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Raman capability to study heme proteins
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This short review aims to demonstrate how resonance Raman spectroscopy can be extremely useful in elucidating subtle
structural features in heme proteins. In particular, selected examples have been chosen to elucidate how vibrational modes
of the heme chromophore provide specific structural information not only on the ligation, oxidation, and spin states, but
also on the stability and on the structure-function relationship of enzymes. © Anita Publications. All rights reserved.
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1 Introduction

Due to the non-invasive sampling capability, minimal sample preparation, and short analysis time,
Raman-based techniques have developed into an excellent tool in various research fields. Resonance Raman
(RR), in particular, is an effective tool for analyzing complex biological systems, and, widely applied to
the study of heme containing proteins, it has made a significant contribution to the understanding of their
structure function interactions [1]. Heme-containing proteins perform a wide variety of essential biological
functions, including oxygen storage and transport, oxygen reduction, electron transfer, catalysis, and gas
sensing. The several fundamental interactions between the heme and the surrounding protein regulate the
properties of the central Fe atom which, upon ligand binding, modulates the different activities that can be
investigated by RR spectroscopy.

In 1988 the pioneering RR study of recombinant cytochrome c peroxidase (CCP) cloned in
Escherichia coli opened the door to the understanding of the influence exerted by the protein in the vicinity
of the active site, highlighting the heme pocket interactions and the role played by the conserved key residues
important for enzymatic activity [2]. Site-directed mutagenesis allows the DNA sequence of any gene to be
altered in a designated manner [3] and it allows the study of protein interactions by altering in a systematic
manner a single amino acid residue [4]. Using RR spectroscopy to monitor the interactions between the
heme-iron and the surroundings, we showed that single point mutations may result in marked changes of the
vibrational signatures allowing one to dig out the molecular interactions at an enzyme active site [2]. For
example, from the several heme containing peroxidases and selected mutants we have studied, the picture
that emerged showed the presence of an extended hydrogen-bond network coupling the proximal and the
distal sides of the heme cavity able to influence the Fe-ligations [5-9].

Clearly, the success of the combination of site-directed mutagenesis with structural probes requires
the identification of the target amino acids from the protein crystal structures, and a comparison between the
solution and the crystal is essential to confirm the absence of artifacts. The development of micro-Raman
spectroscopy with an optical microscope coupled to a Raman spectrometer allowed the collection of Raman
spectra from protein crystals to be obtained [10-12]. The combination of RR in solution with micro-RR
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spectroscopy of heme proteins allows one to complement the data in solution with those of single crystals,
and compare the structural information provided by the vibrational spectroscopy with the crystal structure of
the heme cavity obtained by X-ray crystallography [13-17].

In this review, various marker RR bands in the high (1300-1700 cm™) and low (300-600 cm™)
wavenumber regions will be taken into consideration to highlight the different information that can be
obtained for heme proteins.

2 Resonance Raman of heme proteins in the 1300-1700 cm™! region: the core size marker bands

The heme prosthetic group is a tetrapyrrole ring, the central iron ion (more often ferric or ferrous)
being bound to the nitrogen atoms of the four pyrrole rings, identified as A, B, C, and D. Moreover, the axial
fifth and sixth positions of the Fe may bind endogenous or exogeneous ligands. Several different types of
heme exist. Heme b has four peripheral methyl groups, two vinyl groups (in positions 2 and 4), and two
propionate groups (in positions 6 and 7) (Fig 1A). Due to its high double bond conjugation, heme b is
characterized by the n-7t* electronic transitions in the 380—440 nm (Soret) and 500—600 nm (visible) regions
(Fig 1B). The electronic transition maxima depend on the oxidation, coordination, and spin states of the heme
iron.

