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ABSTRACT: Myeloperoxidase (MPO) is the most abundant
neutrophil enzyme and catalyzes predominantly the two-
electron oxidation of ubiquitous chloride to generate the
potent bleaching hypochlorous acid, thus contributing to
pathogen killing as well as inflammatory diseases. Its catalytic
properties are closely related with unique posttranslational
modifications of its prosthetic group. In MPO, modified heme
b is covalently bound to the protein via two ester linkages and
one sulfonium jon linkage with a strong impact on its
(electronic) structure and biophysical and chemical properties.
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Here, the thermodynamics of the one-electron reduction of the ferric heme in wild-type recombinant MPO and variants with
disrupted heme—protein bonds (M243V, E242Q, and D94V) have been investigated by thin-layer spectroelectrochemistry. It
turns out that neither the oligomeric structure nor the N-terminal extension in recombinant MPO modifies the peculiar positive
reduction potential (E> = 0.001 V at 25 °C and pH 7.0) or the enthalpy or entropy of the Fe(Ill) to Fe(Il) reduction. By
contrast, upon disruption of the MPO—typical sulfonium ion linkage, the reduction potential is significantly lower (—0.182 V).
The M243V mutant has an enthalpically stabilized ferric state, whereas its ferrous form is entropically favored because of the loss
of rigidity of the distal H-bonding network. Exchange of an adjacent ester bond (E242Q) induced similar but less pronounced
effects (E° = —0.094 V), whereas in the D94V variant (E° = —0.060 V), formation of the ferrous state is entropically disfavored.
These findings are discussed with respect to the chlorination and bromination activity of the wild-type protein and the mutants.

Heme peroxidases catalyze one- and two-electron oxidation
reactions of a great diversity of inorganic and organic
compounds with hydrogen peroxide. They are involved in
manifold physiological reactions and are widely distributed
among Bacteria, Archaea, and Eukarya. All currently available
gene sequences of these metalloenzymes (May 2011, >6600
entries in data banks) can be phylogenetically divided into two
superfamilies that arose independently [peroxidase-cyclooxyge-
nase (formerly animal peroxidases) and peroxidase-catalase
(formerly non-animal or bacterial, fungal, and plant perox-
idases)] and three families (dyp-type peroxidases, heme
haloperoxidases, and diheme peroxidases)."*

The peroxidase-cyclooxygenase superfamily consists of seven
subfamilies® with vertebrate (including mammalian) perox-
idases (ie., subfamily 1) playing an important role in biology,
because they contribute to host defense against infection,
hormone synthesis, and pathogenesis.”> The most important
structural feature of vertebrate heme peroxidases is the
modification of the 1- and S-methyl groups on pyrrole rings
A and C of the heme group allowing formation of ester linkages
with the carboxyl groups of a glutamate and an aspartate
(Figure 1),%” conserved in the four clades, myeloperoxidase
(MPO), eosinophil peroxidase (EPO), lactoperoxidase (LPO),
and thyroid peroxidase (TPO).*”"> The clade of MPO is
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unique in having a third covalent bond between the prosthetic
group and the protein,> which connects the fB-carbon of the
vinyl group on pyrrole ring A with the sulfur atom of
methionine 243, giving rise to an (electron-withdrawing)
sulfonium ion linkage (Figure 1).*° Formation of these
covalent heme—protein bonds has been demonstrated to
occur autocatalytically.'>~"¢

The heme—protein covalent bonds have a deep impact on
the biochemical and biophysical properties of mammalian
peroxidases. In particular, they cause a distortion of the
porphyrin ring from planarity, which is more pronounced in
MPO®’ than in LPO." In myeloperoxidase, the heme ring
features a bow-shaped structure with less symmetry (Figure 1)
and a considerably out-of-plane location of the high-spin iron
ion, which are reflected by the peculiar UV—vis and resonance
Raman spectral features of its ferric and ferrous states.”'” >
Importantly, the heme modification alters the chemistry of the
prosthetic group, helping to protect it from (further)
modification by catalytically generated reactive products of
these enzymes,m_16 which include (antimicrobial) hypohalous
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Figure 1. (A) Covalent binding pattern of heme in human
myeloperoxidase. The ester linkages between the 1- and S-methyl
carbons and glutamate 242 and aspartate 94, respectively, are
conserved in all vertebrate peroxidases. The sulfonium ion linkage
between the sulfur atom of Met243 and the f-carbon of the pyrrole
ring A vinyl group is present in only MPO. (B) Active site structure of
human myeloperoxidase showing the amino acids involved in heme
binding (D94, E242, and M243) as well as fully conserved distal and
proximal residues. This figure was constructed using entry 3F9P of the
Protein Data Bank.”

