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Abstract

PFam Clan 0032, also known as the CDE superfamily, is a diverse group of at least 20 protein
families sharing a common «, B-barrel domain. Of these, six different groups bind heme inside the
barrel’s interior, using it alternately as a cofactor, substrate, or product. Focusing on these six, an
integrated picture of structure, sequence, taxonomy, and mechanism is presented here, detailing
how a single structural motif might be able to mediate such an array of functions with one of
nature’s most important small molecules.

Introduction

When the human genome project began in 1990, sequencing one person’s genome may have
seemed as overly ambitious as an earlier generation’s pledge to put a man on the moon. Yet,
one decade and 3.4 gigabases later, the secret of the human blue print was unlocked.

Yet more inconceivable than those 3.4 billion base pairs, which fill the pages of 100
volumes on a bookshelf in the Wellcome Trust, is the size of their legacy. The European
Bioinformatics Institute now maintains close to 80 million independent sequence entities in
the TREMBL database, from organisms of all types. This number continues to rise
exponentially with time. Understanding one’s own favorite sequence amid such a vast
sequence space is akin to picking out a single star in a bright night sky. There, in the context
of its neighbors, it may be possible to discern not only its properties but — continuing with
the analogy — its membership in constellations and distance from other celestial landmarks.
An early exercise in such sequence gazing led Maixner et al. to note that the gene encoding
chlorite dismutase (Cld), an enzyme that catalyzes the detoxification of chlorite (CIO,7) to
CI~ and Oy, was found in nearly all Bacterial and many Archaeal phyla.! This is in spite of
the fact that very few microbes were known to require such a reaction, which acts as the
terminal step in the respiration of perchlorate (ClO47) or chlorate (ClO37).2
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This extraordinary observation, based in sequence, led our group to more closely examine
the Cld structure in the context of known structural motifs.3 When the first Clds were
crystallographically characterized, the heme-binding domain of Cld was considered unusual
for its mixed a-helical/p-sheet composition, since well-studied heme proteins were mainly
a-helical.4~" However, we noted that the domain structure had been seen in heme-related
contexts before,8 and appeared to be widespread enough to be the basis of a protein
superfamily. In keeping with convention, we gave it the common name “CDE”, an acronym
for three of its then partially-characterized families, all of which bound heme: Clds, dye-
decolorizing peroxidases (DyPs), and EfeBs (an elision of “Escherichia coli” and “Fe”).

With the aid of improving analytical tools and a growing sequence database, it is now clear
that the CDE superfamily is much larger and more diverse than initially expected. This
article aims at highlighting what is currently known about the content and scope of the
superfamily, with a particular emphasis on its heme-binding members. The latter proteins
alone fall into at least six distinct families, which use a histidine-ligated heme b or a closely
related tetrapyrrole as either a cofactor, a substrate, or reaction product. These families
include the previously mentioned Clds, DyPs, and EfeBs, as well as the aldoxime
dehydratase (OxdA), IsdG, and HemQ families (Table 1; each family to be described
individually below). Within the Cld, DyP, and OxdA protein structures, heme is a tightly
bound cofactor and the site of a catalytic process in which its iron directly binds and
activates chlorite (ClO,™), peroxide (H»0O5), or an aliphatic aldoxime (R-CH=NOH),
respectively. Within the EfeBs, which belong to a subgroup of the large and diverse DyP
family, 913 heme plays a role in the assimilation of iron, though its precise catalytic
function has been the subject of some debate (discussed below). In two more families, the
IsdGs and HemQs, heme serves respectively as a substrate and a product. In the IsdGs, heme
is a non-innocent, O,-activating substrate in an oxygenase reaction that results in release of
the ring-opened tetrapyrrole and iron. Finally, the HemQs are currently grouped as a Cld
subfamily (see below), though they are clearly functionally distinct. It was recently shown
that HemQs convert coproheme to heme b via two oxidative decarboxylations of the
substrate’s propionate side chains (see below and elsewhere in this issue).1

Based on what is currently known from experimental data, we propose below how the same
basic protein architecture may accommodate such a diversity of functions with heme. Our
treatment of the subject cannot be comprehensive in a short-format article and consequently
focuses on salient ideas derived from an analysis of informatics, structure, and mechanism.
We wish to acknowledge the many authors whose work cannot be fully addressed here, and
encourage the interested reader to view the other outstanding articles in this special issue,
which focus on individual proteins and families in greater depth.

Content and shape of the superfamily

Protein superfamilies are in concept about as old as the sequencing boom. In 1990,
analyzing all 350 of the then-available protein structures, Farber and Petsko noted that 17 —
close to 10% of all of the structurally characterized enzymes — shared the same a/p TIM
barrel structure. This suggested that the TIM barrel could act as an exceptionally good
scaffold for a variety of reactions, one that nature could in principle have arrived at
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independently, several times in evolutionary history. They instead argued that all TIM-barrel
proteins descended from a single common ancestor, and detailed how this group could have
diversified into (at least) four families with distinct enzymatic functions.1>

The structures in the Protein Data Bank now number more than 100,000, but the early
concepts of superfamily and family established by these and other authors remain roughly
the same. The superfamily, of which there are ~2,000 in total, is the largest grouping (or
clade) of proteins for which common ancestry can be inferred. This inference is based on
structural alignment even if little or no sequence similarity is apparent.16 Families are
defined as groups of proteins that, in addition to common ancestry and structure, share
related functions and more overtly similar sequences. Notably, because the definition of
family depends on function, distinguishing new families from old requires the experimental
input of biologists and biochemists. Hence, new family or “subfamily” designations
continue to emerge as more of sequence space is empirically explored. (See below.)

A number of efforts at organizing protein structures into superfamilies have been made,
resulting for example in the Structural Classification of Proteins (MRL and Berkeley
National Lab) or SCOPel7:18 and Pfam databases (European Bioinformatics Institute, the
Wellcome Trust, and the Howard Hughes Medical Institute). These overlapping efforts have
led to some redundancy in nomenclature. Hence, the CDE superfamily in the SCOPe
database is known rather colorlessly as “dimeric alpha+beta barrel containing,” or via its
numerical designation, 54909. The same superfamily is designated as clade CL0032 by the
Pfam database, which lists 18 constituent families while SCOPe names 24. In spite of the
differences in numbers, the family organization proposed by the two databases is
nonetheless largely similar. The names and several salient properties for all of the CDE
families, many of which are uncharacterized, are summarized in Table 1.

