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An EPR signal for Mn(III) bound to the metal transport protein transferrin has been detected for the first
time. The temperature dependence and simulations of the EPR signal are consistent with the Mn(III) cen-
ters being six-coordinate in an elongated tetragonal environment. Thus, the incorporation of Mn(III)
within the Tf active site does not vastly alter the coordination number or active site geometry relative
to native Fe(IlI),-Tf. This parallel mode EPR signal for Mn(III),-Tf could prove valuable for future studies
aimed at determining the physiological relevance of Mn(III),-Tf.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Manganese is an essential trace element for mammals; how-
ever, excess manganese is toxic to the neurological system. Numer-
ous systems exist for Mn transport, probably leading to appreciable
redundancy. Mn can be transported as Mn?*, Mn(ll)-citrate com-
plexes, Mn(Ill)-transferrin (Tf), and possibly other forms. Tf is an
approximately 80 kDa protein that is primarily responsible for
the transport of Fe as Fe(Ill) from the bloodstream to the tissues.
Tf is comprised of two lobes with approximately 40% sequence
homology and nearly superimposable three-dimensional struc-
tures. As shown in Fig. 1, each lobe possesses a metal ion-binding
site separated by ~43 A in the closed metal-bound form; these
metal-binding sites are designated N and C based on their proxim-
ity to each protein terminus. Each metal ion binds concomitantly
with a synergistic anion, usually (bi)carbonate. Tf is selective for
Fe(Ill) in a biological environment as its two metal sites are
adapted to bind ions with large charge-to-size ratios. In the blood-
stream the protein is only ~30% loaded with Fe(Ill), giving it the
ability to coordinate other metal ions such as Mn(IIl).
Consequently, Mn(III)-Tf could play a physiological role in Mn
transport, although the significance, if any, of this transport is
poorly understood and appears to be limited [ 1-3]. The importance
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of manganese transport by transferrin in healthy individuals has
not been established. Because of the toxic effects of Mn bioaccu-
mulation, most research on Mn-transferrin has focused on Mn
transport across the blood-brain barrier or Mn incorporation into
neural cells (for example, Refs. [4-28]). The significance of Tf in
transport of manganese across the blood-brain barrier is still
under investigation.

Serum apotransferrin (apoTf) binds two equivalents of Mn, one
in each of the protein’s two metal-binding sites in separate lobes of
the protein, and the complex possesses an intense visible absorp-
tion band with a maximum at ~429 nm with an extinction coeffi-
cient of ~9 x 10> M~! cm™!, giving Mn,-Tf a distinct brown color
[28-32]. The presence of the visible charge transfer band suggested
Mn was binding as the trivalent ion. Additional spectroscopic and
magnetic studies of Mn(IlI),-Tf revealed that the protein bound
the two Mn ions concurrent with 0.93 (bi)carbonate per Mn [31].
The Mn(IIl),-Tf had no EPR signal (in the conventional perpendic-
ular mode) at 4.2 K, while static magnetic susceptibility measure-
ments were consistent with the presence of two S = 2 centers,
confirming that Mn®* was the form bound [31]. Mn(Ill),-Tf had
ultraviolet/visible maxima at 295, 330, and 430 nm. The develop-
ment of the intense brown color did not require the addition of hy-
drogen peroxide and was significantly slower under anaerobic
conditions, suggesting air oxidation of Mn(II) to Mn(III) [31]. Slow
oxidation of coordinated Mn(II) to Mn(III) has been confirmed by
X-ray absorption spectroscopy [33].

The binding of Fe to Tf prevents the binding of Mn, indicating
that Mn(IIl) does not bind as tightly as Fe(Ill) [34]. This suggests
that Mn(IIl) binds in the two Fe(Ill)-binding sites, comprised of
two tyrosinate, one aspartate, and one histidine residue from the
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Fig. 1. A. X-ray crystallographic structure for porcine Fe(Ill),-Tf (pbd code 1H76) illustrating the distance separating the N-terminal from the C-terminal Fe-binding sites; no
structure is yet available for the closed conformation of human Fe(Ill),-Tf. However, the porcine protein provided ligands are identical to those in the human protein. B.

