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A B S T R A C T   

Coproheme decarboxylases (ChdCs) are utilized by monoderm bacteria to produce heme b by a stepwise 
oxidative decarboxylation of the 2- and 4-propionate groups of iron coproporphyrin III (coproheme) to vinyl 
groups. This work compares the effect of hemin reconstitution versus the hydrogen peroxide-mediated conver-
sion of coproheme to heme b in the actinobacterial ChdC from Corynebacterium diphtheriae (CdChdC) and selected 
variants. Both ferric and ferrous forms of wild-type (WT) CdChdC and its H118A, H118F, and A207E variants 
were characterized by resonance Raman and UV–vis spectroscopies. 

The heme b ligand assumes the same conformation in the WT active site for both the reconstituted and H2O2- 
mediated product, maintaining the same vinyl and propionate interactions with the protein. Nevertheless, it is 
important to note that the distal His118, which serves as a distal base, plays an important role in the stabilization 
of the cavity and for the heme b reconstitution. In fact, while the access of heme b is prevented by steric hin-
drance in the H118F variant, the substitution of His with the small apolar Ala residue favors the insertion of the 
heme b in the reversed conformation. The overall data strongly support that during decarboxylation, the in-
termediate product, a monovinyl-monopropionyl deuteroheme, rotates by 90o within the active site. Moreover, 
in the ferrous forms the frequency of the ν(Fe-Nδ(His)) stretching mode provides information on the strength of the 
proximal Fe-His bond and allows us to follow its variation during the two oxidative decarboxylation steps.   

1. Introduction 

Coproheme decarboxylases (ChdCs) catalyze the last step of heme b 
synthesis in monoderm bacteria by a two-step oxidative decarboxylation 
of the two propionate groups of iron coproporphyrin III (coproheme) 
[1–5]. It was found that this process involves the formation of a mon-
ovinyl monopropionyl deuteroheme (MMD) reaction intermediate and 
its subsequent 90o rotation before the second decarboxylation, and 
formation of heme b [6–12]. Based on molecular dynamics simulations, 
UV–vis and resonance Raman (RR) spectroscopies, as well as mass 
spectrometry of actinobacterial wild-type ChdC from C. diphtheriae 

(CdChdC) and its H118A, H118F, and A207E variants, we have recently 
shown that the rotation occurs within the protein pocket and not via a 
release and rebinding mechanism [11]. In fact, unlike the variant 
H118A, which, as the wild-type (WT) protein, converts coproheme to 
heme b, the substitution of H118 by the bulkier and more hydrophobic 
phenylalanine sterically prevented the rotation of the MMD intermedi-
ate within the active site, most probably by narrowing the substrate 
access channel and blocking the movement of the propionate at position 
6 to reach the position that was originally occupied by the propionate at 
position 4. Indeed, upon titration with H2O2, this variant accumulates 
exclusively MMD, where only the propionate at position 2 was 
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converted to a vinyl group. In addition to the catalytic Y135, the distal 
H118 is important in actinobacterial ChdCs for deprotonation of 
hydrogen peroxide and, therefore, Compound I formation [12]. This 
histidine residue is lacking in firmicute ChdCs and is located on a loop 
that connects the two ferredoxin-like folds, which is decisive for the 
respective activities of the entire structural superfamily [13]. The length 
and the shape of this loop differs significantly from dye-decolorizing 
peroxidases (DyPs) to chlorite dismutases (Clds) to ChdCs and within 
ChdCs as well, whereas all other secondary structural elements of the 
two ferredoxin-like folds are highly similar [13]. In CdChdC this residue 
has a relatively low flexibility since it is H-bonded to the propionate 7 
(Fig. 1). In addition, the introduction of the hydrogen bonding E207 
residue on the proximal heme side in the variant A207E resulted in the 
formation of mainly MMD, with only a small amount of heme b forming 
upon titration with hydrogen peroxide. Clearly, the altered H-bonding 
prevented MMD rotation within the active site, likely because an H-bond 
between E207 and the proximal H158 is established in the unrotated 
MMD form, as suggested by MD simulations [11]. In CdChdC, as in the 
other decarboxylases (e.g. from S. aureus [14], Geobacillus stear-
othermophilus [15], and Listeria monocytogenes [9]), the mechanism used 
by the protein to favor the rotation of the reaction intermediate within 
its pocket is not known. In the present work we study the wild-type and 
the H118A and A207E variants (Fig. 1) reconstituted with heme b in 
order to understand whether heme b maintains the same geometry of 
insertion as that found after titration, i.e., after the 90