acids. On the other hand, this posttranslational modification
modulates the redox chemistry by increasing the reduction
potentials of the Fe(Ill)/Fe(Il), compound I/Fe(Ill), and
compound I/compound II couples, which provides the
thermodynamic basis for the effective two-electron oxidation
of halides, including bromide and chloride.** For example, the
reduction potentials of the Fe(IIl)/Fe(II) couple of LPO and
EPO are —176 and —126 mV, respectively,22 whereas it is
positive in MPO (5 mV).>* The extraordinary high (globin-
like) reduction potential and the sulfonium ion linkage, whose
positive charge and electron withdrawing effect stabilize the
ferrous form of the enzyme, have been related to the unique
ability of myeloperoxidase to oxidize chloride.**** Additionally,
the two ester linkages have also been shown to influence the
biophysical and enzymatic properties of MPQ.>%*

To improve our understanding of the relationship between
heme modification and redox chemistry in MPO, a
comprehensive spectroelectrochemical investigation of redox
properties of recombinant wild-type MPO (recMPO) and its
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M243V, E242Q, and D94V variants, in which the covalent
heme—protein bonds have been selectively removed, was
performed. The relative contribution of the three covalent
bonds to the reduction potential of the Fe(IIT) /Fe(II) couple in
MPO as well as to the enthalpy and entropy changes
accompanying the reduction reaction is presented and
discussed with respect to the known spectral and enzymatic
features of the variants. Obtained data are compared with those
available for homologous EPO and LPO and peroxidases with
noncovalently linked heme.

B MATERIALS AND METHODS

Transfection of recombinant plasmids into Chinese hamster
ovary cells, selection, culture procedures, and protein
purification protocols were described previously.”>~>* Concen-
trations of wild-type recombinant MPO (recMPO) and its
D94V, E242Q, and M243V variants were determined
spectrophotometrically by using extinction coefficients of 91
mM ™! em™ at 430 nm,29 72mM ! cm™! at 428 nm,27 85 mM™!
cm™' at 418 nm,*® and 84 mM™' cm™' at 412 nm,*
respectively. The purity indices (Reinheitszahl, Ag,../Ayg) of
the wild-type recombinant protein and its variants varied from
0.54 to 0.71,>%” with ~0.72 (recMPO) reflecting 100% heme
occupancy.

Spectroelectrochemistry. All experiments were con-
ducted in a homemade OTTLE cell.>>">* The three-electrode
configuration consisted of a gold minigrid working electrode
(Buckbee-Mears, Chicago, IL), a homemade Ag/AgCl/KCl,,
microreference electrode, separated from the working solution
by a Vycor set, and a platinum wire as the counter electrode.
The reference electrode was calibrated against a saturated
calomel electrode before each set of measurements. All
potentials are referenced to the standard hydrogen electrode
(SHE). Potentials were applied across the OTTLE cell with an
Amel model 2053 potentiostat/galvanostat. The functioning of
the OTTLE cell was checked by measuring the reduction
potential of yeast iso-1-cytochrome ¢ under conditions similar
to those used in this work. The E°' value corresponded to that
determined by cyclic voltammetry (260 mV). The constant
temperature was maintained by a circulating water bath, and the
OTTLE cell temperature was monitored with a Cu-costan
microthermocouple. UV—vis spectra were recorded using a
Varian Cary C50 spectrophotometer.

