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r dichroism studies of iron(II)
binding to human calprotectin†

Tessa M. Baker,a Toshiki G. Nakashige,b Elizabeth M. Nolan*b and Michael L. Neidig*a

Calprotectin (CP) is an abundant metal-chelating protein involved in host defense, and the ability of human

CP to bind Fe(II) in a calcium-dependent manner was recently discovered. In the present study, near-

infrared magnetic circular dichroism spectroscopy is employed to investigate the nature of Fe(II)

coordination at the two transition-metal-binding sites of CP that are a His3Asp motif (site 1) and a His6
motif (site 2). Upon the addition of sub-stoichiometric Fe(II), a six-coordinate (6C) Fe(II) center associated

with site 2 is preferentially formed in the presence of excess Ca(II). This site exhibits an exceptionally

large ligand field (10Dq ¼ 11 045 cm�1) for a non-heme Fe(II) protein. Analysis of CP variants lacking

residues of the His6 motif supports that CP coordinates Fe(II) at site 2 by employing six His ligands. In the

presence of greater than one equiv. of Fe(II) or upon mutation of the His6 motif, the metal ion also binds

at site 1 of CP to form a five-coordinate (5C) Fe(II)–His3Asp motif that was previously unidentified in this

system. Notably, the introduction of His-to-Ala mutations at the His6 motif results in a mixture of 6C

(site 2) and 5C (site 1) signals in the presence of sub-stoichiometric Fe(II). These results are consistent

with a reduced Fe(II)-binding affinity of site 2 as more weakly coordinating water-derived ligands

complete the 6C site. In the absence of Ca(II), both sites 1 and 2 are occupied upon addition of sub-

stoichiometric Fe(II), and a stronger ligand field is observed for the 5C site. These spectroscopic studies

provide further evaluation of a unique non-heme Fe(II)–His6 site for metalloproteins and support the

notion that Ca(II) ions influence the Fe(II)-binding properties of CP.
Fig. 1 The two transition-metal-binding sites of CP. The Mn(II)-, Ca(II)-,
Introduction

Calprotectin (CP, S100A8/S100A9 oligomer, MRP8/MRP14 olig-
omer) is an abundant metal-chelating protein that contributes
to host defense.1–4 CP is released from neutrophils in high
concentrations at sites of infection and functions as a metal-
scavenging antimicrobial protein during the host innate
immune response.3–7 Its antimicrobial mechanism of action is
attributed to its capacity to withhold nutrient transition metals
from microbial pathogens.1–4,8 Indeed, human CP sequesters
a number of divalent rst-row transition metal ions, including
Zn(II),3 Mn(II),4 and Fe(II).8

Human CP is a heterooligomer of the proteins S100A8 (a,
10.8 kDa) and S100A9 (b, 13.2 kDa) that each have two EF-hand
domains that coordinate Ca(II).9 In the presence of excess Ca(II),
CP transforms from the ab heterodimer to the a2b2 hetero-
tetramer and exhibits enhanced transition-metal-binding
affinity.8,10,11 Two transition-metal-binding sites are formed at
the S100A8/S100A9 dimer interface (Fig. 1).10–16 Site 1 is
hester, Rochester, New York 14627, USA.

s Institute of Technology, Cambridge,

mit.edu

(ESI) available: Sample details and
spectra. See DOI: 10.1039/c6sc03487j

hemistry 2017
a His3Asp motif and is most celebrated for coordinating Zn(II)
with high affinity.10,13 This site has also been shown to bind
Mn(II) and Co(II), albeit with lower affinity.10,11,14 Site 2 is a His6
motif that chelates a variety of rst-row transition metal ions,
including Mn(II), Fe(II) and Zn(II), with high affinity.8,13–15,17 The
His6 motif is formed by four His residues at the S100A8/S100A9
and Na(I)-bound CP dimer unit is shown (PDB 4XJK).16 Site 1 comprises
His83 and His87 of S100A8 and His20 and Asp30 of S100A9. Site 2
comprises His17 and His27 of S100A8 and His91, His95, His103, and
His105 of S100A9. The S100A8 subunit is green, and the S100A9 subunit
is blue. Na(I), Ca(II), and Mn(II) ions are depicted as purple, yellow, and
magenta spheres, respectively. The N- and C-termini of each subunit
and the S100A9 C-terminal tail region are labeled.
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Table 1 Nomenclature for human calprotectin variants employed in this work

Protein S100A8 mutation(s) S100A9 mutation(s) Referencea

CP N/A N/A 10
CP-Ser C42S C3S 10
CP-Ser DHis3Asp C42S, H83A, H87A C3S, H20A, D30A 10
CP-Ser DHis4 C42S, H17A, H27A C3S, H91A, H95A 10
CP-Ser(H103A) C42S C3S, H103A 15
CP-Ser-AHA C42S C3S, H103A, H105A 15
CP-Ser-AAA C42S C3S, H103A, H104A, H105A 15
CP-Ser DHis3Asp(H103A) C42S, H83A, H87A C3S, H20A, D30A, H103A 17

a The reference where each variant was puried and biochemically characterized is given.
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interface and two His residues of the S100A9 C-terminal tail.
Both sites coordinate divalent rst-row transition metals in the
absence of Ca(II) and exhibit enhanced metal-ion affinities in
the presence of excess Ca(II).8,10,15–17

