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Abstract Calprotectin (CP) is widely considered to have
diverse roles including growth inhibitory and apoptosis
induction in a number of tumor cell lines and antimicrobial
activities. As CP has been proposed to bind metal ions with
high affinity, we have studied its functional and primarily
its structural behavior upon Zn** and Mn*" chelation
solely and along with Ca®". We employed fluorescence
spectroscopy and circular dichroism to determine the
resulting modifications. Based upon our findings it is clear
that treating CP with ions effectively weakened its natural
growth inhibitory activity. Moreover, structural analysis of
Zn** and Mn**-treated CPs indicated remarkable altera-
tions in the regular secondary structures in favor of irreg-
ular structures while Zn>* and Mn”" treatment of CP after
incubation with Ca”*" displayed no remarkable shifts.
Tertiary structure investigation using fluorescence spec-
troscopy showed that CP undergoes conformational chan-
ges upon Zn>" and Mn*" treatment whereby Trp residues
of protein is slightly exposed to the hydrophilic environ-
ment, compactness of CP is compromised, whereas in
Ca*"-treated CP, the tertiary structure integrity is intact
upon Zn>* and Mn?* chelation. Interestingly, CP structural
modifications upon Zn?* and Mn?' treatment was
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significantly comparable, probably due to similar radii and
charges of ions. Taken all together, we have concluded that
CP maintains its normal nature in Ca®"-loaded state when
treated with Zn>" and Mn*" ions. It can be suggested that
Ca”" not only stabilize CP structure but also helps CP to
keep its structure upon metal ions chelation which is
involved in host organism defense system.
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Abbreviations

CP Calprotectin

CDh Circular dichroism

ICP-OES  Inductively coupled plasma atomic emission
spectrometer

Tm Melting temperature

ANS 8-Anilinonaphthalene-1-sulfonic acid

Zn*t Zinc

Ca**" Calcium

Mn?* Manganese

1 Introduction

Neutrophils have been recognized as the first immune cells
recruited to the site of infection and engaged in defense
against invading microorganisms through phagocytosis and
several other processes [1]. Upon neutrophil activation,
strangers could be destroyed through two distinct non-
oxidative and oxidative pathways. Non-oxidative mecha-
nism is mediated by accumulated antimicrobial agents in
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cytoplasmic neutrophil while in the oxidative mechanism
generation of reactive oxygen species (ROS) is involved
[2].

S100A8/A9 heterodimeric complex, a neutrophil cyto-
plasmic protein, belongs to the S100 protein family. As the
complex is variously nominated [3, 4], we herein call it
calprotectin (CP). It has been demonstrated that CP plays
several intra- and extra-cellular roles including modulation
of cell growth, antimicrobial and antifungal effects [5] and
apoptosis induction in tumor cell lines [6]. It has also been
documented that CP structure and function is tuned by
divalent cations; particularly Zinc (Zn>"), Calcium (Ca’™"),
Manganese (Mn”) and Copper (Cu2+) [6].

It has long been known that Zn>" plays important roles
in both adaptive and innate immunity. Moreover, Zn" is
an essential ion for living organisms as it acts as a cofactor
for 9 % of eukaryotic proteins [7]. Along with Zn>*, Mn>"
is of crucial importance within bacterial homeostasis,
growth, and survival. Mn** predominantly functions as a
cofactor for metalloproteinases in prokaryotic cells [8].
Taking these together, Zn>" and Mn”" are recognized as
structural cofactors for metalloproteins to keep them
functioning.

