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Abstract

Cytochrome ¢ peroxidases (bCcPs) are diheme enzymes required for the reduction of H202 to
water in bacteria. There are two classes of bCcPs: one class of enzymes is active in the diferric
form (constitutively active), and the other class of enzymes requires the reduction of the high-
potential heme (H-heme) before catalysis commences (reductively activated) at the low-potential
heme (L-heme). In order to better understand the mechanisms and heme electronic structures of
these different bCcPs, a constitutively active bCcP from Nitrosomonas europaea (NeCcP) and a
reductively activated bCcP from Shewanella oneidensis (SoCcP) were characterized in both the
diferric and semi-reduced states by electron paramagnetic resonance (EPR), resonance Raman
(rRaman), and magnetic circular dichroism (MCD) spectroscopy. In contrast to some previous
crystallographic studies, EPR and rRaman spectra do not indicate the presence of significant
amounts of a five-coordinate, high-spin ferric heme in MeCcP or SoCcP in either the diferric or
semi-reduced states in solution. This points towards a mechanism of activation where the active
site L-heme is not in a static, five-coordinate state, but where the activation is more subtle and
likely involves formation of a six-coordinate hydroxo complex, which could then react with
hydrogen peroxide in an acid-base type reaction to create Compound 0, the ferric hydroperoxo
complex. This mechanism lies in stark contrast to the diheme enzyme MauG that exhibits a static,
five-coordinate open heme site at the peroxidatic heme, and that forms a more stable Fe'V=0
intermediate.
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Spectroscopic methods are used to interrogate the diferric and semi-reduced forms of bacterial
Cyt. cperoxidases from Nitrosomonas europaea (NeCcP) and Shewanella oneidensis (SoCcP).
Our results indicate that the L-heme is not in a static, five-coordinate state in the catalytically
active forms of these enzymes, but that the activation mechanism of these enzymes is more subtle,
and different from MauG.
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Introduction

Hydrogen peroxide (H205) is produced as an undesired by-product of the electron transport
chain during aerobic respiration and can damage cells through decay into hydroxyl or
superoxide radicals.! In many gram negative bacteria, excess H,05 is reduced to water by
soluble, periplasmic cytochrome ¢ peroxidases (bCcPs) in order to avoid the buildup of toxic
radical species.? Each canonical bCcP is a homodimer, where each protomer contains two
covalently-bound, c-type heme cofactors in separate domains (Figure 1). One of the hemes
exhibits a relatively high Fe!'"!! redox potential, typically between 330 to 450 mV (vs.
NHE).3-* This high-potential (H-heme, or Fey) is axially coordinated by His and Met
residues, and facilitates electron transfer to the active site from small donor proteins. The H-
heme also stores reducing equivalents that can be utilized during peroxide reduction.*8 The
active site is a peroxidatic, low-potential heme (L-heme) where H,0O, binds and is reduced
to water.2 The L-heme has a Fe!!"!! redox potential that ranges in between —330 to —250 mV
vs. NHE, like other heme peroxidases.3-* Most bCcPs can be referred to as ‘activatable’:
while the enzyme rests in the diferric form, it is catalytically inactive,’ due to the ligation of
two His residues at each apical position of the L-heme active site (see Table S1).6-13
Activation is achieved by reducing the H-heme, producing a stable, ‘semi-reduced’ activated
state (Fey!'Fe, ') where the H-heme is ferrous and the L-heme remains ferric. Most bCcPs
belong to this class, and the most well-studied example is the bCcP from Pseudomonas
aeruginosa (PaCcP). Indeed, x-ray crystal structures of PaCcP or orthologs from Geobacter
sulfurreducens'* and Paracoccus pantotrophus® show that transformation from the asisolated
enzyme to the semi-reduced form involves a change of coordination environment at the
active site. When fully oxidized (Fey!!! Fe, 1), the six-coordinate (6C) L-heme is ligated by
two His residues (one from the canonical CXXCH motif that binds the ¢type hemej, and
that upon reduction of the H-heme (Fey!!Fe, "), the distal Fe| -Npis bond is broken, creating
a presumed five-coordinate (5C) site which allows H,05 to bind to the iron center.”-8: 15
Spectroscopic data from UV-vis and room temperature near-IR MCD indicate that the L-
heme changes spin states from low-spin ferric to high-spin ferric upon semi-reduction at the
H-heme.16-17
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In contrast, the other class of bCcPs is ‘constitutively active’, meaning that the bCcPs are
catalytically competent in both the diferric and semi-reduced states (Table S1).3: 18 While
there are fewer examples of enzymes in this class compared to the ‘activatable’ class, they
include the bCcP from Nitrosomonas europaea (NeCcP) which has been characterized by
UV-vis and EPR spectroscopy, as well as protein crystallography.3 19 The crystal structure
of the enzyme has been reported as a 5C L-heme (no water or other exogenous ligand
bound) for the as-isolated enzyme, indicating it is ready to bind H202.19 In terms of primary
amino acid sequences there are few clues as to what makes a constitutively active bCcP
distinct from an activatable enzyme: for example, AMeCcP shares high sequence identity
(~60%) and high structural homology (RMSD of backbone atoms = 0.455 A)20 with the
bCcP from Shewanella oneidensis (SoCcP), which is a member of the “activatable’ class of
bCcPs. Importantly, the His which acts as a ligand to the inert Fey!!'Fe, ! form of all
activatable bCcPs is retained in the AMeenzyme (and indeed in all proven constitutively
active enzymes). Further, while the AMeand So enzymes catalyze the same reaction, one
imagines that by starting a catalytic cycle at different redox states (Scheme 1), that different
mechanisms should be at work in the Neand So enzymes.13:20-21 The catalytic mechanism
of NeCcP is proposed to be similar to monoheme peroxidases with H,O» binding to the L-
heme and an Fe!V=0 R-* “Compound 1”-like intermediate with a cation radical located on
either the porphyrin ring or an adjacent tryptophan residue. In the second step, reduction to a
“Compound I1”-like species occurs through a small electron-donor protein such as
Cytochrome C551 prior to the formation of a ferrichydroxo species and release of a second
equivalent of water. In contrast, it is proposed that “activatable” bCcPs, including SoCcP,
must go through the reduction of the H-heme first before binding H,O at the L-heme and
forming an Fe'Y=0 Compound Il-like intermediate without having to go through a
Compound | species.20

MauG is also member of the bCcP family, containing the same core-fold and architecture of
two c-type hemes that are in communication with one another via a conserved Trp residue.
22-23 However, the redox potentials of the two MauG hemes are not well-separated?* such
that an analogous form of the semi-reduced state (Fe!''Fe!'! is impossible; as such, the
analogous H-heme is referred to only as the 6C heme, and it contains His/Tyr ligation
(instead of His/Met), and the peroxidatic heme is referred to as the 5C heme.
Mechanistically, MauG has been associated with the utilization of a unique Fe!VFe!V=0
state,25 which is required for the native function of MauG (the six-electron oxidation of the
precursor protein of methylamine dehydrogenase, in order to install the tryptophanyl-
tryptophanequinone (TTQ) cofactor).

Rationalizing the distinct redox states, spectroscopic properties and mechanistic details of
the bCcP family has proven challenging: For example, while the peroxidatic heme of MauG
is clearly 5C (determined by not only crystallography but also spectroscopy?2-24) the same
coordination environment at the active site of activated, canonical bCcP has yet to be
established through spectroscopic means. We posit that the differences between MauG and
canonical bCcPs are tied to these differences in the relative stabilization of 5C and 6C states,
and the resultant redox potentials of the two hemes. Thus, evaluating the coordination
chemistry and spin-state(s) of the peroxidative active site in bCcPs is an essential missing
piece of our understanding of these enzymes. In this paper, we use EPR, resonance Raman
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(rRaman) and MCD spectroscopy to evaluate whether or not canonical bCcPs, when active,
do indeed produce a true 5C form at the active site. Here we use the constitutively active M.
europaea enzyme and the activatable S. oneidensis enzymes as model systems to compare
the spectroscopic traits with known differences in enzymatic activity. Single point mutation
variants of AMeCcP and SoCcP (H59G and H80G, respectively) were also prepared to remove
the native distal His residue that can coordinate to the L-heme. The spectra of the native
protein and the variants that lack the distal His could then be compared to help assign the
oxidation and spin states of the catalytically-relevant L-heme. Spectroscopic data were
collected on both the diferric and semi-reduced forms of each of these enzymes and
analyzed in detail.

Experimental Procedures

Protein Expression and Purification of wt So and H80G.

Expression and purification of wild-type (wt) Soand the H80G variant was performed as
described previously.13: 20 For semi-reduced samples, So samples were incubated on ice for
1.5 hr in the presence of 2 mM sodium ascorbate and 1 mM diaminodural. For oxidized
samples, Sowas incubated with 1 mM hexachloroiridate on ice for 1.5 hr. The semi-reduced
and oxidized states of Soand H80G were verified by collecting their absorption spectra on a
Cary50 UV-Vis spectrophotometer (Agilent). Final samples were exchanged into 100 mM
TIP7 buffer with 30% glycerol before storing at —80°C until use. For pH dependent EPR
studies, semi-reduced wt So samples were prepared in 50 mM MES, 100 mM NaCl, pH 5.5
and 50 mM TAPS, 100 mM NacCl, pH 9.0. Optical spectra verified semi-reduced state before
collecting EPR spectra.