To the best of our knowledge, the hexahistidine Fe(II) site of
CP is unique amongst known iron-coordinating proteins.8 Fe(II)
is a relatively labile metal ion, and several Fe(II)-binding
proteins that have been characterized, including the transcrip-
tional regulator Fur of Escherichia coli18 and the dioxygenase
TfdA of Ralstonia eutropha,19 exhibit micromolar affinities for
this divalent metal ion.20 Moreover, octahedral Fe(II)-binding
motifs found in biological systems typically have ligands that
are not protein-based, such as water or other molecules.21,22

Mononuclear non-heme iron enzymes that employ a-ketoglu-
tarate (a-KG), for example, must accommodate this cofactor at
the metal center.23 On the other hand, CP chelates Fe(II) with
remarkably high affinity (apparent Kd,Fe(II) < 2.2 pM, +Ca),8 and
all of the Fe(II)-coordinating ligands of CP are amino acid resi-
dues. Unlike other proteins in which their function is regulated
by the reversible binding of Fe(II) (e.g., transcription factors), or
enzymes that employ Fe(II) at the catalytic site where cofactors,
substrates, and solvent water molecules must come in close
proximity to the metal center (e.g., dioxygenase, hydroxylase),
CP employs an effective metal-sequestering mechanism in
which formation of a coordination complex results in entrap-
ment of Fe(II) and other metals. On the basis of our structural
and spectroscopic studies of Mn(II) coordination, we hypothe-
size that coordinative saturation of a metal ion at the hex-
ahistidine site, coupled with encapsulation of the metal ion by
the S100A9 C-terminal tail, precludes the access of solvent water
molecules, and thereby overcomes the kinetic lability of the
metal center.16 In the context of metal sequestration by the host,
this binding mode enables CP to be a versatile metal-chelating
host-defense protein, and prevents microbial acquisition of
multiple nutrient metals.

In the current work, we further investigate the electronic and
structural properties of the high-affinity Fe(II) site of CP. One
method to interrogate Fe(II) coordination is near-infrared (NIR)
magnetic circular dichroism (MCD) spectroscopy. This tech-
nique allows examination of the electronic transitions of high-
spin Fe(II) complexes that are oen inaccessible by other spec-
troscopic methods and gives insight into the geometry and
ligand eld of the metal center.24 We present a systematic study
of Fe(II)-bound CP and CP variants by NIR MCD spectroscopy
1370 | Chem. Sci., 2017, 8, 1369–1377
(Table 1). We show that the MCD spectrum of the Fe(II)–His6 site
affords the largest ligand eld of 6-coordinate (6C) Fe(II)
proteins that have been studied to date. Analysis of CP variants
that lack residues of this site supports the notion that the native
His6 motif impedes solvent water molecules from accessing the
metal ion. Furthermore, our ndings support that Ca(II) binding
enhances the ability of CP to coordinate Fe(II) at site 2. Lastly, we
provide the rst spectroscopic evidence for Fe(II) coordination
at the His3Asp site in both the absence and presence of Ca(II).
The His3Asp site forms a ve-coordinate (5C) Fe(II) motif and
coordinates Fe(II) with lower affinity than the His6 site. This
observation is consistent with our expectation that both tran-
sition-metal-binding sites of CP are able to accommodate metal
ions between Mn and Zn on the Periodic Table.
Experimental
Preparation of MCD samples

All samples were prepared using D2O (99.9% D, Cambridge
Isotope Laboratories, Inc.). Buffers were prepared using Ultrol
grade HEPES (Calbiochem), TraceSELECT NaCl (Sigma), and
NaOD (99.9%D, Sigma). Concentrated Fe(II) (100mM) and Ca(II)
(1.0 M) stocks were prepared in an anaerobic N2 atmosphere
glove box (Vacuum Atmospheres Company Omni-Lab or
MBraun) by dissolving (NH4)2Fe(SO4)2$6H2O (trace metals
basis, Sigma) and CaCl2 (trace metals basis, Sigma) in deoxy-
genated D2O. All buffers and metal stock solutions were
prepared in acid-washed volumetric glassware and stored in
polypropylene containers.

Protein was puried as previously described10 and stored in
the apo form in 20 mMHEPES, 100 mMNaCl, pH 8.0 at�80 �C.
Characterization of the human CP variants (Table 1) is reported
elsewhere.10,15,17 CP-Ser is the heterooligomer of S100A8(C42S)
and S100A9(C3S), and all variants are based on this protein.10

Concentrated protein solutions (up toz3.0 mM) were prepared
by buffer exchanging into deuterated buffer (150 mM HEPES,
200 mM NaCl, pD 7.4) using 10k MWCO Amicon spin concen-
trators (EMD Millipore). Glycerol samples were prepared by
adding 60% (v/v) glycerol-d8 (99%, Cambridge Isotope Labora-
tories, Inc.) to the concentrated protein samples and gently
mixing by pipetting. Saturated sucrose buffer was prepared by
dissolving BioUltra grade sucrose ($99.5%, Sigma) into
deuterated buffer solution (where z2.0 g sucrose were dis-
solved for every z1.0 mL buffer), gently heating at 37 �C, and
This journal is © The Royal Society of Chemistry 2017
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vortexing. The sucrose samples were prepared by buffer
exchanging protein solutions into the saturated sucrose buffer.
The nal concentration of protein was determined based on the
calculated extinction coefficient for CP-Ser and variants
(3280 ¼ 18 450 M�1 cm�1) from the online ExPASy ProtParam
tool using a Take3 plate and BioTek Synergy HT plate reader or
a Thermo Scientic NanoDrop 1000 spectrophotometer.