We have previously used phylogenetic trees to visually subdivide the superfamily and its
constituent families;3 however, its sheer size now necessitates a more sequence-inclusive
approach, such as that offered by sequence similarity network analysis (Cytoscape).19:20
This “all-by-all” method of sequence comparison is conceptually similar to phylogenetic
tree drawing but capable of organizing thousands of sequences at a turn. Sets of closely
related sequences are represented as dots or nodes, and sequences related to one another at
the given stringency (similar to the BLAST e-value) are clustered or connected by lines. All
of the CDE sequences (currently >100,000) grouped into their Pfam-designated families at
the stringency shown (Figure 1). From this analysis, it is clear that some families within the
superfamily are more closely related to one another than others; those which are connected
by multiple lines between the nodes, for example, are more closely related to one another
than those joined by few or none. Moreover, several of the Pfam-designated families
actually encompass multiple functions, and could justifiably be subdivided further. Higher
stringency analysis of the Cld and DyP families, for example, has been used here to break
them into subfamilies, as discussed further below.
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Domain architectures and oligomerization states

CDE proteins share a common domain structure consisting of 2110 amino acids arranged in
a series of alpha helices on one side of a barrel and beta sheets on the other. This domain is
remarkably versatile with respect to the architectures and oligomerization states in which it
is acts as a building block. Figure 2 shows examples of all of the architectures and
oligomerization states described below. Table 2 provides a list of representative protein
structures from the families of interest, with their protein data bank identification (PDB ID)
codes and references.

In the Cld, HemQ, DyP, EfeB, and OxdA families, with at least one notable exception,’ the
domain occurs twice in tandem on the same polypeptide. In the structurally characterized
proteins from these families (see references for several examples),46:8:11.20-40 heme s
found only in the C-terminal domains. This is in spite of the presence of both a cavity and in
some cases potential iron ligands inside the empty domains, which tend to be more compact
than their C-terminal counterparts.3 The bidomain subunit can exist as a lone monomer, as it
does in some DyPs.22:40 Alternatively, it forms a “head-to-tail” homodimer in other DyPs as
well as EfeBs and OxdAs,26:27 in which the N-terminal domain of one monomer is adjacent
to the C-terminal, heme-binding domain of the next. In some DyPs, the dimer further
assembles into a trimers-of-dimers or homohexamer.24 By contrast, in the oxochlorate-
respiration-associated Clds and in the HemQs, all of the C-terminal (heme-binding) portions
mutually align on one face of a homopentamer.#-6:35-39 Exceptions to this rule are the non-
respiratory Clds, which are monodomain proteins that form dimers in which the two C-
termini align.”

In contrast, the 1sdGs are all single-domain proteins. These assemble into dimers that
resemble the figure-8-shaped, bidomain subunit of the families described above.#1-4° The
larger antibiotic biosynthesis monooxygenase (ABM) family, of which the IsdGs form a
relatively small part, is structurally very diverse. It contains proteins with one or two ABM
domains on the same polypeptide. These domains are also found appended to other
structurally distinct proteins with a wide variety of functions. Notably, the substrates and
heme-binding properties of many ABM proteins have not been determined, though the
family as a whole appears to be functionally very versatile. The diversity of the family is
reflected in its sprawling representation, relative to all of the other families, in Figure 1.

As illustrated in Figure 2, the different oligomerization states and subunit interactions
observed in these structures clearly influence the solvent and substrate accessibility of the
heme-binding pocket. Coupled with their distinct sets of conserved active site residues
(discussed below), these structural differences likely give rise to the spectrum of catalytic
properties observed for these families.

Finally, in some of the CDE families outside the heme-binders highlighted here, several
impressively large homo-oligomers have been structurally characterized. Members of the
muconolactone delta-isomerase (Mlase) family (Table 1), for example, form homodecamers
which resemble the Cld/HemQ homopentamers (Figure 2).46:47 The sulfur-oxidoreductases
(SORs) are non-heme-iron-binding 24-mers with a large open cavity in the center (Figure
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2).48 These structures again illustrate the tremendous flexibility of the domain as a building
module.

One pocket, many binding modes

Since several CDE families bind heme b or closely related molecules, one might reasonably
predict that the heme binding mode to the domain would be relatively static. However,
structural biology has shown otherwise. Heme in fact binds in two distinct, non-overlapping
regions of the domain pocket. In each case, it assumes multiple orientations with respect to
the positions of its methyl, vinyl, and propionate side chains. The overlaid structures of
representative heme-binding domains illustrate this point best (Figure 3A-D). The Cld
(green) and DyP (cyan) hemes occupy the same plane and roughly the same position in the
cavity (Figure 3B). However, their orientations differ by an approximate 180° (Cy) rotation
around an axis passing through N22 and N24 (IUPAC numbering) and bisecting the A and C
rings of the porphyrin (Figure 3E). This rotation swaps the positions of the B and D rings,
switching a vinyl with a propionate ring substituent. (Note that the hemes in available EfeB
structures superimpose with those in their sequence cousins, the DyPs, and are consequently
not discussed separately here.11:32)

The OxdA and IsdG hemes, by contrast, occupy a position close to one another but far lower
in the pocket and on an entirely different plane from Cld/DyP (Figure 3B). Their heme
orientations are likewise related to one another by an approximate Cs rotation through the
A-C ring axis (Figure 3F). The flexibility in this region of the pocket extends to
accommodating two bound hemes in the 1sdG-family protein from Mycobacterium
tuberculosis (MhuD) (Figure 3G).41 One heme occupies a position similar to that of single-
heme-binding homologs from Staphylococcus aureus. The second stacks beneath the first,
and is related to it by the same C, rotation observed elsewhere in this superfamily. This
arrangement appears to minimize steric clashes between methyl and vinyl side chains on the
adjacent macrocycles. It also brings the lower ring into more or less the same orientation,
with respect to the heme side chains, as the single heme in the other crystallographically
characterized proteins from the IsdG family.

