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Abstract
Heme proteins are extremely diverse, widespread, and versatile biocatalysts, sensors, and
molecular transporters. The chlorite dismutase family of hemoproteins received its name due to
the ability of the first-isolated members to detoxify anthropogenic ClO2

−, a function believed to
have evolved only in the last few decades. Family members have since been found in fifteen
bacterial and archaeal genera, suggesting ancient roots. A structure- and sequence-based
examination of the family is presented, in which key sequence and structural motifs are identified
and possible functions for family proteins are proposed. Newly identified structural homologies
moreover demonstrate clear connections to two other large, ancient, and functionally mysterious
protein families. We propose calling them collectively the CDE superfamily of heme proteins.
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1 Introduction
Unicellular organisms exhibit a remarkable ability to change. The natural environment
offers diverse circumstances in which organisms, in the face of natural and man-made
selection pressures, have little recourse other than to adapt or perish. The oxochlorates
provide a compelling example. These toxic, highly oxidizing complex anions are used
extensively in a variety of industries in the millions of tons. This extensive use, coupled to
the high solubility and kinetic inertness of the salts, has made them serious fresh water
pollutants of particular concern to the United States Environmental Protection Agency (1–
4). They are primarily anthropogenic and relatively recent additions to the natural
environment (≤ 50 years). Microbes have evolved not only to contend with polluting
oxochlorates, but to exploit their oxidative power. Several diverse species of Proteobacteria
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are now known to use perchlorate (ClO4
−) and chlorate (ClO3

−) as terminal electron
acceptors under anaerobic conditions (5,6). The bacteria reduce perchlorate to chlorate and
chlorate to chlorite via a molybdopterin-dependent perchlorate reductase, a homolog of
bacterial respiratory nitrate reductases. Given the level of homology, the identical
organization of protein subunits, and the similar array of cofactors, it appears likely that
perchlorate reductase evolved from some member of the DMSO reductase superfamily via
duplication of a gene set followed by divergence.

In contrast to perchlorate reductase, chlorite dismutase (Cld) has no obvious sequence
relationships with well-characterized proteins. Its role in oxochlorate respirers is not to
reduce but to detoxify chlorite, a by-product of perchlorate or chlorate respiration. As such,
it also has no functional correlate in the analogous nitrate respiratory pathways, which
reduce NO3

− completely to NH3 or N2. There is additional evidence for independent
transcriptional regulation and lateral transfer of the cld gene into chlorate and perchlorate
reductase operons (6). Though the presence of a cld homolog has been used as a biomarker
for perchlorate respiration (7,8), it is now clear that sequences annotated as clds are
extremely widespread in ~500 highly taxonomically diverse organisms, the overwhelming
majority of which do not respire perchlorate or chlorate, and moreover have no expected
capacity for chlorite detoxification (9). These genes have been placed into their own
superfamily, and we refer herein to the gene products collectively (regardless of origin) as
Cld family proteins (CFPs). Based on analyses of hundreds of complete bacterial genomes,
the gene products specifically from non-perchlorate-respiring bacteria (NPRB) have been
assigned to their own cluster of orthologs, COG3253S, where the “S” indicates that their
biological function is unknown. Given the expected lateral transfer of the cld gene into
chlorate and perchlorate reducing gene clusters (6), and the absence of any biological need
for chlorite detoxification in the majority of cld-bearing bacteria and archaea, it would
appear likely that efficient chlorite detoxification evolved from an enzyme family with a
decidedly different role or roles. The following analyses of primary sequence, structure, and
phylogeny are aimed at identifying key sequence motifs and structural elements of the cld
gene family, relating these to known structures and protein families, and positing possible
roles for gene products in the diverse species that harbor them. These analyses lead from the
seemingly isolated issue of chlorite detoxification toward three distinct protein families,
which share a common fold but variable active sites. These proteins could have fundamental
roles in bacterial Fe biochemistry.

2. Chlorite dismutase from Dechloromonas aromatica
The chlorite-decomposing Cld from D. aromatica (DA-Cld) has been characterized
structurally and mechanistically, and it serves as a point for comparisons among family
members. Despite having been co-opted for its function relatively recently, the enzyme is
remarkably fast and efficient at substantive chlorite detoxification. It has a kcat of 2.0 × 105

s−1 and kcat/KM near the diffusion limit (3.2 × 107 M−1 s−1, pH 5.2, 4 °C) (10). It is highly
specific; even in the presence of a large excess of one or two electron reducing agents, the
enzyme faithfully returns one molecule of O2 and one Cl− for each ClO2

− consumed. While
intermediates in the reaction with chlorite could not be detected by stopped flow methods at
4 °C, the ferryl (Fe(IV)=O) porphyrin cation radical (Compound I) commonly seen in many
heme proteins forms rapidly in reactions with peracetic acid. A mechanism in which
Compound I and a hypochlorite (ClO−) leaving group form and then recombine has
consequently been proposed (Scheme 1) (11). Mechanisms involving homolytic bond
cleavage and the direct generation of a ferryl species alone (Compound II), or a completely
concerted mechanism, are also possible. The former has support from our more recent work
with site-directed mutants and computations (12).
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The full gene from D. aromatica contains a sequence encoding a 26-amino acid leader
peptide targeting the protein for export. In order to obtain the protein in soluble/folded form,
this sequence was removed and only the mature enzyme coding region was expressed (13).
Interestingly, the signal peptide appears to be of the SecB type, indicating that the protein is
transported across the inner membrane in its unfolded form and presumably acquires heme
in the periplasm itself. The functional enzyme crystallizes as a homopentamer with one
heme b per protein subunit (14). A hexameric form of the protein from Azospira oryzae has
also been crystallographically characterized (15). Further solution studies confirmed the A.
oryzae protein to be pentameric, consistent with the DA-Cld structure. Moreover, the
structure of Cld from candidatus Nitrospira defluvii was recently reported and also
crystallized in the pentameric state (16). The possible functional significance of the
homopentameric arrangement is unknown, although inspection of the crystal structure of
DA-Cld suggests that oligomerization state is unlikely to influence pathways of chlorite
entry or product egress. Each monomer consists of a β-sheet core flanked by α-helices in a
fold unusual among known heme enzymes (Figure 1A). The area around the proximal
histidine heme ligand consists of several α-helices, while the distal pocket on the opposite
face of the porphyrin is lined by β-sheets (Figure 1B). The chemical functionalities of the
distal pocket are generally critical to the function of heme proteins. In DA-Cld, there is a
lone charged/polar residue in this pocket, Arg183, surrounded by a hydrophobic triad of
Phe, Leu, and Thr (the hydroxyl group of the side-chain is oriented away from the pocket).
Together, these residues provide a sterically restrictive distal volume above the porphyrin
plane, which is undoubtedly important for the enzyme’s function. The distal pocket is
sequestered from solvent by Arg183. In the DA-Cld crystal structure there is a nitrito ligand
bound through an oxygen atom to the iron that forms a hydrogen bond to Arg183. In the
absence of the ligand, this Arg183 side-chain conformer, which forms no hydrogen or ionic
bonds with the protein, is likely to adopt a different conformation and/or be more mobile. As
such, it is likely to be a major determinant in substrate entry and product exit under turnover
conditions (14). This hypothesis is supported by work on N. defluvii Cld where mutations of
the equivalent Arg183 to alanine or lysine decreased binding affinities for cyanide and
lowered kcat/KM for chlorite (16).