Protein Expression and Purification of wt Ne and H59G.

The Ne gene was removed from the pMAL-Tev-NeCcP vector as previously described?? by
PCR with overhang ends that anneal outside the N-terminal Strep tag and C-terminal 6x-His
tag of the pETSN vector.12 PCR was carried out using Platinum High-Fidelity Super mix
(Invitrogen) with the following primers: 5’-
TTCGCTACCGTAGCGCAGGCCGGTAGTGGCAATGAACCGATACAACCG (forward)
and 5’-GGGCTTTGTTAGCAGCCGGATCTTACTCATACGGCTGAGAACGTGGTGTATC
(reverse). The amplified PCR product was gel purified and used as the megaprimer in a
QuikChange reaction with the pETSN vector as template (QuikChange Lightning 11 kit,
Agilent). Insertion of the Ne gene was verified by sequencing (GeneWiz). Ne-pETSN2 was
co-transformed with a plasmid containing the Cytochrome ¢ maturation cassette?8 into
BL21(DE3) competent cells. Starter cultures of 5 mL were grown overnight at 37°C in 2x
YT, supplemented with 100 pg/mL ampicillin and 35 ug/mL chloramphenicol. The culture
was harvested and resuspended in fresh media before inoculating it in a 1L flask of 2x YT
for bulk expression at 37°C with 220 rpm until 0Dgpp=0.8 was reached. Cells were cooled
and induced with 400 uM B-d-thiogalactopyranoside (IPTG, Bio-rad) for 17 hrs at room
temperature with shaking at 150 rpm. Cell pellets were harvested by centrifugation,
resuspended in 20 mM Tris, 1 mM PMSF, pH 8.2, and lysed by sonication. The lysate was
clarified by centrifugation and the supernatant was loaded onto a Q-Sepharose anion
exchange resin (GE) equilibrated with lysis buffer. The bound protein was washed
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extensively with 20 mM Tris, 20 mM NaCl, pH 8.2 before elution at 40 mM NaCl. Pooled
fractions were concentrated in Amicon 30K MWCO and loaded onto a S-200 size exclusion
column (GE) equilibrated in 50 mM HEPES, 100 mM NacCl, pH 7.8. Pure fractions were
concentrated and exchanged into TIP7 buffer. The histidine residue at position 59 in NVewas
mutated to a glycine using the QuikChange Lightning Mutagenesis Kit with the following
primers: 5’-
CGATAATATTACCACCTCGATCGGGGGCAAATGGCAGCAAGGCCCGATCAATGC
(forward) and 5’-
GACTTGATCGGGCCTTGCTGCCATTTGCCCCCGATCGAGGTGGTAATATTATCG
(reverse). For semi-reduced samples, Ve protein samples were incubated on ice for 1.5 hrin
the presence of 2 mM sodium ascorbate (Sigma) and 1 mM diaminodural. For oxidized
samples, NMewas incubated with 1 mM hexachloroiridate on ice for 3 hr. The semi-reduced
and oxidized states of Meand H59G were verified by collecting their absorption spectra on a
Cary50 UV-Vis spectrophotometer (Agilent). Final samples were exchanged into 100 mM
TIP7 buffer with 30% glycerol before storing at —=80°C until use.

Preparation of myoglobin and cytochrome c.

Horse heart myoglobin and horse heart cytochrome ¢ were purchased from Sigma-Aldrich.
Horse heart cytochrome ¢ was oxidized with excess potassium ferricyanide, purified on a
Sephadex G-25 column, and concentrated prior to use. To prepare ferrous cytochrome ¢,
excess sodium ascorbate was added and the protein was allowed to briefly incubate on ice
before freezing in liquid nitrogen.

EPR Spectroscopy.

Electron paramagnetic resonance spectra were measured on a Bruker X-Band EMX
spectrometer equipped with an Oxford Instruments 3 S3 liquid helium cryostat. EPR spectra
were obtained on frozen solutions using 20 mW microwave power and 100 kHz field
modulation with the amplitude set to 1 G. All samples were measured at 12 K.

Resonance Raman Spectroscopy.

Most Raman spectra were recorded in 3 mm diameter EPR tubes. Typical sample
concentrations range from 0.1 to 0.16 mM. A SpectraPhysics BeamLok 2060-RS Krypton
ion gas laser was used for excitation of the samples at 413.1 nm. The scattered light from the
samples was focused onto an Acton two-stage TriVista 555 monochromator and detected by
a liquid N»-cooled Princeton Instruments Spec-10:400B/LN CCD camera. Data were
collected at liquid nitrogen temperature using an EPR cold finger to cool the samples, and at
room temperature using an NMR spinner powered with compressed air. Typical laser powers
were in the 15-30 mW range, and a spectral resolution of 0.3 cm™1 was used. The room
temperature semi-reduced spectra were obtained with 407 nm excitation by a tunable
titanium :sapphire laser (Spectra-Physics Tsunami) pumped by a 25 W DPSS laser (Spectra-
Physics Millennia eV) and configured with a 10 ps Gires—Tournois interferometer. These
samples were not rotated with an NMR spinner; instead lower laser power in the range of 4—
8 mW was used (Shafaat laboratory, Ohio State University).

Biochemistry. Author manuscript; available in PMC 2019 December 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wolf et al. Page 6

Magnetic Circular Dichroism Spectroscopy.

Protein samples were prepared in 50 mM TIP7 buffer with 50-60% glycerol (a glassing
agent) added to each sample. Typical sample concentrations range from 5 uM to 20 uM,
depending on the spectral region of interest. Samples were placed between two quartz plate
windows in an MCD sample holder. The samples were frozen in liquid nitrogen until a
transparent glass formed. The MCD setup is comprised of an OXFORD SM4000 cryostat
and a JASCO J-815 CD spectrometer. The SM4000 cryostat consists of a liquid helium-
cooled superconducting magnet providing horizontal magnetic fields of 0-7 T. The J-815
spectrometer uses a gaseous hitrogen-cooled xenon lamp and a detector system with two
interchangeable photomultiplier tubes in the UV-vis and NIR range. The samples were
loaded into a 1.5-300 K variable temperature insert (VTI) which allows optical access to the
sample via four optical windows made from Suprasil B quartz. The MCD spectra were
measured in [6] = mdeg and manually converted to Ae (M~1cm™1T~1) using the conversion
factor Ae = /(32980 caB) were cis the concentration, B is the magnetic field, and d'is the
path length. The product cd'can be substituted by Apcp/eUV._yis, Where A is the absorbance
of the sample measured by the CD spectrometer.2’ Complete spectra were recorded at
different temperatures (2, 5, and 10 K) and magnetic fields (0, 1, 3, 5, and 7 T). For the
photolysis experiments, a mercury lamp was used as a light source to illuminate the samples
for 15 min before re-measuring the samples.

Results & Analysis

MCD Benchmark Studies

MCD spectra of high-spin ferric myoglobin (metMb), low-spin ferric Cytochrome (Cyt.) b5,
and both low-spin ferric and ferrous Cyt. ¢ were taken in order to compare these benchmark
spectra to the spectra of AMeCcP and SoCcP. The heme in metMb is coordinated by the
proximal His and a weakly-bound water molecule at pH 7. MetMb exhibits a positive band
in the Soret region at 24830 cm™ and a negative feature at 23300 cm~1 (Figure 2a). Less
intense bands closer to the Q-band region of the heme are also present at 22280 and 20640
cm~1, and in the 18770 to 15660 cm™1 region. In comparison, the Soret band MCD features
of the high-spin ferric heme in metMb are much less intense (by an order of magnitude)
compared to the corresponding features of the low-spin ferric hemes in Cyt. b5and Cyt. ¢
(see Figures S1 and 2b), as expected.2-31 In Cyt. b5, the heme is coordinated by two axial
His ligands. The MCD spectrum of Cyt. b5exhibits a positive Soret feature at 24560 cm™1
and a negative band at 23920 cm~1. Weaker Q-band signals are present at 22220, 20810,
18440, 17830, and 17160 cm™~2. Cyt. cis coordinated by one His and one Met residue, but
exhibits a very similar MCD spectrum to Cyt. b5 in the low-spin ferric state (Figure 2b). In
the Soret region, bands are present at 24870 cm™1 and 24100 cm™~2, and less intense Q-band
features are observed at 22000, 20710, 18360, and 17810 cm™~1. The spectra for both Cyt. b5
and Cyt. care very typical for low-spin ferric hemes.30 In contrast to this, low-spin ferrous
Cyt. cis diamagnetic and exhibits only a very weak feature in the Soret region at 24070 cm
~1 (Figure 2c). A more intense MCD A-term signal that does not vary in intensity with
changes in temperature is present at 18270 cm™, which is assigned to the Q-band. To higher
energy of the Q-band, smaller diamagnetic signals are observed at 19920, 19570, 19310, and
18730 cm™1, which are vibronic in nature and assigned to the Q, band.32
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EPR Spectra of NeCcP (constitutively active)

