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In our continued investigations of microbial globins, we solved the structure of a truncated hemoglobin from
Shewanella benthica, an obligate psychropiezophilic bacterium. The distal side of the heme active site is lined
mostly with hydrophobic residues, with the exception of a tyrosine, Tyr34 (CD1) and a histidine, His24 (B13).
We found that purified SbHbN, when crystallized in the ferric form with polyethylene glycol as precipitant,
turned into a green color over weeks. The electron density obtained from the green crystals accommodated a
trans heme d, a chlorin-type derivative featuring a y-spirolactone and a vicinal hydroxyl group on a pyrroline
ring. In solution, exposure of the protein to one equivalent of hydrogen peroxide resulted in a similar green color
change, but caused by the formation of multiple products. These were oxidation species released on protein
denaturation, likely including heme d, and a species with heme covalently attached to the polypeptide. The
Tyr34Phe replacement prevented the formation of both heme d and the covalent linkage. The ready modification
of heme b by SbHbN expands the range of chemistries supported by the globin fold and offers a route to a novel

heme cofactor.

Hemoglobin proteins are used by organisms in all three domains of
life [1]. This broad distribution is accompanied with functions adapted
to specific metabolic needs and environmental conditions [2,3]. Natu-
rally, trends in reactivity have been correlated against available struc-
tural information across the superfamily with the goal to predict which
enzymatic or binding function dominates in any given globin. For
example, ligand affinity is strongly related to the amino acid makeup of
the heme pocket [4,5]. To refine these reactivity trends and deepen our
understanding of globin chemical versatility, we initiated the study of a
group 1 truncated hemoglobin belonging to an incompletely charac-
terized phylogenetic clade known as subgroup 2 [6]. Our target is from
the deep-sea proteobacterium Shewanella benthica strain KT99, a facul-
tative anaerobe that thrives at cold temperatures and high hydrostatic
pressures [7-9]. In a series of experiments probing the recombinantly
expressed globin for potential activity, we considered the effect of per-
oxides. Here we describe the unexpected formation of trans heme d and
draw a distinction between peroxide reactivity in solution and in the

crystalline state.

The primary structure of SbHbN (Supplementary Material Fig. S1)
has cysteines at positions 51 and 71 (in the myoglobin nomenclature,
these positions are E16 and F10, respectively). Cys51(E16) and Cys71
(F10) are predicted to be outside of the heme pocket and not within
contact of each other. We replaced these cysteines with serines to
eliminate confounding redox reactions. The recombinant pseudo wild-
type protein, termed S2SbHbN hereafter, was prepared heterologously
in E. coli and purified in a stable ferric form using a standard protocol
(Supplementary Material and [10]). Intentional exposure of ferric
S2SbHbN in solution to one equivalent of HyO, resulted in a rapid
discoloration of the solution (Fig. 1). When we monitored reaction
progress by electronic absorption spectroscopy, we noted that the Soret
absorbance intensity dropped during the 6-s dead time. A band appeared
at 675 nm then decayed slowly (t; -5 min), while absorbance at ~595
nm increased and plateaued. Treatment of the peroxide-reacted protein
by acidification and butanone extraction [11], a standard procedure for

Abbreviations: Hb, hemoglobin; HbN, truncated hemoglobin group N; S2SbHbN, Group 1 truncated hemoglobin (Uniprot A9DF82) with Cys51Ser and Cys71Ser

replacements; S. benthica, Shewanella benthica strain KT99; Sb, Shewanella benthica.

* Corresponding author at: Department of Biophysics, Johns Hopkins University, 3400 North Charles Street, Baltimore, MD 21218, USA.

E-mail address: lecomte_jtj@jhu.edu (J.T.J. Lecomte).

1 Present address: Department of Molecular and Cellular Biology, Harvard University, Cambridge, Massachusetts, 02138, USA

https://doi.org/10.1016/j.jinorgbio.2024.112654

Received 11 May 2024; Received in revised form 25 June 2024; Accepted 25 June 2024

Available online 27 June 2024

0162-0134/© 2024 Elsevier Inc. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


mailto:lecomte_jtj@jhu.edu
www.sciencedirect.com/science/journal/01620134
https://www.elsevier.com/locate/jinorgbio
https://doi.org/10.1016/j.jinorgbio.2024.112654
https://doi.org/10.1016/j.jinorgbio.2024.112654
https://doi.org/10.1016/j.jinorgbio.2024.112654
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jinorgbio.2024.112654&domain=pdf

J.E. Martinez Grundman et al.

heme removal, left most of the color in the aqueous phase.