All samples for MCD spectroscopy were prepared in
a nitrogen atmosphere glove box equipped with a liquid
nitrogen ll port to allow sample freezing to 77 K within the
inert atmosphere. Frozen-solution MCD samples were prepared
in copper cells tted with quartz disks and a 3 mm gasket.
Protein solutions with glycerol or sucrose (z300 mL) were
degassed by gently purging with N2, transferred to the glove box,
and allowed to equilibrate in the N2 atmosphere for at least
30 min. Fe(II) and Ca(II) were added to each protein solution in
the glove box from the concentrated stock solutions, and the
resulting solutions were mixed by pipetting and allowed to
equilibrate for at least 1 h. Protein solutions that were prepared
at the University of Rochester were injected directly to MCD
cells and ash frozen in liquid N2 in the glove box. Protein
solutions that were prepared at MIT were transferred out of the
glove box in microcentrifuge tubes, ash frozen immediately in
liquid N2, shipped overnight in a dry shipping dewar cooled
with liquid N2, transferred to the University of Rochester glove
box, and thawed for injection into MCD cells. Cells containing
z250 mL of sample were ash frozen in liquid N2 and stored in
liquid N2 until data collection. The protein and metal concen-
trations for each sample are detailed in Table S1.† An
[Fe(H2O)6]

2+ MCD sample (1.5 mM) was prepared from diluting
the (NH4)2Fe(SO4)2 stock solution in deuterated buffer (150 mM
HEPES, 200 mM NaCl, pD 7.4) with 60% glycerol-d8 (v/v) added
to form an optical glass at low temperature.

Magnetic circular dichroism spectroscopy

NIR MCD experiments were conducted using a Jasco J-730
spectropolarimeter and a liquid nitrogen-cooled InSb detector.
The spectral range accessible with this NIR MCD setup is 2000–
600 nm. A modied sample compartment was utilized
Table 2 Ligand field parameters for CP-Ser and mutants of CP-Ser

Name Transition energy (cm�1)

CP-Ser/Ca(II)/Fe(II)a 6C: 10 520, 11 570
H103A/Ca(II)/Fe(II)b 6C: 9920, 11 500

5C: <5000, 8345
AHA/Ca(II)/Fe(II)c 6C: 9670, 11 160

5C: <5000, 8345
AAA/Ca(II)/Fe(II)c 6C: 9570, 11 100

5C: <5000, 8345
DHis4/Ca(II)/Fe(II)

a 5C: <5000, 8345
DHis3Asp/Ca(II)/Fe(II)

a 6C: 10 520, 11 570
CP-Ser/Fe(II)d 6C: 10 520, 11 570

5C: <5000, 8710
DHis3Asp/Fe(II)

d 6C: 10 520, 11 570

a Same values for sucrose and glycerol samples. b 6C only in glycerol; both
present in both sucrose and glycerol but in different ratios. d Parameters

This journal is © The Royal Society of Chemistry 2017
incorporating focusing optics and an Oxford Instruments
SM4000-7T superconducting magnet/cryostat. This setup
enabled MCD measurements from 1.6 to 290 K with magnetic
elds of up to 7 T. A calibrated Cernox sensor directly inserted
into the copper sample holder was used to measure the
temperature of the sample to �0.001 K. All MCD spectra were
baseline-corrected against zero-eld scans. Saturation magne-
tization data were analysed using previously reported tting
procedures.25,26 For saturation magnetization data tting, both
negative and positive zero-eld splitting models were evaluated.
Reported errors for spin Hamiltonian parameters were deter-
mined via evaluation of the effects of systematic variations of
the t parameters on the quality of the overall t.
Results and analysis

In the NIR MCD spectroscopic studies performed herein, the
energies and splitting pattern of observedMCD bands are related
to the geometric and electronic structures of Fe(II) bound to CP-
Ser and its variants. A distorted octahedral Fe(II) site is typically
split by 10Dq z 10 000 cm�1 due to a doubly degenerate 5Eg
ligand eld (LF) excited state as well as a triply degenerate 5T2g LF
ground state.24 Moreover, the lower symmetry of protein metal-
binding sites causes the 5Eg state to further split allowing for two
LF transitions centred at z10 000 cm�1, split by z2000 cm�1.
Two different 5C sites lead to slightly different splitting of these
bands. Square pyramidal sites show transitions atz10 000 cm�1

andz5000 cm�1, whereas trigonal bipyramidal sites show these
transitions at <10 000 cm�1 and <5000 cm�1. Distorted four-
coordinate (4C) sites have smaller 10Dq values, which results in
low-energy LF transitions in the 4000–7000 cm�1 region. Table 2
summarizes the LF transitions observed for CP-Ser and its vari-
ants, along with the corresponding D5Eg and 10Dq values and
assignments of binding sites.