It has been demonstrated that there are two Zn>" and
Mn>" binding sites within some S100 proteins such as
S100B, S100A2, S100A7 and S100A12 [9-12]. First
binding site is highly homologous among S100 proteins
and encompasses residues H17 and H27 in S100A8 and
HO91 and H95 in S100A9 [13, 14]. The second site involves
residues H83 and H87 in S100A8, and H20 and D30 in
S100A9 which is also similar to the canonical binding site
of S100A7 and S100A12 [15, 16]. Recently, Zn>* and
Mn?" depletion of invading microorganisms followed by
controlling their growth by CP has attracted a great atten-
tion and several studies have been conducted to elucidate
the respective molecular mechanisms. However, little is
known about the structural and functional changes of CP
upon Mn*" and Zn*" sequestration. Here, we first exam-
ined the effects of Zn>" and Mn”** on CP cytotoxic activity
in human leukemic cell line MOLT4 as a model. Then, we
investigated CP structural changes upon Mn>* and Zn*"
cations sequestration solely and in the presence of Ca®"
with the help of in solution techniques fluorescence and
circular dichroism spectroscopy.

2 Materials and Methods
2.1 Materials
Dextran T500 (31392), Dialysis tubing (D2272), SP Sephar-

ose (S1799), Q Sepharose (Q1126), Ficoll solution (F5415),
Phenylmethylsulfonyl fluoride (PMSF), Dithiothreitol (DTT),
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Tricin and MTT (M2128), 8-Anilinonaphthalene-1-sulfonic
acid (ANS) were purchased form Sigma. All SDS-PAGE
reagents and other chemicals were obtained from Merck. All
buffers and solutions were prepared in double distilled
deionized water.

2.2 Cell Line

MOLT#4 cells were obtained from the cell bank of Pasteur
Institute of Iran and used as a model to investigate purified
CP function before and after Zn>" and Mn*" sequestration.
These cells were grown in RPMI 1640 medium supple-
mented with 10 % FCS, 4 mM L-glutamine, 100 U peni-
cillin, 100 pg/ml streptomycin at pH 7.4 in a humidified
incubator (37 °C and 5 % CO,).

2.3 Neutrophil Isolation

Neutrophil isolation was carried out using dextran sedi-
mentation procedure as described previously [17]. Con-
cisely, Fresh human blood from healthy donors was
thoroughly mixed with a dextran (T-500) 6 % (w/v) solu-
tion containing 0.9 % (w/v) NaCl at 2:1 ratio, incubated for
3 h at room temperature. RBCs were then separated from
leukocytes and plasma. The upper phase which contains
leukocytes was collected, centrifuged and washed with
PBS followed by hypotonic lysis to further eliminate
residual RBCs from leukocyte populations. Subsequently,
neutrophil granulocytes were isolated from other leuko-
cytes by centrifugation on Ficoll solution at 800g for
30 min at 20 °C.

2.4 CP Purification

Purification of CP was performed as previously described
[18]. Briefly, Neutrophils pellet was resuspended in 25 mM
phosphate buffer (pH 7.4) containing 1 mM DTT, 1 M
sucrose, | mM EDTA and 1 mM PMSF followed by son-
ication. After cell lysis, the soluble fraction was separated
from cell debris by centrifugation. The crude neutrophil
extract was then dialyzed against 25 mM Tris—HCI pH 8.0
(buffer A) and subjected to chromatography with Q
Sepharose anion exchange column. Bound proteins were
eluted using 0-0.5 M NaCl gradient in buffer A. Subse-
quently, anion-exchange eluted fractions were analyzed by
tricine—sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis (SDS-PAGE; 16.5 % gel) under reducing
conditions. In the second step of purification, fractions
containing CP were dialyzed against 25 mM sodium ace-
tate pH 4.5 (buffer B) and injected into a cation exchange
column (SP Sepharose). Bound proteins were eluted from
the column with 0—1.0 M NaCl gradient in buffer B. Pro-
tein concentrations were determined using Bradford
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reagent (Bio-Rad) and bovine serum albumin (BSA) as
standard [19].

2.5 Cell Proliferation Assay

Harvested MOLT4 cells were seeded into 96-well plates
(2 x 10* cell/well) in the presence of untreated-CP and Zn*t
and Mn*"-treated CP. For examination of Zn*" and Mn>"
reversal effect, CP preincubated with those ions and then
applied into MOTLA4 culture media. The inhibition rate of
growth in each well was calculated as [(A570 treated cells)/
(A570 control cells)] x 100 %, as described previously [20].

