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Abstract

The BthA protein from the microorganism Burkholderia thailandensis contains two hemes with
axial His/OH, and His/Tyr coordinations separated by the closest interheme distance of 14 A.
BthA has a similar structure and belongs to the same family of multiheme cytochrome ¢
peroxidases as MauG, which performs long-range oxidation of the partner protein methylamine
dehydrogenase. Magnetic Mdssbauer spectroscopy of the diferric state of BthA corroborates
previous structural work identifying a high-spin (His/OH,) peroxidatic heme and a low-spin (His/
Tyr) electron transfer heme. Unlike MauG, addition of H,0, fully converts the diferric form of
BthA to a stable 2e™ oxidized state, allowing a new assessment of this state. The peroxidatic heme
is found to be oxidized to a canonical compound II, S = 1 oxoiron(IV) heme. In contrast, the
electronic properties of the oxidized His/Tyr heme are puzzling. The isomer shift of the His/Tyr
heme (0.17 mm/s) is close to that of the precursor S = 1/2 Fe3* heme (0.21 mm/s) which suggests
oxidation of the Tyr. However, the spin-dipolar hyperfine coupling constants are found here to be
the same as those for the ferryl peroxidatic heme, indicating that the His/Tyr heme is also a
compound I, S = 1 Fe** heme and ruling out oxidation of the Tyr. DFT calculations indicate that
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the unusually high isomer shift is not attributable to the rare axial His/Tyr heme coordination. The
calculations are only compatible with spectroscopy for an unusually long Fe""“—OTyr distance,
which is presumably under the influence of the protein environment of the His/Tyr heme moiety in
the H,O, oxidized state of the protein. The results offer new insights into how high valence
intermediates can be tuned by the protein environment for performing long-range oxidation.

Graphical Abstract
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INTRODUCTION

Bacterial cytochrome ¢ peroxidases (bCCPs) reduce H,0, to H,O in the periplasm of Gram-
negative bacteria, using electrons delivered by small electron transfer proteins.> bCCPs are
structurally and mechanistically distinct from well-studied monoheme plant and fungal
peroxidases in that they house fwo c-type heme prosthetic groups covalently bound to the
protein backbone by a CXXCH binding motif.2 The bCCP superfamily also includes MauG,
an enzyme that shares the same canonical bCCP fold and many similarities in key amino
acid positions, yet catalyzes different chemistry. Where bCCPs only appear to be capable of
oxidizing a redox partner protein of relatively low potential (~250 mV), MauG is responsible
for the oxidation of specific Trp residues (~1 V) in the precursor protein of methylamine
dehydrogenase.3-> A molecular perspective of how bCCPs and MauG differ functionally has
proven elusive, as the structural and biophysical properties of the two diheme enzymes are
similar.

Burkholderia is an opportunistic bacterium, with known implications in diseases such as
cystic fibrosis. Strains of the Burkholderia cenocepacia complex (Bcc) are pathogenic and
have become resistant to antibiotics. Previously, we characterized the class A diheme
enzyme BthA (gene ID: BTH_111092) from B. thailandensis to reveal that BthA is a cryptic
peroxidase, capable of H,O, turnover when in the presence of an external electron source,
generating a rare bis-Fe** state of the hemes.® The crystal structure of the as-isolated bis-
Fe3* state of BthA shows that the axial ligands to the two hemes are the same as in MauG
(Figure 1).

MauG is responsible for the last step in the biosynthesis of tryptophan tryptophylquinone
(TTQ), the catalytic cofactor of methylamine dehydrogenase (MADH).> The biosynthesis of
TTQ involves a six-electron oxidation of two tryptophan residues (8Trp57 and STrp107)
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present in the protein precursor preMADH, achieved by long-range ET through the two
heme sites of MauG, a precise process that earned MauG recognition as “Nature’s sniper”.
-9 studies of MauG have focused on the characterization of the so-called bis-Fe** species
which is formed upon reaction with H,O, in the absence of substrate (preMADH) and is
stable for up to 10 min at room temperature.1-12 The same rare oxidation state is also
observed for BthA, but it has a mean lifetime of 1 h.6 The proposed mechanism of MauG
involves H,0, binding to the peroxidatic heme to generate an unstable Cpd | species which
is rapidly reduced to compound I1 (Cpd I1) by oxidation of the His/Tyr heme.10 The bis-Fe**
state is a unique alternative to the extensively studied compound I (Cpd I) of monoheme
cytochrome P450 enzymes and monoheme plant peroxidases.1314 Mutation of the His/Tyr
heme in MauG has been shown to disrupt the interheme ET network, thereby trapping the
unstable Cpd I species. While this state contained the same oxidizing equivalents as the bis-
Fe#* species, the MauG mutant did not react with preMADH. As a result, it was
demonstrated that only the bis-Fe** species is uniquely capable of TTQ maturation in
MauG.

The unique stability of the bis-Fe** species has been the subject of numerous papers,
investigating possible mechanisms for how a ferryl His/Tyr heme may be stabilized. Spin
delocalization between the Fe** and bound Tyr residue has been attributed to the unique
stability of this heme in MauG.1® The ability to generate the bis-Fe* state in near full-yield
in BthA provides an excellent opportunity for further study of this intermediate by
spectroscopy. Here we resolve the electronic properties of the hemes in BthA based on
spectroscopic data for the electric and magnetic hyperfine interactions of >/Fe assisted by
density functional theory (DFT). New spectroscopic data are presented from variable field
Massbauer for the first time with MauG or BthA, which can determine the spin states and
hyperfine A tensors for the two hemes. Although the bis-Fe** states in MauG and BthA
represent a phase in the redox chemistry of these enzymes comparable to Cpd I in
monoheme enzymes, the electronic structures of both hemes are similar, as we shall show, to
those of canonical Cpd I S = 1 Fe** hemes, ruling out oxidation of Tyr. Initial DFT
calculations for the His/Tyr Fe** heme predict an isomer shift typical of the Cpd 11 state of
the well characterized hemes of Table 1. Thus, the presence of axial His/Tyr ligands to the
heme is an insufficient condition for acquiring the large isomer shift, suggesting that factors
related to the protein structure at large may be in play. We propose, with support from DFT
calculations, that the large isomer shift for the Fe4* state of the His/Tyr heme in both BthA
and MauG is the consequence of a protein induced constraint which causes a long Fe-Oy,
bond. The long bond may tune the reduction potential of the iron for performing targeted
long-range ET chemistry.