EPR spectra were taken at 12 K for both the wild-type (wt) MeCcP and the H59G mutant of
the enzyme (AVeH59G CcP), where the distal His of the L-heme has been removed. Diferric
NeCcP exhibits an anisotropic low-spin signal at g = 3.41 that completely disappears upon
reduction (Figures 3a and b). This signal must result from the H-heme, which is reduced to
the ferrous state in the presence of ascorbate.13 Note that the H-heme therefore belongs to
the class of “large gmax” low-spin ferric hemes, which generally only show one resonance in
their EPR spectra. “Large gmax~ Signals usually arise when hemes exhibit a bis-His
coordination or a His/Met coordination, and the two axial ligands are perpendicular to one
another.33:34 The L-heme exhibits dominant low-spin signals at g = 2.91, 2.41, and 1.50 at
12 K (Figure 3b). A very small amount of a putative high-spin ferric species is also present
that shows a signal at g = 6.15, which we tentatively assign to a small fraction of the L-heme
that is in the high-spin state. The EPR spectra of the mutant, AeH59G CcP, exhibit a similar
signal for the H-heme at g = 3.40, and for the low-spin ferric L-heme at 2.90, 2.41, and 1.57.
The putative high-spin component is also present with a signal at g = 6.13, again in a very
small concentration. It is interesting to note that the ferric L-heme shows very similar EPR
parameters in wt enzyme and the H59G mutant (which lacks the distal His), indicating that
the L-heme in wt enzyme does not correspond to a bis-His site either. In both cases, the L-
heme is either able to attract another amino acid side chain as a ligand, or potentially a
water/hydroxide molecule, or maybe a mixture of these two possibilities, resulting in a low
spin complex. In addition to this, the spectra for NeH59G CcP exhibit signals at g = 4.82,
4.09, and 3.78 which originate from a very rhombic (£/D ~ 0.28), high-spin ferric species
(see Figure S14). This form of the L-heme is potentially five-coordinate (5C), although 5C
ferric hemes generally show axial or just slightly rhombic EPR spectra. The observation of
this highly rhombic, high-spin ferric species is therefore puzzling, and the nature of the
species that gives rise to this EPR signal is not clear. As shown below, the presence of this
species is a key difference between the AeCcP and SoCcP mutants. Upon reduction, the H-
heme is reduced into the ferrous state, as evident from the disappearance of the g = 3.40
signal, whereas there is slight change for the L-heme — both the low-spin and the highly
rhombic high-spin signals remain in roughly the same intensity ratio.

Resonance Raman Spectra of NeCcP

In resonance Raman (rRaman) spectroscopy, excitation of allowed electronic transitions
leads to enhancement of vibrational modes that are coupled to that excitation, either via
excited state displacements (A-term enhancement) or vibronic coupling (B- and C-term
enhancement).3> Heme proteins are typically excited with laser wavelengths that correspond
to the intense Soret band of the heme or the less intense Q band features at lower energy.
36-37 The bCcP enzymes studied here exhibit ferric Soret bands in the 405-408 nm region
and ferrous Soret bands in the 415-417 nm range, and therefore, the 413.1 nm line of a Kr
gas ion laser was used here for rRaman studies. Excitation of the Soret band mostly
enhances totally symmetric (polarized) vibrations according to the A-term mechanism,
whereas excitation in the Q band region enhances non-totally symmetric (depolarized) and
some anomalously polarized modes (via the B- and C-term mechanism).38 In this work,
excitation of the samples at 413.1 nm leads to the observation of mostly polarized bands in
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the resonance Raman spectra, although some depolarized bands can also be observed. In
previous work, the rRaman spectra of many simple heme proteins, including Cyt. ¢3° and
myoglobin,37: 40 have been analyzed in detail and the different vibrational bands have been
assigned and labeled using the vy, notation, which was first introduced by Kitagawa and
coworkers.*! Importantly, work by Kitagawa, Spiro and others has shown that certain
porphyrin core vibrations are sensitive to the oxidation and spin state of the heme,*2-43 and
can therefore be used to characterize intermediates in heme proteins.*4

Figure 4 shows the rRaman spectrum of diferric AMeCcP. The single, intense “oxidation state
marker band” v, is observed at 1364 cm~ and confirms that the enzyme is indeed in the
diferric state. The “spin state marker band” v3 (which is actually sensitive to both the
oxidation and spin state of the heme) is present at 1504 cm~ and indicates that at least one
heme is in the ferric low-spin state. Another spin state sensitive band, v,, is observed at
1586 cm™1, which further supports the idea that the hemes are low-spin.4? The presence of a
5C high-spin ferric heme should manifest itself by the appearance of a v3 feature at ~1480
cm™1, which is not observed. Bands at 1547 and 1614 cm™1 (v1; and v, in this case)
suggest that there may be some high-spin ferric heme present in the sample (in agreement
with the EPR results). Similarly, the weak v signal at ~1494 cm™ (a small shoulder on the
1504 cm™1 peak) could originate from a six-coordinate (6C) high-spin ferric heme. However,
it should be noted that although the bands at 1547 and 1614 cm™1 are present in high-spin
metMb,37 they also overlap with features that would be observed for a ferrous heme.42: 45
Similarly, the v3 band at ~1494 cm™1 could also correspond to a low-spin ferrous heme. In
this regard, a closer inspection of Figure 4b shows a weak signal at 1472 cm™1 as well. We
conclude that the pair of v3 bands at 1472 cm™1 (high-spin) and 1494 cm= (low-spin) most
likely corresponds to ferrous heme, which originates from the photoreduction of the H-heme
in the presence of the laser light (which is therefore an artifact of the experiment). Note that
low-spin ferric Mb also shows a weak signal around 1472 cm~1 in the rRaman spectrum,
indicating that some of the intensity of this feature might be due to another, unrelated
vibration of a low-spin ferric heme.*® Based on all of these considerations, we therefore
conclude that in diferric MeCcP both hemes are mostly in the low-spin ferric state, and that
small amounts of ferrous H-heme (due to photoreduction) and potentially a small amount of
6C high-spin ferric L-heme could be present. The data do not, however, support the
paradigm that in the constitutively active NeCcP, the L-heme is dominantly in the 5C high-
spin ferric state.

Upon one-electron reduction (to the semi-reduced state), the v, oxidation state marker band
at 1351 cm~1 appears, indicating that the H-heme has now been reduced (Figures 4 and 5).
In addition, a decrease of the low-spin ferric marker band v3 at 1504 cm™1 is observed
(which has become a shoulder on the intense 1491 cm™1 peak), concomitant with an increase
in intensity for the v3 bands at 1472 cm™1 and 1491 cm™L. These signals are attributed to
high-spin and low-spin ferrous heme, respectively, again indicating H-heme reduction and
suggesting that this heme can exist in a mixture of spin states (see below).42 Some of the
intensity in the ~1490 cm™1 region could also originate from the presence of 6C high-spin
ferric L-heme, as discussed above. Importantly, no v5 band around 1480 cm™ is observed,
again indicating that the ferric L-heme is not in a 5C high-spin state. The vo marker band for
a low-spin heme at 1586 cm~1 decreases in intensity upon reduction, in agreement with the
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idea that some of the reduced (ferrous) heme is actually in the high-spin state. The band at
1560-1563 cm™1 is present in both the diferric and the semi-reduced sample, though this
band is not as easily assigned. The v, band for a high-spin heme and the v, band for a
ferric heme overlap at 1560-1565 cm™1 if both species are present in a single sample.#2
Bands at 1547 and 1614 cm™1 are still present in the spectrum, and these bands could result
from either a high-spin ferric or a ferrous heme species.3% 42: 45 The low-spin ferric vy
band at 1640 cm™1 has almost entirely disappeared, which suggests that some 6C high-spin
ferric heme could be present (in agreement with the EPR data). Based on these results, it
appears that in the semi-reduced form of NMeCcP, the ferrous H-heme is now in a mixed high-
spin/low-spin state, whereas the L-heme is mostly low-spin ferric with potentially a small
fraction of 6C high-spin ferric heme present, as in the diferric enzyme. One potential issue
with the EPR and rRaman experiments is the fact that they were conducted at cryogenic
temperatures, which leaves us with the possibility (playing devil’s advocate) that the spin
state of the L-heme could be temperature dependent. To help address this issue, resonance
Raman data were further collected at room temperature (see below).

Figure 6 shows the rRaman spectrum of the diferric variant NeH59G CcP. There are three v4
bands at 1355, 1364, and 1374 cm™1, though the band at 1355 cm™ is power dependent and
is therefore due to photoreduction of the H-heme during data collection (Figure S3).
Compared to wt enzyme, the spectrum of the H59G mutant shows enhanced photoreduction
of the H-heme. From 1400 cm~ to 1700 cm™, the NeH59G CcP diferric spectrum is quite
similar to the spectrum of wild-type NVeCcP. The ferric low-spin marker band at 1505 cm™1
is more intense in the mutant, and the complete absence of a signal around 1480 cm™1
indicates the absence of any 5C high-spin ferric heme. Also, the v band at 1472 cm™ is
now very pronounced, due to the increased photoreduction of the H-heme in the mutant,
whereas only a small shoulder appears around 1490 cm™=1. This indicates that the
photoreduced H-heme is predominantly in the high-spin state, and presumably five-
coordinate (due to photochemical cleavage of the Fe-Syet bond upon laser irradiation). The
vy spin state marker band for a low-spin heme is present at 1590 cm~1, though this band is
broad, and may overlap with another band at slightly higher energy. Potential high-spin
ferric bands are present at 1548 and 1614 cm™1, potentially indicating the presence of a
small amount of high-spin ferric heme (in agreement with the EPR results). Because these
features are not power-dependent like the 1355 cm~ band, they should not be associated
with the photoreduced, ferrous heme. Compared to the EPR data, the rRaman spectra do not
indicate the presence of an unusual heme, and the highly rhombic, high-spin ferric signal
observed by EPR might therefore originate from some other species. Alternatively, if this
EPR signal corresponds to a strongly distorted, high-spin heme, this species might only exist
at Ig. He temperatures and might become low-spin at higher temperatures.