2.6 Quantification of Ca**, Zn** and Mn** Bound
to Purified CP

Analysis of Ca**, Zn** and Mn”" contents of purified CP
were performed by inductively coupled plasma atomic
emission spectrometer (ICP-OES). Before ICP analysis, CP
was dialyzed against deionized water. The analytical
wavelengths (nm) were set at 396.847, 202.548 and 259.372
for Ca®*, Zn*" and Mn”", respectively. The ions concen-
trations were calculated as ppm and were estimated for each
CP molecule. We used 5 ppm of CP which corresponds to
5 pg/l. For estimation of the number of CP molecules in the
solution, molecular mass of 25 kDa was considered as 1 mol
of protein. For converting the ppm amounts of Ca*", Zn>"
and Mn”" to their counts in the structure of CP, their
molecular mass considered 110.98, 65.38 and 54.93 g/mol
for Ca®", Zn** and Mn*", respectively.

2.7 CD Spectroscopy

CD spectra were recorded on an Aviv Spectropolarimeter
(model 215, USA) to study the content of regular secondary
structures of CP in the absence and presence of Ca*", Zn**
and Mn?". Far UV-CD spectra were taken at 0.2 mg/ml
protein concentration in 1 mm path length quartz cuvette.
Protein solutions were prepared in 10 mM phosphate buffer
(pH 7.4). All spectra were collected from 195 to 260 nm. The
results were expressed in molar ellipticity [0] (deg cm?®
dmol ') based on mean residues number of 207 and an
average molecular weight of 25 kDa. The molar ellipticity
was determined as [0]A = [100 x (MRW) X 0., /(c x 1)],
where 0, is the observed ellipticity in degrees at given
wavelength, ¢ stands for protein concentration (mg/ml) and 1
is the length of the light path in mm. CD software was used to
predict the secondary structure [21, 22].

2.8 Fluorescence Spectroscopy

Fluorescence spectra were recorded on a Cary Eclipse fluo-
rescence spectrophotometer (Varian, Salt Lake, Australia).
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Fig. 1 a Cytotoxic effect of different concentrations of CP against
MOLT4. MOLT4 cells were grown in a 96 well dish at the density of
2 x 10* cells/well with varying concentration of CP sample for 12,
24 and 36 h. b Reversal of growth inhibitory activity of CP by Zn*t
and Mn*". CP treated with 10 pg/ml of Zn*" and Mn>" was added to
the MOLT4 culture media to reach the final concentration of 150
pg/ml. Untreated cells were used as controls. Cell proliferation was
determined using MTT assay and is expressed as the reduction in cell
number as percentage a of untreated controls. The vertical bars
indicating standard deviation (SD) of triplicate determinations and
p < 0.05 is considered to be significant

Intrinsic fluorescence was measured by exciting the protein
solution (50 pg/ml) in the absence and presence of Ca*",
Zn** and Mn>" at 25 °C in 10 mM phosphate buffer (pH
7.4). The samples were excited at 290 nm wavelength and
emission spectra were recorded at 300400 nm at 25 °C. The
optical bandwidths of the excitation and emission mono-
chromators were 5 and 10 nm, respectively. For extrinsic
fluorescence, 350 nm wavelength was used for ANS fluo-
rescence. Emission spectra were recorded over the range of
400-600 nm. All measurements were performed in a 1 cm
path length fluorescence cuvette.

2.9 Structural Stability of CP
Structural thermostability of CP (50 pg/ml) in the absence
and presence of 2 mM Ca”", and 10 pM Zn*" and 10 uM

Mn*" was carried out by CD spectroscopy and fluorescence
spectrophotometer. The excitation wavelength for thermal
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Table 1 Ca®", Zn*" and Mn*" content of CP analyzed by ICP-OES

Ions ppm Ions/CP
Ca®t 396.847 0.047141 22
Zn*" 202.548 0.019910 1.8
Mn** 259.372 0.004112 0.87

The ions concentrations in CP were calculated as ppm and estimated
ions per one molecule of CP. For more details see Sect. 2

denaturation by fluorescence spectrophotometer was
290 nm which followed by recording the emission at 345 nm
at each temperature. To follow thermal denaturation by CD
spectroscopy, the CD signal at 222 nm was recorded.