The variable-temperature experiments were performed using
a “non-isothermal” cell configuration, in which the temperature
of the reference electrode and the counter electrode was kept
constant, while that of the working electrode was varied. For
this experimental configuration, AS®. is calculated from the
slope of the E°' versus temperature plot, whereas AH® is
obtained from the Gibbs—Helmholtz equation, AG®,. = AH®'
— TAS®_ = —nFE® (where F is the Faraday constant and n
represents the number of electrons transferred by the redox
couple), namely from the slope of the E°/T versus 1/T plot.*®

The spectroelectrochemical experiments were conducted
under argon from 10 to 40 °C. The following mediators were
used: (i) 20 uM N,N,N’,N-tetramethylphenylenediamine, 2-
hydroxy-1,4-naphthoquinone, phenazine methosulfate, and
phenazine ethosulfate for recMPO and the D94V and E242Q_
variants and (ii) 10 #M methyl viologen and 1 yM lumiflavine
3-acetate, indigo disulfonate, phenazine methosulfate, and
methylene blue for the M243V mutant. In a typical experiment,
1 mL samples were used, containing 4.5 uM MPO in 0.1 M
phosphate buffer and 0.1 M NaCl (pH 7). Nernst plots
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consisted of at least five points and were invariably linear, with a
slope consistent with a one-electron reduction process.

B RESULTS
The electronic spectra of ferric high-spin monomeric wild-type
recombinant MPO (recMPO) and its M243V, E242Q, and

D94V variants recorded at different applied potentials in the
OTTLE cell (25 °C, pH 7) are reported in Figures 2 and 3,
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Figure 2. Electronic spectra of (A) high-spin recombinant wild-type
MPO and (B) the high-spin recombinant M243V mutant obtained at
various potentials in spectroelectrochemical experiments conducted
with an OTTLE cell at 25 °C. The corresponding Nernst plots are
reported in the insets, where X represents [(A;eq™ — Azred)/(Ajoy™
— Ajp)] and A, = 430 nm and 4,4 = 473 nm and 4,, = 412 nm and
Aed = 434 nm for recombinant wild-type MPO and the M243V
mutant, respectively.

respectively. Upon reduction, direct conversion of ferric forms
of recMPO and the D94V and E242Q mutants to the
corresponding ferrous species was observed. Reduction of
ferric M243V proceeds through the formation of a transient
ferrous intermediate with band maxima at 444 nm (Soret
band), 561 nm, and 593 nm, which was not stable but
converted slowly within 45—60 min into a new stable Fe(II)
form, characterized by absorption maxima at 434 nm (Soret
band), 561 nm, and 593 nm, respectively. A similar behavior
has been observed for LPO.>>** Thus, to avoid any interference
from the transient Fe(Il) intermediate, the M243V MPO
mutant was first fully reduced electrochemically, allowing its
complete conversion into the stable ferrous form, which was
then subjected to (oxidative) spectroelectrochemical titrations,
as in the case of LPO.2%** Therefore, the E° values and the
corresponding reduction thermodynamics refer to the redox
equilibrium between the stable Fe(I) form of the M243V
mutant and the ferric species.

The Nernst plots obtained from the spectroelectrochemical
titrations are invariably linear (insets of Figures 2 and 3) with
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Figure 3. Electronic spectra of (A) high-spin E242Q and (B) high-spin
D94V MPO mutants obtained at various potentials in spectroelec-
trochemical experiments conducted with an OTTLE cell at 25 °C. The
corresponding Nernst plots are reported in the insets, where X
represents [(Ajed™ = Ajred)/(Apoy™ — Ajor)] and A, = 418 nm and
Areq = 460 nm and A, = 428 nm and 4.4 = 475 nm for the E242Q and
D94V mutants, respectively.

slopes close to the theoretical value of RT/F (0.059 V) at 25
°C, as expected for the one-electron reduction process. For
recMPO, the calculated standard reduction potential {E°'[Fe-
(IIT1) /Fe(11)]} is 0.001 V (£0.005 V) and coincides, within
experimental error, with that of native dimeric myeloperoxidase
isolated from leukocytes*® (Table 1). On the other hand, the
E° values for M243V (—0.182 + 0.005 V), E242Q (—0.094 +
0.005 V), and D94V (—0.055 + 0.00S V) are significantly lower
than that of recMPO (Table 1), explicitly demonstrating the
influence exerted by the covalent heme—protein linkages on the
redox properties of the prosthetic group.