Finally, the structures of four probable HemQ-family proteins are available, from
Geobacillus stearothermophilus, Thermoplasma acidophilum, Thermus thermophilus, and
most recently, Listeria monocytogenes; however, as heme is a product in the HemQ-
catalyzed reaction, it appears to bind characterized members of the family with relatively
weak affinity.33:34:38 Hence, the available structures have either an empty cavity or a solvent
molecule above the conserved histidine where the coproheme substrate is expected to bind.
Notably, the HemQs and Clds are very closely related in sequence (Figure 1) and are
consequently members of the same Pfam family (Table 1); yet, the Clds bind heme avidly as
a cofactor. The superimposed structures of a solvent-bound HemQ and heme-bound Cld
suggest several reasons for their distinctly different interactions with heme. First, the
probable tetrapyrrole binding site in HemQ has more room for accommodating the two extra
propionate groups that distinguish coproheme from heme (Figure 4). In particular, a leucine
residue present in Clds but not HemQs occludes a potential mooring place for a coproheme
propionate. This region is occupied by a molecule of polyethylene glycol in the HemQ
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structure from G. stearothermophilus (Figure 4A). Moreover, the Cld/HemQ monomer
secondary structures largely cohere, with the exception of a large helix-loop segment
(residues ~110-140) where they diverge widely. The lifting of this segment on all four
HemQ structures relative to the Clds creates an obvious opening where the coproheme
substrate and heme product could enter and leave the protein (Figures 4B and 4C). The
appearance of a partially conserved, positively charged KRR or RRR motif in the helical
portion of the segment, in HemQs but not Clds, is further suggestive of a mechanism by
which this “gate” could close around the substrate or interact with another protein. These
hypotheses are currently being tested by our research group.

Understanding function: Heme as a cofactor

The superfamily’s diversity of heme binding modes, oligomerization states, and conserved
active site residues (discussed below) supports a variety of reactions within the same
structural scaffold. These include the catalysis of three distinct reactions with heme as the
cofactor: O, generation (Clds), peroxidase-style one electron oxidations (DyPs, EfeBs), and
dehydration of aldoximes to yield nitriles (OxdAs). What is known about how these
reactions work and how the chemical environment of the heme promotes them? Briefly:

Chlorite dismutases

The chlorite dismutases detoxify ClIO,™ by catalyzing its rapid conversion into CI~ and O,.
This unusual reaction constitutes the terminal step in the respiration of perchlorate (ClO4"),
a metabolic pathway which was considered unusual when it was discovered in the late 1990s
because the substrate was thought to be almost entirely unnatural.? Subsequent

investigation, however, has identified photochemical reactions in the stratosphere as a robust
and potentially ancient source of ClO,~,49:°0 on Earth as well as Mars. Microbial removal is
now believed to account for the anion’s scarcity in most terrestrial environments. Though
the real diversity of perchlorate-respiring microbes may not be known, many Proteobacterial
species with this metabolism have been identified.>152 In each case, the organism possesses
either a dedicated ClO4~ or chlorate (CIO3™) reductase in addition to a chlorite dismutase,
whose major biological function is to detoxify ClO,~ by producing oxygen gas.2>3

Clds from these respirers share several common active site features (Figure 5A). They have
a proximal histidine ligand which, in spite of its hydrogen bond to a conserved glutamic
acid, has vibrational properties consistent with a more neutral imidazole ring than in heme
peroxidases, akin instead to the proximal ligand in myoglobin.>4:55 On the heme periphery
are a pair of conserved tryptophan residues (W155 and 156 in the Cld from Dechloromonas
aromatica) very near to the monomer’s surface. Mutation of these residues to phenylalanine
appears to destabilize the oligomerization state of at least the D. aromatica Cld, suggesting
that they are important for maintaining the protein’s subunit-subunit interface.?® The heme
propionic acids are stabilized by hydrogen bonds to backbone amide nitrogens and a
conserved tyrosine (Figure 5A).°

The distal pocket acts as a sterically confined “roof” over the heme’s open coordination
position. A strictly conserved arginine (R183 in the D. aromatica Cld) is a conspicuous
exception in this otherwise hydrophobic distal pocket. The arginine is absolutely critical for

Arch Biochem Biophys. Author manuscript; available in PMC 2016 May 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Celis and DuBois

Page 7

efficient oxygen formation and a signature residue distinguishing O,-generating from non-
generating members of this family (see below). It has been shown to have roles in recruiting
and stabilizing bound anionic ligands, and has been proposed to stabilize the anionic, acetate
leaving group in the oxygen-atom transfer reaction between ferric Cld and peracetate
(CH3C(0)CO0).5” An analogous role seems highly plausible for the reaction between Cld
and chlorite. The hypochlorite leaving group has a near-neutral pKa but would be stabilized
in deprotonated form by the positively charged arginine. This would render it more
nucleophilic and hence better poised to react with the electron-deficient oxygen of a Cld
ferryl porphyrin cation radical species (Compound ).

There is additionally a second group of Clds which, as discussed above, form homodimers
instead of pentamers and which have a single domain on each polypeptide instead of a
pair.”->8 These Clds come from non-perchlorate or —chlorate respirers, and have been
identified primarily in diverse Proteobacterial species.?® They form a distinct group in
phylogenetic’ or network analyses of the Cld protein family (discussed in Figure 7 below).
Unlike the respiratory Clds, which are preceded by a SecB peptide earmarking them for the
periplasmic space, these Clds appear to be cytoplasmic. They moreover possess the critical
distal arginine and indeed have been shown to produce O, from chlorite.”®8 What is the
selective advantage for having a chlorite detoxification system in so many bacteria,
especially pathogenic species? It has been suggested that toxic chlorate, which many
bacteria can incorporate via nitrate uptake systems, might be transformed by respiratory
nitrate reductases to water and chlorite.>° A functional Cld would then afford some
protection to the organism from ClO,~ produced endogenously in the cytoplasm. Using a
Acld strain of Klebsiella pneumoniae, we indeed observed a substantial growth defect due to
chlorate specifically under nitrate-respiring conditions.89 This suggests that environmental
chlorate, which like perchlorate has until recently flown under the geochemical radar,62
might be pervasive enough in some environments to promote the genomic retention and
transfer of cld genes. The chemistry of these “non-respiratory” Clds, as well as the Cld-like
HemQs, lies at the frontier of this field. The latter proteins are further described below.