3 Results
3.1 CP Activity

CP cytotoxic effect was investigated in MOLT4 cell line as
a model using MTT assay. CP treatment of cells showed a
significant growth inhibitory effect which is time and dose
dependent (Fig. 1a). As depicted in Fig. la, CP, at con-
centration as low as 50 pg/ml, suppresses cell growth after
24 and 36 h. The results also demonstrated that 150 pg/ml
CP induced more than 50 % of cytotoxicity after 24 h of
treatment and 200 pg/ml almost killed every cultured cell.

3.2 Reversal of CP Activity Upon Zn** and Mn*"
Treatment

In order to clarify the divalent cation contents of purified
CP, it was dialyzed against deionized water and then
analyzed by ICP. Each single molecule of CP contains
nearly 2.2 Ca®", 1.8 Zn®" and 0.77 Mn?>* (Table 1). To
analyze if CP cytotoxic effects can be modified by Zn*"
and Mn”, CP was incubated with 10 pM of either Zn>" or
Mn?* for 30 min and then added to MOLT4 cell media. As
shown in Fig. 1b, Zn>" and Mn**-treated CP was unable to
induce cell death compared to the untreated form. More-
over, experiments also carried out with CP preincubated
with 2 mM Ca®", Zn** and Mn>". The results were the
same as obtained for, Zn>" and Mn”>"-treated CP (data not
shown).

3.3 CP Secondary Structural Alteration Upon Cation
Binding

To clarify if Zn*" and Mn®>" may modify CP secondary
structures, we employed Far-UV CD spectroscopy. CD is
considered as an efficient tool to monitor any conforma-
tional changes in proteins under different conditions like
various pH, temperature, ligand binding, and et cetera [23].
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Fig. 2 Far-UV CD records of CP in the absence (filled square), and
presence of 2 mM Ca*t (triangle), 10 M Zn*t (plus symbol),
10 uM Mn?t (minus symbol), Ca?* + Zn** (rimes symbol) and
Ca** + Mn** (open square). The CP concentration was 200 pg/ml
in 10 mM phosphate buffer

We have used far-UV CD spectra (195-260 nm) records
to determine CP secondary structural alterations in the
presence of 2 mM Ca®", and 10 yM Zn** and 10 pM
Mn”" ions. As shown in Fig. 2, CD spectra of CP repre-
sents two negative bands at 208 and 222 nm which cor-
responds to o-helical structure. The data demonstrated a
significant reduction in intensity of negative bands at both
208 and 222 nm upon Zn>" and Mn*" treatment. Con-
versely, CD spectra of Ca®'-treated CP displayed an
increase in negative bands. Similarly, incubation of Ca%t
-treated CP with Zn*" and Mn*" resulted in identical
alteration (Fig. 2). Furthermore, the percentage of sec-
ondary structures was analyzed. The analysis determined
that CP o-helix percentage shifts from 50-43 to 40 % in
the presence of Zn>" and Mn”", respectively. By contrast,
incubation of CP with Ca®" merely, or Ca®>" plus Zn>* and
Mn*" ions notably decreased other secondary structures in
favor of a-helix (Table 2).