The temperature profiles of the E° values for recMPO and
its M243V, E242Q, and D94V variants are shown in Figure 4,
together with that of native MPO.>® The spectroelectrochem-
ical response deteriorates above 35—40 °C because of protein
denaturation and solvent evaporation. The obtained temper-
ature profiles allowed factorization of the enthalpy (AH®,.) and
entropy (AS®,.) changes during the reduction reaction (Table
1). It turns out that the reduction thermodynamics of recMPO
are almost coincident, within experimental error, with those of
the native leukocyte protein, whereas mutation of M243, E242,
or D94 alters the corresponding AH®,. and AS® values. In
particular, the selective disruption of the individual heme—
protein linkages invariably induces opposing effects of the
reduction thermodynamics of the Fe(IIl)/Fe(1l) couple (Table
1); ie, the mutation-induced changes in AH®,. and AS®
partially offset each other. The existence of this enthalpy—
entropy compensation indicates that both reduction enthalpy
and entropy are sensibly influenced by reduction-induced
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Table 1. Thermodynamic Parameters for the Fe(III) — Fe(II) Reduction in Wild-Type Recombinant Myeloperoxidase
(recMPO) and Mutants with Disrupted Heme—Protein Bonds®

protein E* (V) AH®,. (kJ/mol)
recMPO 0.001 -1
M243V —0.182 37
E242Q —0.094 24
D94V —0.055 -2
MPO 0.005 3
EPO —0.126 7
LPO -0.176 -5

AS®. (J K! mol™) AH®, (int) (= AG® = —nFE®’) (kJ/mol)

-3 0
62 18
49 9
—-14 N
10 0
—18 12
=73 17

“For comparison, thermodynamic data of dimeric leukocyte myeloperoxidase (MPO)>* and homologous lactoperoxidase (LPO) and eosinophil
peroxidase (EPO)>* are shown. Errors for E*, AH%,, and AS®, are +0.005 V, +4 kJ/mol, and +8 ] K™' mol ™}, respectively (calculated from the
upper value of the standard deviation of the least-squares fits of the data points within the series). The standard reduction potential E°’ is measured at
298.15 K and referred to the SHE. Please note that often the sum (—AH®,./F + Ty4sAS®,./F) does not exactly match E* because the AH®_ and
AS°' values are rounded to the closest integer, as a result of experimental error.
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Figure 4. Temperature dependence of the reduction potential (A) and
E®/T vs 1/T (B) for native leukocyte MPO (O), recombinant MPO
(@), and its M243V (V), E242Q (M), and D94V () mutants. The
slopes of the plots yield AS®,./F and —AH®/F, respectively. Solid
lines are least-squares fits to the data points. When not visible, error
bars have the same dimensions as the symbols. The data for native
leukocyte MPO were taken from ref 23.

solvent reorganization effects. Hence, AH®. and AS®’. can be
partioned into intrinsic protein contributions (AH®, ;. and

Ic,

AS® iy respectively) and solvent reorganization factors
(A O’rc,solv and ASorrc,solv) respectively) with ASI(;IO:;%: = AHorrc,int
+ AHo,rc,solv and ASO’rc = ASO!rc,int + ASo,rc,solv'

AH?;, depends mainly on the donor properties of the axial

heme ligands, the polarity of the protein environment, and the
electrostatic interactions between the redox center and polar
and charged residues surrounding the heme, whereas AS®,;,, is
related to the redox state-dependent differences in protein
flexibility.**~3° Because reduction-induced overall structural
changes are quite small in heme-bound proteins, the measured
AS®. is generally attributed, as a first approximation, to
reduction-induced solvent reorganization effects only, thereby
neglecting the contribution from conformational changes in the
protein (i.e, AS% i ~ 0).*°7>° This approach proved to be
correct for native MPO,”* LPO and EPO,** and heme
peroxidases from the peroxidase-catalase superfamily (HRP,>*
ARP,* and I(atG31). Hence, to a first approximation, for
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recMPO and variants M243V, E242Q, and D94V, AS®,. =
AS% oy = =3, 62, 49, and —14 J K™' mol!, respectively
(Table 1).