The pioneering work by Spiro and coworkers in the 1970s [18-23] showed that in the 1300-1700
cm! region of the RR spectra of heme proteins the frequencies of the so-called “core size marker bands”
are inversely correlated with the size of the core, reflecting the coordination, oxidation and spin states of the
heme iron. Consequently, this allows one to assign the heme protein coordination and spin states to either to
a 5 coordinate (5¢) high-spin (HS), 6-coordinater (6¢) HS or low-spin (LS) state (Fig 1C).
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Fig 1. (A) Chemical structure of heme b. (B,C): Ferric wild-type catalase peroxide (KatG) from

Synechocystis at pH 7.0. (B): UV-Vis electronic absorption spectrum. The 460-700 nm region has

been expanded six times. (C): RR spectra in the high frequency region. Adapted from Ref. 9 with

permission from the Royal Society of Chemistry.

The core size marker bands, intensified by excitation in the Soret or Q bands, show different
polarization ratios, according to their A4, By Ay, and By, symmetry under the Dy, pseudosymmetry of
the heme group. Full vibrational assignment of the RR heme protein spectra can be made on the basis of the
detailed assignments of the porphyrin modes obtained by isotopic labeling studies and systematic vibrational
analysis of model nickel porphyrins with different peripheral substituents using ab initio computations [24-
29] and, more recently, on heme proteins [30-31].

Since the protein environment surrounding the heme modulates the heme iron ligand binding and,
therefore, the heme spin and oxidation states, the wavenumbers of the core size marker bands probe the heme
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protein-active site. Figure 2 highlights the sensitivity of the RR spectra on the effects of single mutation
on the heme coordination and spin states. It shows the RR spectra of single site mutations of CCP [2,33]
cloned in Escherichia coli (CCPMI). Each mutation markedly altered the Fe coordination and spin state. The
native ScHS conformation (CCPMI) undergoes a change to a 6¢cHS conformer with a water molecule bound
in the sixth coordination position of the Fe atom as a consequence of the loss of the distal Trp51 H-bond
(Phe-51); moreover, a mixture of 6¢HS and LS species is formed in the proximal mutant where the rupture
of the His175-Asp235 H-bond interaction allows the Fe atom to approach the heme plane (Asn-235). As a
consequence, the Fe atom strongly binds the distal water molecule, which, being part of an extended H-bond
network involving other water molecules and the distal key amino acid residues [32], has an OH™ character [2].
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Fig 2. Top: RR spectra in the high-frequency region of the ferric forms of wild-type
recombinant cytochrome ¢ peroxidase (CCPMI), Asn-235 and Phe-51 variants, at neutral
and acid pH [2]. On the distal side of the heme cavity the Trp51, H-bonded to water
molecules positioned above the Fe atom, was replaced by the non-H-bonding Phe; on the
proximal side, the carboxylate group of Asp235, hydrogen-bonded to the proximal His175,
was replaced by the carboxamide group of Asn. The reported frequency of v; allowed us
to determine the ligation state of the heme iron. Bottom: the heme cavity structure of wild-
type recombinant (CCPMI) (left) [32]; the interaction between the Fe atom and a free distal
water molecule in Phe-51 mutant (center), and with a strongly H-bonded water molecule in
the Asn-235 mutant (right) are depicted. Adapted with permission from ref. [33]. Copyright
1990 American Chemical Society.

In the last thirty years, mutations of the key catalytic residues on both the distal and proximal sides
of the heme cavity of several proteins not only have been of fundamental importance to highlight their roles
in the reaction mechanism, but have also allowed us to obtain unpredictable results. As an example, it has
been found that the effects of mutations on the proximal side of the heme cavity can cause changes on the
distal side, and vice versa. This has allowed the discovery of common structural mechanisms which enable
communication between the two sides of the heme cavity and, furthermore, have underlined the importance
of long-rnge interactions in maintaining the functional properties of the heme [7-9].