On the proximal side, the porphyrin is ligated to a histidine residue (170) that is within
hydrogen bonding distance to a glutamic acid (220, Figure 1B). Resonance Raman evidence
suggests that the His/Glu interaction is weak, leading to a weak Fe-His bond where the
imidazole side chain is uncharged/neutral (13). Chemical and spectroscopic evidence
suggest that a ferric-hydroxide species forms on the distal side at relatively low pH, due to a
combination of the weak Fe-His bond and a strong hydrogen bond donor in the distal
pocket. That donor, likely the distal pocket Arg, may be pH-titratable, with the greatest
catalytic activity observed when it is in its positively charged form. Also on the proximal
side and spanning the heme periphery are a series of three Trp residues (155, 156, 227) and
an intervening His (224), any of which might be involved in an observed migration of
radical character away from Compound I and onto an amino acid side chain (14). Formation
of such a Compound ES species (Fe(IV)=O/Trp·) appears to be a step along the porphyrin
degradation pathway, leading to a bleached heme chromophore and non-functional enzyme
(13).

3. Protein sequence diversity within the Cld family proteins
In contrast to DA-Cld, other CFP have yet to be fully characterized, and their biological
functions are not entirely clear. The presence of Cld protein sequences in diverse species
spanning 10 phyla suggests an ancient origin for the family. Among the Proteobacteria
(Figure 2, yellow), the sequences obtained from verified perchlorate respirers (PRB) (Figure
2, indicated by a-c) along with the non-Proteobacterial Nitrospira defluvii (9), a species
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known to decompose chlorite into Cl− and O2 (Figure 2, d), emerge in a single cluster that
branches off from the remaining members of the phylum. These remaining members
presumably use the cld gene product for some purpose other than chlorite disposal.
Extensive chlorite contamination is not expected in their environments, nor has chlorite
decomposition by these species been documented. An analysis of 16S RNA and cld gene
phylogenies from perchlorate respirers indicated that the two trees were nonidentical,
suggesting the acquisition of cld in some of these species occurred via horizontal gene
transfer (7,9). In addition, none of the Proteobacterial species appears to have two cld gene
copies. The first bona fide chlorite dismutase could have been a single gene product
moonlighting between ancestral and acquired functions. Interestingly, those Proteobacterial
cld genes with demonstrated chlorite dismutase activity have proteins preceded by a SecB-
dependent signal peptide, as detected by SignalP, while the remainder lack any identifiable
secretion signal.

Amino acid sequence conservation among the Proteobacterial sequences from PRB is
extremely high, though it is less so when non-respirers from the phylum are included in the
comparison. Mapping the conserved residues onto a monomer of the nitrite-bound DA-Cld
crystal structure illustrates that in each case the degree of conservation is strong in the
vicinity of the heme (Figure 3; see also Figure 1B). Possible residues of functional
importance in the Proteobacterial PRB, including the distal pocket Arg (183), the
hydrophobic Leu/Thr/Phe triad (185/198/200), and a set of three Trp (155, 156, 227) and
one His (224) residues potentially involved in radical formation, are all strictly conserved
(Table 1). The non-Proteobacterial N. defluvii, which contains a highly active Cld enzyme, is
a nitrifying (i.e., nitrite oxidizing) member of phylum Nitrospirae (17). It furthermore is not
a known perchlorate reducer, and the role of chlorite decomposition in the organism is not
well understood. Equivalent active site residues are conserved between N. defluvii and the
Proteobacterial PRBs, except for two of the potential radical sites: Trp (227) is a Phe in this
organism, and His (224) is Asn (Figure S1). Strict conservation holds for three of the distal
pocket residues in the Proteobacterial non-respirers, with the fourth, Thr (198 in DA-Cld),
being an Asn in some sequences (Figure S2). On the proximal side, as in N. defluvii, the Trp
and His (227, 224 respectively in DA-Cld) are not conserved in the Proteobacterial non-
respirers (Table 1, Figure S2). A Thr (231) residue that coordinates a Ca2+ cation at the
subunit-subunit interface of DA-Cld is strictly conserved across all the PRB but appears to
be an Arg in the non-respirers (Table 1, Figure S2). In sum, though the non-respirers are not
expected to have been subjected to chlorite-based selection pressure, they all possess a CFP
with an active site architecture containing many structural elements postulated to be
essential for chlorite detoxification. It is therefore possible that these CFPs could indeed be
capable of catalyzing chlorite dismutation to some extent (Scheme 1).