Comparison of the C-lobe and N-lobe metal binding sites of porcine Fe(Ill),-Tf.

protein and a bidentate synergistic ligand, normally (bi)carbonate.
Resonance Raman spectra of Mn(Ill),-Tf suggest the binding of ty-
rosine to Mn(IIl) and the visible band arises from a phenoxide to
Mn(III) charge transfer band [32]. Mn(lll)-phenoxide complexes
are generally not stable as the Mn(IIl) center normally oxidizes a
bound phenoxide; the visible spectra of a synthetic Mn(IIl)-phe-
noxide compound (which appeared well after the biological study)
appears to confirm the assignment of the visible band [35]. Excited
energy transfer from a terbium ion bound in one site in transferrin
to a ferric ion or manganic ion bound in the other metal-binding
site indicates that the intersite distance is 3.55 + 0.45 nm [36],
again indicating that Mn(III) binds in the Fe(Ill) binding sites.

The binding of Mn?* to serum apoTf as a function of the Mn:TF
ratio has been followed by electronic and EPR spectroscopy [37].
The first equivalent of Mn?* binds with logK; = 4.06, while the sec-
ond binds with logK; = 2.96. Titration of mono-Fe(Ill)-Tf's (with Fe
(Il) selectively bound in either the C-terminal lobe or N-termi-
nal lobe) with Mn?* indicates that manganese can bind to either
both Fe-binding site [37]. The titration gave logKc_site = 3.80 and
logKn-iobe = 3.13. A mathematical model using the binding con-
stants for Tf, albumin, and small molecules indicated that only a
minor amount of Mn?* should bind to transferrin in plasma, consis-
tent with oxidation to Mn>* being essential for tight binding of Mn
to Tf [37]. Neither technique could monitor Mn(IIl) concentrations
under the experimental conditions preventing binding constants
for Mn(III) from being determined.

Mn(III),-Tf is capable of entering cells via endocytosis, similar to
Fe(Ill),-Tf [33]. The addition of Mn to rat blood serum, goat blood
serum, human blood serum, or bovine blood serum results in the
binding of Mn to Tf [34,38-40]. Oral or intravenous administration
of Mn?* to rats results in Tf being the major Mn binding species in
blood plasma [41]. Mn(Ill),-Tf competes with Fe(Ill),-transferrin
for uptake into cells by Tf receptor [42].

Following the fate of Min(IlI ),-Tf in vivo or under biologically rel-
evant conditions in vitro is difficult, particularly as no EPR signal
has been previously reported. EPR spectroscopy has been shown
to be a powerful method for studying the fates of Fe(Ill)-containing
and Cr(Ill)-containing Tf [43-45]. As a metal center with an inte-
gral S = 2 spin, Mn(IIl) would be expected to give rise to an EPR sig-
nal in the parallel mode. The aim of the current work is to attempt
to obtain a parallel mode EPR spectrum for Mn(III),-Tf, which could

prove valuable for future studies aimed at determining the physi-
ological relevance of Mn(III),-Tf.

2. Experimental
2.1. Materials

Iron-free human serum Tf was obtained from Aldrich (St. Louis,
MO). Doubly deionized water was used throughout. All reagents
were used as received unless otherwise notes. Mn(Il) solutions
were prepared using MnCl,-4H,0 unless otherwise noted. ApoTf
concentrations were determined by using the extinction coefficient
(e=9.12 x 10* M~! cm™') at 280 nm [46].

2.2. Preparation of Mn(Ill),-transferrin

Dimanganic-Tf was prepared using a variation of the literature
procedure [31]. Human serum apo-Tf solution was dissolved in a
100 mM HEPES, 15 mM NaHCO; buffer at pH 7.4. An aliquot of
Mn(II) solution was added to a solution of apo-Tf to give a Mn(II)
to Tf ratio of 1.6:1, and the sample was stored at ~4 °C. The elec-
tronic spectrum of the solution was monitored over several days,
and the concentration of Mn(IIl) bound to transferrin was deter-
mined using the extinction coefficient (¢ = 8.7 x 10> M~! cm™!)
at 427 nm [32]; after one week, all added Mn(II) was converted
to Tf-bound Mn(IIl) within experimental error. Samples were fro-
zen for EPR analysis with glycerol added to the solution (20/80 v/
V).