Reduction of the H-heme in the NeH59G CcP mutant results in the disappearance of the v4
band at 1374 cm~1 (compare Figures 6b and 7b), directly indicating that this feature is
associated with the H-heme. Interestingly, in wild-type enzyme the H-heme shows the v,
band at 1364 cm~1, which emphasizes that the two hemes in NeCcP influence each other
(since the H59G mutation affects the axial ligation of the L-heme). The rRaman spectrum of
semi-reduced NVeH59G CcP resembles that of semi-reduced wild-type enzyme (compare
Figures 5 and 7). Two v, bands are present at 1353 (reduced H-heme) and 1362 cm™1 (ferric
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L-heme). Three different v3 bands are present at 1472, 1494, and 1503 cm~1 which can be
attributed to high-spin and low-spin ferrous H-heme, and the low-spin ferric L-heme,
respectively. Again, no signal is observed at ~1480 cm™1 that would be indicative of a 5C
high-spin ferric heme. A v, spin-state marker band is present at 1586 cm™1, which indicates
the presence of low-spin heme. Bands at 1548 and 1614 cm™! remain, though once again
these bands are difficult to immediately assign. Finally, it appears that the low-spin ferric
v11 band at 1640 cm™1 in the diferric sample has decreased significantly in intensity upon
H-heme reduction, indicating less low-spin ferric heme in the sample.

Resonance Raman data were also collected at room temperature for ANeCcP and NeH59G
CcP (Figures S4 and S5). The room temperature diferric spectra exhibit only one, broad v4
band at 1368 cm™! for the wild-type enzyme and at 1360 cm™1 for NeH59G CcP. This
indicates that photoreduction of the H-heme is suppressed in solution at room temperature,
as no v4 band around 1355 cm™1 is present in the spectra, rendering this an artifact in the
low-temperature experiments in a frozen matrix. In addition, there is no band present at 1472
cm~ in the room temperature NeCcP and NeH59G CcP spectra (in contrast to the 77K
spectra), in agreement with this. This result further indicates that the 1472 cm= band in the
low-temperature data indeed belongs to the photoreduced, ferrous H-heme. Low-spin ferric
marker bands are present in the room temperature spectra for both enzymes at 1500-1502
cm~1 and 1636-1637 cm™L. The broad low-spin state marker band v, is present at 1583—
1584 cm™1 for both samples and bands at 1543-1545 cm~1 and 1608 cm™1 also appear.
These bands could have resulted from the presence of a small amount of ferrous heme in the
sample for the low-temperature spectra, but since only one oxidation state marker band
appears in each room-temperature spectrum, these bands must then originate from the
presence of a different species in solution, likely a small amount of high-spin ferric heme, as
indicated by the small, corresponding signal in the EPR data. The absence of any
corresponding v3 band around 1480 cm~! confirms the absence of 5C high-spin ferric heme
in the sample. However, the broad v band at ~1500 cm™ exhibits a shoulder around 1490
cm™1 (especially in wt enzyme), indicating that some 6C high-spin ferric heme could be
present.

The room temperature spectra of semi-reduced AeCcP and NeH59G CcP (Figure S5) exhibit
a single v4 band at 1362 cm™L. Although no ferrous band at 1351 cm™1 is visible in the
spectrum, this observation likely results from lower spectral resolution as these data were
collected at room temperature, which leads to increased band widths. The vz band at 1493
cm~1 demonstrates that the reduced H-heme is low-spin at room temperature and that the
1472 cm~1 band exclusively observed at low-temperature results from photocleavage of a
ligand from the reduced H-heme, resulting in a 5C high-spin site (which is therefore an
artifact). The low-spin ferric v4 band at 1505 cm™1 is less intense than in the diferric enzyme
(due to reduction of the H-heme) but is still present under the 1493 cm™1 band in both the
wild-type and mutant enzymes. A single, broad v, band at 1589 cm™~1 also indicates that the
L-heme is mostly low-spin. As stated above, the bands at 1545 and 1607 cm™! could result
from the presence of a small amount of high-spin ferric heme, but these bands are also
present in ferrous Cytochrome ¢32 and thus likely result from the ferrous H-heme. Therefore,
our rRaman results demonstrate that in the diferric and semi-reduced states of the wt enzyme
at both cryogenic and room temperatures, the L-heme of AMeCcP remains largely low-spin.
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Magnetic Circular Dichroism of NeCcP

Near UV-visible MCD spectra were recorded at Ig. He temperatures for the AeCcP enzyme
in both the diferric and semi-reduced states (see Figure 8). The diferric enzyme exhibits a
typical MCD spectrum for low-spin ferric hemes with a positive signal at 25130 cm™1 and a
negative signal at 24050 cm™1 in the Soret band region as evident from Figure 8a. In
addition, there are low-spin ferric signals in the Q-band region at 20800, 19000, 18490, and
17860 cm™1 (see Figure 8b). Upon reduction, the low-spin ferric signals in the Soret region,
now at 25280 cm~1 and 24300 cm™1, persist, which agrees with the idea that only one of the
hemes is reduced. The observation that the ferric L-heme is low-spin is in agreement with
the EPR and rRaman data as well. The small, sharp signals at 19720, 19380, 19120, 18720,
18550 and 18160 cm™1 that appear upon reduction of the H-heme (Figure 8b) are markers
for a diamagnetic (here low-spin ferrous) heme, and they are similar to the MCD signals
observed for low-spin ferrous Cyt. ¢ as shown in Figure 2c. The large positive signal at
22860 cm~1, on the other hand, originates from a fraction of the reduced H-heme that is in
the high-spin state. In previous studies on PaCcP, it was shown by Foote and co-workers that
this signal results from the partial photolysis of the Fe-Spyet bond of the reduced H-heme
upon irradiation of the sample in the CD spectrophotometer.16 We further investigated this
issue in our own MCD experiments as shown in Figure 9. Here, the signal at 22860 cm™1
increases upon photolysis of the sample with a mercury lamp at 2 K, while at the same time
the low-spin ferrous signal at 18160 cm™1 decreases. This spectral change is reversed upon
warming the sample to 70 K in the dark and then cooling the sample back to 2 K, with the
low-spin ferrous signal reappearing. Compared to a ferrous Cyt. ¢ standard, the low-spin
ferrous signal in Figure 8 represents ~62% of the H-heme, and thus the high-spin signal
must correspond to the remaining ~38% of the H-heme in this sample. The observed mixture
of high-spin and low-spin ferrous H-heme in the semi-reduced sample is directly supported
by the rRaman data (see above). There is also a signal at 17,280 cm™1 which originates from
the high-spin ferrous H-heme. The MCD spectra of diferric and semi-reduced NeH59G CcP
are quite similar to wild-type NMeCcP (Figure S6). The diferric NeH59G CcP exhibits signals
at 24970 and 24030 cm™1 in the Soret band region and at 22030, 20650, 18420, and 17140
cm~ in the Q-band region. The semi-reduced spectrum of NeH59G CcP exhibits signals at
25300 and 24320 cm™1 in the Soret band region and sharp diamagnetic signals at 19740,
19410, 19150, 18760, 18570 and 18130 cm™1 in the Q-band region.

EPR Spectra of SoCcP (reductively activated)

EPR spectra for both the wild-type SoCcP and the H80G mutant of the enzyme (SoH80G
CcP) were taken at 12 K. Diferric SoCcP exhibits an anisotropic low-spin signal at g = 3.38
that disappears upon reduction (Figures 10a and b; a small residual signal is present in the
semi-reduced data). This signal results from the “large-gmay” H-heme (as observed for
NeCcP as well) which is reduced to the ferrous state in the presence of ascorbate.13 The L-
heme shows a strong low-spin signal at 12 K with g = 3.15, and 2.21 in the diferric enzyme.
The origin of the weak signal at g = 5.66 is not clear; it could presumably belong to a small
amount of high-spin ferric L-heme, although the resonance position would be a bit unusual
in this case. Alternatively, this could be due to an impurity. Curiously, in the semi-reduced
sample the L-heme now exhibits strong signals at g = 2.89, 2.42, and 1.52 (the remaining,
weak signals at 3.15 and 2.21 are due to the incomplete reduction of the H-heme). The latter
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resonance positions are similar to those of the L-heme in MeCcP (both diferric and semi-
reduced), which indicates that the H-heme influences the properties of the L-heme in ways
in SoCcP that are not observed in MeCcP. More specifically, the L-heme exists in a different
state in diferric SoCcP, likely the bis-His complex, and adopts the same properties as the L-
heme in constitutively active AMeCcP only after reduction, where the L-Heme is now
coordinated by another amino acid side chain or potentially a water/hydroxide molecule (or
a mixture of these two possibilities), resulting in a low-spin complex. The EPR spectrum of
semi-reduced SoCcP at pH = 5.5 (shown in Figure S15) is similar to the spectrum at pH =7,
but exhibits a more intense high-spin signal at g ~ 6. This indicates that the low-spin L-heme
at pH =7 is mostly hydroxide-bound and converts to a mixture of high-spin water-bound
heme and low-spin hydroxide-bound heme at pH = 5.5. Also, it should be noted here that the
conversion from one low-spin L-heme species into a mixture of species upon reduction of
the H-heme has previously been reported for SoCcP.13