Intact protein ultra-performance liquid chromatography mass spec-
trometry of a peroxide-reacted S2SbHbN sample (pH 7.0) revealed a
mixture of two main polypeptide species: the intact apoprotein
(12,823.3 Da) and a product with a molecular weight of 13,436.7 Da
(Fig. S2) in roughly equal proportions. The latter is larger than that of
the apoprotein by 613 Da, approximately 2-3 Da short of heme b. The
higher mass confirmed covalent attachment of the heme group to the
polypeptide, an adduct we refer to below as S2SbHbN*.

The mass spectrometry data also provided information on heme
species not covalently attached to the protein. Mass signatures of un-
modified heme b (m/z = 616.2), heme b plus one O atom (m/z = 632.2),
and biliverdin-H™ (m/z = 583.7) were readily detected (Fig. S3). The
yield of each species depended on pH over the range 5.5-8.5; low pH
favored S2SbHbN* and the oxidized heme, and high pH favored
S2SbHbN and biliverdin (Fig. S3). Reaction of S2SbHbN with more than
1 equivalent of Hy0, resulted in additional modification(s) of the pro-
tein and heme degradation (Fig. S4), a common observation (e.g., [12])
due in part to the ability of the initial adduct to react with HoO5 and
produce highly reactive hydroxyl radicals.

Formation of a green heme-protein adduct upon the action of HyO»
is reminiscent of the behavior of ferric myoglobin [13,14], in which
protein radicals, notably a tyrosine, are involved [14-18]. In S2SbHbN,
a candidate for a similar role is Tyr34(CD1) (Fig. 1F). A precedent for
reaction at this site was reported by Yan and coworkers who charac-
terized the Phe43(CD1)Tyr variant of myoglobin [19]. In contrast to the
behavior of S2SbHbN, exposure of Y34F S2SbHbN to an equivalent
amount of HyO4 caused reversible spectral changes (Fig. 1D) and no
covalent attachment.

Covalent modification of heme proteins, and especially those
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involving radical species, are generally complex processes requiring
extensive experimental work to achieve detailed structural identifica-
tion and complete mechanistic description [18,20]. To begin the
investigation of the S2SbHbN reaction, we sought to determine the
structure of the unreacted protein. We observed that when samples of
ferric S2SbHbN with added cyanide as an exogenous heme ligand were
allowed to crystallize in the presence of polyethylene glycol under
ambient light, crystals formed that, over time, changed color from red to
brown to green, indicating loss of the cyanide ligand followed by
modification of the heme group. No such transformation was observed
in crystals of the Y34F variant. Different X-ray diffraction data sets were
thus collected on cryogenically preserved S2SbHbN crystals at different
stages of coloration (Table S1). One data set obtained on a red crystal
resulted in a 1.8-A model with the expected group 1 truncated hemo-
globin fold topology and heme iron bearing cyanide (PDB 8UGZ,
Fig. 1F). A second data set collected on a green crystal yielded a 2.0-A
model (PDB ID 8VSH) with two noteworthy features. First and surpris-
ingly, Tyr34(CD1) and all other residues were unmodified compared to
the structure of the red protein. The position of Tyr34(CD1) above the
heme plane on the distal side was identical to that in the unreacted
protein next to His24(B13) (Fig. 1F), the residue likely responsible for
the pH dependence of product formation in solution. Second, density
extending from ring D of the cofactor did not accommodate heme b
substituents, i.e., a methyl group at C2D and a propionate at C3D
(Fig. 1F). Instead, the density housed an additional hydroxyl group on
C2D and a y-spirolactone at C3D (Fig. 2). The carboxyl oxygen of the
lactone points unambiguously to the distal side of the heme cavity.
Electron density at C2D appears more intense in trans with respect to the
ester than in cis. Thus, we built the modified heme with R stereocenters,
distinct from the configuration assigned to the d-type heme in catalase
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Fig. 1. Reaction of ferric S2SbHbN (9 pM, A-C) and its Y34F variant (7 pM, D-E) with equimolar amounts of H,O, as monitored by electronic absorption spec-
troscopy. Black spectra: unreacted proteins; red to blue spectra: time course. The arrows in B, C, and E indicate the absorbance value of the ferric species prior to
H,0, addition. Conditions were 20 mM phosphate buffer, pH 7. Pre-treatment with cyanide inhibited the reaction. (F) Key residues in the distal pocket of cyanide-
bound S2SbHbN (PDB ID 8UGZ, chain D, Table S1). Two carbons of interest on pyrrole D are indicated by arrows. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Electron density (2mF, — DF,) of trans heme d in PDB structure 8VSH (green crystal). Left: chain C contoured at 1.2 o. Right: chain A contoured at 1.0 ¢
emphasizing the differential density on the C2D substituents. The distal water molecule is shown with a cyan sphere to orient the view. The absolute configuration at
C2 and C3 on pyrroline D is R. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