By contrast, when phylogenetically diverse CFPs are compared, the degree of observed
sequence conservation is low (Figures 3, S3). As expected, the heme-coordinating His
residue (170 in DA-Cld) is strictly conserved. A strictly conserved Pro residue (148 in DA-
Cld) is located in the β-strand adjacent to the two strands that form the roof of the distal
pocket, and likely plays a structural role in the protein fold. Additionally, two of the three
active site Trp residues observed in DA-Cld are strictly (155) and strongly (156) conserved,
respectively. The position of the strictly conserved Trp (155) appears to be important, as the
indole ring is sandwiched between the alkyl chains of a strictly conserved Arg residue (163
in DA-Cld) and a strongly conserved Lys (151 in DA-Cld). Additionally, two hydrophobic
residues near the distal heme face (Phe and Val) and an acidic residue (Glu in most phyla,
but Asp in Proteobacteria and bona fide Clds) are all strongly conserved (196, 181, 195 in
DA-Cld respectively). The latter forms a hydrogen bond to the strongly conserved Trp.
Finally, a strongly conserved Leu (191 in DA-Cld) lies at the center of the monomer-
monomer interface. It is notable that several proximal and distal pocket residues that are
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known or likely to be functionally significant for DA-Cld are not well conserved across the
Cld family. This again suggests that the Cld proteins from NPRB have one or more
biochemical functions that are distinct from the chlorite-directed reaction of DA-Cld.
Primary sequence- and structure-based predictions for active site amino acid occupancies are
further examined in 4.1.2. Identifying probable functions will require a closer investigation
of each of the major phylogenetic groupings of CFPs identified above.

4. Possible roles for Clds: clues from synteny and structure
4.1 Gene organization

Gene organization often gives clues to function in prokaryotes. The placement of the cld
gene in PRB (Figure 2, indicated by a-c) was previously examined, and shown to occur
upstream or downstream of an operon of genes encoding a (per)chlorate reductase in one of
multiple orientations. In the cases described, the cld gene was preceded by its own promoter
and upregulated under perchlorate-reducing conditions in the perchlorate respirer D. agitata
or constitutively expressed in two chlorate respirers (18,19).

In the non-perchlorate-respiring organisms, at least three widely conserved synteny patterns
are observed. In the majority of the Actinobacteria including all of the mycobacteria, the cld
gene is found adjacent to a heme biosynthesis cluster and is typically located immediately
downstream of hemG (encoding protoporphyrinogen oxidase) or hemH (ferrochelatase),
with which it is co-operonic (20). The cld gene is likewise located within a set of hem genes
in several species of Deinococci and Chloroflexi (Figure 2, grey and green respectively). In
three cases within the Actinobacteria, the cld gene forms a fusion with a hemH gene. The
physical linkage of two proteins into one “Rosetta Stone” sequence can imply a functional
linkage (21,22). The cld-hemH fusion therefore implies a role for cld in heme or iron
metabolism, or possibly an indirect role via the sensing or metabolism of an allied species
such as O2. Recent work with the cld gene from M. tuberculosis (Figure 2; indicated by h)
confirmed that it indeed has a functional link to the final steps in porphyrin biosynthesis and
that the gene product has catalase activity, although the precise biochemical role of the
protein remains to be defined (20).

Among the archaea (Figure 2, light blue), a similar series of fusions was observed. In all of
the Halobacteriaceae for which full genome sequences currently exist (8 halophilic archaeal
species including Haloferax volcanii, Halobacterium sp. NRC-1 (Figure 2; indicated by e),
Haloarcula marismortui, and Natronomonas pharaonis) a chlorite dismutase is found as the
C-terminal domain fused to an N-terminal polyketide biosynthesis monooxygenase domain.
The latter family includes functionally diverse members involved in a variety of biosynthetic
and degradative processes. These include enzymes catalyzing steps in antibiotic biosynthesis
as well as, interestingly, the Staphylococcus aureus heme oxygenases IsdG and IsdI, (PDB
codes 1XBW and 1SQE). These proteins are involved in heme degradation, working
according to a different mechanism from canonical heme oxygenases (23,24). The linkage to
IsdG/I-like domains again suggests a possible role for CFPs in heme metabolism in these
organisms, possibly as heme carriers or chaperones. Shaanan et al. proposed that the O2
generated by the Cld domain could be consumed by the linked domain, though O2
generation has not yet been experimentally demonstrated for these proteins (25). Unlike all
other CFPs, alignment of the halophiles Cld domains with several different Cld family
members fails to identify a strictly conserved, putative heme-binding His (see 4.2.1).
Notably, the halophilic archaea emerge as their own branch of the phylogenetic tree,
separate from the archaea from other phyla (Figure 2; light blue, lower left). Further
instances of gene fusions or widely conserved patterns of synteny were not obvious among
archaea outside the halophiles (i.e., the Euryarchaeota).
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Finally, among the Firmicutes (Figure 2; orange), the cld gene is almost always located
adjacent to the gene for the fermentative enzyme acetyl-CoA:orthophosphate
acetyltransferase phosphotransacetylase (pta or eutD). In the staphylococci, a gene cluster
including a mevalonate kinase and mevalonate decarboxylase is nearby. In several bacilli
(Figure 2; e.g. Geobacillus stearothermophilus indicated by g), a cluster encoding the
biosynthesis of bacilysin, a bacterial antibiotic precursor, is located next to the cld gene. The
cluster includes the bacA–D genes and the adjacent ywfGH genes, which together catalyze
the conversion of prephenate to tetrahydroxotyrosine (26). In some annotations, the cld gene
is referred to as ywfI, though it is separated from the ywfGH genes by >100 bases and does
not appear to be part of the same operon. The ywfI gene was previously shown to be
upregulated during the aerobic to anaerobic transition in Bacillus subtilis (27), under the
control of the Fnr (fumarate and nitrate reduction) redox regulator and the resDE two
component regulator. The gene product has been proposed to serve an analogous role to that
in the Actinobacteria, in heme biosynthesis (20).

4.2 Structure [The associated Protein Data Bank codes are given in Table S1]
4.2.1 Known structures of Cld family proteins—Three structures for Clds with
known O2-evolving functions are now available, from D. aromatica (14), A. oryzae (15),
and N. defluvii (16). The crystal structure of the N. defluvii Cld shows that it shares an
overall monomer structure (root mean squared deviation (RMSD) = 1.00 Å), common active
site architecture, and most of its active site residues (see section 3.) (Figure S1) with the
more extensively characterized DA-Cld (16). The A. oryzae monomer structure is very
similar to DA-Cld (RMSD = 0.62 Å), as it is 98% identical at the primary sequence level
(15). A major difference lies in the placement of a 13-residue loop (218–230) containing
several active site residues in the DA-Cld structure (Glu220, His224, Trp227, Figure 1B)
that could not be modeled in the A. oryzae electron density.