In MauG, BthA, and bCCPs, the Fe3* heme site which reacts with H,0, has an axial
ligation consisting of His and in some structures a water. This site has been called the five-
coordinate heme, but given the presence of water in some structures, we will refer to it as the
peroxidatic heme. The second nearby Fe3* heme is six-coordinate and assists in electron
transfer (ET) to and from the peroxidatic heme. In canonical bCCPs, the six-coordinate
heme has axial His/Met ligation, while in MauG and BthA the axial ligands are His/Tyr.
This second heme site will be referred to as the His/Tyr heme. These ligand changes confer
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changes in the redox potentials of the two hemes, which has implications in the peroxidase
reactivity of BthA relative to canonical bCCPs. In bCCPs, the His/Met heme has a higher
reduction potential than the peroxidatic heme, and consequently, the enzyme can be poised
in a semireduced state in which the six-coordinate heme is Fe2* and the peroxidatic heme is
Fe3*. In contrast, the two hemes of MauG and BthA are close in redox potential, and the
semireduced form of these enzymes cannot be formed without simultaneously reducing the
second site.16

In the as-isolated (resting) form of MauG and BthA, the optical, EPR, and Mdssbauer
spectroscopies of the peroxidatic heme are typical of S = 5/2 Fe3* hemes with His ligation.
These spectroscopies also show that the His/Tyr heme is in a S = 1/2 Fe3* oxidation state as
expected for six-coordinate hemes. EXAFS results for MauG show a short Fe-O/N distance
of 1.89 A which was assigned to the Fe~Ory, bond.> Upon reaction with H,0,, for both
MauG and BthA, these spectroscopies show that the two heme sites are oxidized. The
peroxidatic site in this state has a Mdssbauer isomer shift (6 = 0.07 mm/s) that is in the
range of S = 1 Fe**=0 heme species, such as observed from myoglobin (Mb), horseradish
peroxidase (HRP), and yeast CCP in which there is no radical in the porphyrin, a state
known as compound II (Cpd I1). The Méssbauer parameters for characterized Fe**—O(H)
porphyrin Cpd Il complexes are given in Table 1. The complexes include the axial heme
coordinations His/O, Cys/O, Cys/OH, Tyr/O, and Tyr/OH, which span a range 0.03 < 6 <
0.11 mm/s. Further evidence for the Fe**=0 heme species in MauG comes from EXAFS
data which show a short Fe-O bond length of 1.69 A.15

In contrast, the value 6§ = 0.17 mm/s for the oxidized His/Tyr heme in MauG and BthA lies
far above the range of Cpd Il hemes and is close to the value prior to oxidation of the
His/Tyr heme, 6= 0.21 mm/s, which is typical of S = 1/2 Fe3* hemes. It is clear from EPR
and Mdssbauer spectroscopy that the spin of the oxidized His/Tyr heme site is integer, but it
is not clear if the oxidation is predominately iron based. Oxidation of the Tyr and spin
coupling to an Fe3* heme could also result in an integer spin state. Previously, the large
isomer shift was attributed to a covalent Fe-Tyr bond with significant transfer of electron
density from Tyr to Fe and the attending presence of unpaired aromatic spin density on the
Tyr.17 While the two hemes of the H,0, oxidized state are formally Fe**, it has yet to be
demonstrated that both irons are truly oxidized.

The DFT calculations for the peroxidatic and His/Tyr heme sites of BthA in both the di-Fe3*
and di-Fe?* states were performed with the program suite Gaussian *09 using the pure
density functional BP86 unless otherwise noted. The two heme sites in BthA are of heme ¢
type and contain one or two axial ligands. Four structural models for the His/Tyr c-heme
active site of BthA have been used in the DFT calculations (Figure 2). These structures use
either proto-heme or c-heme and increasingly resemble the active site with changes in the
axial ligand substituents. The structures will be referred to using the labels in Figure 2.
Unless signified as c-heme, the calculations use proto-heme. Initial calculations were
simplified using imidazole (Im) and phenoxide (Ph) as axial ligands, either unconstrained, or
fixed in place by the H atoms in blue. Subsequent calculations to better resemble His or Tyr
were performed by including a CH3 where Czwould be in the respective amino acid. The
atoms of which the positions have been frozen in the geometry optimization based on the
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XRD structure of BthA are shown in blue in Figure 2. Although the carboxylate groups in
the side chains of heme c are deprotonated at neutral pH, they were kept in the protonated
state in the DFT calculations to mimic the effect of protein hydrogen bonding to these
groups. The hyperfine parameters for the various models were evaluated for optimized
geometries. Further details are given in the SI.

Mdssbauer Spectroscopy.

Variable magnetic field Mdssbauer spectra of 5/Fe enriched as-isolated BthA recorded for a
sample temperature of 4.2 K are shown in Figure 3 (red traces). The data show an
approximately 1:1 superposition of magnetically split spectra of high- and low-spin Fe3*
hemes. At higher temperatures, the spectra develop broad features indicative of intermediate
electronic relaxation relative to the 5’Fe nuclear Larmor frequency. The black traces are
simulations composed of high- and low-spin Fe3* hemes in a ratio of 45:55, respectively.
This ratio agreed with that of EPR samples of as-isolated BthA.8 The ratio of the two species
may depend on the method of purification, due to the conversion of the catalytic site heme to
a six-coordinate site as a function of pH. The arrows in Figure 3 indicate the position of
adventitious Fe3* features that accounted for less than 10% of the total iron. The simulations
(black traces) are the result of global least-squares fitting with a set of parameters for S = 5/2
and S = 1/2 spin centers that achieved a good match to the entire data set. The Mdssbauer
parameters for the two ferric hemes are given in Table 2. For one simulation, the dashed
lines above Figure 3B display the individual spectra of the peroxidatic heme (green, high-
spin) and His/Tyr heme (blue, low-spin) that give the simulation (black line).

