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Abstract

BthA is a diheme enzyme that is a member of the bacterial cytochrome ¢ peroxidase superfamily,
capable of generating a highly unusual Fe(IV)Fe(1V)=0 oxidation state, known to be responsible
for long-range oxidative chemistry in the enzyme MauG. Here we show that installing a canonical
Met ligand in lieu of the Tyr found at the heme of MauG associated with electron transfer, results
in a construct that yields an unusually stable Fe(1\VV)=0 porphyrin at the peroxidatic heme. This
state is spontaneously formed at ambient conditions using either molecular O, or H,O,. The
resulting data illustrate how a ferryl iron, with unforeseen stability, may be achieved in biology.

Graphical Abstract

o =
TR % aree ohn
53, BthA Y463M

Recently we have reported the diheme enzyme from Burkholderia named BthA,! a new
member of the bacterial cytochrome ¢ peroxidase (0CCP) superfamily, that encompasses
canonical periplasmic enzymes responsible for the removal of reactive oxygen species such
as hydrogen peroxide (H,0,) in many Gram negative bacteria,>~3 as well as enzymes YhjA,
which uses H,05 as a terminal electron acceptor,* and MauG, responsible for biosynthesis
of tryptophan tryptophyl quinone (TTQ), the cofactor of methylamine dehydrogenase
(MADH). 58 Although all members of the bCCP family are predicted to have a 5-
coordinate (5¢), ctype heme site responsible for binding H,O,, they display diversity with
respect to a second, six-coordinate (6c) heme associated with electron transfer (ET). The 6¢
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heme in MauG, possesses Tyr-His ligation, whereas other bCCPs typically possess Met-His
(Figure 1A). The difference in coordinating ligands has been linked to variation in the redox
potentials of the hemes for bCCPs and MauG?, and is suggested to be a key to achieving the
H,0, induced formation of a bis- Fe(IV)Fe(IV)=0 state of MauG.1%-12 We have shown that
Burkholderia BthA possesses the same Tyr-His ligation at the 6¢ heme, and generates the
same reported bis-Fe(1V)Fe(IV)=0 species. 1

Here we find that upon mutating the ligating Tyr463 of BthA to the cognate Met ligand
found in bCCPs, Met463 binding to the Fe of heme 6c¢ does not occur, and in the purified
enzyme a stable Fe(IV)=0 species is present at the 5¢ active site >20 A away from the site
of the substitution.

We predicted that generation of the BthA Y463M variant would transform the redox
properties of the 6¢ heme of BthA significantly. In canonical bCCPs, the role of the 6¢
heme is predicted to be associated with ET, relaying reducing equivalents to the peroxidatic
5¢ active site heme.13-17 The Met-His coordination of the 6¢ heme is tuned to relatively
high redox potentials (>+250 mV vs. SHE)18-20 which stabilize a semi-reduced state

(i.e., FellgcFe!'ls.).19-21 |n MauG, a Tyr-His ligation at the 6¢c heme causes a decrease in
reduction potentials for both hemes (-159 mV vs. SHE and —244 mV vs. SHE)?2, such that
a stable semi-reduced redox state cannot be obtained. Mutation of the Tyr ligand of MauG
to either Met23 or His® completely disrupts the ability of MauG to oxidize the preMADH
substrate.

Upon generation of the Y463M mutant of BthA, physical characterization demonstrated
immediately that Y463M is not like typical bCCPs. Upon treatment with ascorbate,

the variant does not optically adopt a semi-reduced state as has been reported for

canonical bCCPs, indicated by the presence of reduced Q-bands 19 24 (Figure 1B). Direct
electrochemistry of Y463M shows voltammetric features of the protein similar to wild-

type (WT) BthA and MauG, and a discernible higher potential signature (Figure 1C).
Deconvolution of the voltammetry gave redox couples of —78 mV and -159 mV, indicating
both heme sites shifted more positive in potentials compared to WT (=121 mV and -165
mV, all potentials vs. SHE).1 Although dye-linked peroxidase activity assays showed the
Y463M variant was capable of catalytically reducing H,O5 to water, with K, and A, values
comparable to WT (3.3 + 0.4 uM and 6.4 + 0.8 s71, respectively), addition of peroxide to