HPII [21-23] and cytochrome bd [24]. Electron density for the same
modified heme was observed in all four chains in the asymmetric unit.
Lastly, a third data set, from a crystal that had turned partially from red
to green, was modeled to 1.8 A with a mixture of heme b and trans heme
d in each of the four chains in the asymmetric unit (PDB ID 8W3A)
without the need for additional cofactor derivatives. The polypeptide
chains of the three structures matched with root mean square deviations
better than 0.2 A. Overall, the data are consistent with the formation of
unhydrolyzed heme d and minimal consequences for the protein struc-
ture, in agreement with a reaction that occurred in the crystal without
damaging it.

The oxidative pathway proposed by Sugiyama et al. for the peroxide-
induced reaction in myoglobin (Scheme 1, [25]) is plausible for SbHbN
in its crystalline form: (i) reaction of the iron center with diffusing
peroxide released by polyethylene glycol [26] and formation of a
porphyrin cation radical; (ii) attack of the cationic site by the heme
carboxylate on ring D and formation of a y-spirolactone; (iii) return to
the Fe(III) state; and (iv) addition of a water molecule and formation of
an alcohol vicinal to the lactone. In this mechanism, differential salt
bridge and steric interactions control the regio- and stereospecificity of
the product. In SbHbBN, the more stable trans product is favored, as
originally proposed for cytochrome bd oxidase [27,28].

Returning to the reaction in solution, the species with m/z = 632.2
(heme plus one O atom) is tentatively identified as heme d because of the

facile reaction in the crystal. The time series shown in Fig. 1A reflects the
evolution of a complex mixture producing and consuming intermediates
(e.g., 675 nm) and generating among other species a heme-protein
cross-link (595 nm). It is likely that, when crystal packing interactions
are absent and one equivalent of HoO; is added at once, a radical is
formed that migrates to a protein residue [25] (Scheme 1). The behavior
of Tyr34Phe S2SbHbN suggests that Tyr34(CD1) plays a key role in the
initial step, perhaps stabilizing species I in Scheme 1. We envision the
next step to be an electron transfer from the porphyrin to a nearby
residue such as Tyr60 in the EF loop or Tyr79(G5).

In catalases, the in-situ formation of cis heme d [29] may result from
the action of singlet oxygen [30] via an epoxide intermediate [31]. In
cytochrome bd oxidases, available structures also favor the cis isomer
[24]. No dedicated enzyme has been found for the conversion, and self-
modification is likely, either in the assembled cytochrome or in CydCD,
the ABC transporter that delivers hemes to the periplasm [32-34]. The
ease with which both trans heme d and a protein-heme covalent cross-
link are formed in the S. benthica hemoglobin casts this protein as a test
case for future mechanistic studies. Aspects such as the competition
between conversion to heme d and cross-linking, control of heme
d configuration and regiospecificity, effect on redox potential, role of
cysteines, etc. can be addressed in this small protein. The modification
may also signal different physiological roles related to reactive oxygen
species management and the metabolism of heme in S. benthica and

Scheme 1. A possible path to heme d in the crystal, starting with a His—Fe(IV)-OH species. In solution, a competing process moves the radical from species I to a

protein residue, leading to a protein-heme linkage. Adapted from [25].
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suggest a path for the synthesis of trans heme d in this and related
bacterial organisms.
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