The parameters for the two hemes of BthA are similar to those reported for MauG (Table 2).
10 The analysis of the Mdssbauer spectra of MauG was limited to one low-field spectrum,
thus the parameters of MauG have higher uncertainty and may, within error, be equal to
those for BthA. The parameters of the peroxidatic heme are all close to those of Mb and
HRP (Table 2) which also have an axial His coordinated to a high-spin Fe3* heme. For the
His/Tyr heme of BthA, the parameters are all in the range of other low-spin heme complexes
with specific characteristics including a large negative value of AEq and large anisotropy in
the A tensor.26

Ten equivalents of H,0, were added to a sample of 5’Fe enriched as-isolated BthA and
frozen after 1 min. The Mdssbauer spectrum after H,O, addition showed quantitative
oxidation of both Fe3* hemes (Figure 4). The Mésshauer parameters of the quadrupole
doublets of both hemes (Table 2) match the values of our previous work given in Table 1.
This H,0, oxidized state of the enzyme has a half-life of 50 min at room temperature,8
whereas in MauG the bis-Fe** state has nearly fully returned to the diferric state in under 20
min.11 The quantitative conversion allowed us to characterize the H,0, oxidized state with
variable temperature and magnetic field Mdssbauer spectroscopy. Figure 4 shows the
spectral changes as a function of magnetic field (A—C) and of temperature at high magnetic
field (C-F). The resolution of spectra and agreement with simulation indicates that all
spectra for temperatures above 4 K are in the fast fluctuation limit, and thus the thermal
average of the spin expectation values is used to determine the internal hyperfine field.
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The simulations (black traces) are the result of global least-squares fitting with two S =1
species that achieved an excellent match to the entire data set of Figure 4. The relative
concentrations of the two S = 1 species were found to be equal. The Mdssbauer parameters
for the two hemes are given in Table 2. For Figures 4B and F, the dashed lines display the
individual spectra of the peroxidatic heme (green dash) and His/Tyr heme (blue dash) that
together give the respective simulations (black lines). The high quality of spectra and full
conversion to the H,O, oxidized state allowed a more thorough characterization of the
electronic structure of the hemes than previously possible for the rare His/Tyr heme. From
the simulations of Figure 4, the full electric and magnetic hyperfine tensors of the two hemes
were determined. The simulation of the peroxidatic heme (green dashed trace) has high
similarity to the published spectra of the Cpd |1 states of Mb, JRP, and HRP.28 Consequently,
the values of &, AEq, components of the A tensor, D, and E/D are all similar (Table 2).

The simulations of the His/Tyr heme (Figures 4B, F, blue dashed trace) have a similar shape
to those of the peroxidatic heme, but the positions of the peaks are significantly shifted
owing to the larger values of AEg and 8. Generally, the magnetic hyperfine tensor has three
contributions, A = AFC + ASD + AL from isotropic Fermi contact, spin-dipolar, and orbital
terms, respectively. For Fe** complexes, the orbital contribution can be ignored.2” The spin-
dipolar contribution can then be calculated by subtracting the trace from the principal values
of the A tensor, resulting in the values given in Table 2. Prior to this work, the A tensors for
the Cpd Il states of most complexes were determined using g tensors with significant
deviation from 2 (g, ~ 2.25) based on a tp4* crystal field model for Fe** 28 DFT
calculations have since demonstrated that this model is too limited and that the g-values are
closer to 2.27 We have assumed g = 2.0, and owing to the magnetic hyperfine splitting being
proportional to the product gA, the A tensors determined here are approximately 10% higher
in magnitude than in the older work referenced. As Table 2 indicates, and critical to the
ensuing discussion in this paper, all components of the spin-dipolar contribution to the
magnetic hyperfine tensor for the His/Tyr heme, ASP, are within uncertainty the same as
those of the peroxidatic heme, both of which are the same as the values from the Cpd Il
states of Mb and HRP. The principal values of the spin-dipolar tensor are determined by the
orbitals containing the unpaired electrons of the iron site. The similarity of values between
the peroxidatic heme and His/Tyr heme requires the same d-orbital spin density for both
sites. These results unambiguously demonstrate that the electronic configuration of both
hemes is S = 1 Fe** with insignificant aromatic spin density on the Tyr. The experimental
spin-dipolar tensor will provide a powerful criterion for assessing the validity of the DFT
calculations discussed below.

Electronic Structure of the Hemes in the Resting State of BthA.

The peroxidatic heme in BthA consists of an Fe3* c-heme with axial coordination to His and
a water molecule.® This coordination favors a high-spin (S = 5/2) state, which was
confirmed by EPR and Md&ssbauer spectroscopy. DFT calculations with an axial imidazole,
both with and without an axial water molecule, gave hyperfine values (Table 3) in good
agreement with experiment. Although the influence of the water is minor, the agreement
with the experimental isomer shift is slightly better with water, consistent with the presence
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of an axial water in the crystal structure. The changes in the hyperfine parameters between
proto- and c-heme were minor.

The His/Tyr heme consists of an Fe3* c-heme with axial His and Tyr ligands. This
coordination favors a low-spin (S = 1/2) state, which was confirmed by EPR and Mdssbauer
spectroscopy. The DFT values for the isomer shift and quadrupole splitting of the low-spin
Fe3* ground state are consistent with experiment (Table 3), and the Fe-Oryr bond length is
close to the value from EXAFS measurements of MauG.1° The traceless component of the A
tensor deduced from experiment contains spin-dipolar (ASP) and orbital (AL) contributions.
The orbital contribution is significant for low-spin Fe3* complexes and has not been
accurately determined, consequently, the listed ASP values obtained by DFT and experiment
do not agree. The DFT values for the hyperfine parameters of the ferric state show only a
minor dependence on the choice of the heme and the deprotonation of the His ligand.