Dye-decolorizing peroxidases and EfeBs

The DyPs are a diverse group of enzymes, predominantly from Bacteria and Fungi (and a
few higher Eukaryotes), first explored by Shoda, Kim, Sugano, et al. in the late 1990s-early
2000s.52 This group showed that DyPs catalyze peroxidase-type reactions at a ferric heme.
The peroxidase reaction is canonically described as a three-step process:

Peroxide activation: Fe!!l(Porphyrin) + H,05 + H* — H,0 + Fe!V=0(Porphyrin®+)
(Compound I)

Oxidation 1: Fe!V=O(Porphyrin*+) + substrate-H — Fe!V-OH(Porphyrin) (Compound
I1) + substrate®

Oxidation 2: Fe!V=0(Porphyrin) + substrate-H — Fe!'l(Porphyrin) + H,0 + substrate”

The initially characterized members of the family had the unique ability to degrade dyes
sharing the 3-ring aromatic core structure of 9,10-anthraquinone; hence, they were called
“dye-decolorizing.63:64” Having the capacity to oxidize these chemically intransigent,
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biotechnologically important substrates is the first hallmark of this group. Currently known
DyP substrates are diverse, and include reduced transition metal cations such as Fe(ll) and
Mn(11),65:66 aromatic species,®3:6467 porphyrins,13 and very large polymers including
lignin.40:68.69 DyPs are also structurally distinct from the many plant, fungal, and
mammalian peroxidases studied before their discovery, not only in the overall heme scaffold
but also at the active site (Figure 5B), where they possess a conserved His-Asp-Arg motif.
These structural and consequent mechanistic distinctions from the well-studied peroxidases
are a second major hallmark of the DyPs

The diversity of this family has become better appreciated as more sequences have been
deposited and characterized. Peroxibase (http://peroxibase.isbsib.ch/), an online repository
for information about peroxidases, lists subfamilies A-D of DyPs based on phylogenetic
analysis. Members of the A subfamily are also known as the EfeBs. EfeBs are found in
diverse bacteria as part of an iron-regulated, three-gene efeUOB operon (orthologs in some
species are known as fepABC).® EfeU is a transmembrane protein that is homologous to the
high-affinity iron permease, Ftrlp, of Saccharomyces cerevisiae. EfeO is a periplasmic
protein with a cupredoxin N-terminal domain and possible metal transporting capabilities.”®
EfeB is also periplasmic, brought there in its heme-bound form via the twin-arginine
transporter (Tat) system.’? The exact role of EfeB in iron assimilation is not known. It has
been described as an Fe(l1)-oxidizing peroxidase, producing Fe(l1l) for delivery to inner
membrane ABC transporters.® Supporting this description, Fe-55 transport and in vitro
catalytic assays have demonstrated the protein’s involvement in Fe(Il) import and its
chemical capabilities as a peroxidase.®21 Heme itself has also been proposed as a
substrate;10:72 however, the proposed reaction, involving liberation of iron from the
tetrapyrrole, has not been directly demonstrated.

At least one EfeB (DyP-A), from the Actinomycete Rhodococcus jostii RHA1, has been
studied biochemically.24 Two paralogous enzymes from this organism, designated DyP-A
and DyP-B, due to their membership in the Peroxibase DyP-subfamilies A and B, were
compared in order to assess their possible utility in lignin degradation. Using genetic
knockouts and a lignin-degrading assay, RjDyP-B was shown to be capable of manganese-
dependent lignin degradation.24.65 The role of manganese may be as an electron conduit:
Mn(I11) is enzymatically reduced to Mn(11), which in turn is released from the cell where it
acts extracellularly as an oxidant toward complex organic substrates. Biochemically, RjDyP-
B behaves like a peroxidase. Upon reaction with one equivalent of H,O,, RjDyP-B formed a
spectrum characteristic of a typical peroxidase Compound I intermediate. Its second-order
rate constant for Compound | formation and steady-state Keat/Km(H202) and Keai/ Km(dye)
were moreover indicative of a respectable level of peroxidase activity. By contrast, RjDyP-A
did not degrade lignin in the same assay. When mixed with an equivalent of H,0,, a ferryl
(Fe(1V)=0) spectrum with a Soret peak at 419 nm and a and § bands at 557 and 528 nm
formed, rather than Fe(1V)=0O(Porphyrin*+). Compared with RjDyP-B, RjDyP-A reacted
much more slowly with H,O, and had a ~100-fold lower k.;/Kpm(dye), suggesting that it is
not as clearly peroxidase-like under the conditions tested. In short, phylogenetic distance
and differences in operonic structures, regulatory motifs, subcellular localization, and
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catalytic properties all suggest that the EfeBs are a distinct DyP subtype, with a likely role in
Fe uptake.

Generally speaking, the characterized DyPs outside the EfeB group appear to catalyze
peroxidase reactions with a diverse range of preferred substrates, kinetic properties,
biological roles, and sources. How diverse are they? Network analysis of the DyP family
indicates that, at a moderate level of stringency, the family groups into four clusters (Figure
6). Proteins in the EfeB cluster (group 1) are almost entirely from bacteria. Many of these
proteins are annotated as having a Tat-transporter peptide (Figure 6, right panel), and many
appear to share an efeOUB-like operonic context. Members of a second cluster include a
mixture of Bacterial and Fungal proteins, where the peroxidase reactions they catalyze serve
a variety of proposed cellular housekeeping functions, including melanin or tyrosine
biosynthesis (TyrA) and cytochrome maturation (YfeX). This group is dominated by
members of the Peroxibase DyP-Bs. A third group contains characterized DyP-C and -D
proteins, many from species known to have a biological need for peroxidase-mediated
biodegradation of lignin or other plant products. For example, Bjerkandera adusta, the
source of one of the first studied DyPs, is a fungal pathogen of plants and a causative agent
of white rot. Auricularia auricula-judae, another source of fungal DyPs from the third group
is a saprophyte, gaining nutrition from dead or dying elder trees. The need to tackle such
large or structurally diverse substrates could distinguish the proteins from this cluster from
the peroxidases in cluster 2. The DyP from A. auricula-judae, for example, has been shown
to accommodate large substrates at its surface, which is connected to the heme site via a
proposed conduit of amino acids.25, Notably, the proteins in the third group neatly partition
along taxonomic lines, into Bacterial and Fungal subgroups (Figure 6, left panel). Finally, a
small cluster of DyP proteins deriving predominantly from halophilic Archaea forms a
fourth group. The functions of these are not known, though some of them are predicted to
have an N-terminal Tat sequence (Figure 6, right panel).