Circular dichroism (CD) spectroscopy is oen used to ensure
glycerol effects, although uncommon, are not present as a result
of using glycerol for the preparation of low-temperature glasses
required for spectroscopic studies; however, insufficient
concentrations and, hence, CD intensities were accessible with
D5Eg (cm
�1) 10Dq (cm�1)

1050 11 045
1580 10 710
— —
1490 10 415
— —
1530 10 335
— —
— —
1050 11 045
1050 11 045
— —
1050 11 045

5C and 6C components observed in sucrose. c 5C and 6C components
from sucrose samples.

Chem. Sci., 2017, 8, 1369–1377 | 1371
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the CP-Ser and variant samples. Therefore, MCD samples con-
taining either glycerol or sucrose as the glassing agent were
prepared and analyzed to probe for the presence of any glycerol
effects. Furthermore, all observed transitions in the protein
samples were compared to those of [Fe(H2O)6]

2+ to conrm the
identity of transitions resulting from protein-bound Fe(II). The
NIR MCD results for CP-Ser and its variants are presented
below, including evaluation of (i) CP-Ser, (ii) variants at the His6
site, (iii) a variant at the His3Asp site, and (iv) the effect of Ca(II)
on Fe(II) binding.
Fig. 2 NIR MCD studies of Fe(II) binding to CP-Ser. The 5 K, 7 T NIR
MCD spectra of CP-Ser/Ca(II)/Fe(II) in (A) glycerol and (B) sucrose
glasses. (C) The 5 K, 7 T NIRMCD spectra for the titration of apo CP-Ser
with 0.3 equiv. (orange), 0.6 equiv. (green), 0.9 equiv. (blue) and 1.2
equiv. (red) of Fe(II). Saturation magnetization data (dots) and best fit
(lines) for CP-Ser/Ca(II)/Fe(II) in (D) glycerol and (E) sucrose at
10 310 cm�1.
Fe(II) binding to CP-Ser

The 5 K, 7 T NIRMCD of CP-Ser + 0.9 equiv. Fe(II) in the presence
of excess Ca(II) (CP-Ser/Ca(II)/Fe(II)) in both glycerol (Fig. 2D) and
sucrose (Fig. 2E) contains two LF transitions at 10 520 cm�1 and
11 570 cm�1, indicative of a distorted six-coordinate (6C) octa-
hedral Fe(II)-binding site with D5Eg ¼ 1050 cm�1 and 10Dq ¼
11 045 cm�1. The distorted 6C Fe(II) site with a large 10Dq value
is consistent with Fe(II) binding to the His6 site, where six His
ligands comprise the coordination environment of Fe(II). It is
noteworthy that the observed 10Dq value for the 6C Fe(II) site in
CP-Ser/Ca(II)/Fe(II) is signicantly larger than the 10Dq values
observed for sites derived from facial triad Fe(II)-binding sites
and is, to the best of our knowledge, the largest 10Dq value for
any characterized 6C Fe(II) site in a non-heme protein environ-
ment. Saturation magnetization data were collected for both the
glycerol (Fig. 2E) and sucrose (Fig. 2F) samples at 10 310 cm�1.
In both cases, the saturation magnetization data are well
described by an S ¼ 2 positive zero-eld split (+ZFS) non-
Kramers doublet model with D ¼ 11 � 2 cm�1 and E ¼ 1 � 0.5.

CP has two transition-metal-binding sites at the S100A8/
S100A9 interface,10,11,13 and in order to evaluate whether
a second Fe(II)-binding site may be present, a titration study of
Fe(II) addition to CP-Ser in the presence of Ca(II) was performed
in sucrose (Fig. 2C). When sub-stoichiometric Fe(II) is added,
only the distorted 6C site previously described is observed by
MCD. Upon addition of excess Fe(II), two new ligand–eld
transitions are observed in addition to the 6C site bands: a low-
energy transition at <5000 cm�1 (observed as a tail in Fig. 2C)
and a band at 8345 cm�1. Together, these latter two transitions
indicate that a new distorted 5C Fe(II) site is formed in the
presence of >1 equiv. of Fe(II). At 1.2 equiv. of added Fe(II) to CP-
Ser, z90% of Fe(II) is bound to the 6C site and z10% is bound
to the 5C site utilizing the D3 values for pure 6C and 5C sites
(vide infra) determined in this study. Note that the D3 value for
the 5C site far exceeds that for the 6C site as expected since the
lower symmetry of the 5C site allows higher energy intense
transitions to mix into parity forbidden d–d transitions.27,28 The
5C Fe(II) site is assigned to Fe(II) binding to site 1 (His3Asp site)
of CP-Ser, consistent with previous studies indicating that site 1
in CP-Ser binds metals (i.e. Mn(II), Co(II), Zn(II))10,11,13 and sup-
ported by NIR MCD studies of CP-Ser variants (vide infra). The
observation of the highest energy LF transition for the 5C site at
8345 cm�1 is most consistent with a distorted trigonal bipyra-
midal geometry.24 This work represents the rst evidence for
Fe(II) binding at site 1 in CP-Ser.
1372 | Chem. Sci., 2017, 8, 1369–1377
Fe(II) binding to site 2 variants