Electronic Structure of Hemes in BthA after H,O, Addition.

The addition of H,O, caused a one-electron oxidation of the ferric peroxidatic heme to give
an S = 1 Fe**=0 center typical of Cpd Il hemes. DFT predictions of isomer shifts have been
demonstrated previously for a variety of iron complexes.2?-32 As a further test of DFT
methods specific to the oxidation states of the heme complexes in this work, Table 4 presents
calculations of & for Cpd Il hemes with axial coordination of the following: His/O (Mb),
Cys/O and Cys/OH (CPO), Tyr/O, and Tyr/OH (Catalase). All gave values of &that agreed
within an error margin of 0.04 mm/s with experiment. Table 4 shows that protonation of the
oxo lowers & and that Tyr coordination gives values of & typical of Cpd Il species.

The DFT values of &, AFqg, and the ASP tensor for the Fe**=0 species in the upper half of
Table 5 show good agreement with experimental data for the H,O, oxidized peroxidatic
heme of BthA and are typical of ferryl compounds withan S =1, tzg4 configuration. Table 5
also includes the results from DFT calculations for the case that the axial oxo ligand is
protonated. The isomer shift and quadrupole splitting for this Fe**—OH species are
calculated to be well below and well above the experimental values, respectively, ruling out
the hydroxo species. The DFT-predicted increase in A£q above 2.0 mm/s upon protonation
is consistent with the trend in the experimental data for this quantity in the Cpd Il complexes
of Catalase and CPO (Table 1).

Unlike in the case of the oxidized peroxidatic heme, the DFT solutions for the oxidized
His/Tyr heme show a strong dependence on the functional used. This was shown by
comparing the results of BP86 and B3LYP calculations. The two functionals gave
qualitatively different results for the oxidized S = 1 state of the Tyr/His heme due to the
propensity of these functionals to give Fe**~Tyr (BP86) and Fe3*—Tyr* (B3LYP) electronic
configurations. The S = 1 Fe** ground state obtained by BP86 agrees with the state
determined from our analysis of the experimental Mdssbauer data for the oxidized Tyr/His
heme in BthA, whereas the B3LYP results do not. Consequently, we have presented the
BP86 results (Table 5) and adopted this functional for our analyses.

The oxidation of the low-spin ferric state of the His/Tyr heme site to the S = 1 state can
proceed by the removal of an electron from either a 3d orbital of the iron (Figure 5, left) or

Inorg Chem. Author manuscript; available in PMC 2021 July 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Weitz et al.

Page 8

the redox active 7 orbital of the tyrosine ligand (Figure 5, middle and right). In the latter
case, the spin of the tyrosine radical Sy = 1/2 can be coupled either ferromagnetically (F)
to a low-spin Fe3* (Sge = 1/2, middle) or antiferromagnetically (AF) to an intermediate-spin
Fe3* (Sge = 3/2, right). In all cases the three spin-up electrons in the 2, shell do not

contribute to aspherical properties such as the quadrupole splitting (A£q) and the spin-
dipolar tensor (ASP). These properties are essentially determined by the spin-down 2,

electron in the Fe**—Tyr configuration (left) and by the spin-down 2, holein the Fe3*—Tyr®

configuration (middle), both of which have been encircled in red in Figure 5. The particle-
hole relationship implies that AEqg and ASD change sign in passing between the two
configurations (see Figure 5 values). Thus, AEq and the principal component of ASD with
the largest magnitude (A,°P) both retain the negative sign observed for the ferric state of the
Tyr-heme site in the case of the (Fe3*—Tyr")g state (middle diagram) and have positive signs
for Fe**—Tyr and (Fe3*—Tyr*) or (left and right diagrams). Analysis of the magnetic
Madssbauer spectra provides both the magnitude and the sign of A£q and of the magnetic
hyperfine coupling tensor, A, from which the principal values of ASP have been deduced.
The experimental results (Table 5) show that both AEg and A P are positive, consequently
the (Fe3*—Tyr")g state is ruled out. Both AEg and ASD have the same sign for the Fe**—Tyr
and (Fe3*—Tyr") or states; however, the magnitude of the ASP values are 1.5 times larger for
(Fe3*—Tyr*) ar. The experimental value of A3 agrees with the DFT value for Fe**~Tyr but
not with the DFT value for (Fe3*—Tyr*) o, ruling out the (Fe3*—Tyr") ag state.

While the above evaluation of the hyperfine parameters across experiment and DFT supports
the oxidation of iron to an Fe** His/Tyr configuration, an increase of the iron oxidation state
usually results in a significantly lower value of the >’Fe isomer shift: &eq — Sox = A&> 0.
However, the value A& = 0.04 mm/s observed in passing from the Fe3* to the Fe** state of
the His/Tyr heme site in BthA is small. For example, the A8 between high-spin Fe3*=0 and
Fe#*=0 moieties supported by tripodal nonheme ligands is ~0.30 mm/s, and a similar value
is found between the intermediate-spin Fe3*—OH, and Fe**=0 moieties supported by tetra-
amido macrocyclic ligands (TAML). These examples have been well described by DFT and
demonstrate the capability of DFT to predict values of &.2%33 Table 4 gives calculations of &
for several Cpd 1l heme complexes as a further test of DFT methods specific to the oxidation
state of the hemes in this work. In contrast, AS of complexes in which the oxidation is
ligand-centered is near zero.343% Although the small change in & for the His/Tyr heme site
of BthA is suggestive of a ligand-based oxidation, this possibility has been ruled out above
based on the magnetic Mdssbauer data. The quantity AS depends not only on the oxidation
state but also on alterations in ligation and spin that may occur upon oxidation, which are
considered next.