Unlike the majority of heme proteins, a peculiar characteristic of the resting state of the members
of the classical secretory plant peroxidases class III of the superfamily of plant peroxidases, is a Sc-quantum
mechanically mixed-spin (5¢QS) state. The QS heme state results from the admixture of high-spin (HS) (S
=5/2) and intermediate spin (IS) (§=3/2) states and prior to the discovery that it is a common species in this
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class of heme proteins, it was previously observed only rarely in biological systems [34-35]. The overall
spectroscopic characteristics are very unusual and RR plays an important role for its identification. In fact, the
QS state is characterized by UV-Vis electronic absorption spectra similar to those of ScHS hemes but with
blue-shifted T—n* transitions, a porphyrin to iron charge-transfer transition (CT1) at 630-635 nm, and RR
core-size marker bands at very high wavenumbers, similar or higher that those observed for 6¢LS species.
In addition, electron paramagnetic resonance (EPR) spectra are characterized by g, values in the range 4 <
212 < 6, typical only of a QS heme (Fig 3) [7,36]. The structural origin and functional significance of the QS
states remain elusive, however more and more heme proteins are being found that are characterized by the
QS state.
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Fig 3. From left to right: UV-Vis electronic absorption, RR spectra of (top) barley peroxidase (5¢QS) and (bottom)
Coprinus Cinereus peroxidase (5cHS), and the EPR spectrum of barley peroxidase. Reproduced with permission from
ref. [7]. Copyright 2005 American Chemical Society.

3 Resonance Raman of heme proteins in the 200-500 cm™! region

The Fe-Ligand bonds

The heme protein function strongly depends on the structure and ligand-binding dynamics of the
heme pocket. Ligand binding to the heme iron strongly depends on the interactions between the ligands
and the protein side chains surrounding the heme pocket. In particular, steric hindrance can prevent ligand
binding or induce slight distortions of the porphyrin ring geometry which can modify the Fe—ligand electronic
properties and H-bonds between the ligands and the distal polar side chains are able to polarize the Fe—ligand
bond. RR spectroscopy is a powerful tool to reveal the presence of these interactions since in the low-
frequency region the Fe—ligand stretching vibrations can be detected. In addition, information on the role of
the heme cavity residues in ligand stabilization and the hydrogen-bonding interactions can be obtained since
these interactions are able to alter the Fe-ligand bonds and strongly affect the wavenumbers of the stretching
modes. The wavenumbers of specific iron—ligand modes depend on the nature of the ligand and are typically
located in the 200 and 600 cm™' region of the Raman spectrum in resonance with the Soret and/or charge-
transfer bands [1,37,38].

On the proximal side, the most studied vibration is the v(Fe-Im) stretching vibration between the
Fe atom and the N, atom of the endogenous imidazole ring of the His fifth ligand. This vibration, observed
only in the five-coordinate ferrous derivatives, has been first reported for deoxy Mb at 220 cm™' [39]. The
wavenumber of the v(Fe-Im) stretching mode, ranging from 190 to about 250 cm !, is strongly affected by the
H-bond between the Nj atom of the proximal His and nearby residues [39-41]. In the case of a neutral His,
the v(Fe-Im) mode has been found at around 200 cm™!, strong H-bonding interactions can cause an upshift of
40-50 cm™', as observed in heme containing peroxidases [8] (Fig 4).
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Fig4. Left: RR spectra of ferrous recombinant CCPMI and its Asp235 Asn mutant obtained
with excitation at 441.6 nm. Right: the two v(Fe—Im) stretching bands correspond to two
tautomers of the H-bond between the His175 Ny proton and the Asp235 carboxylate
chain. In one tautomer, the proton resides on the imidazole [v(Fe-Im) at 233 cm™ ']
giving rise to a fairly strong H-bond; in the other, the 246 cm ™! wavenumber suggests
a complete deprotonation of the imidazole ligand (imidazolate character). Reproduced
from Ref [9] with permission from the Royal Society of Chemistry.