There are three crystal structures of heme-less CFPs, all generated by Structural Genomics
Consortia, for species from three different phyla that occupy two of the major branches of
the phylogenetic tree (Firmicutes, Deinococcus-Thermus {Ebihara et al (2005)}, and
Euryarchaeota (Figure 2; indicated by g, f and i respectively)). These structures and their
primary sequences show a high degree of similarity to DA-Cld. In each case, like DA-Cld,
the protein crystallized as a pentamer, though without any associated heme.

The probable location of the heme can be discerned via the strictly conserved His residue
that serves as the proximal ligand, and by inspection of the distinctive arrangement of α-
helices and β-sheets (Figure 4). Based on the structures, side chains lining the probable site
of heme binding, are identified in Figure 5; these are comparable to proposed key residues in
DA-Cld shown in Figure 1B and listed in Table 1. Distal and proximal residues of functional
importance are more difficult to identify in the heme-less crystal structures as although the
main-chain overlays well with the DA-Cld structure observed side chain rotamers probably
change upon heme binding,. The apo-structures from Geobacillus stearothermophilus
(phylum Firmicutes, Figure 5A) and the halophilic bacterium Thermus thermophilus HB8
(phylum Deinococcus-Thermus, Figure 5B) are essentially identical in the vicinity of the
heme (28). The Deinococcus-Thermus cld lies among the Firmicutes sequences on the
phylogenetic tree, suggesting horizontal gene transfer; indeed, it is 53% amino acid
sequence identical to the G. stearothermophilus protein. Using the G. stearothermophilus
CFP numbering, the conserved axial His residue (171) defines the expected proximal
pocket. The residue corresponding to a possible acidic hydrogen bonding partner to the axial
His is unclear. Glu220, the sequence equivalent that performs this role in DA-Cld (Glu220)
is pointing away from His171 and would need to rotate to form a hydrogen bond. There is
also an Asp (219) residue N-terminal to the Glu which could be a potential hydrogen
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bonding partner to the axial His. This is conserved in the Firmicutes, but very variable
across phyla, so it is a less likely partner than the much more conserved Glu. In the
Thermoplasma acidophilum CFP (domain archaea, phylum Euryarchaeota, Figure 5C), only
the conserved Glu195 is present in the proximal pocket, and it would also need to rotate into
hydrogen bonding contact with the proximal His (146). In all three heme-less CFP
structures, the two strictly conserved Proteobacterial CFP Trp residues that lie near the heme
propionic acid side-chains are a Trp156 and Tyr157 (G. stearothermophilus numbering).
The G. stearothermophilus and T. thermophilus HB8 distal pockets are lined exclusively
with hydrophobic residues (Ile186, Val199, Leu201), with a strictly conserved Gln (184) at
the position of the DA-Cld Arg183.. The T. acidophilum CFP distal pocket (Figure 5C)
exhibits a substantially more polar environment. The active site contains three polar residues
(Thr163, Ser161, Tyr178) which are strictly conserved among all Clds from Euryarchaeota
(Table 1) (29). Unlike Thr198 in DA-Cld (Figure 1B), the hydroxyl group of Thr163 points
into the distal pocket. Ser (161) occupies the position of the catalytically important Arg183
in DA-Cld. Thus it appears that the identity of this distal pocket residue is a key marker
within phylogenetic clusters (Arg in Proteobacteria, Gln in Firmicutes, Ser in
Euryarchaeota) and could be an indicator of differing CFP function (Table 1).

4.2.2 Predicted structures and possible functions of Cld family proteins
(COG3253S)—Crystal structures are not available for representative members of most
phyla of the phylogenetic tree, particularly the large Actinobacterial branch.. For the known
crystal structures, primary sequence alignments do provide a reasonable indication of the
residues around the heme, although ambiguities in the heme-less structures remain. For
example, identification of a hydrogen bonding partner (if present) for the proximal His is
uncertain. (A hydrogen bonding partner is not evident in the structures, and in the sequence
alignment, DA-Cld Glu220 aligns with Val221 in T. thermophilus and Arg193 in T.
acidophilum; Figures S2, S3.) Alignment of conserved secondary structures for all
structurally characterized CFPs (and their structural relatives, 4.2.3) shows that all of the
residues known to line the heme pockets derive from the same set of conserved helix/sheet
substructures (Figure 4). Mapping the actual positions assumed by sequentially conserved
residues onto the secondary structural elements of the known crystal structures can help
narrow down and give confidence to the likely residues defining the heme environment for
structurally uncharacterized proteins of low sequence identity (30). Such structure-based
sequence alignments indicate a conserved Ala at the position of Arg183 in the
Actinobacteria, although an Arg or Lys residue is typically located one residue upstream and
Asn downstream, both of which might be distal pocket candidates (Figure S5, Table 1). A
triad of potential distal hydrophobic residues is also positionally conserved in these species,
though the identities of the amino acids are not. As sequence identity with the known crystal
structures lessens, using the structures in the alignment becomes less effective, and reliance
on the bootstrapping used to create the sequence alignments becomes dominant in the
comparisons (Figure S6).

In terms of possible functions among the CFPs that are not known to have chlorite
decomposition activity, the Proteobacterial proteins clearly bear the closest active site
resemblance to the true Clds (Table 1). These proteins share a substantial number of strictly
conserved residues with DA-Cld, particularly around the heme pocket, which include an Arg
that aligns with Arg183 in DA-Cld. The Actinobacteria have an Ala at this position, but
could have either an Arg/Lys or Asn if the alignment is shifted by a residue (Figure S3,
Table 1). The structurally characterized apo-CFPs and the remaining species on the
phylogenetic tree are all expected to have Gln or Ser at this position (Figure 5, S3, S4).
Given the lack of any residue capable of acid/base chemistry or even of strongly polarizing a
bound ligand, it appears unlikely that these proteins would be involved in either efficient
redox chemistry or the decomposition of chlorite. Indeed, only very weak peroxidase and/or
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catalase activities have been observed for CFPs studied thus far (20,28). These proteins
could have other types of roles, as sensor/regulators, chaperones, or trafficking agents,
possibly involving hydrogen-bonding from the distal pocket residue. Given the expected
diversity of active site structures, it seems reasonable that different family members may
serve different biochemical and biological functions.