2.3. Instrumentation

Ultraviolet-visible spectra were obtained using a Beckman
Coulter (Brea, CA) DU800 UV-visible spectrophotometer.

2.4. EPR spectroscopy

Continuous wave (CW) EPR measurements were made on a Bru-
ker (Billerica, MA) ELEXSYS E540 X-band spectrometer equipped
with an ER 4116 dual mode resonator, an Oxford ESR900 cryostat,
and an Oxford ITC 04 temperature controller for temperature-
dependent measurements. Spectra were recorded in both parallel
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and perpendicular mode at temperatures ranging from 4 to 60 K.
Measurements used a nominal microwave frequency of 9.65 GHz
and 9.41 GHz for microwave field polarization transverse and par-
allel to the applied magnetic field, respectively. Unless otherwise
stated, all spectra were collected under non-saturating conditions
with a modulation amplitude of 0.9 mT and a modulation fre-
quency of 100 kHz.

2.5. Data analysis

CW EPR spectra were processed and simulated using SpinCount
(version 6.4.7614.18037), which was developed by Professor
Michael Hendrich at Carnegie Mellon University [47]. Parallel-
mode Mn(Ill) (S = 2) spectra were simulated with the spin
Hamiltonian,

~ — o~ ~. 2 ~. ~. ~ ~ o~
H:ﬁeBO-g-s+D<s§53>+E<s§+si)+s-A-1 (1)
where D and E describe the zero-field splitting terms, g is the g-ten-
sor, and A is the nuclear hyperfine interaction, which is treated with
second-order perturbation theory [48]. Simulations were calculated
via diagonalization of Equation (1) and take into consideration all
intensity factors, both theoretical and experimental. The concentra-
tion of species can be used as a constraint during spectral simula-
tion, which allows quantitative determination of the
concentration by comparison of the experimental and simulated
signal intensities [47,49]. The only unknown factor relating the spin
concentration to signal intensity is an instrumental factor that
depends on the microwave detection system. This factor is deter-
mined using a Cu(II)EDTA spin standard [50].

3. Results and discussion
3.1. CW EPR spectroscopy

The perpendicular mode EPR spectra of Mn(III),-Tf (Fig. 2) exhi-
bits a broad resonance near g ~ 2.0 with a sharp 6-line hyperfine
splitting characteristic of hexaquaMn(II). At X-band (9 GHz), the
microwave energy (hv-cm™!) exceeds the axial zero field splitting
for Mn(Il) (typical D < 0.3 cm™!'), and thus signals for the d° ion
(§ =5/2) are observed at g ~ 2.0 [47]. While the broadness of this
signal suggests some heterogeneous or adventitious binding to
the protein, the 9 mT hyperfine splitting (250 MHz) is diagnostic
of 3>Mn(Il) (I = 5/2). At first glance, the intensity of this signal sug-
gests a significant concentration within the sample; however, as
D < hv, transitions across all doublets are simultaneously observed,
resulting in a significant enhancement in intensity. For perspective,
relative to a S = 1/2 signal, the observed intensity from Mn(II) is
increased by a factor of 35/3. Consequently, integration of the
Mn(II) signal corresponds to <40 puM in the sample (~6% of the total
Mn present in solution). An additional signal is observed at g ~ 4.3
in the perpendicular mode spectra. This signal originates from Fe
(IN,-Tf and accounts for ~20 oM (<6% of the total protein concen-
tration) [51].

By altering the microwave field polarization parallel to the
applied field, a new signal observed at g ~ 8.3 can be observed,
which also exhibits a 6-line hyperfine splitting characteristic of
55Mn (I = 5/2). Observation of this signal in parallel mode indicates
that it originates from a “non-Kramers” doublet with an integer-
spin. To first order, the effective g-value (g.5) for a transition within
a specific integer spin doublet is approximately four times the dif-
ference in m; eigenstates [ger = 4-Ams] [47]. For instance, transi-
tions within a | 1 >, | £2 >, and | £3 > doublets are expected
near g ~ 4, 8, and 12, respectively. Thus, the observed signal at
g ~ 8.3 in parallel mode is consistent with a transition within an
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Fig. 2. Perpendicular and parallel mode X-band (9 GHz) CW EPR spectra of 0.38 mM
Mn(IIl),-Tf. Instrumental parameters: microwave frequency, 9.64 GHz (perpendic-
ular) and 9.41 GHz (parallel); microwave power, 20 mW; modulation amplitude,
0.9 mT; temperature, 15 K.