◦

rotation of the 
MMD intermediate. In addition, we extend the study to the ferrous forms 
of coproheme-, MMD- and heme b- complexes, obtained with H2O2 
titration or reconstitution, in order to complement the information on 
the behavior of the protein upon reduction and gain insight into on the 
status of the proximal Fe-His bond strength during decarboxylation. 

2. Materials and methods 

2.1. Protein purification and expression 

Apoprotein expression and purification was performed as previously 
described [12]. In order to obtain reconstituted heme b-CdChdC, the 
procedure was adapted in that E. coli pellets containing overexpressed 
wild-type apo-CdChdC and variants were lysed by ultrasonication in the 
presence of 0.5 g/L hemin chloride. The hemin solution (5 g/L) was 
prepared by dissolving approximately 50 mg of hemin chloride in 2 mL 
of 1 M NaOH and diluted with water to the final volume of 10 mL. In 

detail, the cell pellet resulting from 750 mL of E. coli culture was 
resuspended in 50 mL of lysis buffer (50 mM phosphate buffer pH 7.4, 
with 500 mM NaCl, 5% glycerol, and 0.5% Triton X-100). Subsequently 
hemin chloride was added and the cells were lysed by three one-minute 
cycles of pulsed ultrasonication (1 s of sonication with 1 s between 
pulses, 90% power) on ice. The resulting lysate was centrifuged for 30 
min at 38720 g and 4◦C, and the colored supernatant was filtered (0.45 
μm pore sized filter) prior to purification via affinity chromatography. 

2.2. Sample preparation 

Ferric coproheme-CdChdC samples were prepared by adding free 
coproheme solution in 0.5 M NaOH) to apo-CdChdC diluted in 50 mM 
phosphate buffer, pH 7.0 in a 2:1 apoprotein:coproheme ratio. Ferric 
coproheme-CdChdC samples were titrated by adding small aliquots of a 
1 mM H2O2 solution in 50 mM phosphate buffer, pH 7.0. An interval of 
2–10 min was set before adding each H2O2 aliquot to ensure that the 
reaction was complete. No changes in either the UV–vis absorption or 
RR spectra were observed 24 h after the sample preparation. Although 
very small amounts of unconverted coproheme remain up to the end of 
the titration, it was not possible to proceed with further addition of 
H2O2, since an excess of hydrogen peroxide (e.g. > 2 equivalents for the 
WT) causes degradation of the protein (for details see Ref. [11]). 

Ferric heme b-CdChdC samples were prepared as described above 
and diluted in 50 mM phosphate buffer, pH 7.0. The corresponding 
ferrous samples were prepared by addition of a freshly prepared sodium 
dithionite (20 mg/mL) solution to the ferric forms previously degassed 
with nitrogen. The concentrations were determined as described previ-
ously [11] and were in the range of 25–35 μM for all samples. 

2.3. Electronic absorption measurements 

Electronic absorption measurements were recorded using a 5 mm 
NMR tube or a 1 mm cuvette at 25◦C by means of a Cary60 spectro-
photometer (Agilent, Santa Clara, CA, USA) with a resolution of 1.5 nm 
and 300 nm/min scan rate. The absorption spectra were measured both 
before and after RR measurements to ensure that no degradation 
occurred under the experimental conditions used. 

For calculation of the second derivative spectra, the Savitzky-Golay 
method was applied using 15 data points (LabCalc; Galactic In-
dustries, Salem, NH). No changes in the wavelength or in the bandwidth 
were observed when the number of points was varied. For the sake of 

Fig. 1. Active site of the WT coproheme-CdChdC (Protein Data Bank: 6XUC) and the variants H118A and A207E obtained by in silico mutations with PyMOL shown 
in stick representation. Modified amino acids are shown in green, while distal Y135 and proximal H158 are in grey. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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clarity, the 450–700 nm region in all the absorption spectra is magnified 
8-fold. 