On the distal side, ferric heme proteins can bind a variety of small ligands, such as H,O, NO, CN,
H,S, OH and F. In the ferrous state the most frequently bound ligands are oxygen containing diatomic
molecules, such as O,, CO, and NO. The RR wavenumbers of the iron-ligand related modes, which comprise
the v(Fe—XO) stretching and §(Fe—X—0) bending modes, are located between 200 and 600 cm'. The
sensitivity of the axial ligand vibrations to changes of the heme environment has allowed structural variations
in the heme cavity to be probed (Figs 5-7). Moreover, for many novel heme proteins discovered in unicellular
organisms such as truncated hemoglobins (TrHbs) or heme-containing sensor proteins, these heme ligands
may act as a sensor, signal transducer, substrate, or product for heme proteins [42-45].

As examples of the structural information that can be determined using RR spectroscopy, the oxygen
and carbon monoxide ligands are reported herein. Oxygen is one of the most studied diatomic molecules due
to its importance for the survival of many organisms, including humans. On the other hand, the CO adducts
have been studied extensively to probe the interaction between the ligand and the heme-binding pocket.

The v(Fe-C) and v(CO) stretching modes can be easily identified on the basis of their isotopic shifts
observed in *CO compared to '>CO: their wavenumbers are found in the 560 - 480 cm™' and 1890-1980
cm !, respectively, and are strongly affected by the ligand environment [9]. In fact, the polar interactions and
the formation of H-bonds between the bound CO and the distal protein residues modulate the FeCO back-
bonding [46], altering the electron distribution in the FeCO unit, and, consequently, the order of the C-O
bond. The Fe—C bond is strengthened while the corresponding Fe-C—O bond is weakened, thereby the v(FeC)
vibrational wavenumber increases and the v(CO) wavenumber decreases [47]. Based on these effects, an
inverse linear correlation has been established between the wavenumbers of the v(FeC) and v(CO) stretching
modes for a large class the CO complexes of heme proteins containing imidazole as the fifth iron ligand,
which is the most common proximal ligand.
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In the low- wavenumber region of the CO complex of the bacterial truncated hemoglobin from
T. fusca (TfHbO) two isotope-sensitive peaks have been identified in the RR spectra, at 509 and 518 cm™,
assigned to v(FeC) stretching modes. Accordingly, two v(CO) stretching modes have been identified at 1940
and 1920 cm™' (Fig 5) [48]. Therefore, two conformers, form 1 [v(FeC) and v(CO) at 509 and 1938 cm ™,
respectively] and form 2 [v(FeC) and v(CO) at 518 and 1920 cm™!, respectively] were identified.
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Fig 5. Resonance Raman spectra in the low and high wavenumber regions of the '2CO and
13CO-derivatives of the wild type TrHb from T fusca. The two isotopic-sensitive peaks due
to the v(Fe—CO) and v(C-O) stretching modes are indicated in red and blue, respectively.
Reproduced from Ref [9] with permission from the Royal Society of Chemistry.
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Fig 6. Correlation plot between the v(FeC) and v(CO) wavenumbers of the two conformers of
TfHbO (form 1, blue circle, and form 2, red circle), its YB10F-YCD1F-WGSF triple mutant
(red star) compared with two forms of Pseudoalteromonas haloplanktis TAC125 truncated
Hbs, PhHbO-0030 (purple triangle), and Ph-HbO-2217 (purple square). The schematic
representation of the distal side of TftrHb shows the H-bonds involving the iron-bound CO in
the two forms as determined on the basis of MD simulations. Adapted with permission from
Ref [49] Copyright (2010) American Chemical Society.