S = 2 spin manifold. Moreover, unlike the Mn(II) signal observed
in perpendicular mode, the hyperfine splitting observed at
g ~ 8.3 is separated by 5.9 mT (158 MHz). Thus, this feature cannot
be attributed to Mn(II). Instead, this hyperfine splitting is consis-
tent with values reported for Mn(Ill)-bound enzymes [52-56].

This Mn(III) must be bound in the two specific metal-binding
sites in Tf. The ultraviolet/visible spectrum of Mn(III),-Tf prepared
in the current study corresponds to those previously reported for
Mn(IIl),-Tf. The change in the intensity of the absorbance at
427 nm in the visible spectrum observed during the formation of
the Mn(III),-Tf corresponded within experimental error to that
previously reported for Mn(III),-Tf [32]. This band has been shown
to correspond to a tyrosine phenoxide to Mn(Ill) charge transfer
band [32], consistent with Mn(III) binding to the two tyrosine resi-
dues in the metal-binding sites. The appearance of the charge
transfer band has been found to be accompanied by the binding
of 1 equivalent of (bi)carbonate per metal binding site [31], clearly
requiring the Mn(Ill) to be bound in thespecific metal-binding
sites.

The magnitude of the axial-zero field splitting term
(D=-5+1 cm™!) for the Mn(Ill) was determined by fitting the
temperature normalized g ~ 8.3 signal observed in parallel mode
EPR to a theoretical Boltzmann population distribution fora S = 2
spin system (Equation (2)). The observed decreases in signal inten-
sity with increasing temperature is consistent with a transition
within the ground | £ 2 > doublet (between levels 1 and 2 as illus-
trated in Fig. 3).

. @~ AEi/kyT ) .o DShi/keT
Intensity x T ng = 8i€ AEb = (25+1)-e . (2)
ng‘] . e~ AEj/ky EJ(ZSJ + 1) ,e’DSz.j/ka

Additional corroboration of the axial zero-field splitting term
was obtained by simultaneous simulation of EPR spectra collected
at temperatures ranging from 4 to 45 K. Within this temperature
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Fig. 3. Energy level diagram illustrating the splitting of doublets within the Mn(III)
S = 2 spin system. For clarity, only the splitting along the z-principle axis is shown.
The observed transition within the ground, | + 2 > doublet is highlighted and
transition probabilities (tp) are shown for both transverse and parallel field
polarizations. The energy level was calculated using the same zero field splitting
parameters and g-values identified by simulation of the Mn(Ill),-Tf EPR spectra
(Shown in Fig. 3). [S=2; D = -5.0 cm™; E/D, 0.08; g123(2.01, 2.01, 2.02)].

0 100

regime, all simulations accurately reproduce the relative intensity
of the multiline g ~ 8.3 feature using a D-value of —4.7 + 0.5 cm™ .
Within error, this is equivalent to the value obtained from fitting
the temperature-dependent signal intensity to a Boltzmann distri-
bution function. The magnitude of the D-value observed here is
well within the range (1-5 cm™!) typically reported for Mn(IlI)
d*-ions [52,54-56,57-60].