3.4 Intrinsic and Extrinsic Fluorescence Study

We performed fluorometric measurements to analyze CP
tertiary structural changes in the presence of Ca*", Zn*"
and Mn”". The intrinsic fluorescence emission of CP is
contributed to its Trp residues only, located at sites number
54 and 88 in small and large subunits, respectively. It
reflects any alterations in microenvironment of Trp resi-
dues [24, 25]. The obtained data showed a significant
reduction in fluorescence intensity for Zn®" and Mn*"
-treated CP, while for CP treated with Ca*" solely and Ca*"
plus Zn*™ and Mn®" an increase in fluorescence emission
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Table 2 Secondary structure contents of CP. CP treated with Ca®", Zn?" and Mn*" and Ca*" + Zn?* and Mn*"
Secondary structures CP CP + Zn CP + Mn CP + Ca CP + Ca + Zn CP + Ca + Mn
% o-Helix 50 43 40 58 58 56
% B-Structures 26 29 29 24 22 24
% Random colis 24 28 31 18 20 20
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Fig. 3 Intrinsic fluorescence records of CP the absence (D), and
presence of 2 mM Ca?" (4), Ca®>" + Zn>* (B), Ca>™ 4+ Mn*" (O),
10 uM Zn>* (E), and 10 pM Mn** (F). The CP concentration was
50 pg/ml in 10 mM phosphate buffer

was observed which is associate with blue shift in case of
Ca*"-treated CP. These results implying tertiary structural
alteration in CP upon binding of cations (Fig. 3).

Following changes of ANS fluorescence upon binding to
CP hydrophobic residues in the absence and presence of
CaH, Zn** and Mn?" revealed when CP treated with Ca’>"
and Ca®" plus Zn*" and Mn”*" the intensity of ANS
emission reduced comparing CP ANS emission while for
Zn**t and Mn”*-treated CP a considerable increase in
fluorescence intensity was observed (Fig. 4). The reduction
and increase in ANS fluorescence intensity indicate burial
and accessibility of hydrophobic pockets on the protein
surface to the surrounding solvent, respectively.

3.5 Structural Stability of CP

To examine CP conformational stability in the absence and
presence of Ca’", Zn*>* and Mn?*, thermal denaturation
was followed by recording fluorescence emission at
345 nm upon excitation at 290 nm and CD signals at fixed
wavelength 222 nm. As depicted in Fig. 5, 50 % of CP
molecules were denatured at 74 °C, which is considered as
Tm of the protein. Tm falls to 70 and 69 °C when treated
with Zn*™ and Mn?™, respectively while it rises to nearly
77 °C when incubated with Ca*". On the other hand,
measurement of Tm for Ca”"-treated CP after adding Zn*"

B A

Intensity (a.u)

420 470 520 570 620 670
Wavelength (nm)

Fig. 4 ANS fluorescence records of CP in the absence (C), and
presence of 10 pM Zn>* (A), and 10 uM Mn?* (B), Ca®* + Zn**
(D), Ca®>" + Mn>" (E), and 2 mM Ca>" (F). Spectrum G represents
ANS emission. The CP concentration was 50 pg/ml in 10 mM
phosphate buffer

and Mn®" also represented a rise in Tm relative to CP
itself. Additionally, investigation of CP secondary structure
Tm by CD at the above-mentioned conditions showed
slight changes in Tm of cations-treated CP comparing
intact CP (Table 3).

4 Discussion

Several studies have shown that two Zn>' binding sites
exist within some S100 proteins such as S100B, S100A2,
S100A7 and S100A12 [9-12]. Metal binding regulates
their interactions with target molecules such as RAGE, tau
and others, implying protein conformations alteration for
specific function [11, 26]. CP is an essential antibacterial
factor that plays a key role through chelation of Zn** and
Mn*" ions in nutritional immunity [13, 27]. Cytostatic
function of CP against various cell types is considered to be
most likely due to its ability to bind and chelate divalent
metal ions including Zn**, Mn®" and Cu** [6, 28, 29].
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Fig. 5 The thermal denaturation profiles for the CP in the absence
(filled square), and presence of 2 mM Ca>" (triangle), 10 uM Zn>*
(minus symbol), 10 uM Mn*+ (open square), Ca’t + Zn** (times
symbol) and Ca*™ 4+ Mn*" (plus symbol). The CP concentration was
50 pg/ml in 10 mM phosphate buffer. Fraction of protein denatured is
plotted against temperature. Denaturation process was followed by
recording emission at 345 nm, and the apparent fraction of denatured
protein. Fd was calculated as described in the text