Because reduction-induced solvent reorganization -effects
generate compensatory enthalpy and entropy changes,>***?°
the related enthalpic contribution can be factorized out from
the measured enthalpy change, allowing estimation of the
protein-based contribution to AH®,: AH% ;,, = AH% -
AH® . = AH®, — TAS®, = AG®, = —nFE®” (n = 1).
Therefore, to a first approximation, the reduction potential is
determined by the selective enthalpic stabilization of one of the
two redox states by first-coordination sphere and electrostatic
effects. For recMPO and its three variants, AH*, _;, = —nFE®,
which corresponds to 0 kJ/mol (recMPO), 18 kJ/mol

(M243V), 9 kJ/mol (E242Q), and S kJ/mol (D94V) (Table 1).

B DISCUSSION

Heme proteins conduct a myriad of different biological
functions, including oxygen transport, storage and reduction,
electron transfer, and redox catalysis. Thus, it is challenging to
investigate and understand the role of (posttranslational)
modifications of the prosthetic group and/or of its protein
environment in fine-tuning of biophysical and biochemical
features of these oxidoreductases. Although not directly
involved in the catalytic cycle, the redox behavior of the
Fe(III)/Fe(Il) couple in heme peroxidases has been analyzed
in a much greater detail than that of the short-living high-
potential compound I and compound II,*® whose reduction
potentials are more difficult to measure experimentally.
Nevertheless, there is a general agreement that the molecular
factors that determine E°[Fe(IIl)/Fe(II)] influence also E°’ of
the catalytically relevant com7pound 1/Fe(IlI) and compound 1/
compound II redox couples.”*° Indeed, the hierarchy observed
for E°'[Fe(IlI)/Fe(1l)], namely, MPO > EPO > LPO, is also
reflected in E°[compound I/Fe(Ill)] and E°[compound 1/
compound 11].>"*

Myeloperoxidase is unique because it is the only human
oxidoreductase that is able to oxidize chloride at reasonable
rates, and the thermodynamic basis for this reactivity is related
to its peculiar redox properties. In contrast to other heme
peroxidases, which feature E°'[Fe(III)/Fe(I)] values between
—0.125 and —0.320 V (to stabilize the ferric state for efficient
reaction with H,0,),*® the corresponding reduction potential
in dimeric leukocyte MPO is 0.005 V** or 0.001 V in
the monomeric recombinant protein at pH 7.0 and 25 °C
(Table 1).
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Table 2. Overall Halogenation Activity (units per milligram) and Apparent Bimolecular Rate Constants of Compound I
Reduction by Chloride and Bromide of Wild-Type recMPO and Variants M243V,>> E242Q,”° and D94V>” in 100 mM

Phosphate Buffer at pH 7.0 and 25 °C“

protein

wild-type recMPO” units/mg

compound I reduction (X10* M~ s7")
M243V units/mg

compound I reduction (x10* M~ s7!)
E242Q units/mg

compound I reduction (X10* M~ s7")
D94V units/mg

compound I reduction (X10* M~ s7")
LPO units/mg

compound I reduction (X10* M~ s7")

chloride bromide
0.893 (100%) 5.62 (100%)
3.6 (100%) 140 (100%)
0.017 (1.9%) 0.71 (12.6%)
nr 13 (9.3%)
0.029 (3.3%) 2.14 (38%)
0.0065 (0.2%) 5.4 (3.9%)
0.45 (12.6%) 40.7 (29.1%)
0.15 (4.2%) 41 (29.3%)
0.027 (3.0%) 0.33 (5.8%)
nr 4.1 (2.9%)

“For comparison, data for lactoperoxidase (LPO) are included. The reference (100%) is wild-type recombinant MPO (recMPO). One unit is
defined as halo§enation of 1 pumol of monochlorodimedone per minute at 25 °C. nr means no reaction. bCompound I reduction rates of native
dimeric MPO®*! from leukocytes are very similar to those presented here for recombinant monomeric MPO.