Figure 6 compares the v(FeC)/v(CO) position along the correlation line of these two conformers
(form 1, blue circle, and form 2, red circle) with the two forms of Pseudoalteromonas haloplanktis
TACI125 truncated Hbs PhHbO-0030 (purple triangle), and PhHbO-2217 (purple square). In addition, the
data obtained for the triple YB10OF-YCDI1F-WGS8F mutant of TfHbO, where TyrB10(54), TyrCD1(67),
and TrpG8(119) were substituted with the apolar Phe residue, are reported (red star). The positions of
the two conformers of TfHbO along the correlation line indicate that the bound CO is stabilized by polar
interactions. Molecular dynamics simulations showed that, during the time scale of the simulation, the distal
polar TrpG8 was H-bonded to the coordinated CO. In addition, the very flexible TyrCD1 could interact
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with CO, though more weakly than TrpGS8 [48]. Therefore, a schematic representation of the distal side of
TftrHb showing the H-bonds involving the iron-bound CO in the two forms determined on the basis of MD
simulations is also depicted. Form 1, whose wavenumbers correspond to a bound CO which is strongly
stabilized by polar interactions, has been assigned to a conformer where both TrpG8 and TyrCDI1 are
H-bonded to the coordinated CO, while the less polar form 2 resulted from a H-bonding between the distal
TrpG8 residue and the bound CO. Accordingly, in the triple mutant, in which polar interactions with the
iron-bound ligand are completely abolished, the v(FeC) and v(CO) shift to 494 and 1957 cm™', respectively
(Fig 6, red star), being these wavenumbers characteristic of a decrease of the FeCO back-bonding.

The v(Fe-O,) stretching mode can be identified on the basis of its isotopic shift observed in 30,
compared to '°0,: its wavenumber is found between 550 and 580 cm ™! and is strongly affected by the ligand
environment. The RR spectra of the oxy complexes of ferrous native and the B10Tyr variant of the truncated
hemoglobin from M. tuberculosis (MtHbN) reveal that the v(Fe—O,) mode is located at 560 cm™ and shifts to
570 cm ™! when the distal B10Tyr is mutated to Leu. The 10 cm™! upshift observed upon mutation of B10Tyr
suggests that this residue is strongly H-bonded to the heme-bound O, and, in agreement with the crystal
structure, mutation of the B10Tyr to Leu disrupts the H-bonding network and causes the shift to 570 cm ™' [42].
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Fig 7. O,-bound HemAT-Bs conformers based on Raman data [54]. Reproduced with
permission from Ref [45] Copyright (2021) John Wiley & Sons, Ltd.

HemAT-from B. subtilis (Bs) is a heme-containing oxygen sensor protein responsible for the migratory
response towards or away from oxygen along oxygen gradients, i.e. the so called aerotaxis, in bacteria and
archaea [50,51]. A conformational change of the active site occurs upon oxygen binding to the heme iron,
which allows the oxygen to be transported to the signaling domain and stimulates the downstream chemotaxis
signaling transduction. Therefore, to understand the sensing mechanism, the active site oxygen interactions
have been probed by RR spectroscopy. The crystal structure of the cyanide complex shows that the bound
CN is stabilized by a H-bonding network which involves two residues, Tyr70, Thr95, and a water molecule
[52]. Upon ligand dissociation, the side chain of Tyr70 rotates by 100° around its C,—Cg bond, the heme
pocket collapses and the protein matrix relaxes to its unligated state. Based on the discovery of this unusual
behavior, site directed mutagenesis and RR spectroscopy have been applied to understand the role of these
distal residues in the oxygen O, sensing process. Three different conformers in the wild-type O, complexed
form have been identified which are characterized by oxygen isotope sensitive bands at 554, 566, and 572 cm ™!
[53]. These bands have been assigned to a closed form, open a form, and open B form, respectively. The
different wavenumbers are a consequence of the different hydrogen bonding interactions between the oxygen
ligand and the surrounding amino acid residues (Fig 7). In particular, it is suggested that the low-frequency
v(Fe-0) at 554cm ! is associated with a very strong bifurcated H-bond involving both oxygen atoms with
the Thr95, via a water molecule. The wavenumber at 566cm ™! is due to a moderately strong hydrogen bond
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between the proximal oxygen and Thr95, which is in turn H-bonded to Tyr70. The highest wavenumber at
572cm™! was attributed to a conformer which does not have any H-bond interaction with the bound O,.

The effect of hydrogen-bonding between the propionate and the protein.