2.4. Resonance Raman measurements 

The resonance Raman (RR) spectra were obtained at room temper-
ature by excitation with the 404.8 nm line of a diode laser (MatchBox 
Series, Integrated Optics, Vilnius, Lithuania), the 413.1 nm line of a Kr+

laser (Coherent, Innova 300C; Coherent, Santa Clara, CA, USA) and the 
441.6 nm line of a He–Cd laser (Kimmon IK4121R-G, Tokyo, Japan). 
Backscattered light from a slowly rotating 5 mm NMR tube was collected 
and focused into a triple spectrometer (consisting of two SpectraPro 
2300i instruments working in subtractive mode, and a SpectraPro 2500i 
instrument in the final stage with gratings of 3600 or 1800 grooves/mm 
by ActonResearch, Acton, MA, USA), and equipped with a liquid 
nitrogen-cooled CCD detector. A spectral resolution of 1.2 and 4 cm− 1 

was calculated on the basis of the optical properties of the spectrometer 
for the 3600 and 1800 grooves/mm gratings, respectively. The RR 
spectra were calibrated with indene and carbon tetrachloride as stan-
dards to an accuracy of 1 cm− 1 for intense isolated bands. Spectra in 
polarized light were obtained by inserting a polaroid analyzer between 
the sample and the entrance slit of the monochromator. The depolari-
zation ratios of the bands at 314 (ρ = 0.75) and 460 cm− 1 (ρ ≈ 0) of CCl4 
[16] were measured to check the reliability of the measurements. 

The power on the samples was 6.5 mW for ferric complexes, and 3.5 / 
5.5 mW for ferrous coproheme-complexes / H2O2-titrated and heme b- 
complexes, respectively. To avoid sample denaturation, a stream of 
cooled nitrogen gas was directed toward the rotating sample tube (to 
stabilized the sample at about 15◦C). 

All RR measurements were repeated several times under the same 
conditions to ensure reproducibility. To improve the signal-to-noise 
ratio, a number of spectra were accumulated and summed only if no 
spectral differences were noted, as reported in Table S1. The RR spectra 
were normalized to the intensity of the ν4 band, at 1352–1357 cm− 1 for 
the ferrous samples and at 1370–1374 cm− 1 for the ferric samples (data 
not shown), for the high frequency region and to the ν7 band at 674–678 
cm− 1 in the low frequency region. All spectra were baseline-corrected 
and were shifted along the ordinate axis in the figures for the sake of 
clarity. 

The curve-fitting analysis of the spectra was performed using a 
spectral simulation program (LabCalc; Galactic Industries, Salem, NH) 
with a Lorentzian line shape to determine the peak positions, band-
widths, and intensities with an accuracy of 1 and 0.5 cm− 1 for the peak 
positions and the bandwidths, respectively. Since the ν10 and ν(C=C) 
bands overlap, the fitting procedure with unconstrained parameters was 
run iteratively: starting from the more well-defined peaks, the widths of 
the other bands were progressively fixed to the same value for all the 
samples. As a further check, the widths of the less defined bands were 
fixed alternatively and were shown to give the same final results. 
Furthermore, the number of the ν(C=C) bands was obtained by 
considering both the goodness of the fit in describing the experimental 
spectra and the measurements performed with polarized light. 

3. Results 

3.1. Ferric complexes 

Recently we have shown that both CdChdC WT and H118A convert 
coproheme mainly to heme b upon titration with H2O2 with small re-
sidual amounts of MMD, while the variant A207E accumulates MMD 
along with a minor amount of heme b and H118F generates only MMD 
[11,12]. We were able to identify the spectroscopic markers of the 
MMD-CdChdC complex, showing that it corresponds to a 5-coordinated 
(5c) high spin (HS) heme. The complex is characterized by a maximum 
of the Soret band at around 401–402 nm and a band at 586 nm, while the 
heme b-CdChdC complex of wild-type and the H118A variant is a 

mixture of 5- and 6-coordinated (6c) HS species (Fig. S1 right) [11]. The 
RR spectra showed core size markers bands at 1481-2 and 1488-90 cm− 1 

(ν3, 6c and 5c, respectively), 1568-66 (ν2, 5c and 6c overlapping), 1609- 
11 (ν10, 6c) and 1628 (ν10, 5c) cm− 1. The A207E variant also gave rise to 
a mixture of 5c and 6cHS, but the 5cHS was the main species since this 
variant mainly accumulates MMD, and H118F was a mixture of 5cHS 
and 5cQS (quantum-mixed spin) species, resulting from coproheme and 
MMD (Fig. 2 right) [11]. 