Structurally and mechanistically, the DyPs are distinct from the better-known

peroxidases. 375 In the latter, a distal pocket histidine (pKa = 7) is stabilized in its neutral/
deprotonated state by a nearby arginine, allowing it to act as a base toward H,O, (pKa =
12).76 Removal of the peroxide proton facilitates binding of the HOO™ anion to the ferric
iron. Subsequent heterolytic cleavage of the Fe(111)O-OH bond is 5-orders of magnitude
faster in wild type cytochrome ¢ peroxidase, relative to a mutant in which the distal histidine
is substituted by leucine.”” In DyPs, there is no critical distal histidine; however, there is a
conserved arginine-aspartic acid pair (Figure 5B). The latter was shown to act, in lieu of the
histidine, as an active site base in the DyP from the fungus Bjerkandera adusta.’® However,
a mutagenesis study of the DyP from the bacterium Rhodococcus jostii demonstrated that
mutants at this position had very little effect on catalysis, while the companion arginine
residue was absolutely essential and proposed to itself act as the active site base.2> The
discrepancy has not been fully explained. However, these two DyPs come from very
different organisms, could act on very different preferred substrate types, and represent
distinct branches of the DyP family tree (Figure 6). It is possible that they could use distinct
catalytic strategies.
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The DyPs not only have a distinct complement of active site residues but also, as shown in
Figures 3B and 3F, a unique heme binding mode. The heme is rotated around the A-C ring
axis relative to the heme in Clds. This places the propionate on ring A within hydrogen
bonding distance of the distal arginine (Figure 5B). This residue forms bridging hydrogen
bonds between the propionate and the conserved distal aspartic acid, placing all 3 moieties
near the center of the action, catalytically speaking. This is in contrast to the Clds, where the
distal aspartate is absent and the propionate is not in a position to form a hydrogen bond to
the distal arginine (Figure 5A). The Cld arginine therefore either hydrogen bonds to the
heme ligand or adopts an open conformation, pointing away from the heme iron, which
enables access to the active site.

Aldoxime dehydratases

OxdAs are among the most recent proteins of this superfamily to receive structural and
mechanistic attention.27:28 Like Clds and DyPs, they have a proximally histidine-ligated
heme and a mostly-hydrophobic distal pocket. However, unlike Clds or DyPs, OxdAs are
catalytically active in the ferrous form, and the substrate-bound ferric form of the protein is
catalytically dead. OxdAs catalyze the conversion of an aliphatic aldoxime (R-CH=NOH) to
the corresponding nitrile (R-C=N) and H,0, and they are found only in select taxa. Among
the Bacteria, they occur primarily in Actinobacteria and a, 3, and vy Proteobacteria. Among
the Fungi, they are found only in the Ascomycota and not in the filamentous Basidiomycota.

A structure-based mechanism (Figure 5C) was recently proposed (Scheme 1).28 The
aldoxime (R-CH=NOH) substrate directly binds the heme iron through its nitrogen atom,2’
where it forms hydrogen bonds to conserved serine and histidine residues through its -OH
group. The histidine is adjacent to a conserved arginine which, like in the canonical
peroxidases, is an arrangement that is proposed to stabilize the distal histidine in its neutral/
deprotonated form. Heterolytic cleavage of the N-OH bond is facilitated by this histidine,
which acts as an acid in the formation of H,O as a leaving group. The deprotonated/
imidazolate ring then formed on the distal histidine is stabilized by partial or complete
proton transfer from the nearby distal arginine. N-OH heterolysis is accompanied by the
formal movement of two electrons from the ferrous heme and onto the coordinated nitrogen,
forming an unusual Fe!Y=N=CH-R intermediate. This high-valent species is reminiscent of
the Fe!V=0 (Compound I1) intermediate formed in peroxidases and many heme-containing
proteins. Proton donation from the intermediate to the distal histidine leads to the formation
of the C=N-R product and the regeneration of the ferrous heme.

While the distal serine, histidine, and arginine all have direct chemical roles in this proposed
mechanism, the general hydrophobic nature of the pocket has been suggested to promote the
evolution of H,O by entropic means. By the same token, the hydrogen bonding network
anchoring the propionates and connecting the proximal and distal pockets have been
proposed to modulate the electronic structure of the heme, allowing it to toggle between the
Fe(l1) and Fe(IV) states.”®
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Heme as a substrate and product

HemQs

The CDE structural scaffold supports at least three types of heme-based catalysis. (See
above.) Remarkably, it also uses heme derivatives as substrates and products in the HemQ
and IsdG families:

The HemQs are very close sequence relatives of the respiratory Clds — so much so that Pfam
still groups the Clds and HemQs into a single family (Table 1), and network analysis
resolves the two groups only at relatively high levels of stringency (Figure 7). These
proteins are nonetheless clearly functionally distinct. This is made dramatically clear when
comparing the reactivity of both proteins with CIO,™. Clds rapidly undergo thousands or
tens of thousands of turnovers with this potent oxidant in order to generate O,.80 By
contrast, the heme bound to the HemQ from Staphylococcus aureus is completely destroyed
by exposure to just five equivalents of chlorite.81

The taxonomic distribution and genomic localizations of cld and hemQ genes reflect their
distinct biological functions.3:82 Genes encoding respiratory Clds are found within
perchlorate or chlorate reductase operons in Proteobacteria, where the cld gene can assume a
number of orientations relative to the reductase.? By contrast, genes encoding HemQ are
found within heme biosynthesis operons in many gram-positive Actinobacteria,82 leading to
the conclusion that the protein must be associated with heme metabolism. An association
between the cld gene and the enzymes encoding the final two steps of heme biosynthesis
was indeed demonstrated biochemically, leading to the renaming of the cld gene as hemQ.82
A AhemQ strain of Staphylococcus aureus was furthermore shown to be a heme
auxotroph,8! in spite of having an apparently complete set of heme biosynthetic genes.
What, then, could be the gene product’s biochemical function?