Studies of CP-Ser variants lacking residues of the His6 site were
performed to provide further support for the His6 coordination
of Fe(II) at site 2. Four variants of the His6 site were investigated
(Table 1): (i) H103A, where a single His residue of the S100A9 C-
terminal tail is mutated to a non-coordinating Ala residue; (ii)
AHA, where both His103 and His105 of the His6 site are mutated
to Ala residues; (iii) AAA, where His103, His104 and His105 are
mutated to three Ala residues; and (iv) DHis4, where the four
interfacial His residues of the His6 site are mutated to Ala
residues. The NIR MCD data for these His6 site variants are
given in Fig. 3 and 4.

The 5 K, 7 T NIR MCD spectrum of H103A/Ca(II)/Fe(II) (Fig. 3)
in glycerol contains two LF bands at 9920 cm�1 and
11 500 cm�1, indicating a distorted 6C octahedral site with
D5Eg ¼ 1580 cm�1 and 10Dq ¼ 10 710 cm�1. Notably, the
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 NIR MCD studies of site 2 variants of CP-Ser. The 5 K, 7 T NIR MCD spectra of H103A/Ca(II)/Fe(II), AHA/Ca(II)/Fe(II) and AAA/Ca(II)/Fe(II) in
glycerol and sucrose. Best fits are shown in dashed lines with blue denoting 6C site LF transitions and red denoting the highest-energy 5C site LF
transition (the low energy tail was not fit).

Fig. 4 NIR MCD studies of DHis4. The 5 K, 7 T NIR MCD spectra of
DHis4/Ca(II)/Fe(II) in (A) glycerol and (B) sucrose glasses. Saturation
magnetization data (dots) and best fit (lines) for DHis4/Ca(II)/Fe(II) in
glycerol collected at (C) 8905 cm�1, (D) 7810 cm�1 and (E) 5880 cm�1.
The low-energy tail transitions were not included in the fits as only part
of the transition was observable.
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energies of both LF transitions as well as the observed 10Dq

value for the distorted 6C Fe(II) site in the H103A variant are
reduced compared to the values for the 6C site of CP-Ser/Ca(II)/
This journal is © The Royal Society of Chemistry 2017
Fe(II). This result is consistent with a change in the ligand
environment of the metal center. We propose that a His ligand
is replaced by a water-derived ligand in H103A/Ca(II)/Fe(II). In
sucrose (Fig. 3), an identical 6C site with D5Eg ¼ 1580 cm�1 and
10Dq ¼ 10 710 cm�1 is observed. Moreover, additional ligand
eld features consistent with the distorted 5C site observed in
CP-Ser/Ca(II)/Fe(II) in the presence of excess Fe(II) are also
observed for the sucrose sample. The 6C site comprises z85%
of Fe(II) in the H103A/Ca(II)/Fe(II) sample in sucrose, and the 5C
site comprises z15% of Fe(II) in the sample. The differences
observed between the glycerol and sucrose samples in the
H103A variant are consistent with a glycerol effect in this
sample, where the increased coordination number (i.e. all 6C) is
similar to the glycerol effect previous observed in wild-type
soybean lipoxygenase NIR MCD (all 6C Fe(II) in glycerol whereas
a mix of 5C and 6C Fe(II) is present in sucrose).29 It should be
noted that in previous studies of non-heme iron proteins
including soybean lipoxygenase29 and factor inhibiting hypoxia-
inducible factor30 where glycerol effects have been observed, the
Fe(II) distribution in sucrose was found to be the accurate
distribution in the proteins.

For the AHA and AAA variants, both 5C and 6C Fe(II) LF
transitions are observed with small differences in the ratios (but
not the transition energies) present as a function of the glassing
solvent, where more 6C Fe(II) is present in glycerol than sucrose.
For example, the 5C site comprises z10% of Fe(II) in the AHA
glycerol sample, whereas this site comprises z30% of the Fe(II)
in the corresponding sucrose sample. The same trend occurs for
the AAA variant, where z15% of Fe(II) is in the 5C site and
z25% of Fe(II) is in the 5C site for the glycerol and sucrose
samples, respectively. Both datasets are given in Fig. 3, and the
following analysis will focus on the sucrose samples. As the
number of His residues mutated to Ala residues at the His6 site
increases, a mixture of 5C and 6C Fe(II) species is observed
where the transition energies and 10Dq values of the 6C Fe(II)
component decreases with an increasing number of alanines.
The 5 K, 7 T NIR MCD spectrum of AHA/Ca(II)/Fe(II) (Fig. 3)
contains LF transitions at 9670 cm�1 and 11 160 cm�1
Chem. Sci., 2017, 8, 1369–1377 | 1373
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Fig. 5 NIR MCD studies of DHis3Asp. The 5 K, 7 T NIR MCD spectra of
(A) DHis3Asp/Ca(II)/Fe(II) and (B) DHis3Asp/Ca(II) + 1.5 equiv. Fe(II) in
sucrose. Best fits are shown in dashed lines with blue denoting 6C His6
site LF transitions and orange denoting LF transitions due to
[Fe(H2O)6]