The WT and both H118A and A207E variants reconstituted with 
heme b show UV–vis spectra characteristic of HS species and almost 
identical to those of the titrated proteins (Fig. S1 left). However, slight 
changes in the wavelengths of the CT1 band are observed. The band at 
586 nm found for the H2O2-titrated complexes is not present in any of 
the UV–vis spectra of the reconstituted proteins, confirming that it de-
rives from the MMD species. It is worth noting that the H118F variant 
has not been characterized since its heme b complex is highly unstable 
and the ligand is easily released from the protein. 

RR is very sensitive at the molecular level and provides information 
on the heme coordination and spin states via the core size marker bands 
in the 1300–1700 cm− 1 wavenumber region [17]. In addition, the 
characteristic side chains of heme b (i.e., the vinyl groups on pyrrole 
rings A and B and the propionate groups on pyrrole rings C and D, which 
are fundamental for the interactions between the porphyrin and the 
heme cavity) give rise to bands whose frequencies provide detailed 
insight into the heme b interactions. Information on the two vinyl groups 
at positions 2 and 4 of the heme are obtained by their ν(C=C) stretching 
modes between 1615 and 1635 cm− 1 and the corresponding [δ(CβCaCb)] 
bending modes in the low frequency region. The conjugation between 
the vinyl substituent and the porphyrin macrocycle induces both a 
wavenumber decrease of the vinyl ν(C=C) mode and a wavelength in-
crease of the Soret and visible electronic transitions of the heme [18]. 
Moreover, the frequency of the propionate δ(CβCcCd) bending modes in 
the low frequency region is strongly influenced by the H-bond in-
teractions between these peripheral groups and the protein [19,20]. 

The RR spectrum in the high frequency region of the heme b 
reconstituted wild-type appears identical to that obtained by titration 
with hydrogen peroxide (Fig. 2), demonstrating that it is a mixture of 5c- 
and 6cHS species. As expected, it is also very similar to those of the 
reconstituted A207E and H118A variants. A minor amount of 6c low 
spin (LS) is also present (ν3 a 1505 cm− 1, ν10 at 1634 cm− 1) only in the 
reconstituted WT and A207E, while it has not been detected in the 
H118A variant spectrum. Therefore, we suggest that the H118 residue 
might bind the Fe atom upon reconstitution. 

Upon titration with H2O2 the decarboxylation of the propionates and 
the formation of the vinyl groups was followed by RR spectroscopy, as 
reported in Ref. [11]. Since the ν(C=C) vinyl stretching modes occur in a 
crowded region between 1615 and 1635 cm− 1, we distinguished the 
polarized ν(C=C) vinyl stretching modes from the overlapping ν10 
depolarized bands by measuring the RR spectra in polarized light. The 
assignment was subsequently confirmed by a curve fitting analysis. After 
addition of 2 equivalents of hydrogen peroxide to the coproheme com-
plex, the wild-type protein showed two ν(C=C) stretching modes and 
two δ(CβCaCb) bending modes at 1617/1623 cm− 1 and 416/421 cm− 1, 
respectively. In the H118A variant broad stretching and bending modes 
at 1623 and 413 cm− 1, respectively, are observed due to overlap of the 
bands. In the A207E variant, which forms mainly the MMD intermedi-
ate, only one stretching and one bending mode at 1624 and 420 cm− 1, 
respectively, were identified (Figs. 2 and 4 and ref [11]). 