Table 3 Melting temperature of CP

Protein Tm of tertiary Tm of secondary
structure (°C) structure (°C)
CP 74 + 1 73 £ 0.53
CP + Ca** 77 £ 0.96 78 £ 1.33
CP + Zn** 70 £ 1.45 73 £ 0.87
CP + Mn*" 69 + 091 71 £ 1.04
CP + Ca** 4 Zn*" 78 £ 1.24 76 £ 0.68
CP + Ca*" + Mn** 77 + 1.09 76 + 1.09

CP treated with Ca”, Zn** and Mn?* and Ca®>* + Zn>* and Mn?*
obtained by CD and fluorescence spectroscopy

Despite efforts to reveal the molecular mechanism of CP
divalent ion chelation and subsequent biological function
in host defense, little is known about this process [27, 30].
Nonetheless, full structural changes of CP upon Ca®"
Zn*" and Mn”" chelation still remain unclear. To address
this, we focused on the study of CP secondary and tertiary
structural changes using spectroscopy techniques. Prior to
any investigation, analyzing and quantification of ions
content of CP by ICP-OES technique is carried out. With
the help of ICP-OES, the amount of Ca®*, Zn** and Mn>"
was calculated to be approximately two Ca*>" and Zn>" and
one Mn?* per heterodimer of CP, which is compatible with
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the results of isothermal titration calorimetry (ITC)
experiments conducted by Chazin’s group [13]. Distinct
Ca”’* and Zn*"-binding sites have been demonstrated for
CP. Each monomer of CP composed of 2 EF-hand motives:
N-terminal non-canonical EF-hand Ca?*-binding loop (site
I), represents diverse sequences are not always occupied
with Ca®". C-terminal canonical EF-hand Ca®"-binding
loop (site II), shares consensus sequences among S100
protein family, displays high affinity for Ca®" and is
always occupied with Ca®" both in small and large sub-
units [14, 31]. Moreover, each monomer of CP shares 2
aminoacids to form 2 Zn*" binding sites at the heterodimer
interface called site I (His3Asp) and site II (His4). The site
I constitutes metal binding sites in other S100 proteins such
as S100A7 and S100A12 and some metalloproteins [15,
16]. ICP data indicated that purified CP still maintain 2
Ca’" and 2 Zn*" in its structure during purification pro-
cess. After estimating the Ca®", Zn>* and Mn*" content of
CP, in order to investigate the activity of purified CP,
various concentrations of CP were used against MOLT4
cell line as a model. As shown in Fig. 1a, CP at concen-
tration 150 pg/ml has significant inhibitory effect on cell
growth and over 50 % of cell growth has been inhibited. To
address whether cytotoxic activity arisen from CP, MOLT4
cells were exposed to Zn>" and Mn”"-treated CP. As
clearly demonstrated in Fig. 1b, the CP-mediated cytotoxic
activity has been abolished when CP pretreated with Zn>"
and Mn”>* which implies inability of metal-loaded CP in
Zn*" and Mn?" chelation so that cells escape from Zn*"
and Mn?" deprivation. The available evidence indicate that
CP inhibit cancer cell growth most likely by apoptosis and/
or metal ions chelation [6, 29]. Pretreatment of CP with
either Ca®" or Ca?* plus Zn>* and Mn>" ions lead to the
same cytotoxic effects which can be interpreted by the fact
that even though purified CP is not occupied with all 4
Ca”" ions but it exert its effect most probably by using and
capturing Ca*" ions from cell culture media. To shed light
on any structural alteration by Ca”, Zn*" and Mn2+, we
tried to examine CP structure using spectroscopic tech-
niques. To determine to what extent Ca®", Zn®" and Mn>*
are able to affect the secondary structure of the CP,
structural studies were performed by means of circular
dichroism spectroscopic analysis. Studies have shown that
CD spectra of CP encompasses two remarkable negative
bands at 208 and 222 nm which point out the existence of
a-helical structures in CP [18]. From the CD spectra and
secondary structure content of CP in the presence of Zn>"
and Mn”", it is noticeable that both ions significantly
decrease the negative value of [0],,,, reducing o-helix
content which is associated with increasing the content of
[-structures and random coils. On the other hand, structural
conformation of CP undergoes a noticeable changes in the
presence of Zn®>" and Mn”*. Furthermore, CD signals of
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CP in the presence of Ca®", and Ca*" plus Zn>" and Mn*>"
were recorded. The results showed that Ca®" affects sec-
ondary structure of CP in favor of ordered a-helix structure
by reducing random coiled structure of CP. In fact, it can
be suggested that, excess amount of Ca*" causes CP to
oligomerize into heterotetrameric form. Moreover, the CD
records of Ca’*-treated CP in the presence of Zn*" and
Mn*" ions suggested highly similar profile comparing to
that of Ca**-treated CP. Therefore, it implies that both ions
have no effects on the secondary structures of Ca”"-pre-
loaded CP.