Functionally essential distal pocket residues help to define the distinct properties of heme
proteins. Heme-dependent peroxidases, catalases, gas sensors (O2/CO), gas transporters (O2/
NO), and anion reductases all have distinct distal architectures. Typical peroxidases, for
example, contain a distal His/Arg pair involved in peroxide activation/cleavage (31,32),
though some (including DyP, 4.2.3) have a functionally equivalent Asp/Arg (33). An
additional aromatic residue (Phe or Trp) may be present, serving a steric role in positioning
oxidizable substrates. Even though DA-Cld lacks the Asp or His of many peroxidases, it can
nonetheless catalyze peroxidase chemistry, though far less efficiently than a typical
peroxidase and with maximal efficiency at a much higher pH (DuBois et al., unpublished
data). Bacterial catalases including the bifunctional catalase peroxidase (KatG) depend on a
Trp/Arg/His triad (34–36). Canonical O2 transporters like hemoglobin possess an essential
distal His that is optimally positioned to form a hydrogen bond to the bound O2 (37–39).
The well-characterized gas sensing proteins CooA (CO), soluble guanylate cyclase (NO),
and FixL (O2) likewise have distinct heme environments responsible for the selective
recognition of their cognate ligand. Like myoglobin, the NO-binding domain of guanylate
cyclase and FixL have distal residues (Tyr and Arg, respectively) that hydrogen bond to the
coordinated gas molecule (40–42). CooA is 6-coordinate with an unusual His/Pro ligation,
where Pro is displaced by CO (43–45). Nitrite reductase has a pair of distal His residues that
are involved in protonation of the substrate (46). The distal pocket of true chlorite
dismutases (those that decompose ClO2

−) most closely resembles FixL s, with its single Arg
residue. However, the Arg183 side chain in DA-Cld is not positioned to alternate between
hydrogen bonding to the coordinated heme ligand and a propionic side chain. Moreover, the
ceiling of the distal pocket in all Clds consists of β-sheet, while sensors like FixL utilize α-
helices. Binding of a ligand facilitates movement of a distal pocket residue via the new
hydrogen-bonding contacts that form (38,47). In turn, the α−helices in the distal pocket are
repositioned to assist in structurally propagating the message that the heme ligand is bound.
There is no structural evidence in the Cld family for such behavior.

4.2.3 Structural comparisons to proteins beyond the CFPs: a CDE structural
superfamily—A search of the Protein Data Bank for structural homologs via the Dali
Server revealed further interesting connections between the Cld family and other proteins
(48,49). This search identified EfeB (COG2837), a structurally characterized dimeric
hemoprotein from Escherichia coli, as the top structural match from outside the Cld-
containing COG3253 (50,51). With EfeU (an integral membrane Fe permease homologous
to the yeast Ftr1p) and EfeO (a cupredoxin), the protein forms part of an Fe- and pH-
regulated, three-gene operon involved in Fe(II) import under acidic conditions (52,53). The
protein reportedly exhibits peroxidase activity under acidic conditions. Unlike the CFPs
from PRB, it is exported to the periplasm not by the Sec- but by the twin arginine or Tat-
dependent pathway (54). Recent work by Wandersman et al. showed that an efeB knockout
impaired E. coli’s ability to acquire iron from heme. The group further proposed that the
protein product has deferrochelatase activity, or the ability to remove ferrous iron from
heme, leaving protoporphyrin IX (PPIX) intact (55), though rigorous biochemical
confirmation of that function has not yet been documented. Such an enzymatic activity
would be important for reclaiming heme iron from organisms lacking a functional heme
oxygenase, or from (facultative) anaerobes under anaerobic conditions. Whether and how
such an activity would interface with the presumptive Fe(II) import function of EfeUO or
merely respond to the same low pH/low Fe conditions is not known. A second distantly
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related paralogous protein also exists in E. coli (YfeX). This has no secretion peptide and is
cytoplasmic. The yfeX and efeB genes were able to complement each other, and either was
sufficient for a heme-uptake-proficient strain of E. coli to retrieve iron from heme (53).

The Dali search also identified the C-terminal domain of DyP, a dye-decolorizing
peroxidase from Thanatephorus cucumeris, as well as TyrA, a bacterial prephenate
dehydrogenase believed to be involved in melanin biosynthesis that has been structurally
characterized for Shewanella oneidensis (56). DyP and its homologs (e.g., Termitomyces
albuminous peroxidase (TAP) and cpop21, a hypothetical peroxidase from Polyporaceae
sp.), EfeB and TyrA have been placed in the “DyP-type peroxidase family,” a diverse
grouping of mostly dimeric fungal, bacterial, and archaeal hemoproteins that share common
structural and catalytic properties (33,57). They fall outside of the conventional three classes
of non-animal heme peroxidases suggested by Welinder (58) due to their mixed bacterial
and fungal origins and their unusual primary and three-dimensional structures, and they are
understood to have acquired their heme-binding and peroxidase functions by convergent
evolution with respect to the other peroxidases. These proteins have been of
biotechnological interest due to their ability to degrade robust dyes, though their biological
roles within their hosts are unclear.

The DyP-family proteins as well as EfeB are typically monomers or homodimers, but the
monomers have many structural features in common with CFPs. The heme binding motif
consists of αhelices proximal to the porphyrin plane that contain the strictly conserved His
ligand, and a series of βstrands spanning the distal pocket in a manner highly conserved with
DA-Cld and other structurally characterized CFPs. (33,50,51,55) (Figure 4). This
architecture stands in contrast to the well-characterized peroxidases, which consist primarily
of α-helices. A superimposition of the CFP monomer structures with EfeB, TyrA and DyP
monomer structures clearly indicates the shared elements of a common fold among the three
families (Figure S7). This shared fold extends not only to the heme binding pocket, but also
to the structurally homologous N-terminal portion that is devoid of heme (4.2.4), though
with multiple sequence insertions and loop embellishments among the various available
structures (Figure S5, S7). DA-Cld serves as one of the most compact examples among the
known structures, having very little loop secondary structure.