In the high frequency region, the reconstituted proteins show similar 
frequencies to their H2O2-titrated counterparts, although the vinyl 
stretching band is broader for the reconstituted A207E and upshifts to 
1627 cm− 1 in the H118A variant (Fig. 2). The spectra taken in polarized 
light (Fig. S2) show that in the wild-type there are two polarized bands 
whose frequencies are very close to those observed upon titration [11]. 
On the contrary, in the H118A spectrum, a third polarized band at 1627 
cm− 1 has been identified which is, therefore, assigned to a third ν(C=C) 
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stretching mode. The curve-fitted spectra confirmed that the WT and 
A207E proteins have two vinyl stretching bands, but three ν(C=C) bands 
are present in the H118A variant spectrum (Fig. 3 and Table S2). 
Accordingly, in the low frequency region an intense δ(CβCaCb) vinyl 
bending vibration was found for the WT and A207E variant, while it is 
very broad and upshifted in the H118A variant. The δ(CβCaCb) mode can 
be properly fitted only with three bands at 408, 417, and 424 cm− 1 for 
the H118A, and with two bands for the wild-type and A207E at 417 and 
423 cm− 1 (Figs. 4 and S3). 

In addition to the bending vibrations of the vinyl groups, in the low 

frequency region the in-plane and out-of-plane bending modes of the 
porphyrin together with the bending vibrations of the propionate pe-
ripheral groups are found. As for the high frequency region, the recon-
stituted wild-type and A207E spectra closely resemble the wild-type- 
titrated spectrum. Therefore, heme b insertion does not affect the 
vinyl orientation, and the porphyrin macrocycle is stabilized by the 
same H-bond interactions between the propionates in positions 6 and 7 
and the heme cavity residues, as upon titration. In fact, an increase (or a 
decrease) of the number and/or the strength of the H-bonds should have 
caused a shift to higher (or lower) frequencies of the propionate bending 
modes [20]. 

As shown in Fig. 4, the spectrum of the reconstituted H118A variant 
markedly differs from the other proteins since the ν8 mode at 342 cm− 1 

is particularly weak, the propionate δ(CβCcCd) bending vibrations shift 
from 374 to 387 (as in the wild-type and A207E variant) to 368–378 
cm− 1, and new bands are observed in the 470–520 cm− 1 region. All 
these peculiarities, together with the additional ν(C––C) stretching and 
bending modes, as mentioned above, are reminiscent of the spectrum 
reported for Mb containing a heme in a reversed conformation [21]. In 
heme proteins, the coexistence of the two different heme orientations, 
canonical and reversed, which differ by the rotation of the heme group 
by 180

◦

about the α,γ-meso axis in the protein pocket, has been found in 
proteins reconstituted with hemin as well as in some native proteins 
[22]. In the reversed conformation, the order of the two methyl groups 
at positions 1, 3 and the two vinyl groups at positions 2, 4 of the β 
carbons of the A and B pyrrole rings is changed compared to the ca-
nonical orientation, the methyl groups being located at positions 2 and 
4, and the two vinyl groups at positions 1 and 3 (Fig. 5). RR spectroscopy 
has been found to be particularly informative about the presence of 
rotational disorder in heme proteins [22]. In fact, among the various 
intensity and frequency changes observed for selected porphyrin modes 
[21,23,24], the most peculiar marker is the different disposition of the 
peripheral vinyl groups in the canonical vs reversed heme insertion 
which, altering the orientations of the vinyl groups, causes an increase in 
the frequency of the ν(C=C) vinyl stretching modes [22]. 

Fig. 2. High frequency RR spectra of the ferric WT CdChdC-complexes and variants upon reconstitution with heme b (left) and upon titration with H2O2 (right; from 
Ref. [11]) (λexc 413.1 nm). The RR core size marker band wavenumbers are reported in black and vinyl stretching modes (νC=C) are indicated in orange. 

Fig. 3. Curve-fitting analysis of the 1530–1660 cm− 1 wavenumber region of 
the ferric reconstituted WT heme b-CdChdC and variants. The RR core size 
marker band wavenumbers are reported in black and vinyl stretching modes 
(νC=C) are indicated in orange. The corresponding bandwidths and assignments 
are reported in Table S2. 
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3.2. Ferrous complexes 

The UV–vis spectra of the Fe(II) containing coproheme-, MMD-, and 
heme b-complexes, as obtained by H2O2 titration or reconstitution, are 
reported in Fig. S4. All the spectra are characteristic of histidine-ligated 

5cHS heme species. Upon reduction, the Soret band red-shifts by about 
25 nm with respect to that of the ferric form and an intense broad band 
in the visible region near 550–560 nm is observed. As for the ferric 
coproheme complexes [11], due to the lack of the vinyl double bond 
conjugation with the porphyrin, the electronic absorption spectra of the 
ferrous coproheme complexes are blue-shifted compared to the heme b- 
containing proteins. 