2+.
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consistent with a distorted 6C site (D5Eg ¼ 1490 cm�1 and
10Dq ¼ 10 415 cm�1) where the reduced ligand eld is assigned
to a site with mixed His and water-derived ligands. In addition,
transitions assigned to the distorted 5C site observed
throughout these studies are also present. In AAA/Ca(II)/Fe(II),
the 5 K, 7 T NIR MCD spectrum indicates the presence of
a further reduction of the ligand eld of the distorted 6C site,
with LF transitions observed at 9570 cm�1 and 11 100 cm�1

(Fig. 3) corresponding to D5Eg ¼ 1530 cm�1 and 10Dq ¼
10 335 cm�1. Similar to the H103A variant LF transitions for the
distorted 5C Fe(II) site are also observed. The reduced ligand
eld for the distorted 6C Fe(II) site is consistent with the pres-
ence of additional water-derived ligands and/or weakened
Fe(II)–His interactions compared to AHA.

In the DHis4 variant, the four interfacial His ligands of site 2
are mutated to knock out this Fe(II)-binding site. The 5 K, 7 T
NIRMCD spectra of DHis4/Ca(II)/Fe(II) in either glycerol (Fig. 4A)
or sucrose (Fig. 4B) are analogous, containing only a LF tran-
sition at 8345 cm�1 and the presence of a low-energy tail
consistent with the presence of the distorted 5C Fe(II) site. No
transitions corresponding to a distorted 6C component are
observed, indicating the mutation of four His ligands at the
His6 site results in selective Fe(II) binding at the distorted 5C
Fe(II) site, attributed to the His3Asp site (vide infra). Saturation
magnetization data collected at 8905 cm�1, 7810 cm�1 and
5880 cm�1 (Fig. 4C–E, respectively) on DHis4/Ca(II)/Fe(II) in
glycerol are all well described by an S ¼ 2 –ZFS non-Kramers
doublet model with ground-state spin-Hamiltonian parameters
of d ¼ 2.4 � 0.2 cm�1 and gk ¼ 8.8 � 0.2 and only differ with
respect to transition polarizations. Thus, in addition to
providing further conrmation that the distorted 6C Fe(II) site
in CP-Ser/Ca(II)/Fe(II) corresponds to the coordination of six His
ligands at site 2, studies of the variants further support that the
distorted 5C site observed in the presence of excess Fe(II) in the
CP-Ser studies (vide supra) results from Fe(II) binding to the
His3Asp site.
Fe(II) binding to His3Asp site variants

Since the MCD studies described above indicate binding of
Fe(II) to site 1, this site was deleted (DHis3Asp) in order to
conrm that the distorted 5C Fe(II) is associated with site 1. The
5 K, 7 T NIR MCD spectrum of DHis3Asp/Ca(II)/Fe(II) displays
two LF transitions at energies identical to those observed for the
6C Fe(II) site of CP-Ser/Ca(II)/Fe(II) (Fig. 5A). Consistent with this
assignment, saturation magnetization data collected at
10 310 cm�1 are well t to identical ground-state parameters as
the distorted 6C His6 site of CP-Ser/Ca(II)/Fe(II) (see ESI†).

The observation of a distorted 5C Fe(II) site upon (i) the
addition of excess Fe(II) to CP-Ser/Ca(II) and (ii) mutation of
metal-binding His residues at the His6 site suggested that the
5C Fe(II) site is likely associated with Fe(II) binding at site 1 of
CP-Ser/Ca(II)/Fe(II). To test this hypothesis further, excess Fe(II)
(1.5 equiv. with respect to protein) was added to the DHis3Asp
variant in order to determine if the same 5C Fe(II) site is formed
in the absence of the His3Asp site. From the 5 K, 7 T NIR MCD
spectrum of DHis3Asp/Ca(II) with 1.5 equiv. Fe(II) (Fig. 5B), only
1374 | Chem. Sci., 2017, 8, 1369–1377
LF transitions consistent with the His6 6C site as well as an
additional 6C Fe(II) species assigned as free [Fe(H2O)6]

2+ are
observed. No 5C Fe(II) is present. Thus, this result supports that
the observed distorted 5C site results from Fe(II) binding to the
His3Asp site. Consistent with the distorted 5C Fe(II) site being
attributed to Fe(II) binding to site 1 of CP-Ser/Ca(II)/Fe(II), the
5 K, 7 T NIR MCD spectrum of a DHis3Asp(H103A) variant in
sucrose (see ESI†) contains only the distorted 6C LF transitions
for Fe(II) at site 2. Thus, the 5C component observed in the
H103A variant in sucrose is absent upon deletion of site 1,
further conrming that the 5C site is due to Fe(II) binding to the
His3Asp motif at site 1.