The EPR spectra of the diferric mutant SOH80G CcP exhibit similar signals for the H-heme
at g = 3.40 and for the L-heme at g = 3.15, 2.21 (low-spin heme) compared to wt. The
somewhat mysterious signal at g = 5.66 is also present in the spectrum of the diferric
mutant, with an increased intensity. It should be noted here that the SoCcP “L1-loop”
actually contains a pair of His residues, H80 and H81. This observation is singular; no other
bCcP has two His residues back to back in the active site. We propose that in So0H80G CcP,
H8L1 is able to bind to the heme in diferric enzyme, giving rise to similar EPR features for
the L-heme compared to wt. Upon reduction, the g = 3.40 signal disappears completely,
indicative of complete reduction of the H-heme, but the signals of the L-heme remain at g =
3.10, 2.28 (Figures 10c and d), indicating that H81 remains bound to the heme. The shift of
the L-heme resonances upon reduction are therefore only observed for wt enzyme, but not
for the mutant, indicating that the mutation of H80 must influence the way that the two
hemes communicate. These results are in agreement with previous findings that the H80G
mutant is unable to activate upon reduction, resulting in enzyme that shows very little
catalytic activity. In semi-reduced SoH80G CcP, a very small amount of a high-spin ferric
heme is also observed, with a signal at g = 5.91. Finally, it is again noteworthy that mutation
(removal) of the distal His in SoH80G CcP does not lead to the formation of a 5C high-spin
ferric L-heme, as in the case of the corresponding AeCcP variant. In contrast to AMeCcP, the
His mutant of SoCcP does not give rise to the unusual, highly rhombic high-spin signal. As
mentioned above, the origin of this signal remains mysterious, since 5C high-spin ferric
hemes usually show quite axial EPR signals. This point requires further study.

Resonance Raman Spectra of SoCcP

In the rRaman spectrum of diferric SoCcP, shown in Figure 11, the v, oxidation state marker
band is observed as a single peak at 1378 cm™1, which confirms that the enzyme is in the
diferric state. Curiously, this band is shifted ~14 cm™ to higher energy compared to diferric
NeCcP, Other marker bands indicative of low-spin ferric heme, v3 and vqq, are present at
1508 and 1640 cm™1, respectively. The v, band at 1589 cm™! is analogous to the spin-state
marker band for a low-spin heme observed at 1586 cm~1 and 1596 cm™1 for the diferric
NeCcP sample. Interestingly, the NMeCcP sample shows two features for v,, whereas only a
single band is observed for SoCcP. This indicates that in AeCcP, the two hemes are more
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distinct with slightly different vibrational properties compared to SoCcP. A weak signal is
also observed at 1473 cm™1, which might correspond to a small amount of photoreduction of
the H-heme as discussed above. Alternatively, this peak could correspond to a different
(unrelated) vibrational feature, as no accompanying (low-spin) ferrous v4 band is present in
the spectrum of diferric SoCcP. As mentioned above, a corresponding feature is present in
low-spin ferric Mb (see discussion for diferric MeCcP).#6 Note that there are no signals
present in the spectrum of diferric SoCcP that correspond to the potential high-spin signals
observed at 1547 and 1614 cm™1 for diferric NeCcP, ruling out the presence of any
measurable amounts of a high-spin ferric species in the SoCcP sample.

Upon reduction of SoCcP to the semi-reduced state, two new v, bands appear at 1355 and
1363 cm™1, indicating the reduction of the H-heme to the ferrous state (Figure 12; the
residual band at 1378 cm™1 is likely due to incomplete reduction — see EPR results, or a very
small amount of the L-heme that did not convert — see next). Interestingly, for the L-heme, a
shift of the v4 band from 1378 (diferric) to 1363 cm™1 (semi-reduced) is observed, which is
further reflected by the change in the EPR parameters of the L-heme: here, the signals shift
from g = 3.15, 2.21 (diferric) to g = 2.89, 2.42, 1.52 (semi-reduced). This indicates that the
EPR properties of the L-heme and the energy of v4 are potentially correlated.
Correspondingly, in VeCcP, v, for the L-heme is observed at 1364/1361 cm™! with EPR
parameters of g = ~2.9, 2.41, ~1.5, which is fully consistent with these ideas. In the semi-
reduced state of SoCcP, the important spin state marker band v3 is observed at 1472 cm™1,
indicating the presence of a high-spin ferrous H-heme (in the 5C state, due to photochemical
cleavage of the Fe-Syet bond upon laser irradiation). At the same time, the intensity of the
low-spin ferric v3 band at 1506 cm™1 decreases but is still present in the semi-reduced form
of the enzyme, in agreement with the idea that one heme remains ferric. However, this
feature becomes asymmetric upon reduction, with a shoulder present around ~1490 cm™1.
We believe that this shoulder corresponds to the vz band of a small amount of the H-heme
that is in the low-spin ferrous state. New bands at 1542 and 1612 cm™~ appear in the semi-
reduced form which likely result from the ferrous H-heme. These signals could also be
evidence for the presence of a small amount of a high-spin ferric heme species at 77 K.
Nevertheless, the complete absence of any v3 band around 1480 cm™1 suggests that no 5C
high-spin ferric heme is present in the sample (see discussion for semi-reduced AVeCcP
above). At the same time, the v1o marker band for a low-spin ferric heme at 1642 cm™1
decreases in intensity upon reduction, but does not disappear, again indicating that the L-
heme remains largely low-spin ferric in the semi-reduced form of SoCcP. This leaves us with
the contradiction that based on the mechanistic paradigm for reductively activated CcPs, the
semi-reduced form should exhibit a 5C, high-spin ferric heme, whereas experimentally, there
is no evidence for such a claim. Again, one possible factor that could play a role here is
temperature, and correspondingly, the room temperature rRaman data of SoCcP were also
analyzed (see below).

Figure S9 shows the rRaman spectrum of diferric SOH80G CcP. The spectrum is almost
identical to that of wild-type SoCcP with a ferric v4 band present at 1378 cm™2, and two
low-spin ferric bands at 1506 and 1640 cm™1 (v and vq respectively). The low-spin v3
band at 1589 cm™1 is also observed, as well as a ferric v11 band at 1567 cm™. These results
agree with the EPR results that show that despite the removal of the distal ligand H80 from
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the L-heme, this heme remains low-spin in the ferric state with no indication for the
presence of a high-spin ferric heme in the rRaman data. Reduction of the H-heme in
SoH80G CcP results in a spectrum that is also similar to the semi-reduced wt SoCcP data
(Figure S10). Two new v4 bands are present at 1352 and 1360 cm™1 (the residual signal at
1374 cm~1 s likely due to incomplete reduction, or incomplete conversion of the L-heme in
the reduced form), indicating reduction of the H-heme, as in wild-type SoCcP. Here, the
possible correlation between the v3 energy and the EPR resonances of the low-spin L-heme
is not fulfilled; the reason for this is not clear. Two easily visible vz bands are present at
1472 and 1501 cm~1 which can be attributed to a high-spin ferrous (H-heme) and a low-spin
ferric (L-heme) signal, respectively. The 1501 cm™1 band is fairly broad and likely conceals
a low-spin ferrous v3 band ~1490 cm™1, in agreement with the finding for wild-type enzyme
that some of the ferrous heme might be in the low-spin state. A v, spin-state marker band is
present at 1593 cm~1 and indicates the presence of low-spin heme. Two v4; bands are
present at 1543 and 1557 cm™2, likely indicating the presence of ferrous and ferric heme in
the sample. A v1g band is still present at 1630 cm™2, which is shifted compared to the other
low-spin ferric vy bands for the various CcP samples. The implication of this result is not
yet clear. The more pronounced 1608 cm™1 band in the diferric sample may result from
either ferrous or a high-spin ferric heme species, as in the other samples with signals in the
1608-1614 cm™1 range. However, the absence of a v5 band around 1480 cm™! again
indicates that no 5C high-spin ferric L-heme is present. Our data indicate that most, if not
all, of the L-heme is in fact in the low-spin state, as in the case of wt enzyme.