The H2O2-titrated Fe(II) complexes (Fig. S4) of the H118F and A207E 
variants, which have been shown to form only or mainly the MMD in-
termediate in their ferric form, are characterized by a Soret band 
maximum in between the fully converted proteins (H118A, wild-type) 
and the coproheme complexes. Upon reconstitution, only the H118A 
variant markedly differs, since the Soret band is red-shifted compared to 
the H2O2-titrated forms. 

The corresponding RR spectra in the high frequency region of the 
reduced coproheme, MMD- and heme b-complexes (Fig. S5) are char-
acteristic of 5cHS states. Some differences can be noted in the vinyl 
stretching modes. The H2O2-titrated proteins show the vinyl stretching 
modes at 1619 cm− 1, which is more intense in the wild-type and H118A 
variant than in the A207E variant. This suggests the formation of only 
one vinyl group in the latter protein. Upon reconstitution, the spectra of 
the wild-type and A207E variant become similar and almost identical to 
the wild-type titrated form, confirming that therein complete heme b 
formation has been achieved. As for its ferric forms, an upshift of the 
vinyl mode is observed in the H118A variant spectrum, being charac-
terized by a very strong and broad band at 1622 cm− 1. 

The curve-fitted spectra confirm the presence of two vinyl bands in 
the wild-type and A207E proteins (at 1618 and 1627 cm− 1 and at 1619 
and 1627 cm− 1, respectively), while three vinyl stretching modes are 
found at 1619, 1624 and 1627 cm− 1 for the H118A variant (Fig. 6), 
similarly to the ferric form. 

Fig. 7 shows the RR spectra of the Fe(II) coproheme-, MMD- and 
heme b-complexes in the low frequency region obtained with 441.6 nm 
excitation, while the corresponding spectra obtained with a non Soret- 
resonance excitation (413.1 nm) are reported in Fig. S6. The heme b- 
WT spectra are identical whether obtained by titration with hydrogen 
peroxide or by reconstitution with hemin. The formation of a heme b- 
complex upon reconstitution of the A207E variant is confirmed by the 

Fig. 4. Low frequency RR spectra of the ferric WT CdChdC-complexes and variants upon reconstitution with heme b (left) and upon titration with H2O2 (right; from 
Ref. [11]) (λexc 413.1 nm). The propionate bending modes δ(CβCcCd) are indicated in purple and vinyl bending modes δ(CβCaCb) in orange. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. View of the double heme conformation. In yellow, the canonical heme 
orientation, in red the reversed heme (adapted from [22]). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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disappearance of the δ(CβCcCd) propionate vibration at 386 cm− 1 found 
in both the coproheme- and the MMD-complexes (Fig. 7). In the titrated 
H118F variant the presence of MMD is demonstrated by the δ(CβCcCd) 
propionate vibration at 359 cm− 1 (observed in the coproheme-complex 
spectrum, and clearly intensified for 413.1 nm excitation) in addition to 
the band at 372 cm− 1, which is in common with all the other titrated 
proteins. 

The RR low frequency spectrum of a 5cHS ferrous species provides 
not only information on the propionate and vinyl bending modes, but 
also on the nature and strength of the proximal iron–imidazole bond via 
the frequency of the ν(Fe-His) stretching mode, enhanced upon excita-
tion in the Soret band. Its frequency is a sensitive probe of proximal 
properties of the protein matrix, in particular, to the hydrogen bonding 
between the Nδ atom of the proximal His and nearby residues [25,26]. In 
the case of a neutral histidine, i.e., in the absence of an H-bond, the 
frequency is as low as 200 cm− 1, whereas in heme containing peroxi-
dases, where a strong H-bond gives an imidazolate character to the 
proximal ligand, it is much higher being located in the range 240–260 
cm− 1 [27]. 