Effect of calcium on Fe(II) binding

The NIR MCD studies presented thus far were performed in the
presence of excess Ca(II) because CP-Ser exhibits enhanced
metal-binding affinity for Fe(II) and other rst-row transition
metals in the presence of Ca(II).8,10,11 Nevertheless, CP-Ser also
binds Fe(II) in the absence of Ca(II).8 To evaluate whether the
absence of Ca(II) affects the nature of Fe(II) binding to CP-Ser,
NIR MCD was employed to investigate Fe(II) binding to CP-Ser
and the DHis3Asp variant in the absence of Ca(II). The 5 K, 7 T
NIR MCD spectrum of CP-Ser/Fe(II) (i.e. without Ca(II)) (Fig. 6A)
displays multiple LF features, including higher energy bands
associated with the 6C Fe(II) His6 site and an intense transition
at 8710 cm�1 assigned to the 5C Fe(II)-binding site. Notably, the
5C LF transition is z300 cm�1 higher in energy than in the
presence of Ca(II). Therefore, the absence of Ca(II) not only leads
to the presence of both 6C and 5C Fe(II) sites (in contrast to only
the 6C Fe(II) His6 site in the presence of Ca(II)), but also results
in a change in the LF strength of the 5C Fe(II) site whereas no
change in the LF strength is observed at the His6 site. In
contrast, the 5 K, 7 T NIR MCD spectrum of DHis3Asp/Fe(II)
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 NIR MCD studies of CP-Ser and DHis3Asp in the absence of
Ca(II). The 5 K, 7 T NIR MCD spectra of (A) CP-Ser/Fe(II) and (B)
DHis3Asp/Fe(II) in sucrose, where no Ca(II) is present for either sample.
Best fits are shown in dashed lines with blue denoting 6C His6 site LF
transitions and red denoting LF transitions due to a 5C Fe(II) site.
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contains only the 6C Fe(II) His6 site transitions, indicating that
in the absence of a 5C Fe(II) site (i) all of the Fe(II) binds to the
His6 site (i.e. there is no free Fe(II) in solution) and (ii) the 6C
Fe(II) His6 site is unperturbed (i.e. the same transition energies
and LF are observed). The lack of perturbation of the His6 6C
site in DHis3Asp/Fe(II) is consistent with the unperturbed 6C
Fe(II) site in CP-Ser/Fe(II), and indicates that the presence or
absence of Ca(II) has no observable effect on the electronic
structure of the Fe(II)–His6 coordination sphere.
Discussion

CP has two transition-metal-binding sites, a His3Asp motif
(site 1) and a His6 motif (site 2), and the protein coordinates
a variety of rst-row transition metals in a Ca(II)-dependent
manner.8,10,11,13,15 NIR MCD spectroscopy provides a powerful
method for probing the coordination number, geometry, and
LF parameters of transition metals such as high-spin Fe(II)
bound to metalloproteins. In the present study, NIR MCD was
utilized to evaluate Fe(II) binding to CP-Ser, including studies of
variants where mutations at the His6 and His3Asp sites were
incorporated.
Table 3 Examples of ligand field parameters in six-coordinate Fe(II) sites

Protein Ligands

Naphthalene dioxygenase28 2 His, 1 As
Tyrosine dioxygenase31 2 His, 1 Gl
Taurine hydroxylase32 2 His, 1 As
Factor inhibiting hypoxia-inducible factor30 2 His, 1 Gl
Clavaminate synthase 233 2 His, 1 Gl
Dke134 3 His, 3H2

CP (this work) 6 His

This journal is © The Royal Society of Chemistry 2017
Studies of Fe(II) (0.9 equiv.) binding to CP-Ser in the presence
of Ca(II) indicate the generation of a single 6C Fe(II) site for CP-
Ser/Ca(II)/Fe(II). This site is characterized by a very large ligand
eld for high-spin Fe(II) in a protein environment (10Dq ¼
11 045 cm�1). To the best of our knowledge, this represents the
largest LF for a 6C non-heme Fe(II) site in a metalloprotein; it is
larger than those reported for a variety of facial triad (2 His, 1
carboxylate) Fe(II) sites as well as the 3 His containing Fe(II) site
in Dke1 (Table 3). The large LF of the 6C site in CP-Ser is
consistent with the coordination of six His ligands, and analo-
gous studies of site 2 variants where His residues are mutated to
non-coordinating Ala residues further support this conclusion.
In the H103A variant, the 6C site undergoes a reduction in LF
(from 10Dq ¼ 11 045 cm�1 to 10 710 cm�1). Such a reduction in
ligand eld is consistent with replacement of a strong His
ligand with a more weakly coordinating water-derived ligand in
order to maintain a 6C site. In fact, as more His residues of the
His6 site are mutated to non-coordinating Ala residues, further
reductions in 10Dq for the 6C site are observed. Consistent with
prior work,8 Fe(II) coordination at site 2 is lost in the DHis4
variant. Combined, the studies on CP-Ser and the site 2 variants
denitively demonstrate that, in the presence of excess Ca(II),
the Fe(II) preferentially binds to the His6 motif to form a 6C Fe(II)
site.