Room temperature rRaman data were also collected for diferric SoCcP and SoH59G CcP
(Figure S11). Both spectra are very similar to the resonance Raman data taken at 77 K for
these enzymes. Only one v, band is present at 1374-1375 cm™L. Bands at 1503-1505 cm™1
(v3), 1563-1564 cm™1 (v11), and 1638-1640 cm™1 (1) indicate that in both diferric SoCcP
variants the H- and L-hemes are in the low-spin ferric state. Both spectra exhibit a weak
band at 1467-1468 cm™1, which could originate from a small amount of photoreduction of
the H-heme, but since no corresponding v, bands are observed at ~1350 cm™1, it is more
likely that these small bands are due to other, unrelated vibrations as discussed above (and as
observed for low-spin ferric Mb). Room temperature spectra of semi-reduced SoCcP and
SoH80G CcP are shown in Figure S12. Once again, the ferrous and ferric v4 bands were not
resolved. Nevertheless, both spectra exhibit v bands at 1497 and 1504-1509 cm™1
indicating the presence of both low-spin ferrous and low-spin ferric hemes. The fact that
very small intensity is observed around 1472 cm~1 indicates that photochemical cleavage of
the Fe-Spet bond of the reduced H-heme is suppressed at room temperature (in contrast to
the 77 K data). A single v, spin state band in the 1587-1593 cm™ region also indicates that
both hemes are mainly in the low-spin state at room temperature for both the wt enzyme and
the variant. The v1g bands in the 1633-1639 cm™1 region are also indicative of low-spin
ferric heme. So whereas some of the intensity of the 1497 cm™1 feature could in principle
originate from a 6C high-spin ferric L-heme, other spin state marker bands do not support
this possibility. In addition, no evidence for a 5C high-spin ferric L-heme is present in the
room temperature rRaman spectra for SoCcP or SoH80G CcP.
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Magnetic Circular Dichroism Spectra of SoCcP

Near-UV/visible MCD spectra at Iq. He temperatures were recorded for the SoCcP enzyme
in both the diferric and the semi-reduced states (Figure 13). The diferric enzyme exhibits a
typical MCD spectrum for low-spin ferric hemes with a positive signal at 25000 cm™1 and a
negative signal at 24300 cm™ in the Soret band region. In addition, there are low-spin ferric
signals present in the Q-band region at 20870, 19050, 18510, and 17980 cm™L. This
spectrum exhibits very similar features compared to the MCD spectrum of diferric MeCcP
(Figure 8). Both of these peroxidases seem to possess low-spin ferric hemes at Ig. He
temperature. Upon reduction, the low-spin ferric signals at 25280 cm~1 and 24310 cm™ are
still present, though they have decreased in intensity significantly, in agreement with the idea
that one of the hemes has become reduced. The large positive signal at 22880 cm™ results
from the reduced H-heme in the high-spin state. As described before in the literature (for
PaCcP)16 and observed for NeCcP (Figure 8), this signal results from the partial photolysis
of the Fe-Spyet bond in the H-heme upon irradiation of the sample in the CD
spectrophotometer. The H-heme continues to undergo photolysis over time, though some
low-spin ferrous heme remains, which is evident from the sharp diamagnetic signals in the
Q-band region of the semi-reduced form at ~18160 cm~1. Compared to a ferrous Cyt. ¢
standard, the low-spin ferrous signal represents ~32% of the H-heme in the data shown in
Figure 13b, and thus, the high-spin signal results from the remaining ~68% of the ferrous
heme in this sample. Photolysis can be reversed by warming the sample to 70 K in the dark
and then cooling the sample back down to 2 K (Figure 14), which also works for NeCcP
(Figure 9). Both diferric and semi-reduced SoH80G CcP samples exhibit similar signals
compared to wild-type SoCcP. The spectrum of diferric So0H80G CcP exhibits signals at
25010 and 24280 cm™1 in the Soret band region and at 22330, 20820, 18490, and 17160 cm
~Lin the Q-band region (Figure S13). The spectrum of semi-reduced SoH80G CcP exhibits
signals at 25080 and 24290 cm™1 in the Soret band region and sharp diamagnetic signals at
19720, 19380, 19130, and 18090 cm™1 in the Q-band region. A high-spin ferrous heme
signal is present at 22850 cm™1 due to some photolysis of the sample.

Discussion

In this study, EPR, resonance Raman, and MCD spectra were collected in order to elucidate
the differences between the ‘constitutively active’ bCcP from Nitrosomonas europaea
(NVeCcP) and the ‘reductively activated’ bCcP from Shewanella oneidensis (SoCcP). Prior
work on the reactivity and crystallographic structure of the constituitively active Ne enzyme
indicate that the L-heme is five-coordinate (5C) and (presumably) high-spin. 3: 19 In contrast,
studies of the activatable enzymes suggest that reduction of the His/Met-ligated H-heme is
required for the L-heme to become 5C (no water or exogenous ligand bound).2: 7 We turned
to a side-by-side approach comparing the Meand So enzymes as relevant systems for those
bCcPs that are constituitively active and those that require reductive activation. Key
spectroscopic results and assignments for the H-heme and L-heme in AVeCcP are
summarized in Table 1.
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Diferric NeCcP Spectroscopy.

Starting with the resting state (diferric) of the recombinant AMeCcP, EPR data assigned to
both the H-heme (g = 3.41) and the L-heme (g = 2.91, 2.41, and 1.50) indicate low-spin
states (at 12 K), and hence, six-coordinate (6K) coordination environments. A small amount
of high-spin ferric species is also present at g = 6.15, but this is only a very small percentage
of the sample. This result is similar to previous EPR investigations on the natively expressed
NeCcP that show one low-spin signal for the H-heme, and a major low-spin component and
a small high-spin signal for the L-heme.2 Our additional spectroscopic characterization bear
this out. For example, the low-temperature MCD spectrum of diferric MeCcP shows only
signals originating from low-spin ferric hemes (since MCD signals from low-spin and high-
spin ferric hemes sometimes overlap, and the signals from the low-spin form are much more
intense,16 the MCD results are less conclusive in ruling out a 5C high-spin form for the L-
heme compared to the EPR data). Under cryogenic conditions, it is clear that both the H-
heme and the L-heme in diferric MeCcP are low-spin, and correspondingly 6C. Previous
studies on the activatable PaCcP have shown that the spin state of the L-heme is
temperature-dependent,16-17 and at He temperatures, the L-heme is mostly or completely
low-spin. To further investigate this point, we followed these experiments with rRaman
studies on diferric MeCcP at 77 K, where the potential spin state change should not be an
issue. In the rRaman data, a single v, oxidation state marker band is visible at 1364 cm™1,
and a single v3 spin state marker band is observed at 1504 cm™1, indicative of predominant
low-spin ferric heme in the sample. This is further confirmed by the absence of a v3 signal at
~1480 cm™1, which is a hallmark of 5C high-spin ferric heme.3” Again, only small traces of
high-spin signals could be observed: small signals at 1547 and 1614 cm™1, previously
assigned as v11 and v1q for high-spin ferric myoglobin, could also result from a small
amount of photoreduction.3’ In addition, a 6C high-spin form could contribute to the signal
at 1494 cm~L. To further eliminate the possibility of a cryogenic affect, room temperature
rRaman data were collected as well, but failed to detect any significant amounts of a 5C
high-spin ferric heme species. In summary, our spectroscopic results obtained at 12 K, 77 K,
and at room temperature do not support the previously proposed paradigm that the L-heme
in diferric MeCcP is predominantly 5C, and hence, high-spin.

Given the surprising nature of these results, we turned to a mutagenesis strategy, examining
the NeH59G variant, which is devoid of the conserved His residue found in the activatable
bCcP family members. The EPR data of diferric NeH59G CcP indicate that the L-heme
exists in the low-spin state (g = 2.90, 2.41, 1.57), and, in addition, a very unusual, highly
rhombic high-spin signal (g =4.82, 4.09, and 3.78) is also present in the data. The origin of
this signal is not clear. Only an extremely small g ~ 6 high-spin ferric heme signal is
observed in the sample. It is striking that the EPR resonances observed for the L-heme are
identical for wt enzyme and the mutant, which provides strong evidence that the L-heme
does not actually correspond to a bis-His site, but actually has a different distal ligand, either
another amino acid side chain and/or water/hydroxide, to result in a low-spin state. As there
are no other obvious ligands, the presence of a bound hydroxide seems most likely (as a His/
water ligated heme is likely high-spin).4” Resonance Raman data for the NeH59G CcP
mutant are similar to wt enzyme: again, there is no evidence for any significant amount of a
5C high-spin ferric heme in the rRaman data. Intriguingly, NeH59G CcP shows an increased
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amount of photoreduction of the H-heme compared to wt, and the -v4 marker band of the H-
heme is shifted (to 1374 cm™1) when compared to wt, indicating that mutation localized at
one heme can influence the properties of the other.

Comparisons to SoCcP.

Key spectroscopic results and assignments for the H-heme and L-heme in SoCcP are
summarized in Table 2. The EPR spectra of SoCcP matches our prior reports,3 though in
the current set of experiments, we no longer purify the So enzyme with a cleavable maltose-
binding protein tag, as that led to spectroscopic signals post-cleavage that were artifacts.
Here we find that the H-heme shows the typical signal at g = 3.40 like the Neenzyme,
whereas the resonances of the L-heme are different (g = 3.15, 2.21). Just as in the case of
NeCcP, there is no evidence for the presence of any significant amount of a 5C high-spin
ferric heme in the EPR data, or in the low-temperature MCD data (even with the caveat that
the presence of a smaller amount of a high-spin ferric heme species would be less noticeable
in the MCD data compared to EPR), or in the rRaman data. In particular: the rRaman
spectrum of diferric SoCcP (77 K), shows one v, ferric oxidation state marker band at 1378
cm™1, a single v, low-spin marker band at 1589 cm™1, and important spin and oxidation
state marker bands v5 and v11 are observed at 1504 cm~1 and 1640 cm™L. All of these are
indicators of the presence of low-spin ferric heme. Further, we see no indication for a spin
crossover, even in the room temperature rRaman spectrum of SoCcP. In comparison to
NeCcP, we assign the L-heme to the bis-His complex, based on the differences in EPR
resonances.