Possibly, the high isomer shift may arise from variable protonation states about the
immediate coordination sphere of the His/Tyr heme site. The most probable protonation
state of the axial ligands at physiological pH (imidazole and deprotonated phenolic O) has a
DFT value of §=0.10 mm/s (Im/Tyr, Table 5) in the range typical of Cpd Il complexes (&=
0.03 to 0.11 mm/s) but significantly smaller than observed experimentally (6 =0.17 mm/s).
The DFT Im/Tyr structure has an Fe**—O length of 1.85 A, which is typical of
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crystallographically characterized Fe-Phenol species,36:37 and an ASP typical for S = 1 Fe**,
Also considered was deprotonation of His (Im~/Tyr) which slightly lowered &, increasing the
discrepancy with experiment. The value for Im/TyrH (6 =0.13 mm/s) is closer to
experiment, but a protonated (phenolic O) bound Tyr is chemically implausible for the Fe**
oxidation state.38 We also considered variations in the Fe-O—Cry, bond angle at the
coordinating Tyr oxygen. However, these gave only small changes in the Fe** isomer shifts
all of which were <0.10 mm/s and unacceptably low relative to experiment (see Table S2).

It was noted above that the hybrid density functional B3LYP predicts the formation of a Tyr
radical, notably the (Fe3*—Tyr")ar state shown in the right diagram of Figure 5. The
predicted isomer shifts from these calculations are all much higher (~0.34 mm/s) than for the
Fe#* state (obtained with BP86). In addition, the principal values of ASP obtained with
B3LYP are 1.5 times higher than experiment (Figure 5, right diagram). The higher isomer
shift and ASP values calculated using B3LYP are typical of intermediate-spin Fe3* heme
complexes and are precluded by our experimental data.

The above analysis shows that DFT calculations with BP86 for models of the oxidized
His/Tyr heme of BthA gives an S = 1 Fe** ground state with Aq and A P values in
agreement with experiment but a §that is 0.10 mm/s below experiment. In contrast, B3LYP
gives the (Fe3*—Tyr") ar state with & and A,SP values much larger than observed
experimentally. Conceivably, the His/Tyr heme oxidation could be partially delocalized
through a covalent interaction with the aromatic ring of Tyr, representing an electronic
structure between the limits of BP86 and B3LYP. While such a delocalization might increase
&, it will also affect the magnetic properties of the iron. The spin-dipolar contribution ASP to
the A tensor can be explicitly determined from the newly obtained magnetic Mdssbauer
measurements on BthA. ASD s sensitive to the electronic structure and can be directly
compared to DFT values. With this in mind, we considered quantum mechanical admixtures
of the Fe** ground state with the (Fe3*~Tyr")ar excited state. The mixing of the Fe#* and
(Fe3*—Tyr*) ar configurations (Figure 5, left and right) can be described by DFT as a partial
delocalization of the spin-up electron from the redox active tyrosine sz orbital into one of the
vacant 3d orbitals of iron. An obvious cause for the difference between the BP86 and
B3LYP solutions for the oxidized His/Tyr heme is in the definition of the exchange term as a
pure functional (0% Hartree—Fock Exchange) in BP86 and a hybrid functional (20% HFE)
in B3LYP. Conceivably, by making an adjustment to the HFE percentage, a specific quantum
mechanical admixture could be obtained that reproduces &, AEq, and A, P simultaneously
within the experimentally allowed margins. To perform this analysis, we employed the user
defined functional provided by Gaussian. Starting with BP86 (0% HFE), the HFE was
stepwise increased to the B3LYP value of 20%. The results of this analysis are given in the
Supporting Information. We found that values of HFE (11%) which raised the value of & by
~0.01 mm/s already resulted in an ASP that was incompatible with experiment. Further
increases in HFE to raise & only exacerbated the differences in ASP with experiment.

Thus far, we have explored structural models consisting of the metal and variations of its

ligands to explain the large & value for the oxidized His/Tyr heme in BthA and MauG. As
these explorations have failed to identify the origin of the large & value, we now direct our
attention to external forces enacted by the protein on the His/Tyr heme. A structural factor
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that may affect the isomer shift is the position of the tyrosine relative to the heme moiety and
changes therein imposed by the protein environment. The position of the tyrosine relative to
the heme is defined by the bond distance Fe~Oryy, the bond angle Fe~Oy—Cryy, and the
dihedral angle Fe—Oy~Cry—Cryr. The results of a DFT analysis of these factors have been
summarized in Table S2 for the Im/Ph proto-heme structure (Figure 2). Unconstrained
geometry optimization (row 1, Table S2) gives a large bond angle (145°) and a short bond
distance (1.81 A) with the phenolate plane perpendicular to the heme plane (dihedral ~ 0).
The structure was also optimized while constraining the bond angle and dihedral to their
values in the crystallographic structure for diferric BthA. The DFT result (row 2, Table S2)
gave an Fe4+—OTyr bond length that increased to 1.85 A. This distance is slightly lower than
the bond length of 1.89 A from EXAFS for the low-spin Fe3* site in MauG15 but
significantly smaller than the 1.97 A in the XRD structure of BthA. The Fe—Oqy, distances
from DFT resemble those reported for high-spin Fe3* phenolate complexes, which have
distances of 1.83 and 1.85 A.3837 The angularly constrained S = 1 Fe** has an Fe-Ory,
bond distance of 1.86 A and an energy that is 1600 cm™1 (~4 kcal/mol) higher than for the
unconstrained structure (Table S2). Possibly, upon oxidation to the bis-Fe#* state, changes in
protein structure allow a larger Fe—Ory—~Cryr angle which lowers this energy. However, our
calculations (Table S2) find that the Fe—~Ory—Cry; angle has little influence on the value of
the isomer shift.