As shown in Fig. 4, the Mn(Ill),-Tf spectrum can be simulated
(dashed line) using the measured p-value (D = -4.7 = 0.5 cm™!)
and a near axial rhombic contribution (E/D = 0.08) to the zero field
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Fig. 4. A. Parallel mode CW-EPR spectra (black traces) of Mn(Ill),-Tf at selected
temperatures (4.3, 15, and 25 K). The intensities of all spectra are normalized for
temperature to correct for Curie Law. For comparison, quantitative EPR simulation
(dashed line) is overlaid on the data. Instrumental parameters: microwave
frequency, 9.41 GHz; microwave power, 21.12 mW; modulation amplitude, 0.9
mT. Simulation parameters: S = 2; I = 5/2 (100% abundance); D = -5.0 cm™'; E/D,
0.08; g1,2,3 (2.01, 2.01, 2.02); ogp = 0.007; A;23(155, 155, 160) MHz; G, 0.6 mT. B.
Temperature normalized signal intensity (S x T) of the Mn(III) g ~ 8.3 resonance as a
function of temperature. The axial zero field splitting (D = -5.0 £ 1.0 cm™!) for Mn
(1) was modeled by fitting the temperature normalized data to a Boltzmann
population distribution (dashed line) for a transition within the ground | +2 > doublet
of a S = 2 spin system.
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splitting. Accordingly, g, and A,-values of the intrinsic g- and A-ten-
sors were modeled as axial g, (2.01) and A, (158) MHz, respec-
tively. The line width of the S = 2 site was largely dominated by
distributions in E/D (og/p = 0.007). While Fig. 4 only shows a simu-
lation for 4.3 K spectrum, the intensity of the g ~ 8.3 signal is repro-
duced across all temperatures measured. Crucially, the Mn(III)
concentration predicted from spectroscopic simulation accounts
for 0.9 + 0.2 mM, within experimental error of the concentration
determined by electronic spectroscopy.

EPR spectroscopic simulations of the Mn(III)-sites are best fit to
a single set of spectroscopic parameters (g-values, A-values, and
zero field splitting terms). This suggests that the ligands and the
coordination number at the Mn(Ill)-sites are uniform. Thus, Mn
(III) bound in the two metal binding sites located in the N and C
terminal domains of the protein cannot be differentiated by EPR.
This has been observed previously for certain confirmations of Cr
(II),-Tf [44].

4. Discussion

Among spectroscopically characterized Mn(IIl) complexes, the
hyperfine splitting and axial zero field splitting are diagnostic of
the coordination environment of the Mn(IIl) site [52-56]. For
instance, the observed hyperfine splitting of Mn(IIl),-Tf
(~158 MHz) is similar to values reported for 5- and 6-coordinate
Mn-enzymes oxalate decarboxylase (OxDC) and manganese
dependent superoxide dismutase (Mn-SOD) [61,62]. Of note, the
6-coordinate Mn(Ill)-site of OxDC also exhibits a negative axial
zero field splitting (D = —4.0 cm™!) [61]. In octahedral symmetry,
the degeneracy of the °Eg state is removed by Jahn-Teller distor-
tion resulting in either axial elongation (D < 0) or compression
(D > 0) of the dZ’-orbitial. In the case of axial elongation, the energy
of the dzZ orbital decreases relative to the dx?>-y° thus leaving the d*
ion with an unoccupied dx?-y? orbital [52,53]. The similarities in
both hyperfine splitting and negative D-value, suggest that the
Mn(1II) sites in Mn(III),-Tf are very similar to that in OxDC in both
coordination number and axial elongation. This suggests that the
Mn(III) sites in Mn(III),-Tf pick up a synergistic ligand from solu-
tion and is consistent with Mn(IIl),-Tf being reported to possess
0.94 equivalents of (bi)carbonate per Mn(IlI) [31]. Therefore, incor-
poration of Mn(III) within the Tf active site does not vastly alter the
coordination number or active site geometry relative to native Fe
(IM),-Tf.

5. Conclusion

Using CW EPR in the parallel mode, an EPR signal for the man-
ganic centers in Mn(III),-Tf has been detected and characterized for
the first time. Simulation of the signal and its temperature depen-
dence reveal the hyperfine splitting and axial zero field splitting
are diagnostic of the coordination environment of Mn(IIl). Conse-
quently, the incorporation of Mn(Ill) within the Tf active site does
not vastly alter the coordination number or active site geometry
relative to native Fe(Ill),-Tf. As a result, parallel mode EPR signal
for Mn(Ill),-Tf could prove valuable for future studies aimed at
determining the physiological relevance of Mn(Ill),-Tf. A transla-
tional benefit of this work is demonstrating the utility of Tf as a
robust protein scaffolding to provide spectroscopic (and poten-
tially functional) models for Mn(Ill)-dependent enzymes such as
oxalate decarboxylase and oxalate oxidase.
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