Using sophisticated bioinformatics methods and the breadth of currently available genome
sequences, Dailey, Gerdes, et al. proposed a re-routing of several steps in heme biosynthesis
in order to explain the function of HemQ.14 According to the well-known pathway from the
textbooks, metal insertion into the porphyrin ring by the enzyme ferrochelatase is the final
step in the biosynthesis of heme. While this pathway is still understood to be correct in many
Bacteria and Eukaryotes, the Dailey group proposed that HemQ-catalyzes the double
decarboxylation of iron-coproheme to yield heme as the final biosynthetic step in bacteria
from the Firmicutes and Antinobacteria phyla.

A hemQ homolog lacking the signature distal arginine of Clds (Figures 5A and 5D) is also
present in many facultatively or obligately aerobic Archaea. HemQ might provide an aerobic
alternative to the AhbD enzyme in these species. AhbD also catalyzes the coproheme
decarboxylation reaction in Archaea, but anaerobically via a radical S-adenosyl methionine
dependent mechanism.83 Notably, the Cld/HemQ sequences coming from members of the
Archaeal phylum Euryarchaeota, most of which are extreme halophiles and aerobes,
comingle with the HemQ sequences from the phylum Firmicutes on sequence similarity
networks, even at high stringency (Figure 7). Diverse members of the phylum Crenarchaeota
as well as non-halophilic Euryarchaeota, by contrast, cluster together as a subgroup more
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closely related to the hemQs from Actinobacteria. Because representatives of both Bacterial
phyla have been associated with heme metabolism, it seems likely that the proteins from
both Archaeal phyla share this function as well. However, the occurrence of two major
groups of HemQs suggests some degree of functional divergence between the two, which
may relate to how the HemQs interact with other proteins in the heme biosynthetic pathway.

From a structural perspective, the selectivity of HemQs for the decarboxylation reaction,
rather than O, generation from chlorite, makes sense. A defining feature of Clds — the
conserved distal arginine — is substituted by a charge-neutral glutamine, alanine, or serine in
the HemQs.3 In the absence of a distal positive charge to stabilize an anionic leaving group,
we expect the CI-O bond of chlorite will not be disposed toward heterolytic cleavage,®” nor
is there a means to recruit and stabilize anionic substrates.84 Instead, the neutral glutamine
or serine could act as a hydrogen bond donor to stabilize an Fe(I11)-OOH species, where it
hypothetically would lack the electrostatic “pull” to promote heterolytic cleavage of the
hydroperoxide O-O bond. The more neutral histidine ligand in the related Clds, relative to
heme peroxidases, likewise argues against a substantial “push” toward bond heterolysis in
trans. We therefore favor decarboxylation mechanisms that do not require the intermediacy
of Compound I. These are currently under experimental investigation.

The final family to be described here is part of the larger ABM family of proteins, many of
which have the unusual property of activating O in the absence of any metallo- or organic
cofactor. 85-87 The substrates of many of these proteins themselves resemble (or in the case
of 1sdGs are) cofactors with well-described O,-activating capabilities. Enzymes like these
blur the line between substrate and cofactor, as the substrate actively participates in its own
demise. By the same token, Wilks et al. have aimed to distinguish enzymes whose primary
biological function is to oxidatively degrade heme, and the wide array of heme-binding
proteins which undergo some amount of unwanted heme degradation in the presence of their
strongly oxidizing substrates/products (e.g., Oy, O5~. H,05, CI0™).88 The question being
asked in either case is the same: when is heme a true substrate, and when is it a cofactor?

This question can be answered from both biological and chemical perspectives. From a
biological standpoint, organisms which use heme as a nutritional iron source — for example,
many pathogenic bacteria — require some means of removing iron from the tetrapyrrole. In
that case, heme is a biological substrate of an enzymatic process. Until relatively recently,
the only enzymes known to catalyze the removal of iron from heme were members of the
heme oxygenase (HO) family (Pfam identifier PF01126).8° However, it became apparent in
the early 2000s that many important pathogens that survive on heme did not possess an HO.
This led to the discovery of the IsdG-family of proteins which, in Staphylococcus aureus,
have been shown to act at the terminus of a cascade of proteins that strip heme from
hemoglobin and shuttle it through the cell wall.9%:%1 Because they interface with a heme
import system and are necessary for utilization of the iron from heme, these enzymes meet
the same biological criteria as HOs for using heme as a substrate.

Chemically, 1sdG-family proteins have been shown to degrade heme in the presence of O, a
reducing agent, and catalase.? The inclusion of catalase to eliminate any H,0, from the
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reaction is critical. Non-enzymatic destruction of heme has been shown to proceed with
peroxide as the oxidant, while HO activates O, at the ferrous heme.9! These observations
suggested that 1sdG is not merely a vessel but indeed an enzyme in which O, is activated to
degrade heme.