Pairwise sequence comparisons indicate 8, 25, and 17% identity between DA-Cld and T.
cucumeris DyP, E. coli EfeB, or S. oneidensis TyrA respectively (corresponding to E values
of 0.39, 2.1, and 0.85). The former is close to the %-identity expected between two
randomly chosen sequences (~6%) (59). PSI-BLAST searches using the T. cucumeris DyP
as bait identified proteins annotated as EfeB-like as likely homologs. The reverse was true if
the E. coli EfeB was used as bait. Phylogenetic analysis of diverse CFP, DyP, and EfeB
sequences, however, indicates three distinct clades (Figure 6). It may therefore be most
appropriate to describe the CFPs, DyPs, and EfeB/COG2837 proteins as separate
subfamilies within a structural superfamily, which we suggest naming the “CDE structural
superfamily.” Like the CFPs, the DyPs are diverse, with a variety of fungal and bacterial
members. The EfeB/COG2837 proteins are much less so, being typically observed in a few
genera of both Gram(+) and Gram(−) bacteria.

The active sites of DyP-family and EfeB/COG2837 proteins all possess an Fe-His-Asp/Glu
triad in the proximal pocket and an Asp-Arg pair in the distal pocket, as well as one or more
hydrophobic residues in the distal pocket and on the heme periphery (Figure 7). Overlays of
the DyP, TyrA, and EfeB active sites with DA-Cld show a highly similar proximal pocket
with the strictly conserved histidine being hydrogen bonded to either an aspartate or
glutamate residue (Figure 8A). The distal pocket of the EfeB/DyP/TyrA proteins differs
primarily through the addition of an Asp that complements the distal Arg in these proteins

Goblirsch et al. Page 9

J Mol Biol. Author manuscript; available in PMC 2012 May 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and the Proteobacteria CFPs (including the Clds). The Asp-Arg pair is understood to be
functionally equivalent to the His-Arg pair found in plant and fungal peroxidases, which
together serve acid/base and polarizing roles toward the H2O2 substrate. The substitution of
Asp for His in DyP is believed to be responsible for the lower-pH optimum observed for
many DyP enzymes (60). In a deferrochelation mechanism, the Asp in EfeB could serve a
role in ushering Fe(II) away from PPIX, while the Arg could serve to position the heme/
PPIX via the cofactor’s propionic acid side-chains. All four contributing residues from the
B1 and B2 β-strands of CFPs also form part of the distal pocket of the EfeB/DyP/TyrA
proteins. However, there are key structural differences in the architecture of these two
strands in the EfeB/DyP/TyrA proteins compared to the CFPs that enable the
accommodation of the additional Asp residue in the distal pocket (Figure 8B). The B2 β-
strand is shifted relative to the heme, altering the structural positions of the two B2 residues
that form part of the distal pocket. The Phe200 in DA-Cld is sequentially conserved in all
four enzyme structures, and although the Cα main-chain position is spatially different, the
ring position still lies in the same region of the distal pocket in all four enzymes. Unlike the
side-chain of Phe200, the Thr198 of DA-Cld occupies a different part of the pocket to the
sequentially equivalent leucine residues of the EfeB/DyP/TyrA proteins (Leu331, 354, 255
respectively; Figure 7). The position of the distal arginine on the B1 β-strand is conserved
between the EfeB/DyP/TyrA and Cld enzymes, but a bulge in the B1 β-strand of EfeB/DyP/
TyrA places the other distal pocket residue from the B1 strand in a different area (DA-Cld
Leu185;.EfeB Gly314; DyP Ser331; TyrA Ser244, Figures 7, 8B). The different positioning
of this B1 residue, coupled with the repositioning of the B2 residue two positions N-terminal
to the Phe, opens up a space such that the strictly conserved Asp residue in EfeB/DyP/TyrA
can become part of the distal pocket. The distal Asp is contributed by the L1 region in EfeB/
DyP/TyrA that contains no distal pocket residues in the known CFP structures (Figure 4).
The position of the Asp carboxylate group of EfeB/DyP/TyrA is occupied by the Leu185
side-chain from the B1 β-strand in DA-Cld. Leu, Ile and Thr are sequentially predicted in
other CFPs, and representative structures (although some are heme-less) are available in
each case (Leu, DA-Cld, A. oryzae Cld, N. defluvii Cld; Ile, G. stearothermophilus CFP, T.
thermophilus CFP; Thr, T. acidophilum CFP; Table S1). These structures show no evidence
that an L1 residue will form part of the distal pocket. It is clear that the accommodation of
the distal Asp through the structural alterations observed in the B1 and B2 β-strands of
EfeB/DyP/TyrA compared to the known CFP structures will be a key distinction separating
the majority, if not all, of the CFPs from the EfeB/DyP protein families. With the presence
of the L1 Asp, it is not surprising that these structurally related proteins are functionally
non-identical to the CFPs.

Another significant difference between the EfeB/DyP/TyrA structures and the three
Proteobacterial Cld structures is the location of the heme pyrrole rings within the distal
pocket. Although the B and D pyrrole rings (vinyl- and propionate-bearing, respectively) are
in the same position, the A and C rings (vinyl- and propionate-bearing respectively) are
swapped. This results in the porphyrin being flipped between the two families (Figure 9A).
In the three CFP structures, both propionates are extended away from the porphyrin, making
hydrogen bonds with two main-chain amides (Asn117 and Tyr118 in DA-Cld, Figure 9B).
However, in the EfeB/DyP/TyrA structures, propionate D, which is spatially equivalent to
the Clds propionate D, adopts a different conformation such that the acid group lies on the
distal side of the heme, and hydrogen bonds to the distal pocket Arg (Figure 9A, 9C). In
DyP/TyrA, the distal Arg is also hydrogen bonded to the distal pocket Asp, giving an
interacting triad of Asp/Arg/propionate D. In the EfeB/DyP/TyrA structures, the propionate
of ring C interacts with an Asn side-chain nitrogen that lies at the kink in the proximal His-
containing helix A2 (DyP, Asn313; TyrA, Asn229; EfeB, Asn299 (Figure 9C). The C
propionate in TyrA is solvent-accessible at the surface, but in DyP and EfeB it is buried and
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interacts with arginine side chains from different parts of the structure (Arg315 and Arg261
respectively). The DyP propionate additionally hydrogen bonds with a Ser (174).