the as-isolated diferric state of Y463M did not show evidence of the bis-Fe(IV) state when
analyzed by near Infra-Red (NIR) spectroscopy. WT BthA and MauG react with peroxide

to form the b/s-Fe(1V) intermediate, which can be monitored through the generation of a
NIR feature at 950 nm, along with a shift in the Soret and appearance of charge transfer
bands.11 Upon treatment with H,0,, Y463M shows none of these traits (Figure 1D). Thus,
these data appeared in conflict: the optical and kinetic data indicted a canonical bCCP-like
behavior, yet the lack of a significant shift in redox potential suggest the changes observed in
the mutant are not dependent on the redox potential of the 6¢ heme in BthA.

The X-ray crystal structure of Y463M was solved to 1.59 A resolution, and the structure
confirms that the 6¢c heme environment was not as anticipated. Although the overall fold
is the same as WT (rmsd = 0.309 A over all atoms) and the substituted Met463 residue is
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present based on the electron density, the sulfur of Met463 is too far (~4A) to coordinate the
heme Fe (Figure 2). The side chain of Tyr is longer than the side chain of Met, and without
any backbone movement, Met463 simply cannot reach the heme Fe.

The five-coordinate nature of both hemes of Y463M BthA was further examined
spectroscopically to provide additional insight into the unexpected crystallographic results.
The EPR spectra for aerobically-purified Y463M BthA indicated a strong high spin Fe(l11)
signal (HS, S = 5/2) present in the sample (Figure S1), with no evidence of low spin

(LS, S = 1/2) signal attributed to the 6¢ heme in WT.1 The high spin signal near g=6
represents a mixture of two species, one axial (E/D = 0) like the 5c peroxidatic heme in
WT, and one having higher anisotropy (E/D = 0.02) than the 5c peroxidatic heme in WT.
The simulations of Figure S1 indicate species percentages of 20% (0.22 mM) and 33% (0.36
mM), respectively, relative to the total protein amount (1.1 mM). Quantification of the heme
content by Electronic Absorption revealed full heme occupancy, suggesting the missing iron
was due to the presence of EPR-silent species in this sample.

Massbauer spectra of WT BthA (Figure 3A) showed LS and HS Fe(l11) hemes in equal
amounts, consistent with previous work.1:10 The species contributing to the simulation of

the data are displayed above Figure 3A (see Table S2 for fit parameters2®). In contrast, the
Madssbauer spectra of Y463M BthA (Figure 3B) showed two HS Fe(l11) species (dotted trace
27%, dashed trace 41% of iron) and no LS Fe(l1l) heme, consistent with the amounts of
axial (E/D = 0) and anisotropic (E/D = 0.02) species, respectively, detected by EPR in Figure
S1. Y463M BthA showed an additional species displaying a doublet (Figure 3B, red fill,
33% of iron). Although the aerobic as-isolated sample had not been exposed to H,0,, the
parameters of the doublet (6 = 0.08 mm/s, AEq = 1.67 mm/s) matched the Fe(IV)=0 species
of the peroxidatic heme found in WT after H,O5 addition. The presence and relative amount
of Fe(IV)=0 in as-isolated Y463M was reproducible across three independent preparations
of 5’Fe-enriched Y463M, that had been expressed recombinantly in £. coli, and purified
aerobically. The amounts of the species indicate that the WT LS heme converts into the
anisotropic (E/D=0.02) HS heme, whereas the WT HS axial (E/D = 0) heme is partially
converted to the Fe(1\V)=0 species in Y653M BthA. Thus, the new Fe(1\VV)=0 species found
in Y463M BthA is associated with the peroxidatic heme.