Damo et al. [27] has recently reported the detailed Mn*"
binding site on the CP heterodimer, in which two additional
histidines of the S100A9 C-terminal loop are also involved in
Mn>" sequestration. They highlighted the more stable
structure of this loop, so that the detailed structure of loop has
become visible in Mn®T-bound CP crystal (PDB code:
4GGF) in contrast with the Mn**-free CP crystal structure
(PDB code: 1XK4). They also concluded that binding of
Mn*" does not change the overall structure of CP but prob-
ably at the very C-terminal loop of large subunit ST00A9.
Besides, Nolan group has thoroughly analyzed Zn** and
Mn?" coordination at their respective binding sites in con-
nection to Ca>" at molecular level [32, 33].

Even though, increase in negative ellipticity mostly
regarded as increase in helical content of a protein but it can
also be considered that ellipticity changes can be attributed to
the features other than that. In the current study, decrease or
increase in negative ellipticity of CP as a result of ions
treatment not only may be attributed to the alteration in
helical content but also can be related to the spatial orien-
tation of helices as was already evident for troponin C [34,
35] Moreover, oligomerization of a protein can give rise to a
change in negative ellipticity. Biophysical studies of CP
have shown that Zn>" triggers tetramerization of CP by
binding to Zn>"-specific binding sites rather than by inter-
action with Ca2+-speciﬁc EF-hands [36]. Consistent with
that, our data showed that incubation of CP with Zn>* and
Mn*" lead to decrease in negative ellipticity may be indic-
ative of higher ordered structure of CP, as well.

Several changes in the conformation of protein mole-
cules due to ligand binding can be monitored by fluoro-
metric techniques which are also commonly used in
monitoring the minor changes in the conformation of
protein molecules due to environmental condition fluctua-
tion, amino acid mutations and etcetera. The alteration in
the intrinsic fluorescence emission spectra reflects the
conformational changes of the protein structure that origi-
nate from the microenvironment changes of the Trp resi-
dues available in the small and large subunits of CP. By
exciting CP at the wavelength of 290 nm and recording
fluorescence emission around 345 nm, changes in the
microenvironment of the tryptophan residues can be

obtained. To monitor this, measurement of fluorescence
emission of CP in the presence of Ca*" and Ca®' plus
Zn** and Mn** at 25 °C was conducted. As it is evident in
Fig. 3, reduction of fluorescence emission at 345 nm was
observed for Zn*" and Mn*" -treated CP. The quenching
of Trp 54 or Trp 88 fluorescence suggests that divalent ions
effectively influence the conformation of the CP which in
turns expose the Trp(s) to the hydrophilic environment
when CP is not fully loaded by Ca®*". By contrast, fluo-
rescence emission of CP not only increased in the presence
of Ca** but also a significant blue shift is noticed. When
blue shifted emission is attained it implies that Trp enters
more hydrophobic environment. These spectral changes
point to the fact that CP tertiary structure changes due to
Ca*" binding. Analyzing tertiary structure of Ca®"-treated
CP in the presence of Zn>* and Mn*" ions also indicated
nearly identical spectra which represent that Zn>* and
Mn?" has no significant effects on Ca*"-preloaded CP.