Except for the A207E variant, the other coproheme-complex spectra 
are characterized by an intense band at 203 cm− 1, which loses intensity 
with 413.1 nm excitation and is, therefore, assigned to the ν(Fe-His) 
stretching mode (Figs. 7 and S6). Comparison of the spectra for H2O2- 
titration and heme b reconstitution indicates that both the formation of 
the MMD intermediate and its subsequent rotation within the heme 
cavity (and further decarboxylation) lead to changes in the strength of 
the Fe-His bond. In fact, in the WT complexes the Fe-His band upshifts to 
210 cm− 1, but is found at 205 cm− 1 in the H118F variant upon titration 
(MMD intermediate) (Fig. 7). 

The mutation of the A207 to the negatively charged glutamate, 
which forms an H-bond to the proximal histidine, clearly has slightly 
strengthened the Fe-His bond, since its frequency upshifts by 4 cm− 1 in 
the coproheme complex as compared to the wild-type. Interestingly, the 
bond is unaffected by the formation of MMD, and upon reconstitution 
upshifts only by 1 wavenumber. 

The reconstitution of H118A markedly alters the Fe-His bond since 
its ν(Fe-Nδ(His)) stretching mode is very high, at 224 cm− 1. Moreover, the 
band frequency and intensity differences noticed in this region for the 
ferric forms are conserved in the ferrous complexes. In particular, 
analogous to the reversed deoxy-Mb [23], we clearly observe new bands 
at 250 (unassigned), 300 (γ7), 338 (γ6) cm− 1 and a downshift of the 
frequency of the propionate bending mode from 372 to 362 cm− 1 

together with the appearance of a very weak band at 376 cm− 1. 

4. Discussion 

The comparison of the spectral features of the heme b – CdChdC 
complex, formed upon hydrogen peroxide-mediated conversion of the 
coproheme complex or via apoprotein-hemin reconstitution, provides 
important information on the role played by the conserved key-residues 
of the heme cavity of CdChdC. The overall data strongly support that 
during decarboxylation, the intermediate product, a monovinyl- 
monopropionyl deuteroheme, rotates by 90o within the active site. 

The heme b-wild-type complexes obtained by hemin reconstitution, 
either in the ferric or ferrous forms, give rise to almost identical spectra 
as those obtained by hydrogen peroxide titration. This strongly indicates 
that two equivalents of H2O2 are sufficient to complete decarboxylation 
of the propionates in positions 2 and 4 to vinyl groups, and the heme b- 
wild-type complex is a mixture of a 5c- and 6cHS hemes in the ferric 
state and a pure 5cHS in the ferrous form. Moreover, the heme b ligand 
binds the apoprotein maintaining the same vinyl and propionate in-
teractions with the protein surroundings of the cavity as observed for the 
H2O2-mediated reaction. 

In the ferrous forms, the ν(Fe-Nδ(His)) stretching mode frequency 
provides further information on the strength of the proximal Fe-His 
interaction. Variations induced by the formation of the MMD reaction 

Fig. 6. Curve-fitting analysis of the 1530–1660 cm− 1 wavenumber region of 
the ferrous reconstituted WT heme b-CdChdC and variants. The RR core size 
marker band wavenumbers are reported in black and vinyl stretching modes 
(νC=C) are indicated in orange. The corresponding bandwidths and assignments 
are reported in Table S2. 

Fig. 7. Low frequency RR spectra of the ferrous forms of the coproheme- (left), H2O2 titrated- (middle), and heme b-reconstituted (right) complexes of WT CdChdC 
and variants (λexc 441.6 nm). The propionate bending modes δ(CβCcCd) are indicated in purple, the vinyl bending modes δ(CβCaCb) in orange and the ν(Fe-His) 
stretching mode in red. As the coproheme complexes are unstable in the laser beam, the weak vinyl bending band formed upon increasing laser irradiation time is 
indicated by an asterisk. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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intermediate and heme b during the decarboxylation reaction of the 
propionates can be detected. 