Several calculations were performed to examine the effect of the Fe—O bond length by
imposing a fixed value for this bond in the geometry optimization. Lengthening this bond by
0.14 A increases &by ~0.05 to 0.15 mm/s (Table 5). Constraining the Fe“’“—OTyr distance to
2.00 A during optimization of the His/Tyr c-heme structure raises &to 0.16 mm/s (last row
of Table 5) but causes only minor changes in A£qg and ASP. The values of &, AFq, and ASP
obtained for this structure are all in agreement with experiment. The bond stretch increases
the electronic energy by 800 cm™1 (~2 kcal/mol) and may be caused by changes in the
relative position of the coordinating Tyr, porphyrin, and His residues that occur in passing
from the resting bis-Fe3* state for which the structure has been determined to the oxidized
bis-Fe** state for which no structure is available for either BthA or MauG.

DISCUSSION

The structure and electronic properties of heme sites in proteins as a function of axial
ligands constitute a mature field with a long history. Thus, the recent discovery of a rare
axial His/Tyr coordinated heme that can access a high oxidation state has generated much
interest.19 High valent iron-oxo species are known key intermediates in the heme catalyzed
oxidation of a wide range of substrates. The well-studied mechanisms of peroxidases and
cytochrome P450 use H,O5 or O to generate the Cpd | intermediate which is two oxidation
equivalents above Fe3*. Cpd I is an oxoiron(1V) species with a porphyrin cation radical
which performs le™ substrate oxidation, thereby reducing the porphyrin radical to generate
the (hydr)oxoiron(1V) Cpd Il intermediate.

In some cases when the oxidation equivalent of the porphyrin radical is rapidly transferred to
another site, for example yeast CCP, the overall oxidation state is still referred to as Cpd I,
even though the heme has an electronic structure of a Cpd Il species. Other such examples
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are BthA and MauG, in which the presumptive porphyrin radical formed in the 2e~
oxidation of the peroxidatic site is rapidly transferred to the His/Tyr heme, resulting in two S
=1 Fe?** sites, one with His/O and the other with His/Tyr axial coordination. Oxoiron(IV) or
hydroxoiron(1V) heme intermediates have been characterized from several types of heme
structures where the axial ligand trans to the oxo or hydroxo correlates with important
divisions in enzymatic function (Table 1). In peroxidases, such as HRP, the axial His trans to
the oxo lowers the oxo pKj, resulting in the oxo adduct, while in halogenating enzymes such
as CPO, the axial Cys trans to 0xo raises the oxo pKj to give the hydroxo adduct.23:39

The Mdssbauer spectra of HoO, oxidized BthA revealed two species with different
parameters. The values of = 0.07 mm/s and AEq = 1.64 mm/s are typical of Cpd Il species
with an oxo coordinated to Fe**. Since the peroxidatic site is similar in structure to those in
HRP, Mb, and CCP, this Mdssbauer species has been assigned to the peroxidatic heme.
Consequently, the other Mdssbauer species with 6 = 0.17 mm/s and AEg = 2.55 mm/s has
been assigned to the unique His/Tyr heme. A comparison of the changes in A£q due to the
difference in the axial ligation of the two sites (=O vs —Ory,) with those brought about by
protonation (=0 vs —~OH, Table 1) reveals the same trend for AEq, namely an increase to a
value larger than 2.0 mm/s, suggesting electronic similarity between heme complexes of
Fe““’—OTyr and Fe**—OH. As the double bond of an axial oxo ligand exerts a large trans
effect, the singly bonded Tyr/OH coordination in protonated Catalase Cpd Il may arguably
have the greatest similarity with the His/Tyr heme of BthA among the Cpd Il species listed
in Table 1. However, the isomer shift for the Tyr/OH in Catalase Cpd 11 (0.03 mm/s) is at the
lower end of the typical range of Cpd Il hemes. The isomer shift decreases upon protonation
from oxo to hydroxo in ferryl hemes, in contrast to the relationship between the peroxidatic
and His/Tyr hemes in BthA.

While the values of & are significantly different for the two hemes, the ASP tensor of the
His/Tyr Fe** heme is within experimental uncertainty equal to the ASP tensors of the
peroxidatic site of BthA and the Cpd II states of HRP and Mb, indicating the same S =1
Fe#* electronic configuration for all these complexes. The value 6= 0.17 mm/s for the
His/Tyr heme is close to that of the Fe3* complex prior to oxidation (0.21 mm/s), but the
magnetic Mdssbauer data shows that the oxidation is iron based, ruling out aromatic spin
density on the Tyr. The DFT models presented in this paper have attempted to bridge these
two experimental findings, seemingly at odds with each other, toward one cohesive
structural model of the bis-Fe** intermediate.

Without the protein constraint, the DFT calculations (Table 5) of the oxidized peroxidatic
and His/Tyr hemes in BthA gave isomer shifts that are nearly equal to experiment for the
peroxidatic heme but much smaller than experiment for the His/Tyr heme. However, the
DFT results for the principal values of the ASP tensor for the two hemes agree with
experiment, and the calculations confirm the experimental increase in A£q in passing from
the peroxidatic to the His/Tyr heme. We have considered many structural variations of the
His/Tyr heme in an effort to bring the DFT calculated isomer shift in range of experiment,
including the protonation state of the axial ligands, proto- and c-hemes, and variation of the
bond angle at the coordinating Tyr oxygen angle. All these structures gave Fe** isomer shifts
far below experiment. Importantly, the ASP tensor is incompatible with Fe3*—Tyr*
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configurations. Even small admixtures of the Fe3*~Tyr* configuration with Fe**—Tyr, that
raise & by a small amount but still far from experiment, resulted in unacceptably high values
for ASD relative to experiment. Thus, these results conclusively confirm the assignment of
this intermediate as bis-Fe**