The globin-like reduction potential of homodimeric MPO
and monomeric recMPO is due to the small AH®,. and AS®’,.
values, which almost perfectly offset each other (Table 1). The
sulfonium ion linkage drastically decreases the level of enthalpic
stabilization of the ferric form compared to those of the other
mammalian heme peroxidases (LPO and EPO). In fact, the
positive charge of the sulfur atom electrostatically destabilizes
the ferric heme, which features a +1 charge at its core
(compared to the uncharged ferrous form). Moreover, the
electron withdrawing effect of the sulfonium ion linkage
reduces the basicity of the four pyrrole nitrogens, thereby
decreasing the electron density at the heme iron. Additionally,
this effect might be enhanced by the pronounced distortion of
the porphyrin ring, which further weakens the interaction of the
pyrrole nitrogens with the iron ion,”~*?* as recently reported
for the nitric oxide/oxygen binding (H-NOX) heme protein
from Thermoanaerobacter tengcongensis, which contains a
H,0(OH") six-coordinate heme.*”*® This view is supported
by a recent DFT study,® which indicated that a distorted
porphyrin ring features a weaker 7z-conjugation with the iron
compared to a planar porphyrin ring, resulting in destabilization
of the ferric state. However, it is important to stress that many
other studies of heme proteins and model systems indicate that
lowering the level of heme distortion increases E®.**~* This
clearly demonstrates that the effect of distortion of the heme on
E°[Fe(Il)/Fe(I)] can be influenced by several other factors,
including axial ligation.*’

On the other hand, the small AS”, suggests that Fe(III)
reduction is accompanied by limited solvent reorganization,
indicating that the hydrogen bond network of water molecules
in the substrate channel leading to the distal heme site is quite
rigid. The low mobility of the water molecules in the heme
distal cavity has been proposed to be crucial in fixing the
position of the chloride and in helping in the transfer and
incorporation of the oxyferryl oxygen into HCIO.*

Recombinant monomeric MPO shares almost identical
spectral and enzymatic features with the mature dimeric
leukocyte enzyme.'”*%**7***% This work demonstrates that
this similarity extends also to E®, AH®,, and AS°. of the
Fe(1II)/Fe(Il) couple, which coincide within experimental
error (Table 1). Because (i) AH®,;, is determined by metal—
ligand interactions and the electrostatics at the interface
among the metal, the protein environment, and the solvent

and (ii) AS®. mainly represents reduction-induced solvent

7991

g

reorganization effects,”>*¢ it can be concluded that differences
in the overall structure do not affect the electronic and
solvation properties of the heme cavity. This is important,
because the designed variants investigated in this work
correspond to the monomeric form produced in CHO cells.
Mature leukocyte MPO is a glycosylated homodimer with each
monomer consisting of a light chain and a heavy chain that
both contribute to binding of the modified heme. By contrast,
because of the fact that biosynthesis in CHO cells lacks
some proteolytic steps, recMPO is monomeric, contains an
N-terminal propeptide (thus often designated as proMPO),
and differs in glycan structure and conformational and thermal
stability.**** It must be noted that a monomeric proMPO form
has been shown to be released also by disruption of the Golgi
due to the treatment of cultured promyelocytes with brefeldin
A* or by foam cells newly engaged in MPO gene transcription
by local cytokines.*” It is reasonable to assume that these MPO
forms have a similar architecture of both the heme cavity and
the substrate access channel.

Sulfonium lon Linkage. Upon disruption of the sulfo-
nium ion linkage in the M243V variant, the Soret band (412
nm) and additional absorption maxima (500, 545, 586, and 635
nm) were considerably blue-shifted (Figure 2B) and similar to
those found in EPO and LPO.*'"*****> The resonance Raman
(RR) spectrum of MPO M243V has been shown to resemble
very closely that of LPO, indicating a less constrained
heme.'”*° This similarity is also underlined by the fact that
ferrous wild-type MPO is stable between pH S and 8.5,
whereas reduction of LPO and the MPO variant M243V gives
rise to two Fe(II) forms.*

Besides spectral similarities, LPO and MPO M243V share
negligible chlorination and low bromination activity (Table
2),” and this work supports the hypothesis that these
enzymatic properties are based on comparable reduction
potentials. Data of apparent bimolecular rate constants of
compound I reduction by either chloride or bromide presented
in Table 2 also demonstrate that differences in E°’ values of the
Fe(III) /Fe(Il) couple are reflected by differences in E® values
of the compound I/Fe(III) couple.