In the low frequency region, the out-of-plane distortions of the heme macrocycle, via the activation
of porphyrin out-of-plane modes, can be also investigated. Moreover, information on the presence of the
H-bond interaction between the protein and the heme propionate peripheral groups in positions 6 and 7 or the
disposition of two vinyl groups in positions 2 and 4 of the heme can be obtained.

Several experimental and theoretical studies show that the propionate peripherical groups have an
active role in heme functionality as well as in the determination of its biochemical properties [54-56]. RR
spectra are able to furnish important information on the structure-function relationships of heme proteins
based on the propionate vibrations. Herein, different heme containing systems, such as globins, nitrobindins,
peroxidases, and coproheme decarboxylases, have been chosen to highlight different results and approaches
used to obtain structural information.

The [3(CpC.Cy)] propionate bending modes typically occur in the region of ~360-390 cm !, They
have been assigned in horse heart myoglobin (Mb) on the basis of the isotopic shift observed upon selective
deuteration of the 6- and 7- propionates [57]. The authors in this work also explored possible effects on the
propionate by the oxidation and ligation states of the heme iron. Interestingly, they found that while the
effect of ligation is modest (the band at 376 cm ! is the same for ferric Mb, and its complex with CN", and
only slightly higher in the Ferrous-CO complex), it is markedly lower in the ferrous deoxy form (370 cm ™).
This contrasting behavior can be clarified by considering that in many heme proteins heme binding to the
protein is stabilized by the hydrogen-bonds between the carboxyl groups of the propionates and the residues
in the heme cavity. An increase of the number and/or the strength of the H-bonds cause a shift to higher
wavenumber of the propionate modes [58]. In horse heart and sperm whale Mb there is an extended hydrogen
bond network which involves the proximal heme cavity side via the Leu89, Ser 92, His93 (the proximal
Fe-ligand), and His97 residues with the peripheral groups of the 7-propionate; similarly, the 6-propionate is
involved in a H-bond network involving the Arg-45 (in sperm whale) or Lys45 (in horse heart), H,O, and
His-64 (distal His) (Fig 8) [59]. The disruption of the hydrogen-bonding network involving the heme-7-
propionate lowers the frequency of the [8(CC.Cy)] propionate bending mode from 372 to 364 em ™' [60].
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Fig 8. Hydrogen-bonding network in the proximal and distal sites of sperm whale
oxymyoglobin (IMBO pdb). Reproduced with permission from Ref [56] Copyright
2007 American Chemical Society.
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In 2007, Harada et al, studied the structure and ligand binding properties of Mb reconstituted
with mono-depropionated heme in order to gain insight into the functional role of each propionate side
chain [56]. The crystal structure showed that in the absence of the 6-propionate the number of hydrogen
bonds in the distal site was reduced and the position of the Arg45 residue clearly changed disrupting the
Arg45-Asp60 interaction. In contrast, the absence of the 7-propionate did not cause any significant structural
change. However, the RR spectra indicated that the coordination bond strength of the His93-Fe bond for
the protein with the 7-depropionated protoheme slightly increases compared to that for the protein with
the native heme. In addition, it was found that lack of the 6-propionate accelerates O, dissociation, while
the lack of the 7-propionate enhances the CO affinity by 2-fold compared the native protein. Therefore,
the authors concluded that the 6-propionate contributes to the stabilization of the bound O,, whereas the
7-propionate plays an important role in the regulation of the Fe-His bond. These results agree well with the
results previously obtained by Kitagawa and coworkers who investigated the effect of deleting one of three
important pathways (His93, 6-propionate, or 7-propionate) studying the UVRR spectra of Mb upon binding
with CO and nitric oxide. They found that the 7-propionate H-bonding network is essential for transmitting
the CO or NO binding signal to the N and C termini, while the 6-propionate is important only for NO
binding [61]. These overall results highlight the important role of the hydrogen-bonding network involving
the propionate substituents for intramolecular signal transduction in gas sensor heme proteins.