In analogy to AMeCcP, we also investigated the equivalent distal His mutant of SoCcP,
SoHB0G CcP, to determine whether a five-coordinate, high-spin ferric L-heme could be
obtained in this way. Notably, the loop which bears the ligating H80 contains a second His
residue (H81), a unique feature of the So enzyme that is not found in any other characterized
bCcP. The EPR data of diferric H81G are essentially identical to that of wild-type SoCcP (g
values of 3.40 (H-heme) and 3.15, 2.21 (L-heme)). Unlike ANeH59G, the highly rhombic
high-spin signal was not observed. This suggests that in SoH80G CcP, the L-heme is able to
recruit an additional ligand instead of the native H80, which is likely H81, resulting again in
a bis-His complex. With this hypothesis, it is not surprising that the rRaman spectra of
SoHB80G CcP at both cryogenic (77 K) and room temperature are very similar to those of
wild-type (wt) enzyme and again show the presence of low-spin ferric hemes only, despite
the removal of the H80 residue of the L-heme in the mutant. One interesting difference to
NeCcP is the fact that no significant photoreduction of the H-heme is observed in the 77 K
rRaman data of SoH80G CcP, whereas in AMeCcP and NeH59G CcP the photoreduction of
the H-heme is enhanced.

While the lack of observable 5C high-spin L-heme for the AVe enzyme was a surprise, its
absence was not a surprise for the activatable SoCcP where reduction of the H-heme is
required for the L-heme to become activated. Thus, we turned to the semi-reduced states of
SoCcP and NeCcP enzymes, where we might anticipate finding 5C ferric L-hemes.
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Semi-reduced NeCcP and SoCcP.

In general, the semi-reduction of either MeCcP or SoCcP is readily achieved with ascorbate,
and followed optically, as well as by EPR. The EPR spectra show the specific disappearance
of the anisotropic, “large gmax,” low-spin signal at g = 3.41 for AMeand 3.38 for the So
enzyme.33. 34 For the Ve enzyme, the low-spin L-heme signals are unchanged in the semi-
reduced form, as is the case for the corresponding low-temperature MCD spectrum; both
indicate that the L-heme continues to be in the low-spin state. Changes in the MCD data
indicate that the H-heme is reduced: new features are observed at 22860 cm™1 and a
derivative-shaped, sharp signal occurs at 18160 cm™! (assigned to the Q-band), accompanied
by a number of smaller, equally sharp peaks (the vibronic Q,, band). While the sharp features
are a hallmark of a diamagnetic, low-spin ferrous heme, the feature at 22860 cm™1
corresponds to ferrous heme in the high-spin state, resulting from the photolysis of the Fe-
Spmet bond of the reduced H-heme.16 Resonance Raman measurements further corroborate
these results: the spectrum of semi-reduced NVeCcP exhibits two v4 oxidation state marker
bands at 1351 and 1361 cm™2, confirming the presence of a ferric and a ferrous heme. The
vy band at 1586 cm™1 decreases in intensity compared to the diferric form, which indicates a
decrease in the concentration of low-spin heme in the sample. The decrease in intensity of
vy at 1504 cm™1 and vy at 1640 cm™1 is in agreement with this, showing a loss in low-spin
ferric heme upon reduction. At the same time, new v3 bands at 1472 and 1492 cm™ occur,
which confirm the presence of a ferrous heme, both in the high-spin and low-spin heme state
(the high-spin state results from photolysis during the rRaman experiment). As in the
diferric enzyme, no v3 signal is observed at ~1480 cm™1, indicating the absence of any
significant amount of a 5C high-spin ferric heme. Small signals at 1544 cm~ and 1611 cm~}
persist, which may indicate the presence of a small amount of a 6C high-spin ferric heme,
which would then also contribute to the intensity of the 1492 cm™1 feature (though similar
features are also present in ferrous heme samples).3% 42 In summary, reduction of the H-
heme has no significant effect on the spectroscopic properties of the L-heme in AeCcP,
which makes intuitive sense, since in constitutively active bCcPs, reduction of the H-heme is
not required for catalysis. Yet, we cannot observe the L-heme as a static, 5C and high-spin
entity.

These conclusions also hold for the mutant AVeH59G CcP. In the EPR spectrum of NeH59G
CcP, the H-heme signal at g = 3.40 disappears upon reduction, but otherwise, no change is
observed for the low-spin signal of the L-heme. The unusual, highly rhombic high-spin
signal also persists. The rRaman spectrum of semi-reduced NeH59G CcP is very similar to
that of wild-type semi-reduced NeCcP, with only slight shifts in the wavenumbers of the
relevant bands. No significant amounts of a 5C high-spin ferric heme (which should give rise
to a quite axial EPR signal) are observed for semi-reduced ANeH59G CcP either.

In contrast, semi-reduction of SoCcP produces significant changes: while the reduction of
the H-heme results in bleaching of the g = 3.38 EPR feature, the signals for the L-heme are
also shifted relative to the diferric enzyme. In diferric SoCcP, the L-heme resonances are
observed at g = 3.15, 2.21, which shift to 2.89, 2.42, 1.52 in the semi-reduced form. The
latter resonance positions are almost identical to those of the L-heme in MeCcP (both
diferric and semi-reduced, see above), indicating that indeed, reduction of the H-heme
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results in changes that make the active site spectroscopically identical to what one finds in
the constitutively active enzyme. The appearance of a ferric v4 band at 1363 cm™ in the
rRaman spectrum of semi-reduced SoCcP is similar to the corresponding signal in AeCcP
(both for the diferric and semi-reduced form) at 1361 cm~1 and supports this change in the
active site of the SoCcP L-heme. The activation chemistry indicates a swap of the distal
ligand of the L-heme upon reduction of SoCcP, resulting in an altered 6C complex, but is not
associated with converting the L-heme into a static, 5C high-spin ferric heme.

The data thus far suggest that as the distal His is either absent (constitutively active bhCcP
family members) or lost upon reduction (activatable bCcP enzyme family), it is replaced
with an additional, exchangeable ligand, such as hydroxide. Hence, the active form of a
bCcP does not involve a 5C high-spin ferric active site. Using the crystal field parameters of
Taylor,48 the g-values for both semi-reduced SoCcP and diferric (and semi-reduced) AVeCcP
are at 2.89 and 2.42, which corresponds to a site with His/anionic ligand coordination,
whereas the g-values of the Soenzyme (3.15, and 2.21; in agreement with prior reports for
other activatable bCcPs!® 49), correspond to a bis-imidazole bound heme. In addition, EPR
data taken at pH = 5.5 (Figure S15) suggest that semireduced SoCcP is mostly hydroxide-
bound at pH = 7, as the high-spin signal at g ~ 6 increases at lower pH, indicating a
conversion between hydroxide and water. Prior structural studies of the Paand Paracoccus
pantotrophus CcPs further support these ideas, as in both cases a water molecule was
modeled into the active site for the semi-reduced enzymes.8: 15 Thus, we have demonstrated
that spectroscopically, a strongly coordinating anionic ligand is bound to bCcPs in their
active state, precluding the generation of typical 5C high-spin ferric spectral features (Figure
15). Collectively, these results point towards a subtler activation mechanism of reductively
activated bCcPs then previously realized.

Mechanistic Implications.

As described above in detail, our spectroscopic data for diferric and semi-reduced NeCcP
and SoCcP and their mutants implicate that in both types of bCcPs (activatable and
constitutively active) the active site heme iron is likely never ‘naked’ and 5C. All our
spectroscopic data - EPR, MCD and rRaman, determined at 2K, 12 K, 77 K, and room
temperature — only show the presence of small amounts of a high-spin ferric heme, if any at
all. In both cases, the L-heme does not exist in a static, 5C high-spin ferric state in the active
form of the enzyme (either diferric (AMeCcP) or semi-reduced (SoCcP)), in contrast to what
might be found in other heme peroxidases. This conclusion suggests that a more dynamic
process is at work in generating an active state that can participate in catalysis, ensuring that
5C heme is not achieved.

On the other hand, our spectroscopic results point to a completely different explanation for
the activation process of bCcPs that is much more subtle in so far as reduction of the H-
heme can guide specific ligand exchange reactions of the L-heme distal His, and binding of
water at the active site, in lieu of the native substrate (Scheme 2). The water molecule would
then be deprotonated, generating a low-spin ferric heme with bound hydroxide. In addition,
the small amounts of a 6C high-spin ferric heme observed in our spectroscopy could then be
explained with the formation of the corresponding water-bound L-heme. Upon entrance of
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the substrate hydrogen peroxide into the active site, an acid base reaction could occur where
the hydroxide ligand deprotonates the hydrogen peroxide, forming a water molecule that is
then easily displaced by the hydroperoxo anion, generating the low-spin heme-hydroperoxo
complex in the first step of catalysis. This is followed by formation of Compound I- or
Compound Il-like intermediates, and ultimately generation of water. Future work will focus
on gathering further evidence for this new mechanism of activation for bCcPs.

Most importantly, these mechanistic possibilities help distinguish canonical bCcP enzymes
from MauG, a bCcP superfamily member where formation of a 5C heme in the active state
of the enzyme has been established by EPR and rRaman spectroscopy.23-24 MauG catalyzes
the oxidation and oxygenation of two tryptophan residues to TTQ in the protein
methylamine dehydrogenase (MADH). The activity of MauG must be induced after binding
to MADH, and therefore, a five-coordinate peroxidatic heme may be required to efficiently
bind H,0,/05 to form an Fe!V=0 unit in the MauG/MADH complex. Whether or not the
relationship is causal or coincidental, the appearance of a true 5C heme appears to be
important for the generation of the highly oxidizing intermediates that would be required to
install the TTQ cross-link, but which are not required of a cytochrome ¢ oxidizing bCcP that
scavenges H,0 as its primary function. The activity of bCcPs is dependent on peroxide
concentration in the bacterial periplasm and a mechanism that requires H,O5 to replace a
heme-bound ligand could allow for peroxide binding as H,O, accumulates while also
allowing for facile protein ligand re-binding at low H,0O, concentration. AeCcP has
previously been crystallized at room temperature over two days with the L-heme in the 5C
state,19: 50 though this coordination state may have resulted from dissociation of a water/
hydroxide ligand during crystallization. It is evident that dynamic exchange of a sixth (aquo/
hydroxo) ligand may help to stabilize the heme site prior to catalysis.