The current work also provides the rst evidence of Fe(II)
coordination at site 1. Indeed, the NIR MCD studies also
demonstrate that the His3Asp site can form a 5C Fe(II) site. For
example, when excess Fe(II) is added to CP-Ser in the presence of
Ca(II) such that the His6 site is fully occupied, this 5C site is
observed to form. If the His6 site is deleted (i.e. in the DHis4
variant), only the 5C Fe(II) His3Asp site is observed in the pres-
ence of sub-stoichiometric Fe(II). Furthermore, the addition of
excess Fe(II) to the DHis3Asp variant results in only the 6C site
and free [Fe(H2O)6]

2+, conrming that the 5C Fe(II) site is
associated with Fe(II) binding to the His3Asp site and not simply
adventitious binding to the protein. Although the 5C Fe(II) site
likely contains either bidentate Asp coordination or an addi-
tional water-derived ligand, these possibilities cannot be
unambiguously resolved in the present study. In prior
biochemical studies, no evidence for Fe(II) binding at site 1 was
observed in (i) Fe(II) competition experiments with a Fe(II)-
chelating small molecule and (ii) size-exclusion chromatog-
raphy experiments where only one equiv. of Fe(II) was retained
for CP-Ser in the absence of Ca(II).8 Taken together with the
current insights, we conclude that the Fe(II) affinity of site 1 is
too low for Fe(II) binding to be detected by the prior methods.
in non-heme iron proteins

10Dq (cm�1) D5Eg (cm
�1)

p, 3H2O 9300 2750
u, 3H2O 9735 2030
p, 3H2O 9800 1800
u, 3H2O 10 000 1800
u, 3H2O 10 055 1690
O 10 100 1600

11 045 1050

Chem. Sci., 2017, 8, 1369–1377 | 1375
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Indeed, further studies of Fe(II) coordination at site 1 and
investigating whether the Fe(II)–His3Asp site forms under
physiological conditions are warranted. Lastly, we observed in
variants of the His6 site that both the 6CHis6-derived site as well
at the 5C His3Asp site coordinate Fe(II) when sub-stoichiometric
Fe(II) was added. This result suggests that as the His ligands are
replaced by water-derived ligands at the His6 site, the relative
binding affinities of the variant His6 (6C) and His3Asp (5C) sites
becomes more similar under these conditions, enabling Fe(II)
binding to both sites.

Previous studies demonstrated that CP binds Fe(II) with
relatively low affinity at the His6 site in the absence of Ca(II).8 To
determine whether the absence of Ca(II) inuences the coordi-
nation number and/or electronic structure of Fe(II) at this site,
NIR MCD studies were also performed on samples where Ca(II)
was omitted from the buffer. In the absence of Ca(II), the
addition of 0.9 equiv. of Fe(II) to CP-Ser resulted in both 5C
(His3Asp) and 6C (His6) Fe(II) sites being occupied. The observed
transition energies and LF for the 6C His6 site in the absence of
Ca(II) are identical to those found in the presence of Ca(II)
(Table 2). This observation is reminiscent of prior studies of
Mn(II) binding to the His6 site, where advanced EPR spectros-
copy indicated no change to the nature of the Mn(II)–His6 site
when Ca(II) was omitted from the sample.16 Taken together,
these observations indicate that the enhanced metal-binding
affinities at the His6 site that occur in the presence of Ca(II)
cannot be explained by a change in the primary coordination
sphere that results from Ca(II) binding to the EF-hands of the
S100A8/S100A9 subunits. In contrast, the absence of Ca(II)
resulted in an increase in the highest energy LF transition of the
5C His3Asp site (by z300 cm�1), indicating a perturbation of
the Fe(II) His3Asp site in the absence of Ca(II). Overall, these
results suggest that the presence or absence of Ca(II) plays
a signicant role in modulating the Fe(II)-binding affinities as
well as determining the Fe(II) distribution between the His6 and
His3Asp sites in CP. This result is also consistent with prior
spectroscopic studies of Mn(II)-CP species, which revealed that
sub-stoichiometric Mn(II) binds exclusively to the His6 site in
the presence of excess Ca(II) and to the His6 site as well as one or
more other sites in the absence of Ca(II).16

Conclusion

The NIR MCD spectroscopic studies presented in this work
provide insights into the Fe(II)-binding properties of the metal-
sequestering host-defense protein human CP. These studies
demonstrate that (i) Fe(II) preferentially binds to the His6 site of
CP-Ser to form a hexahistidine Fe(II) site in the presence of
excess Ca(II), (ii) Fe(II) binds to the His3Asp site to generate a 5C
Fe(II) species upon mutation of His ligands that compose the
His6 site or upon addition of excess Fe(II) to CP-Ser in the
presence of Ca(II), and (iii) the absence of Ca(II) results in both
5C (His3Asp) and 6C (His6) Fe(II) sites in the presence of sub-
stoichiometric Fe(II) as well as a perturbed LF at the 5C site.
These studies provide further support for the notion that Ca(II)
ions modulate the transition-metal-binding properties and
biological function of human CP.
1376 | Chem. Sci., 2017, 8, 1369–1377
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