Only the elongation of the Fe-Ory, bond length from its unconstrained value of 1.85 Ato
2.00 A gave isomer shift and hyperfine values in agreement with experiment. A previous
EXAFS study of H,O, oxidized MauG has modeled the data from the two heme sites with
Fe—O bond lengths of 1.69 and 1.86 A and 10 Fe-N bonds with lengths of 2.0 A.1> Owing to
the spectral overlap in EXAFS of two hemes with many similar Fe—N porphyrin distances
close to the Fe-Ory, distance and an unknown fraction of the protein in the diferric state, the
distance of 1.86 A, though consistent with the data, may have been prompted by the DFT
structure. However, this bond length is not compatible with the experimental isomer shift,
and previous attempts to account for the isomer shift are now unsatisfactory when the ASP
tensor presented in this paper is an added constraint to the models. We propose that the long
Fe—Ory, bond in the bis-Fe** oxidation state of BthA and MauG is a consequence of a
protein-derived constraint on the axial Tyr. Both MauG and BthA have very similar tertiary
structures in the region of the protein with connections to the axial Tyr of the heme,
including a long, similarly oriented helical domain which contains the axial Tyr. BthA and
MauG exhibit the same isomer shift and could experience a similar constraint on the Fe—
Oryr bond length. It is possible that the simultaneous oxidation of the two hemes in BthA
have an impact on the protein structure. Protein constraints have been shown previously to
influence metal coordination in other metalloproteins.#%:41 Despite numerous variations in
modeling the coordination environment surrounding the His/Tyr heme, only a constrained
long Fe-Ory, bond length of 2.00 A could match the new experimental constraints added by
magnetic Mdssbauer spectroscopy. These findings now suggest that similar protein-derived
entatic states may be present in BthA (and likewise, possibly MauG). It is conceivable, but
still must be demonstrated, that this proposed long Fe-Ory, bond length could contribute to
the stability of the bis-Fe** state in BthA.

The functional diversity of hemes is further expanded in multiheme systems such as diheme
bCCPs. These systems generally have one high potential Met/His and one low potential
peroxidatic heme, which have been proposed to keep the system at a low over potential and
limit the formation of high valent species, preventing subsequent protein oxidation.*2 As
noted previously, the axial Tyr lowers the reduction potential of the His/Tyr heme to closely
match the His-only peroxidatic heme.® This constitutes a protection mechanism whereby the
Cpd | state, generated at the peroxidatic heme following peroxide heterolytic OO bond
cleavage, can immediately distribute an oxidation equivalent to the nearby His/Tyr heme
rather than causing a deleterious reaction with a protein side chain. The His/Tyr heme
enables BthA and MauG to extend the lifetime of this formal Cpd | state to at least 1 h for
BthA. In the case of MauG, the ensuing reaction involves long-range electron transfer to
generate radical intermediates at Trp199 (in MauG) and Trp57 and Trp108 in the B-subunit
of pre-MADH prior to TTQ formation.”~94344 The unique stability of the bis-Fe** in MauG
has been previously attributed to charge resonance stabilization with a medial Trp93 residue,
4 as well as charge delocalization between the Fe** and the bound Tyr residue.1> However,
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BthA does not possess a medial Trp residue for charge resonance stabilization yet also has
the 960 nm NIR feature associated with charge resonance in MauG. While the Trp residue is
deemed essential for bis-Fe** formation in MauG, the presence of the 960 nm feature in
BthA suggests that Trp is not required for electron transfer to the His/Tyr heme in BthA, and
the long lifetime of this state in BthA suggests alternate mechanisms can generate and
stabilize the bis-Fe** intermediate.

CONCLUSIONS

The ability to generate the bis-Fe** intermediate in full yield for BthA has allowed
characterization of the electronic structure of the iron sites by magnetic Mdssbauer
spectroscopy. This analysis shows that the two ferric hemes in BthA can be fully converted
to stable S = 1 Fe** states with magnetic hyperfine couplings typical of Cpd 11 by addition of
H,0,, ruling out oxidation of the Tyr. While the magnetic hyperfine couplings are indicative
of S = 1 Fe** species, the isomer shift of the axial His/Tyr heme (0.17 mm/s) is out of the
range of known Cpd Il heme species. Based on DFT modeling and in agreement with all
spectroscopic constraints, we propose the high isomer shift is owing to a long Fe"'J'—OTyr
bond under the influence of the protein environment.

The results presented here offer new insights into how high valence intermediates may be
stabilized by the protein environment. As long-range tunneling is slow, the lifetime of the
electron accepting state must be long lest it preempts this process. Electron tunneling
benefits from matching the energies of the donor and acceptor orbitals, suggesting that
protein-induced lengthening of the Fe-Ory, bond may play a role in tuning the transfer
process. BthA has a similar structure to MauG and shows the same unique high isomer shift.
Consequently, BthA may perform similar long-range oxidation of a partner protein which
has yet to be identified.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Diheme center in the XRD structure of BthA (PDB: 6NX0) showing protein-bound ligands.
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Figure 2.
DFT models for His/Tyr heme of BthA. Frozen atoms are shown in blue. Left cartoon shows

the bond and dihedral angles described in the text. Ph and Tyr refer to the deprotonated
phenol and tyrosine anions. Im and His are electrically neutral imidazole and histidine.
Carbons and hydrogens are only shown when part of a restricted group.
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Figure 3.
Mésshauer spectra (4.2 K, red traces) of °/Fe-enriched as-isolated 2 mM BthA recorded

with magnetic fields (as listed) perpendicular (A) and parallel (B-D) to the incident y
radiation direction. The black traces are global least-squares fits for S = 5/2 and 1/2 Fe3*
species using the parameters in Table 2 (I" = 0.44 mm/s). For (B), the individual species
giving the sum are shown: S = 5/2 peroxidatic heme (green dash), S = 1/2 His/Tyr heme
(blue dash). The arrows denote a minor adventitious iron species.
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Figure 4.
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Velocity (mm/s)

Méssbauer spectra (red traces) of 0.5 mM 3’Fe-enriched BthA after addition of 10 equiv of
H,0, recorded at temperatures and magnetic fields (as listed) for a parallel incident
radiation direction. The black traces are global least-squares fits for two S = 1 Fe** species
using the parameters in Table 2 (I" = 0.35 mm/s). For (B and F), the individual species giving
the sum are shown: peroxidatic heme (green dash), His/Tyr heme (blue dash).
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Figure 5.