In addition, the redox potential and coordination environment of the H-heme in bCcPs also
lie in contrast to MauG as both hemes in MauG exhibit low, and similar redox potentials
(159 and —240 mV).2* Reduction of the H-heme is required in activatable bCcPs prior to
catalysis, though our results indicate that the reduction of the H-heme in SoCcP does not
lead to the formation of a static 5C ferric L-heme, but rather to the formation of a hydroxo
complex which in turn may be the key to reducing H,0O, to water with high specificity. On
the other hand, the peroxidatic heme in MauG likely does not require water binding as the
heme exists in a static, 5C high-spin state in the native enzyme. Despite the structural
similarities between MauG and bCcPs, the heme spin states and coordination states as
further described here are quite different between the two enzymes, leading to unique
function and mechanisms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FeL

Fen

Figure 1.
A) Canonical fold of an constitutively active bCcP family protomer (11QC.pdb, ref 18),

which includes B) a presumed five-coordinate low-potential peroxidatic active site (FeL)
and a His-/Met-ligated high potential heme (FeH).
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Near-UV/isible-region MCD spectra of a) high-spin ferric horse heart myoglobin (10.6
uUM), b) low-spin ferric horse heart Cytochrome ¢ (2.9 uM) and c) low-spin ferrous
Cytochrome ¢ (2.3 uM). Each sample was prepared with ~50% glycerol in TIP7 buffer at pH

7. Spectra were recorded at 2 K.

Biochemistry. Author manuscript; available in PMC 2019 December 10.

T
15000



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Wolf et al. Page 26
H59G
2.41 4.09 2.90
2.41
3.41 3.40
6.13 J
6.15 1.57
1.50 3.14
3.78
b) d) H59G
2.90
A 4.82 2.90
. 4.09 2.41
6.13 3.14
:j\s/\w/\J g _).A./\J 7
3.78
1000 2000 3000 5000 1000 2000 3000 4000 5000
X [G] X[G]

Figure 3.

EPR spectra of a) 420 uM diferric Ne CcP, b) 490 uM semi-reduced Ne Cch, ¢) 419 uM

diferric NeH59G CcP, and d) 460 pM semi-reduced NMeH59G CcP. Experiments were

conducted at 9.27 GHz, a power of 20 mW, and a temperature of 12 K.
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Figure 4.
Resonance Raman spectrum of diferric Ne CcP from a) 200 to 1750 cm™1, and b) enlarged

view of the 1200 to 1750 cm ~ region. The sample was 105 uM with 50% glycerol in pH 7
TIP7 buffer. The sample was excited at 413.1 nm using a Krypton ion gas laser.
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Figure5.

Resonance Raman spectrum of semi-reduced NVeCcP from a) 200 to 1750 cm~2, and b)
enlarged view of the 1200 to 1750 cm™ region. The sample was 160 pM with 50% glycerol
in pH 7 TIP7 buffer. The sample was excited at 413.1 nm using a Krypton ion gas laser.
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Figure 6.
Resonance Raman spectrum diferric NeH59G CcP from a) 200 to 1750 cm™1, and b)

enlarged view of the 1200 to 1750 cm™1 region. The sample was 419 pM with 30% glycerol
in pH 7 TIP7 buffer. The sample was excited at 413.1 nm using a Krypton ion gas laser at 77
K.
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Figure7.
Resonance Raman spectrum of semi-reduced NeH59G CcP from a) 200 to 1750 cm™1, and

b) enlarged view of the 1200 to 1750 cm™1 region. The sample was 460 pM with 30%
glycerol in pH 7 TIP7 buffer. The sample was excited at 413.1 nm using a Krypton ion gas
laser at 77 K.
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Figure 8.
a) Near-UV/visible-region MCD spectra of the diferric and semi-reduced states of AVeCcP,

and b) a close-up of the Q-band region of the spectra. Samples were 20 uM with ~50%
glycerol in a TIP7 buffer at pH 7. Spectra were recorded at 2 K.
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Near-UV/isible-region MCD spectra of a semi-reduced Ne CcP sample that was photolyzed
with a mercury lamp, and after warming the sample to 70 K in the dark and then cooling the
sample back to 2 K. The sample was 3.1 uM with ~50% glycerol in a TIP7 buffer at pH 7.

Spectra were recorded at 2 K.
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Figure 10.

EPR spectra of a) 330 diferric SoCcP, b) 230 semi-reduced SoCcP, c) 280 diferric SoH80G
CcP, and d) 340 uM semi-reduced SOH8OG CcP. Experiments were conducted at 9.27 GHz,
a power of 20 mW, and a temperature of 12 K.
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Figure11.
Resonance Raman spectrum of diferric SoCcP from a) 200 to 1750 cm~1 and b) enlarged

view of the 1200 to 1750 cm™1 region. The sample was 105 pM with 50% glycerol in pH 7
TIP7 buffer. The sample was excited at 413.1 nm using a Krypton ion gas laser at 77 K.
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Figure 12.

Resonance Raman spectrum of semi-reduced SoCcP from a) 200 to 1750 cm™1 and b)
enlarged view of the 1200 to 1750 cm™ region. The sample was 160 pM with 50% glycerol
in pH 7 TIP7 buffer. The sample was excited at 413.1 nm using a Krypton ion gas laser at 77
K.
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Figure 13.
a) Near-UV/visible-region MCD spectra of the diferric and semi-reduced states of SoCcP

and b) a close-up of the visible region of the spectra. The sample was 20 uM with ~50%
glycerol in a TIP7 buffer at pH 7. Spectra were recorded at 2K.
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Figure 14.
Near-UV/isible-region MCD spectra of a semi-reduced SoCcP sample that was photolyzed

with a mercury lamp, and after warming the sample to 70 K in the dark and then cooling the
sample back to 2 K. The sample was 2.0 uM with ~50% glycerol in a TIP7 buffer at pH 7.
Spectra were recorded at 2 K.
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Newly proposed active state for diheme bCcPs.
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The previously proposed active state for diheme bCcPs (left) and the newly proposed active

state for these enzymes (right, this work).
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Proposed reaction mechanisms for constitutively active and activatable bCcPs (Modified
from refs 20 and 21).
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Scheme 2.

Possible mechanisms for constitutively active (left) and reductively activated (right) bCcP
enzymes. The L-heme remains low-spin in each step of the mechanism prior to substrate
binding. In the case of the reductively activated enzymes, EPR results suggest that a
hydroxide is bound to the L-heme upon reduction of the H-heme.

Biochemistry. Author manuscript; available in PMC 2019 December 10.




1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Wolf et al.

Table 1.

Key spectroscopic results for the assignments of the H-heme and L-heme in NeCcP.

Heme Data NeCcP, DF NeCcP, SR
Oxidation State  Ferric Ferrous
Spin State LS Ls/Hs?
High potential, .
'gH_%%;Z a EPR data g=341 Disappearance of g = 3.41
rRaman data 1364 (v4), 1504 (v3), 1640 (v10) 1351 (v4), 1472 (v3), 1492 (v3)
MCD data 25130 cm1,24050 cmt 22860 cm1, 18160 cm™1
Oxidation State  Ferric Ferric
Spin State LS LS
Low-potential,  EpR ata g=291,2.41, 1.50 9=290,2.41, 1.54
L-heme

rRaman data 1364 (v4), 1504 (v3), 1640 (v10), no 1480 (v3)

MCD data 25130 cm™1,24050 cm™*

1361 (v4), 1504 (v3), no 1480 (v3)

25280 cm™1, 24300 cm™

DF = diferric enzyme, SR = semi-reduced enzyme, LS = low-spin, HS = high-spin

aHS ferrous H-heme results from photolysis of the Fe-Smet bond
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Table 2.

Key spectroscopic results for the assignments of the H-heme and L-heme in SoCcP.

Heme Data SoCcP, DF SoCcP, SR
Oxidation State  Ferric Ferrous
Spin State LS Ls/Hs?
High potential, .
'gH_%%;Z a EPR data g=338 Disappearance of g = 3.38
rRaman data 1378 (v4), 1508 (v3), 1640 (v40) 1355 (vy), 1472 (v3)
MCD data 25000 cm1,24300 cm™t 22880 cm1, 18160 cm™1
Oxidation State  Ferric Ferric
Spin State LS LS
Low-potential,  EpR ata g=315221 g=2.89,2.42, 1.52
L-heme

rRaman data 1378 (vy4), 1508 (v3), 1640 (v10), no 1480 (v3)

MCD data 25000 cm™1,24300 cm™*

1363/1378 (V4), 1506 (v3), no 1480 (v3)

25280 cm™1, 24310 cm™

DF = diferric enzyme, SR = semi-reduced enzyme, LS = low-spin, HS = high-spin

aHS ferrous H-heme results from photolysis of the Fe-Smet bond
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