4.2.4 Gene duplication within the monomer and lack of heme binding in the N-
terminal domain—Across the structural superfamily, the center of each monomer has a
pseudo two-fold rotational axis, linking two highly similar domains that likely arose from
gene duplication (Figure 10A). In one domain heme (or demetallated protoporphyrin IX,
PPIX) is bound. The other is porphyrin-free. At first glance, it is not obvious why only one
domain binds heme/PPIX while the other domain does not. Superimposition of the two DA-
Cld domains upon one another shows the two to be remarkably similar in structure.
However, in the N-terminal heme-less domain the helices and β-sheet are more compact,
and this is seen in all the known structures of CFPs and DyP/TyrA/EfeB (Figure 10B). This
compactness is not a consequence of the loss of heme, as the apo-CFP C-terminal domains
show no evidence of helix movement akin to that of the heme-less N-terminal domains of
either themselves or those of the heme-containing crystal structures. Furthermore, none of
the known structures has a His located equivalently to the strictly conserved proximal His
ligand of the C-terminal domain. Closer inspection of the superimposed monomers reveals
an extra helix formed from the protein C-terminus that is associated with the non-heme
binding domain (Figure 10). Structurally this would impede access and sterically clash with
a heme positioned equivalently to that observed in the C-terminal domains. This C-terminal
α-helix is observed in all the superfamily structures except for the heme-free domain of
EfeB, where the C-terminus is a disordered loop. Although EfeB lacks a structured C-
terminus, it still lacks a proximal His ligand and has the same compact structure observed in
all the other N-terminal domains. Overall, it appears highly unlikely that any of the N-
terminal domains are competent to bind heme once fully folded.

5. Conclusions
The chlorite dismutase family consists of a few Proteobacterial members capable of
catalyzing the remarkably specific and efficient generation of O2 and Cl− from ClO2

−, and
an overwhelming majority of non-Proteobacterial members that have biochemical functions
that have yet to be fully described. Our sequence and structural analyses suggest active site
structural diversity within the Cld family of proteins, particularly involving polar/charged
residues at positions likely important for function. We have also identified elements of a
common core fold with the DyP family of peroxidases, including structural superfamily
members TyrA and EfeB, and suggest grouping these into the CDE superfamily. The DyP/
EfeB structural homologs contain heme oriented differently compared to the CFPs, with the
porphyrin flipped such that the pyrrole rings A and C exchange places in the two protein
groups. The N- and C-terminal domains of the core fold likely arose through gene
duplication, but heme is not observed bound in any of the N-terminal domains. The
compactness of the secondary structures, lack of a suitably placed His for proximal ligation,
and the presence of an additional α-helix in most of the crystal structures suggests that the
N-terminal domain is incompatible with heme-binding. It is clear that the CFP heme-binding
scaffold is widespread, and the few members whose function has been investigated suggest a
versatile platform supporting diverse chemistries. As CFPs are found in pathogens such as
Mycobacterium tuberculosis, it is possible that when more fully characterized these may
become attractive drug targets. Further biochemical and in vivo studies are clearly
warranted.
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Abbreviations