Potential electronic configurations for the S = 1 state of His/Tyr heme of BthA: Fe**, Tyr*
ferromagnetically (F) coupled to S = 1/2 Fe3*, and Tyr* antiferromagnetically (AF) coupled
to S = 3/2 Fe3*. Occupied and unoccupied spin-orbitals are represented by shaded and
hollow arrows, respectively. The red ellipses enclose an electron (left) and a hole (middle)
that are essential for the hyperfine interactions (see text). DFT-based estimates &, AEqg, A P
(S =1), and the Fe-Ory, distance () are given.
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Table 1.

Electric Hyperfine Parameters and Axial Ligands in Ferryl Porphyrin Proteins and Model Compoundsa

system®  axialligands ~ &(mmfs)  AEq(mmJfs)  ref

JRP-II His/O 0030117 1590 1467 1819
HRP-II His/O 0.03 1.61 20
CCP-I1 His/O 0.05 1.55 21
Mb-11 His/O 0.09 1.44 18
Cyt-c’s His/O 0.07 1.72 22
MauG His/O 0.06 1.70 10
BthA His/O 0.07 1.68 6
MauG His/Tyr 0.17 2.54 10
BthA His/Tyr 0.17 2.60 6
CPO-II Cys/O 0.11 1.59 23
CPO-II Cys/OH 0.10 2.06 23
Catalase-II Tyr/O 0.07 1.47 24
Catalase-II Tyr/OH 0.03 2.29 24
Fe(0)TPP®  pyridine/O 0.10 1.56 20
Fe(0)TMPS  ClIO 0.07 1.35 25

alsomer shifts refer to samples at 4.2 K unless indicated otherwise and are defined relative to iron metal at room temperature.
b . . . . .
Data referring to a sample at 77 K. The &at 4.2 K is typically ~0.01 mm/s higher than at 77 K due to the second-order Doppler shift.

cAbbreviations: Japanese radish peroxidase (JRP), horse radish peroxidase (HRP), myoglobin (Mb), cytochrome ¢g (Cyt—c’lg), chloroperoxidase
Cpd Il (CPO-II), tetraphenylporphyrin (TPP), tetra(mesityl)porphyrin (TMP).
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Page 24

Comparison of Hyperfine Fine Parameters and Fe—O Distances from Experiment (Bold Text) and DFT (Plain

Text) for the S = 5/2 Peroxidatic and S = 1/2 His/Tyr Hemes of Resting BthA

structures®
peroxidatic heme
Im/OH,
Im/OH, c-heme
Im/c-heme
His/OH, c-heme
His/Tyr heme
Im/Ph
Im/Tyr c-heme
Im~/Tyr c-heme

His/Tyr c-heme

& (mm/s)

0.42

0.39
0.42
0.39
0.39
0.21
0.24
0.24
0.21
0.24

AEg (mm/s)

+1.37

+0.99
+1.04
+1.04
+1.08
-2.67
-2.16
-2.32
-1.89
-2.25

ASDb (T)

6,31, -37°

8,14, -22
9,14,-23
8,15, -23
9,14,-23

Fe-O (A)

2.20d

2.19
2.21

2.08

1.97
1.91
1.87
1.92
1.87

a. ... . .
Axial ligands to proto- or c-heme are listed (see Figure 2).

bSpin-dipoIar A tensor of } (]

ASD

. 3 for S=5/2or 1/2.

c . . . _—
Stated experimental values for ASD include unknown orbital contributions.

dFrom crystal structure of BthA,6 EXAFS of MauG gave 1.89 A for the His/Tyr heme.15
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Table 4.

Experimental and DFT Values of & (mm/s) for Cpd Il Species

protein ligands 5expa
myoglobin His/O 0.09
CPO Il Cys/O 0.11
CPO Il protonated Cys/OH 0.10
Catalase |1 Tyr/O 0.07
Catalase Il protonated  Tyr/OH 0.03
Fe(O)TPP pyridine/O  0.10

b
bpFr

0.09
0.13
0.10

0115012

0.10,0.07
0.09

aExperimentaI references are in Table 1.
b .
Using proto heme.

cWith OTyr hydrogen bonded to Argt.
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Table 5.

Page 26

Comparison of Hyperfine Fine Parameters and Fe-Ory, Distances from Experiment (Bold Text) and DFT

Calculations (Plain Text) for the Peroxidatic and His/Tyr S = 1 Hemes of BthA after H,O, Addition

structure®
peroxidatic
Im/O
Im/O c-heme
Im/OH
His/O c-heme
His/Tyr heme
Im/Ph
Im/Tyr
Im~/Tyr
Im/TyrH
Im/Tyr
His/Tyr c-heme

His/Tyr c-heme

& (mm/s)

0.07
0.09
0.08
0.02
0.08
0.17
0.08
0.10
0.06
0.13
0.15
0.10
0.16

AEq (mm/s)

+1.64
+0.98
+0.99
+2.35
+0.96
+2.55
+2.65
+2.52
+1.85
+3.19
+2.89
+2.46

+2.79

ASDb(T)
-6, -6, 12
-5,-5,10
-5,-5,10
-6, -6, 12
-5,-6,11
-6, -6, 12
-5,-8,13
-6,-7,13
-6,-7,13
-2,-9,11
-5,-7,12
-5,-8,13

-5,-8,13

Fe_oTyr (A)

1.69¢
1.67
1.67
179
1.67
d

1.84
1.85
1.88
2.07

1.99¢
185

2.00

aniaI ligands to proto- or c-heme are listed (see Figure 2).

bSpin-dipoIar A tensor in T+ASDe§for s = 1.

CEXAFS result for MauG.15

dEXAFS of MauG suggested 1.86 ALS put see Discussion.

e . . Lo
The Fe-OTyr distance was kept constant during the geometry optimization.
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