ANS, an extrinsic fluorophore which contains both
hydrophilic and hydrophobic regions is widely used to
study protein dynamic changes. Once it binds to the
hydrophobic region of the protein the fluorescence emis-
sion intensity enhances [37]. Therefore, it is useful in
investigation of CP conformational changes, ANS fluo-
rescence emission of CP pretreated with Ca2+, Zn** and
Mn?" at 25 °C are depicted in Fig. 4. From the results, one
can conclude the movement of the hydrophobic patches of
CP into hydrophilic (solvent) environment in the presence
of Zn** and Mn>" which indicates them more accessible to
the ANS binding. In other words, Zn>* and Mn>* induce a
relatively more loose structure or compromise the com-
pactness of tertiary structure when CP is partially occupied
with Ca>t. Furthermore, studies indicated that dimerization
plane of S100 proteins composed of conserved hydropho-
bic residues and underwent conformational change under
different conditions inferred from the emission increase of
ANS [38]. Based on our results it can be inferred that at
least Zn>" and Mn”" exerts a conformational changes on
CP structure in the absence of Ca”".

To clarify the effect of Ca’", Zn>* and Mn>** on the
structure of CP with more details, we also examined the
conformational stability of protein. Analysis of thermal
denaturation process was carried out by both CD and fluo-
rescence spectroscopy. Examination tertiary structure Tm of
CP by fluorescence spectroscopy indicated a Tm of 74 °C.
Whereas Tm of CP shifted to 77 °C when CP incubated with
2 mM Ca?" (Fig. 5; Table 3). Estimation of secondary
structure Tm by CD spectroscopy displayed almost the same
Tm. These increase in conformational stability of CP in the
presence of excess amount of Ca’" agree with results of
Nolan group in which they showed that Tm of CP increases
20 and 13 °C obtained by CD spectroscopy and differential
scanning calorimetry, respectively [32]. Surprisingly, in the
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absence of Ca?" and presence of Zn*" and Mn**, Tm of CP
reduced to almost 70 °C which represents that both ions have
unfavorable effects on the thermal stability of the CP
(Table 3). It can be suggested that as far as CP is not fully
occupied with Ca®", both Zn*" and Mn** not only alter its
conformation but also influence its thermal stability and
make it susceptible to changes in the environmental condi-
tions. Moreover, several studies have demonstrated that the
mechanism by which CP inhibit bacterial growth is depen-
dent on its metal chelation ability. Kehl-Fie et al. created CP
mutants lacking binding sites for Zn>" and Mn?". They also
demonstrated that CP reduces both the activity of Mn>"
-dependent superoxide dismutases (SOD) and other Mn*"
-dependent mechanisms of superoxide defense in S. aureus
which indicative of high cation-binding capacity of CP.
Inactivating of these defense systems in S. aureus probably
made it more sensitive to neutrophil-mediated killing
mechanisms [13]. The spectroscopy results presented here
indicates that CP undergoes conformational changes upon
chelation of either Zn** or Mn*" once amount of Ca’" is
insufficient. Fortunately, since Ca’* concentration of
extracellular media is in millimolar range, neutrophil-
secreted CP basically contains sufficient amount of Ca*" to
preserve its stable structure even after chelation of Zn*" or
Mn?". Mass spectrometric investigations have demonstrated
that Zn>" ions are able to induce heterotetramer CP. Zn>"
ions accomplish this not only by binding to specific Zn*"
binding sites but they probably interact non-specifically with
EF-hand motives. However, Zn>" ions are replaced in excess
amount of Ca®* [36]. Indeed, CP experience different con-
formation in the absence of essential amount of Ca®" if it is
secreted out of neutrophils. Zn?*-induced conformation lead
to dysfunctional properties of CP so that its arachidonic acid
binding property abolished. Investigations have provided
evidence that this effect was due to conformational changes
which affect arachidonic acid binding pocket within CP [39].
Taken together, it can be concluded that insufficiency of
Ca”" give rise to a CP with less proper and stable structure
and availability of Ca>" is prerequisite for its physiological
functions.
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