affinity of the second site towards the ligand increases and results in positive coop-
erative binding. The apparent K value of Cu®* bound to Ca**~S100A12 is 676 uM.
This apparent K, likely reflects a complex process involving binding of Cu** to
Ca**-S100A12 and oligomerization of Cu**~Ca2*-S100A12 (see below). Factors
such as temperature, buffer, and pH largely affect the apparent K. Most importantly,
our measured value is at 80 K and the affinity at physiological conditions is expected
to be much higher [44].

To confirm our findings, we performed ESEEM experiments at two differ-
ent fields (Fig. 4b, inset, red lines) on the SI00A12 with 3.5 equivalents of Cu?t
(Fig. 4). Analysis of the CW-ESR simulations indicated that at a field of 2807 G,
the spectrum consists of 98% of the first component while at 3430 G, the second
component constitutes ~92% of the spectrum (Fig. 4a, b inset). Therefore, ESEEM
experiments were performed at these two fields to probe Cu?* coordination at each
site. These positions are shown in red in the inset of Fig. 4b. ESEEM is mainly sen-
sitive to weak hyperfine interactions, which normally are not resolved in the broad
CW-ESR spectra. For Cu** bound to histidines a characteristic ESEEM spectrum is
observed [51, 52]. Nuclear quadrupole interactions (NQI) of N give rise to three
sharp peaks below 2 MHz in the ESEEM spectra. A broad feature around 4 MHz is
due to the double quantum (DQ) transition of the remote nitrogen in an imidazole
ring. The ESEEM spectra also show significant changes with changes in the number
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Fig.4 a Echo-detected field swept spectrum of SI00A12 with 3.5 Cu®* equivalents (black solid). The
simulated spectra corresponding to the first component (gray dotted) and second component (gray solid)
are shown. b ESEEM experiments performed at two fields (inset, red lines). At 2807 G, the first compo-
nent (grey dotted) is predominant while at 3430 G, the second component (grey solid) is the main con-
stituent. The spectra have been normalized to the hydrogen peak intensity (color figure online)

of coordinated histidine residues. In particular, as the number of distal nitrogen
coordination increases with increase in histidine coordination, the overall intensity
of the '*N peak in the ESEEM spectrum will increase [51, 53, 54]. As can be seen in
Fig. 4b, the ESEEM spectrum obtained at the 2807 G differ significantly from that
obtained at 3430 G. Furthermore, the ESEEM spectrum at 3430 G shows a peak at
2.8 MHz. When Cu®* ion is directly coordinated to the carbonyl of an amino acid
residue, the amide nitrogen results in a peak at 2.8 MHz in the ESEEM spectrum
[55]. Thus, the Cu®* binding site corresponding to the second component possibly
shows backbone coordination with the carbonyl group of the amino acid residue.

To ascertain the difference in coordination at the two binding sites and to confirm
the presence of backbone coordination, we performed HYSCORE at the two fields.
At 2807 G, comprising mostly of the first component, there is no observable peak
at 2.8 MHz corresponding to the backbone coordination as shown in Fig. 5a. Fur-
thermore, HYSCORE also shows no trace of backbone coordination. However, at
3430 G, ESEEM spectrum shows a sharp peak at 2.8 MHz (Fig. 5b). On analyzing
HYSCORE data at 3430 G, we observe cross peaks at (4.3, 2.8 MHz). The position

(a) Component 1-2807 G (b) Component2-3430G
6 6
Hees = 28 MHz > S

0 5 10 15 20
Frequency (MHz) Frequency (MHz)

Fig.5 a ESEEM spectrum at 2807 G showing no visible peak at 2.8 MHz corresponding to back-
bone coordination. Inset shows HYSCORE data at 2807 G which show no visible cross peaks either. b
ESEEM spectrum at 3430 G shows a sharp peak at 2.8 MHz which could be due to possible backbone
coordination. HYSCORE data (inset) show cross peaks (red squares) at (4.3, 2.8 MHz) confirming the
presence of backbone coordination (color figure online)
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of these cross peaks is indicative of an amide nitrogen atom of the peptide backbone
when the adjacent carbonyl group is coordinated to the Cu** ion [55, 56]. Thus, only
one of the Cu** binding sites is shown to undergo backbone coordination with the
amino acid residue, confirming the observation that the two Cu®* binding sites show
different coordination environment.

Since metals have been shown to induce oligomerization of S100 proteins [20,
57-61], we further analyzed the distances between the Cu®* binding sites from the
X-ray crystal structure of SIO0A12 (PDB: 10DB) [20] as shown in Fig. 6a. The
crystal structure shows the asymmetric unit is a hexamer assembled from a trimer
of dimers. The intra-dimer Cu**—~Cu?* distance is~3 nm. There are also inter-dimer
distances of ~ 1.4 nm, 4 nm and 4.8 nm contained within the hexamer.