To test that the air-oxidized species containing the Fe(IV)=0 is still active with respect to
potential hydrogen peroxide reactivity (and not an inactive byproduct from purification), we
reacted the as-isolated Y463M BthA sample with reductant. Addition of excess ascorbate
resulted in complete loss of the Fe(1V) doublet (Figure 3C), and formation of the axial

HS heme associated with the peroxidatic heme (now ~47% of total Fe). The simulation in
Figure 3C also uses the rhombic HS species in approximately equal amounts as in Figure
3B (41%). Unaccounted area in this fit (~12%) could conceivably be assigned to residual
Fe(IV)O, but the noise in the data preempts a conclusive assignment. Ascorbate did not
reduce either heme to Fe(ll), consistent with the measured redox potentials of the hemes
(Figure 1C). EPR experiments confirmed that reduction caused growth of only the axial HS
Fe(l11) species associated with the peroxidatic heme in WT (Figure S1). Likewise, electronic
absorption spectroscopy indicated that addition of sodium ascorbate resulted in growth of a
feature at 625 nm and narrowing of the Soret band which is likely associated with Fe(I11)
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heme formation. Subsequent addition of excess H,O, to the reduced sample generated the
same Fe(IV)=0 heme species in similar yield to the as-isolated sample (Figure 3D). The HS
Fe(l11) species associated with the peroxidatic heme in Figure 3C was lost upon peroxide
treatment in Figure 3D.

To address if ambient O, was the source of the spectroscopically observed Fe(IV)=0 in
as-isolated Y463M BthA, we purified the variant under strict anaerobic conditions. The
Massbauer spectrum (Figure 4A) showed three doublets: two doublets associated with Fe(11)
(61 =0.89, AEq; = 2.22 mm/s, 42% of Fe; 6, = 0.91, AEq, = 1.65 mm/s, 27% of Fe,

blue fill), and a third corresponding to Fe(11)-CO?® (& = 0.25, AEq = 0.49 mm/s, 23% of

Fe, green fill). The broad underlying feature was from a minor adventitious paramagnetic
species. The Fe(11)-CO species and adventitious iron may be from CO generated in the
decay of heme species during lysis (and optical data (Figure S2) verified its presence in
anaerobic preparations of Y463M). The doublet associated with Fe(IV)=0 was not present.
Taking the anaerobic sample (Figure 4A) and exposing it to O, for 10 min (Figure 4B),

the Fe(I1)-CO species was unchanged (28% of Fe), the two Fe(ll) species were replaced

by a mixture of oxy-heme26 (6 = 0.27, AEq = 2.41 mm/s, 21% of Fe, orange fill), and

HS Fe(I11) heme (broad underlying magnetic species, 31%), and importantly, the Fe(IV)=0
species observed in aerobically-purified Y463M form (20%, red fill). The black line on
Figure 4B shows the resulting simulated sum for all species. Thus, the Fe(IV)=0 species is
O,-dependent, generated at the peroxidatic heme site, and is not generated by reaction of the
enzyme with endogenous peroxide contamination during purification.

At this time, the exact mechanism of O, reactivity to form the Fe(IV)=0 species at the
peroxidatic heme of Y463M, and an explanation for its long lifetime in the aerobically
purified samples, are both unclear. However, the presence of oxy-heme as detected by
Massbauer (Figure 4B) suggests O, binding to the peroxidatic heme and subsequent
activation to a Fe(1V)=0 complex. As noted above, the Fe(1\VV)=0 can also be generated
when the diferric Y463M variant reacts with H,O, (Figure 3D). In the related case of

the Y294H variant of MauG? 27, installation of His at the same position as Y463 (BthA
numbering) lead to the formation of a Compound-1 like state upon peroxide addition (Cpd-
I, Fe(IV)=0 R**), similar to the proposed mechanism for diheme peroxidase NeCCP28,
(Reactivity with O, appears unique to Y463M BthA.) Despite formation of a Cpd-I species,
the Y294H MauG variant had a decreased reactivity towards preMADH, demonstrating
Tyr294 plays a crucial role in forming the bis-Fe(1V) species that is specifically required for
TTQ biosynthesis. ? In addition, the Cpd-I state of Y294H MauG was about as kinetically
stable as that of the WT bis-Fe(IV) state — where decay back to a diferric resting state

was achieved over 5-10 minutes. Therefore, in MauG, the substitution of 6¢ heme ligands
prohibit formation of the b/s-Fe(1V) species, but do not necessarily limit the 5¢ heme from
achieving high valent oxidation states.