COG Cluster of orthologs

DyP dye-decolorizing peroxidase

Cld chlorite dismutase

NPRB non-perchlorate respiring bacteria

PRB perchlorate respiring bacteria

CFP Cld family protein

DA-Cld Dechloromonas aromatica chlorite dismutase

PPIX protoporphyrin IX
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Figure 1. Overview of Dechloromonas aromatica Cld structure
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(A) The monomer of DA-Cld is shown in green cartoon. (B) Stereo view of the heme-
containing nitrite-bound active site with residues of possible catalytic importance
highlighted. Relevant residues are represented as sticks, numbered according to the mature
DA-Cld sequence and color-coded (carbons) by their proposed function in DA-Cld (See also
Table 1). This figure was generated using PyMOL (http://www.pymol.org/).
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Figure 2. Phylogenetic tree of Cld family protein sequences from diverse hosts
The phylum/kingdom affiliation of each species is indicated by color: Proteobacteria
(yellow), Firmicutes (orange), Nitrospirae (red), Actinobacteria (blue), Archaea (light blue),
Deinococcus-Thermus (grey), Chloroflexi (green), Planctomycetes (dark purple),
Veruccomicrobia (light purple), and Acidobacteria (pink). The Halobacteriacea, pictured
near the bottom of the tree, form their own group distinct from the other archea. Species
known to carry out chlorite detoxification are indicated with a bracket/asterisk. CFPs
originating from species mentioned in the text are as follows: (a) Dechloromonas aromatica;
(b) Dechloromonas agitata; (c) Ideonella dechloratans; (d) Nitrospira defluvii; (e)
Halobacterium sp. NRC-1; (f) Thermus thermophilus HB8; (g) Geobacillus
stearothermophilus; (h) Mycobacterium tuberculosis; (i) Thermoplasma acidophilum. A
three-iteration PSI-BLAST search was performed using DA-Cld as the bait sequence. The
top 500 result sequences were aligned by ClustalX, and a phylogenetic tree was constructed.
Representative sequences from each phylum were chosen for the above display. Settings
used for the tree building were: random number = 111 and bootstrap maximum = 1000. The
iTOL (Interactive Tree of Life) program was used for branch coloring and figure generation
(http://itol.embl.de/). Bootstrap values for the major branching points and a table listing
species of origin and accession numbers are included as Supplementary data.
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Figure 3. Stereo view of DA-Cld monomer showing residues conserved among all phyla
DA-Cld monomer shown as a faded grey cartoon. Strictly and strongly conserved residues
are shown as sticks and colored by atom (carbon orange and cyan respectively). Heme is
drawn in grey stick, and the iron as an orange sphere. Note: all phylogenically conserved
residues fall within the C-terminal domain. This figure was generated using PyMOL
(http://www.pymol.org/).
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Figure 4. Conserved regions of secondary structure from which active site residues are derived
(A) Structure alignment of CFP members with DA-Cld as identified via Dali. Aligned
regions of secondary structure are labeled (H = helix; L = loop; E = β-sheet). To illustrate
the conservation of core secondary structure elements, the alignment excludes insertions
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between aligned structures. Individual secondary structure elements that constitute the heme
distal and proximal pockets are indicated by labeled arrows. Residues from DA-Cld are
shown explicitly above their respective locations in discrete secondary structure elements
(i.e. α-helix or β-sheet). (B) Secondary structure elements mapped onto the structure of DA-
Cld. All structurally characterized enzymes within this family generate a heme-binding
pocket from five separate secondary structure elements (purple). In the E.coli CFP, S.
oneidensis CFP, and T. cucumeris CFP crystal structures, an aspartate residue is located in
the distal pocket (PDB codes are given in Table S1). It invariably originates from a similarly
positioned loop region (grey arrows). Color coding and labeling of these elements is
according to (A). Images in this figure were generated using PyMOL
(http://www.pymol.org/)
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Figure 5. Active site stereo views of crystallographically characterized apo-CFPs illustrating
possible heme environments
Cartoon diagram representations of protein monomers (carbon light grey) are shown, with
side-chains of active site residues shown as sticks. Residues lining the expected heme pocket
that fall within strictly conserved secondary structure elements are colored by atom (carbon
magenta). Note that the same residues were also identified from primary sequence
alignments with DA-Cld (Table 1). (A) G. stearothermophilus (Firmicutes); (B) T.
thermophilus (Deinococcus-Thermus). (C) T. acidophilum (Euryarchaeota). This figure was
generated using PyMOL (http://www.pymol.org/).
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Figure 6. Phylogenetic tree illustrating relationships between CFPs, DyPs, and COG2837
proteins
Representative CFP sequences were selected from each major phylum in Figure 2 and
plotted here, along with representative DyP family and COG2837 proteins. The phylum/
kingdom affiliation of each species is indicated by color: Proteobacteria (yellow),
Acidobacteria (light pink), Nitrospirae (dark pink), Archaea (light blue), Cyanobacteria
(royal blue), Deinococcus-Thermus (teal), Firmicutes (orange), Actinobacteria (green),
Ascomycota (salmon), Plantae (black), Bacteroidetes (tan), Basidiomycota (violet), and
Planctomycetes (brown). Proteins originating from species mentioned in the text are as
follows: a-i see legend for Figure 2; (j) Escherichia coli EfeB; (k) Thanatephorus cucumeris
DyP; (l) Shewanella oneidensis TyrA. The following was performed using bait sequences
EfeB from E. coli and DyP from T. cucumeris: a three-iteration PSI-BLAST search yielded
top 500 result sequences which were aligned by ClustalX. For this tree, EfeB homologs with
a PSI-BLAST E-value above 3×10−68 and DyP sequences with a PSI-BLAST E-value above
2×10−22 were eliminated, leaving approximately 250 sequences from each family, a subset
of which are shown on the tree. Bootstrap values for the major branching points and a table
listing species of origin and accession numbers are included as Supplementary data.
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Figure 7. Top structural homologs to DA-Cld outside the CFPs as identified by Dali
(A) EfeB from Escherichia coli; (B) DyP from Thanatephorus cucumeris; (C) TyrA from
Shewanella oneidensis. PDB codes are given in Table S1. Cartoon diagram representations
of protein monomers (carbon grey) are shown, with side-chains of proposed key active site
residues shown as sticks. On the monomers, residues that form the enzyme active site and
originate from conserved secondary structure elements as seen in Figure 4 are colored by
atom (carbon magenta). An Asp residue that is strictly conserved in EfeB and DyP family
proteins is absent in CFPs (carbon grey). This figure was generated using PyMOL
(http://www.pymol.org/).
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Figure 8. Stereo view overlay of Cld and EfeB/DyP family heme environments
(A) Key proximal pocket residues. (B) Distal residues. Drawn as stick colored by atom.
Carbon coloring DA-Cld, green; EfeB, light blue; DyP, orange; TyrA, pink. Residues in
DA-Cld are labeled in black, while those of DyP are labeled in orange. DyP and TyrA distal
pockets also contain an additional residue with no correlate in the other structures (S331 and
S244 respectively). The heme of DA-Cld is drawn in grey sticks and the Fe center
represented as an orange sphere. This figure was generated using PyMOL
(http://www.pymol.org/).
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Figure 9. Hemes of DA-Cld and DyP
(A) Stereo view comparing heme orientation in DA-Cld and DyP. (B) Interactions of the
propionates of DA-Cld. (C) Interactions of the propionates of DyP. Active site residues and
hemes are shown as sticks and colored by atom with DA-Cld (carbon green) and DyP
(carbon orange). Regions associated with DyP are labeled in orange font. Pyrrole rings of
the heme b cofactor are labeled and shown in bolded font. The hemes in DA-Cld and Dyp
are related by a 180° flip along an axis through pyrrole positions D and B. This figure was
generated using PyMOL (http://www.pymol.org/).
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Figure 10. Structural homology between the domains of the structural superfamily
(A) Cartoon of the DA-Cld monomer with the N-terminal domain colored in yellow, and the
C-terminal heme-binding domain colored in green. The C-terminal helix is colored in red.
Heme is drawn explicitly in stick colored by atom, and iron is drawn as an orange sphere.
(B) N-terminal and C-terminal domains overlaid. The alignments is done with the program
SUPERPOSE (30). Colors as in panel A. This figure was generated using PyMOL
(http://www.pymol.org/).
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Scheme 1.
Proposed mechanisms for chlorite decomposition and O2 evolution catalyzed by DA-Cld. A
Cld-chlorite Michaelis complex forms. (Top) Heterolytic bond cleavage yields the ferryl-
porphyrin cation radical intermediate (Compound I) and hypochlorite as the leaving group.
The oxygen atom of hypochlorite acts as a nucleophile toward the electron-deficient
Compound I, forming a peroxychlorite anion that rapidly breaks down into products.
(Bottom) The same Michaelis complex reacts via homolytic cleavage of the (O)Cl-O− bond,
yielding the ferryl-porphyrin complex (Compound II) and the hypochloryl radical.
Recombination of the radicals yields the peroxychlorite anion and then the reaction
products.
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