In MPO M243V, the measured E® value (—0.182 V) is
significantly lower than that of the recombinant wild-type
protein and almost identical to that of LPO (Table 1).**
Moreover, exchange of M243 drastically increased AH®';,
[AAH®, ;,(variant—recMPO) = 18 kJ/mol] (Table 1),

dx.doi.org/10.1021/bi2008432 | Biochemistry 2011, 50, 7987—-7994
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indicating that protein intrinsic factors enthalpically stabilize the
oxidized form more efficiently than recMPO. This is in
agreement with the effects of disruption of the sulfonium
linkage, because deletion of the (positive and electron-
withdrawing) bond should stabilize the ferric form of the
heme both electrostatically and electronically.

Furthermore, deletion of methionine 243 induced a drastic
increase in AS%, o, [AAS” (o (variant—recMPO) = 65 J K™
mol '], demonstrating that Fe(III) reduction in the variant is
entropically favored, as a consequence of a significant
reduction-induced solvent reorganization within the heme
cavity not observed in wild-type recMPO or leukocyte MPO.
This finding is in agreement with the proposed role of the
sulfonium group in fixing the position of H,O molecules in the
distal heme cavity and in positioning of the anionic electron
donor molecules (halide ions).5>*> On the other hand, the
lower solvent order in ferrous M243V reflects the weakened
electrostatic interactions of the water molecules with the Fe(II)
heme (overall core charge of 0) compared to that of Fe(III)
he;l:e (overall core charge of +1), as already observed in HRP-
C.

Heme—Protein Ester Bonds. The two heme—protein
ester bonds are found in all vertebrate heme peroxidases,
including LPO and EPO. The E°’ value of MPO variant E242Q_
was determined to be —0.094 V (Figure 3A and Table 1), 0.095
V lower than that of recMPO. Therefore, disruption of the ester
bond at pyrrole ring A induced a sensible increase in protein-
based enthalpic stabilization of the oxidized form [AAH ;,.(.
variant—recMPQ) = 9 kJ/mol], which, however, is lower than
that observed in MPO M243V. Because in the E242Q mutant
the sulfonium linkage is still present,*® the observed effect is not
related to electrostatics. Although the influence of heme
distortion on the reduction potential of the heme iron is still
controversial and not fully understood,®” ™ ** it is possible that
the decreased level of distortion of the heme compared to that
of recMPO enhances the interaction of the metal ion with the
pyrrole nitrogens, thereby enthalpically stabilizing the ferric
form. Reduction of E242Q is entropically favored [AAS®’, (var-
jant—recMPO) = 52 J K™' mol™'], which is in agreement with
the hypothesis that E242 (besides M243) is important in fixing
the position of the H,O molecules in the distal heme cavity and
optimizing the positioning of the anionic substrates (halide
ions).”® Indeed, the glutamate 242—heme ester bond is close to
the bromide binding site in MPO,® and its disruption generally
decreased the halogenation activity of E242Q_compared to that
of the wild-type protein (Table 2).*° In fact, the observed
AAS®, indicates an increased level of reduction-induced
solvent reorganization and a greater solvent mobility within
the heme site compared to that of recMPO, as well as a lower
solvent order in the ferrous form. Interestingly, the (positive)
AAS® is smaller than that observed with MPO M243V, in
agreement with the presence of the sulfonium linkage,*® which
should decrease the level of reduction-induced solvent
reorganization compared to that of the mutant described
above, because the water molecules electrostatically interact
with both the ferrous (overall charge of +1) and ferric (overall
charge of +2) forms of the heme.