The propionates may also play an important role in facilitating the binding between the heme iron
and the incoming ligand, as demonstrated for hemoglobin I (Hbl) of clam Lucina pectinate, present in the
sulfide rich tropical coasts of Puerto Rico. Unlike Mb, the RR spectra of both the ferrous and ferric forms
of Hbl are characterized by a very weak propionate bending mode at 370 cm™', which disappears in the
complexes of ferric-CN, ferrous-CO and ferrous-O, [62]. These data are consistent with the presence of a
moderate hydrogen bond between Arg99 and the heme-7-propionate of Hbl as shown in the crystal structure
[63], but they also suggest that the propionate groups are not tightly anchored to the polypeptide chain since
a change in the surroundings of the propionate upon complexation of Hbl with cyanide, carbon monoxide
and oxygen results in the disappearance of the RR propionate band. Therefore, the authors concluded that a
flexible heme rocking motion contributes to the HblI ligand binding mechanism.
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Fig 9. Left: heme cavity structures of ferric MNb (6R3W pdb, [64]) and HsNb (31A8 pdb, [65]); right: RR spectra
(excitation wavelength 406.7 nm) obtained at pH 6.0 at room temperature. Reproduced with permission from Ref.
[64] Copyright © 2020, Mary Ann Liebert, Inc.
Many other RR studies have shown how the propionate bending mode wavenumbers are sensitive
to the H-bonds. Recently, we have studied and compared two different nitrobindins (Nb) belonging to a
new class of heme-binding proteins whose function is still unknown [64]. The comparison between the
Mycobacterium tuberculosis (Mt) and the Homo sapiens (Hs) Nb showed that the propionate gives rise to
the 5(CpC.Cy) in-plane bending at 372 cm ! with a shoulder at 379 cm™! in M#Nb(III), and to a broader, less
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intense, band centered at 376 cm ™! in HsNb(III). The wavenumber up-shift is in agreement with a different
H-bonding network involving at least one propionate in HAsNb(III) compared with M¢Nb(III). In fact, the
heme cavity structures of M/Nb(IIl) and HsNb(III) show that the propionate on the D pyrrole is hydrogen-
bonded to Thr29 and Lys123 in M/Nb(IIl) and to Thr32 in HsNb(IIl); whereas the A propionate is fully
solvent exposed but H-bonded to a water molecule, which is in turn, H-bonded to propionate D (Fig 9).

Decarboxylation of the propionates in the coproporphyrin-dependent biosynthetic pathway.