To compare these data to that in solution, we performed Cu?’*—DEER [62—64] on
the Ca®*-loaded S100A12 with 2 equivalents of Cu®*. The baseline-corrected DEER
signal and the distance distribution are shown in Fig. 6b, c. First, we notice that for
a pump pulse of 16 ns, the modulation depth experimentally obtained is~12.6%, as

(a)

08 . 3 35 4 45 5

Time (us) Distance (nm)
Fig.6 a X-ray crystal of SI00A12 bound to both Ca?* and Cu®* (PDB: 10DB) [20]. The green spheres
represent the Ca®* ions while the orange spheres represent the Cu>* ions. The blue dashed lines show
the inter-dimer distances while the red dotted line shows the intra-dimer distance. b Background sub-
tracted time-domain DEER data showing the presence of two frequencies. The experimental data are
represented by the gray solid line and the black dashed line represents the best fit obtained from Tik-
honov regularization. The modulation depth is observed to be~12.6%. ¢ Distance distributions obtained
using Tikhonov regularization. The distribution also shows validation techniques including upper (red)
and lower (blue) acceptable limits (color figure online)
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shown in Fig. 6b. This is higher than the theoretical modulation depth for a system of
two spins (~8.2%), calculated from the echo-detected field swept spectrum as previ-
ously described [65]. The high modulation depth confirms the presence of oligomers
in our sample. Second, the distance distribution, in Fig. 6c, clearly shows a sharp peak
at 3 nm and a broad peak around 4 nm. This is in good agreement with the intra-dimer
distance of 3 nm and the several inter-dimer distances around 4 nm obtained from crys-
tal structure (PDB 10DB) [20]. We also perform a two-Gaussian fit and we find that a
bimodal distance of 3 nm and 4 nm best fits our data. Note that the 1.4 nm distance is
unlikely to be sampled by DEER. Using the modulation depth, a rough estimate can be
made on the number of dimers and trimers of dimers in solution.

Considering our sample to be a mix of two- and six-spin systems, the modulation
depth is [44, 45]:

A=x% A+ (1—x) % A )

where 4 is the modulation depth and x is the mole fraction of the dimer. Also Ay is
given by [66]:

, 2

Ay =1~ (1 _Pb)N—1
where N is the number of spins in the system, and p, is the fraction of spins excited
by the pump pulse. For a pump pulse of 16 ns, we obtain a p, of 0.082 [65]. As
shown in the crystal structure (PDB: 10DB), SI00A12 exists as a trimer of dimers
[20], which would make the sample a six-spin system. Using these equations, we
estimate that roughly 83% of the protein exists as dimers in solution, under the
assumption that only dimers and trimers of dimers exist.

These results are interesting because they show that oligomers exist even in the
solution state. To the best of our knowledge, no previous studies have investigated
the role of Cu®* in oligomerization of SI00A12. Previous work on Calgranulin C,
in the presence of Zn”>*, has suggested the presence of oligomers and that oligo-
meric forms of SIO0A12 are important in the activation of the inflammation recep-
tor RAGE [14, 20, 27, 67]. Since Cu** occupies the same binding site as Zn*" and
shows similar coordination geometry, we expect that the addition of Cu** will also
lead to oligomerization. The agreement between the DEER distance and those meas-
ured from the X-ray structure suggests that the Cu>**~Ca**~S100A 12 adopts a trimer
of dimer hexameric structure. Additionally, these data suggest that the Cu®* binds
only to the transition metal binding sites at the dimer interface and not elsewhere.
This is consistent with the observation that Cu** was only observed at the canoni-
cal transition metal binding sites of S100A12, despite the fact that the crystal was
grown under a large excess of Cu’*.

4 Conclusion
We have shown that the two binding sites of the S1I00A12 bind differently to Cu?".

Even though S100A12 is a homodimer and the two canonical transition metal bind-
ing sites are related by symmetry, we have shown that, in solution, the two Cu**
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binding sites are distinct. The CW-ESR spectrum of Cu?" bound to the protein
clearly shows the presence of two components, corresponding to two different bind-
ing environments. ESEEM and HYSCORE validate these findings and show that
only one of the components undergoes backbone coordination, indicating that the
binding environment of the Cu®* ion is different at the two sites. DEER data further
confirmed that the difference in coordination is not due to Cu** binding to previ-
ously unidentified sites. The agreement of each of the most probable distance of the
DEER distribution to that of the X-ray crystal structure confirms that the Cu®* binds
only to the canonical S100 metal binding sites located at the dimer interface. Moreo-
ver, the distances at 3 and 4 nm confirm the formation of oligomers in the pres-
ence of Cu?" and Ca®* and highlight the utility of ESR spectroscopy to characterize
metal-induced protein oligomerization in solution.
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