The standard reduction potential of the Fe(Ill)/Fe(Il)
couple of the D94V mutant was determined to be —0.055 V,
sensibly lower than that of wild-type recMPO (AE®" = —0.056
V) but higher than that of M243V (AE® = 0.127 V) or E242Q_
(AE® = 0.039 V). Elimination of this ester bond increases
AH* .. [AAH® , (variant—recMPO) = S kJ/mol], demon-

rc,int rc,int
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strating that protein intrinsic factors enthalpically stabilize the
oxidized form more efficiently than in recMPO, which again
might reflect the less pronounced distortion of the prosthetic
group in D94V compared to that in wild-type recMPO or
leukocyte MPO."”

Disruption of the ester bond at pyrrole ring C (Figure 1)
decreases AS®. [AAS® (variant—recMPO) = —11 J K
mol '], showing that reduction of ferric D94V is entropically
unfavored. This effect is opposite to that observed in the other
mutants and much smaller in absolute value (Table 1),
suggesting that this heme—ester bond plays a minor role in
stabilization of the rigid H-bonding network at the distal heme
site. This is in agreement with the observation that the halide
binding (and oxidation) site is close to the §-meso bridge and
the E242—heme bond (Figure 1) and thus almost opposite to
D94.%%° The observed negative reduction entropy could be
related to the destabilization of the Ca** binding site at the
distal heme cavity that involves D96 in the proximity of D94
and catalytic H9S (Figure 1). Hence, it is reasonable to assume
that disruption of the ester bond at pyrrole ring C increases the
mobility of the polypeptide, including the V94-H95-D96
segment in the D94V variant (Figure 1). In any case, exchange
of D94 slowed the chlorination and bromination reaction
(Table 2),%” suggesting also that this ester bond contributes to
the high oxidation capacity of MPO.

In summary, this study clearly demonstrates that the large
difference between the E° values of MPO and LPO/EPO**
(~180 and ~130 mV, respectively) is mainly due to the
presence of the positively charged electron-withdrawing
sulfonium ion bond with a probable contribution of the
pronounced heme distortion,*” because the proximal histi-
dine—asparagine interaction has been shown to be similar in all
vertebrate peroxidases.””*° As a consequence, disruption of the
MPO-typical sulfonium bond rendered the E° value of the
M243V mutant similar to that of LPO. It is very likely that the
molecular factors determining E° of the Fe(III)/Fe(Il) couple
influence the reduction potential of the catalytically relevant
compound I/ferric MPO redox couple. Therefore, it is
reasonable to assume that E°[compound I/Fe(1ll)] of MPO
M243V is also significantly lower than that of wild-type MPO
(1160 mV***), thus leading to an almost complete loss of
chlorination [E°(HOCI/CI",H,0) = 1230 mV*'] and a
significant decrease in bromination activity [E°(HOBr/
Br ,H,0) = 1130 mV?*'].>**

Additionally, the redox properties of the E242Q and D94V
mutants suggest that distortion of the heme from planarity,
induced by the two corresponding heme—protein ester bonds,
contributes to the increase in the E°[Fe(Ill)/Fe(II)] of
mammalian peroxidases (in particular LPO and EPO)
compared to those of heme peroxidases with unmodified
heme b, although to a smaller extent than the positively charged
electron-withdrawing sulfonium ion linkage.

These data, which are supported by a recent density
functional study,™ nicely demonstrate how posttranslational
modifications may alter the redox chemistry of the heme to
meet a specific physiological demand, which in the case of
MPO is binding and oxidation of chloride.
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Bl ABBREVIATIONS

MPO, myeloperoxidase; LPO, lactoperoxidase; EPO, eosino-
phil peroxidase; TPO, thyroid peroxidase; KatG, catalase-
peroxidase from Synechocystis PCC6803; ARP, Arthromyces
ramosus peroxidase; HRP-C, horseradish peroxidase isoform C;
E®, reduction potential, referenced to the standard hydrogen
electrode, measured at pH 7.0; AH®', enthalpy change for the
reaction center upon reduction of the oxidized protein; AS°,
entropy change for the reaction center upon reduction of the
oxidized protein; SHE, standard hydrogen electrode; ET,
electron transport; CHO, Chinese hamster ovary; OTTLE,
optical thin-layer electrochemistry.
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