The organic end products of the 1sdG reaction are distinct from both the non-enzymatic and
the HO-mediated pathways for heme degradation.®2-96 These observations, and the distinct
sequence/structure of the IsdGs, indicate that heme degradation must also occur by a distinct
mechanism. HOs catalyze 3 successive monooxygenase reactions. These reactions lead to
heme hydroxylated at a meso-carbon, which is then converted to verdoheme and carbon
monoxide (CO), and subsequently to the ring-opened product biliverdin (Scheme 2).97 O,
activation in the first and third reactions is understood to occur at the iron, and at the
porphyrin ring in the second.98:99 In contrast, the IsdGs do not generate CO as a product but
instead appear either to yield the more reduced C4 product, formaldehyde (CH,0) (Scheme
2, staphylobilins) or no C; product at all (Scheme 2, mycobilins).%>% This suggests that
they also cannot generate verdoheme as a productive intermediate. Moreover, the end
products of IsdG-family enzymes all incorporate three oxygen atoms instead of two
(Scheme 2). The fact that IsdGs belong to a family known for cofactor-independent
oxidation chemistry suggests that the enzyme itself could indeed facilitate O, activation in a
way that does not rely on iron.

Structurally, the IsdGs possess defining structural features that enable their heme-attacking
chemistry. The most immediately noticeable of these is a heme that is strongly distorted
from planarity, or ruffled. Ruffling is enforced by a tryptophan that is conserved family-
wide. When it is mutated, the rate and extent of heme decomposition diminish sharply.100
Interestingly, the heme in OxdA, which is located in the same position in the pocket at
IsdG’s but at a 180° rotation, is also somewhat ruffled (Figures 3F and 5E). Its structure
shows a conserved tryptophan in the same position as IsdG’s (W172, Pseudomonas
chlororaphis B23 OxdA numbering), though the residue’s role in that protein’s catalytic
cycle has not been addressed. Like the other members of the superfamily, the IsdGs ligate
the heme via a conserved histidine deriving from one of the alpha-helical strands of the
pocket. The distal pocket is primarily hydrophobic, with a conserved asparagine lying close
to the iron and serving an essential catalytic role. Notably, the well-described HOs have a
network of water molecules in the distal pocket, which supply key hydrogen bonds and a
conduit by which protons can move in and out of the active site.8% How IsdGs stabilize
Fe/O, intermediates without such a network, and how they convey molecules in/out of the
pocket is not clear. Finally, many species possess not just one but two paralogous proteins
from the IsdG family, differing from each other only subtly in sequence in structure. The
major distinction between the two paralogs from S. aureus, which are called 1sdG and Isdl,
is found in a region called the “flexible loop.” This region is important for destabilizing the
heme-free form of 1sdG, but not Isdl. Hence, Isdl is understood to act as a workhorse
enzyme, while IsdG has both sensor and enzymatic functions,101:102
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Conclusions and perspectives

Discovering that one’s favorite molecule has a twin is not unlike the eerie experience of
meeting a doppelgénger. We now see that the basic structural motif repeated many times
over in Figure 2 reflects a common molecular heritage for the >20 families represented in
Figure 1. From this common scaffold, at least a half dozen different heme-based chemistries
have arisen. We have attempted here to identify important structural features essential for
the functional diversity of this superfamily, whose story is just beginning to be told.
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Figure 1. Network analysis of CDE superfamily (SCOP #54909, InterPro CL0032) showing its
subdivision into families

Groups of protein sequences with >50% pairwise identity are represented by individual dots
colored according to Pfam family designation. Each family is labeled according to the
number assigned to it in Table 1. Dots are shown overlapping or with lines connecting them
if the least significant pairwise sequence-similarity score between the representative
sequences of each is better than the threshold (BLAST E-value <1x1077). The superfamily
resolves into =18 families at this relatively low level of stringency, with at least one (group
7, the ABM family) beginning to resolve into subgroups. The network was generated from
>100,000 sequences downloaded from Pfam and using the Enzyme Function Initiative
Enzyme Similarity Tool (http:/efi.igh.illinois.edu/efi-est/) and visualized using Cytoscape
(www.cytoscape.org).
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Figure 2. CDE domain structures and oligomerization states, emphasizing the heme-binding
proteins

All structures are rendered as cartoons. Individual polypeptides are shown in different
colors. Bound hemes are drawn as sticks with carbon colored grey. A. 1sdGs have a single-
domain monomer (PDB ID 3LGN). Two IsdG monomers form a homodimer that resembles
the bidomain monomer found in almost all of the structurally characterized proteins from the
superfamily. B. The bidomain monomer from a representative Cld (Dechloromonas
aromatica) is shown, with heme bound in the lower C-terminal domain (left, 3Q08). C.
These assemble into a homopentamer, shown looking down the 5-fold axis with the heme-
binding domains oriented away from the viewer. D. The interface between two monomers
from the pentamers is shown close up, illustrating the alignment between the heme binding
domains. A Ca2* ion is shown as a blue sphere. E. A subfamily of Clds have a single-
domain monomer with extended sequence at the C-terminus (3QPI). These form
homodimers in which the pathway for accessing the heme clearly differs from the structure
shown in (B). F. DyPs from different sources have crystallized as monomers, homodimers,
and homohexamers. The monomer structure (from Bjerkandera adusta Dec 1, 2D3Q) is
similar to that in the Clds but longer and elaborated with several loops. G. Two DyP
monomers oligomerize in a head-to-tail orientation, in contrast with the structure in (D). A
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representative dimer, the EfeB from E. coli (2Y4F) is shown. H. A hexameric DyP (from
Rhodococcus jostii, 3QNS) is presented looking down the 3-fold axis and (1) at the interface
between two monomers, illustrating the “trimer-of-dimers” arrangement of the
homohexamer. Members of the pseudodimer are shown in same-color light/dark shades. J.
The aldoxime dehydratases form a head-to-tail dimer that resembles the DyPs but with a
wider solvated interface between the monomers (3W08). K. Homodecameric, “pentamer-of-
dimers structure” assumed by proteins from the muconolactone isomerase family. The
structure of chloromuconolactone dehalogenase (3ZNU) is shown looking down the 5-fold
axis (left) and from the side (right). H. Hollow 24-mer formed by sulfur oxygenase
reductase (2YAV), looking down a 4-fold axis flanked by 4 bidomain monomers (colored
different shades of green). Figures generated using PyMol: www.pymol.org.
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Figure 3. Superimposition of representative CDE protein structures illustrating their diverse
heme binding modes