The propionate groups are the principal “actors” in the coproporphyrin-dependent biosynthetic
pathway adopted by several gram-positive bacteria to produce heme b since the decarboxylation of the
propionate groups is the final step of the pathway [66-67]. In particular, coproheme decarboxylase (ChdC)
catalyzes the H,0,-dependent oxidative decarboxylation of the two propionate groups at positions 2 and 4 of
coproheme (which contains four propionates in positions 2, 4, 6, and 7) into two vinyl groups of heme b. The
interaction of apo-ChdC with coproheme has been recently investigated by means of RR spectroscopy for
Staphylococcus aureus (Sa), [68-70], Listeria monocytogenes (Lm) [71-74], and Corynebacterium diphtheriae
(Cd) [75]. These studies have demonstrated that the hydrogen peroxide mediates the decarboxylation in two
consecutive steps. The cleavage of the propionate in position 2 gives rise to the formation of the three-
propionate intermediate, monovinyl-mono-propionyl deuteroheme (MMD). This transient species then
undergoes a 90° degree reorientation before the decarboxylation of the propionate in position 4 and the
resulting formation of heme b.
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Fig 10. (A) RR spectra of the coproheme-LmChdC complexes of the WT and mutants obtained at 298 K (A.y
406.7 nm, laser power at the sample S mW). The spectrum of wild-type coproheme-LmChdC is reported in red.
(B) RR spectra of wild-type coproheme and heme 5-LmChdC complexes obtained at 298 K (A, 406.7 nm) and at
80 K (Aexe 413.1 nm). (C) RR spectra obtained at 80 K (A, 413.1 nm) of the coproheme—M 149A variant titrated
with hydrogen peroxide until complete conversion into the heme b-complex. The bands assigned to the bending
modes 3(CgC,.Cy) of the propionate groups in positions 2, 4, 6, and 7 are reported in beige, green, brown, and light
blue, respectively. The 3(CpC,C,) bending modes of the vinyl groups are reported in black. The spectra have been
shifted along the ordinate axis to allow better visualization. Reproduced with permission from Ref [74] https://
pubs.acs.org/doi/10.1021/acscatal.9b00963. Copyright 2019 American Chemical Society.
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RR has been fundamental for the understanding of the molecular mechanism of the enzymes.
In particular, the RR spectroscopic studies of single, double, and triple mutants of firmicute Listeria
monocytogenes (LmChdC), in which H-bonding interactions to propionates 2, 4, 6 and 7 were eliminated,
allowed us to assign the vibrational modes of all four propionate groups in the resting state. In Fig 10A the
comparison of the RR spectra in the low wavenumber region of the coproheme-LmChdC complexes of
the wild-type (in red) and mutants obtained at 298 K is reported. The different propionates are depicted in
different colors. Since, as already mentioned, the wavenumbers of the propionate bending modes correlate
with the H-bond strength between the propionate and the nearby amino acids, decreasing the H-bond
strength is expected to result in a wavenumber downshift of the corresponding RR bending mode. At room
temperature, in the wild-type spectra we observed only three propionate bending modes at 374, around 381
and 392 cm !, therefore, we carried out the experiments at low temperature (80 K) in order to increase the
spectral resolution, since the band-widths decrease as the temperature is lowered. At 80 K, the wild-type
LmChdC spectrum shows four well-defined bands at 374, 383, 389, and 399 cm™! (Fig 10B). Based on these
results, it became possible to monitor the formation of the vinyl groups during turnover, following the H,O,-
mediated conversion of coproheme to heme b (Fig 10C) [74]. It is clearly observed that addition of H,O, to
the coproheme complex causes a progressive decrease of the 2-propionate 3(CgC.Cy) bending mode at 394
cm”! with the concomitant increase of the 8(CpC,Cy) vinyl bending mode at 407 cm”'. The formation of heme
b is confirmed by the appearance of the second vinyl bending mode at 414 cm ™.

The intermediate MMD species must reorientate by 90° after the decarboxylation of propionate
2 to bring propionate 4 in close proximity to the catalytic tyrosine. The mechanism of reorientation can be
achieved via a rotation within the active site or by a release and rebinding mechanism.

Very recently, new insight into the reorientation step of the transiently formed intermediate MMD
has been obtained by the combined analysis of the UV-Vis, RR and molecular dynamics simulations of the
coproheme decarboxylase from Corynebacterium diphtheriae (Cd) [75]. The data allowed us to conclude
that the rotation of the intermediate species takes place inside the active site without its release and rebinding

(Fig 11).

pe pr

Pose 0

Pose 90
1 2 3

Fig 11. Binding orientations for coproheme (green) and MMD (cyan) to CdChdC used
for molecular dynamic simulations. (1) Before the decarboxylation at position 2 of the
coproheme, the propionate (p2) on the porphyrin ring is located in close proximity to the
catalytic tyrosine Y135 (pose 0); (2) after the first decarboxylation before rotation, at position
2 in the intermediate MMD a vinyl group (v2) is found in close proximity to the catalytic
residue Y135 (pose 0); (3) propionate 4 (p4) is found in the position closest to Y135 in MMD
after 90° rotation (pose 90). Reproduced from Ref [75] copyright 2021 Biophysical Society.
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6 Conclusion

RR spectroscopy is a versatile and informative technique to study heme proteins that is also capable
of providing important structural insight complementary to crystallographic studies and other spectroscopic
approaches, such as FTIR, EPR, and NMR. Combined with site-directed mutagenesis, RR has uncovered
important structural features allowing the molecular mechanisms underlying physiological functions to be
understood.
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