Table 1 compares the ν(Fe-Nδ(His)) frequencies of the ferrous cop-
roheme and heme b-complexes of the WT and its variants. For the wild- 
type the ν(Fe-Nδ(His)) stretching mode in the coproheme complex is at 
203 cm− 1

. The decarboxylation of the first propionate (p2) with the 
formation of unrotated MMD, slightly strengthens the Fe-His bond, as 
suggested by the 2 wavenumbers upshift observed in the H118F variant 
upon addition of H2O2. After the hydrogen peroxide mediated formation 
of heme b or after heme b reconstitution, the Fe-His bond is strengthened 
and the ν(Fe-Nδ(His)) is shifted to 210 cm− 1 in the WT. Interestingly, the 
frequency of this mode in other decarboxylases belonging to the Fir-
micutes clade is higher (214 cm− 1) and no change in frequency 
(L. monocytogenes) [28] or only a slight upshift (2 cm− 1 in S. aureus) [29] 
was found upon H2O2 titration of the coproheme complexes. Subtle 
changes are observed for the variants. While the coproheme complexes 
of the H118 variants are characterized by a ν(Fe-Nδ(His)) stretching mode 
frequency at 203 cm− 1 as in the WT, in the A207E variant the novel H- 
bond between the glutamate 207 residue and the Nε atom of the prox-
imal histidine 158, slightly strengthens the Fe-His bond, upshifting the 
ν(Fe-Nδ(His)) mode to 207 cm− 1, both in coproheme and in the unrotated 
MMD intermediate complexes, and 208 cm− 1 upon heme b reconstitu-
tion. The new H-bond helps to mimic the Clds which are characterized 
by a proximal H-bonding network involving the iron coordinating his-
tidine via a conserved glutamate to the propionate groups of heme b, 
which strongly regulates the active site for efficient catalysis of chlorite 
degradation [30,31]. The ν(Fe-Nδ(His)) frequencies of the heme b-Clds 
are, however, much higher, ranging from 222 cm− 1 [32], 226 cm− 1 

[30], to 229 cm− 1 [33]. Therefore, although the mutation affects the 
oxidative formation of heme b in the A207E variant [11], it does not 
result in a significant change in its ν(Fe-His) frequency with respect to 
the heme b-CdChdC wild-type. 

The present results clearly provide evidence that the H118 residue is 
not only important in actinobacterial ChdCs for deprotonation of 
hydrogen peroxide and therefore Compound I formation [12], but it is 
also involved in heme binding. In fact, the steric encumbered Phe res-
idue in the H118F variant dramatically weakens the binding affinity for 
heme b, preventing reconstitution. Moreover, an intriguing and unex-
pected result was the discovery that in the H118A variant the replace-
ment of the H118 residue with the small apolar Ala residue causes heme 
rotational disorder and heme b enters mainly in the reversed confor-
mation. In general, the amount of reversed heme detected in natural 
heme proteins is quite small and its presence depends not only on the 
specific globin, but also on the oxidation and ligation states of the heme 
iron, and on the heme pocket environment [22,34]. In the present case, 
both ferric and ferrous forms behave similarly. The presence of heme b in 
a reversed conformation might be ascribed to a hydrophobic interaction 
between apolar residues and the porphyrin ring, which has been found 
to be particularly relevant in determining such forms [35]. The insertion 
of heme b in a reversed conformation in the H118A variant alters the RR 
signatures of many vibrations of the porphyrin and vinyl groups, as 
previously described for Mb [21,23,24]. However, unlike the case of 
reversed Mb, in the H118A variant it strengthens the Fe-His bond, as 
clearly observed by its shift to 224 cm− 1, and the marked upshift of the 
Soret band maximum. The distal H118 in CdChdC is located on a flexible 
loop, whose orientation is specific only for actinobacterial ChdCs, it 
remains unclear if there are residues on this loop in the well-studied 
firmicute ChdCs (e.g. LmChdC from L. monocytogenes or SaChdC from 
S. aureus) which have a similar role [8,36]. In firmicute ChCds, the 
active site architecture is determined by a distal glutamine residue 
(Q187 in LmChdC,) and a nearby methionine residue (M149 in 
LmChdC). Both residues are only conserved in firmicute ChdCs and 
dictate whether an open or closed active site conformation is formed. 
Therefore, they are involved in the hydrogen peroxide stabilization 
during turnover [8,36]. The flexible loop in firmicute ChdCs, linking the 
N- and C-terminal domains is significantly longer and carries also one 

histidine (H117 in LmChdC) [13,37], which is, according to the solved 
crystal structure, far away (17 Å) from the coproheme iron [9] and is 
thus unlikely to perform the same roles as H118 in CdChdC. 
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