In each panel, the proteins are shown as cartoons in roughly similar orientations in order to
emphasize similarities and differences in the positions of their hemes. The bound hemes are
rendered as sticks: Cld (carbon-green, PDB ID 3Q08), DyP (carbon-cyan, 2D3Q), OxdA
(carbon-orange, 3W08), I1sdG (carbon-magenta, 3LGN), and MhuD (carbon-yellow, 3HX9).
A. Superimposition of Cld, DyP, OxdA, and IsdG shows the two distinct planes occupied by
the hemes in Cld/DyP and 1sdG/OxdA. Note that I1sdG is a dimer in which each monomer
binds heme, while the other proteins are bidomain monomers where heme binds only in the
C-terminal domain. B. Cld/DyP monomer superimposition illustrating the approximate C,
rotation through the heme rings A and C that relates the heme in one of these proteins to the
heme in the other. C. Superimposition of the Cld monomer/IsdG dimer. In the lower
domain, the side chains on the 1sdG heme are oriented similarly to those in DyP, but the
heme occupies a different plane. D. Superimposition of the OxdA monomer/IsdG dimer. In
the lower domain, the hemes assume roughly the same plane but, once again, are
distinguished from one another by a C, rotation. E-G. Close-up views of the superimposed
hemes generated from overlaid CDE protein structures. The heme rings are labeled and the
iron atoms have been removed for clarity: E. Cld (green)/DyP (cyan); F. IsdG (magenta)/
OxdA (orange); G. Cld (green)/IsdG (magenta)/MhuD (yellow). The side chains of the
lower heme in MhuD, an IsdG-family protein from Mycobacterium tuberculosis, are
oriented similarly to the heme in 1sdG. The upper heme is oriented roughly like the heme in
Cld, though in a different plane. Figures generated using PyMol: www.pymol.org.
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Figure 4. Superimposition of Cld and HemQ structures illustrating features that may be
important for their different interactions with heme

A.. Superimposition of Cld (3Q08) and HemQ (1TOT) structures showing the bound heme in
the Cld (carbon-green) and polyethylene glycol (carbon-cyan) in the HemQ. The
polyethylene glycol extends into a region of the pocket which is blocked in the Cld by a
leucine side chain (L178, D. aromatica Cld numbering). B. The overlaid monomer
structures are shown as cartoons in light green (Cld) and cyan (HemQ), and their heme/
polyethylene glycol ligands in black. Residues 110-140, where the two structures sharply
diverge, have been highlighted in darker shades of green/blue. A stretch of three arginines
on the helical portion of this region in the HemQ are rendered as sticks. C. HemQ pentamer
rendered as cyan cartoon, shown from the side. Residues 110-140 are shown in a darker
shade of blue. These form a mixed loop/helical region on the protein’s surface and hence
could be the site of substrate entry/product egress. Figures generated using PyMol:
www.pymol.org.
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Figure 5. Active site structure comparisons for representative heme-binding CDE protein
families, illustrating the conserved amino acids in each

The hemes (carbon-gray, oxygen-red, nitrogen-blue) are shown in similar orientations in
order to facilitate comparison of the environments of the bound hemes. Conserved and/or
functionally significant amino acid side chains are shown as sticks in carbon-green, oxygen-
red, and nitrogen-blue. Potential hydrogen-bonding interactions are shown as dashed lines:
A. Cld (3Q08); B. DyP (2D3Q); C. OxdA (3W08); D. HemQ (1TOT, polyethylene glycol
solvent molecule in the likely heme-binding site); and E. IsdG-family protein (Isdl, 3LGN).
Figures generated using PyMol: www.pymol.org.
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Figure 6. Network analysis of the DyP family (PF04261) showing its division into subfamilies
Groups of protein sequences with =70% pairwise identity are represented by dots colored

according to (left panel) the domain of life of their host organism or (right panel) their
Uniprot-assigned annotations, as shown in the legends. Gray dots indicate that no
assignment is presented here. Proteins with crystal structures in the the Protein Data Bank
are outlined in black on the left panel, and their PDB IDs given here: A. 2Y4D; B. 4GS1; C.
4GRC; D. 211Z; E. 2GVK; F. 3QNS; G. 2D3Q; H. 4AU9. See Table 2 for further
information on these structures. Dots are shown overlapping or with lines connecting them if
the least significant pairwise sequence-similarity score between the representative sequences
of each is better than the threshold (BLAST E-value <1x1072%). The DyP family forms 4
subgroups at this relatively high level of stringency, which are labeled here and discussed
further in the text. The network was generated from 2768 sequences downloaded from Pfam
and using the Enzyme Function Initiative Enzyme Similarity Tool (http://efi.igb.illinois.edu/
efi-est/) and visualized using Cytoscape (www.cytoscape.org).
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Figure 7. Network analysis of the Cld family (PF06778) showing its division into subfamilies
Groups of protein sequences with =85% pairwise identity are represented by dots colored

according to phylum domain of life of their host organism, as shown in the legends. Gray
dots indicate that no assignment is presented. Proteins with crystal structures in the the
Protein Data Bank are outlined in black on the left panel, and their PDB IDs given here: A.
2VXH; B. 3NN1; C. 3Q08; D. 3QPI; E. 1TOT; F. 1VDH; G. 3DTZ. See Table 2 for further
information on these structures. Dots are shown overlapping or with lines connecting them if
the least significant pairwise sequence-similarity score between the representative sequences
of each is better than the threshold (BLAST E-value <1x1072%). The Cld family forms 4
subgroups at this relatively high level of stringency, which are labeled here and discussed
further in the text. The network was generated from 1117 sequences downloaded from Pfam
and using the Enzyme Function Initiative Enzyme Similarity Tool (http://efi.igb.illinois.edu/
efi-est/) and visualized using Cytoscape (www.cytoscape.org).
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Scheme 1. Structure-based mechanism for aldoxime dehydration catalyzed by OxdA
Adapted from reference 27
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Scheme 2. Reaction intermediates and products of heme oxygenase and 1sdG-family enzymes
O,-derived oxygen atoms are shown in red. The heme side chains are abbreviated: Me =

methyl; V = vinyl; Pr = propionate. Note that IsdG-family proteins yield products that are
structural isomers, as shown. See references 73, 78, and 79.
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