In contrast, exposure to O, in the Y463M BthA variant can activate the Fe(ll) peroxidatic
heme alone to form a stable Fe(IV)=0 state, and the lack of Tyr463 apparently impacts
how the active site heme may relax back to a resting state, allowing the Fe(IV)=0 to
persist for days, instead of minutes. Despite this long time scale, we were unable to

detect the Fe(IV)=0 species crystallographically (Figure S7) as data-quality crystals of this
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BthA variant protein took weeks, not days, to grow (see methods). The long lifetime of
this species may suggest that electron transfer into and out the BthA peroxidatic heme is
fundamentally slower, and/or the latent oxidizing power of the BthA ferryl is weaker than
that found in MauG. Regardless, whereas the highly oxidized states of MauG/variants relax
to a resting state in minutes, here the Fe(IV)=0 of BthA Y463M is stable for days.

As shown here, BthA poses a rich system for exploring how ET is mediated within the
protein scaffold. By generating mutations of key residues identified to play a role in the
reactivity of bCCPs and MauG, we have revealed that mutation of Tyr463 to mimic the
canonical Met-His ligation of a bCCPs results in an Fe(IV)=0 species at the peroxidatic

5¢ heme site with benchtop stability. There is much to learn yet regarding what tunes the
reactivity of BthA and other bCCP and MauG orthologs that might bind O,. Further, the
presence of such a long-lived ferryl species makes the Y463M variant of BthA a model
system for exploring the stability of Fe(IV)=0 species and electronic communication of that
site with other redox cofactors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Biophysical characterization of the BthA Y463M variant. (A) Schematic of the 6¢ heme

coordination of BthA and MauG (white) and bCCPs (slate), comparing BthA (PDB ID
6NXO0.pdb) and CcpA from Shewanella oneidensis (305C.pdb). (B) Absorption spectra of
aerobically purified (solid) and ascorbate treated (blue) Y463M BthA. (C) Voltammogram of
Y463M at pH 7.3, 21°C, 50 mV/s. Raw voltammogram is shown (black) with the baseline
subtracted (black, inset) with fit for the overall signal (green) and individual species fit
(green dotted lines, inset). (D) Spectra of 5 uM as-isolated Y463M (solid black line) and
then treated with 10x H,O5 (blue)., 50 mM HEPES, pH 7.8.
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Figure 2.
Compared to the wild-type structure (A; PDB ID: 6NX0), the Y463M mutant (B, PDB ID:

6V59) disrupts axial heme ligation. 2Fp— Fccomposite omit electron density countoured
at 1 o Peptide and heme carbon shown in green and purple, respectively. Oxygen, nitrogen,
sulfur, and iron shown in red, blue, yellow, and orange, respectively. Peptide backbone
shown in ribbons representation and side chains and hemes shown in stick representation.
Side chain a-carbon shown as spheres. Terminal methyl group of Met side chain is not
visible in this orientation. 2/ — Felectron density shown in grey and contoured at 1o.
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Figure 3.
57Fe enriched Mdssbauer spectra (4.2 K, 45 mT, blue vertical bars) of (A) WT BthA and (B)

as-isolated BthA Y463M. (C) Y463M plus 30 equiv sodium ascorbate. (D) C, plus 20 equiv
of H,0,. The black traces overlying the data are simulated sums of species: LS (red dash),
HS E/D = 0 (dots), HS E/D = 0.02 (black dash), Fe(IV)=0 (red fill). The simulation in C
uses the HS species of B, but in larger amounts.
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Figure4.
57Fe enriched Méssbauer spectra (4.2 K, 45 mT, blue vertical bars) of (A) anaerobically

purified Y463M BthA, (B) A exposed to O, gas for 10 min. The black traces overlying

the data are simulated sums using the listed doublet parameters: Fe(ll) (blue fill), Fe(11)-CO
(green fill), oxy-heme (orange fill), Fe(1V)=0 (red fill). The broad magnetic HS species in B
are fit with the same species shown in Fig. 3B (black dots and dashed).
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