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Abstract

In absence of significant sequence similarity, remote homology between proteins can be
confused with analogy and in such a case, shared ancestry can be inferred in light of certain
unique and common features. In the present study, to understand the evolutionary origin of
catalytic domain of large subunit of ring-hydroxylating oxygenases (RHOs), belonging to
the Bet v1-like superfamily, structure-based phylogenies have been derived from structural
alignment of representative proteins of the superfamily. A careful inspection of the struc-
tural relatedness of RHOs with the rest of the families showed closest similarity between
RHO catalytic domain and PA1206-like protein. In addition, phylogenetic relationship of
the Rieske domain of the large subunit of RHOs with functionally and structurally similar
proteins has also been elucidated so as to postulate the most possible events leading to the
genesis of the large subunit of RHOs.

Key words: Structural evolution; Bet v1-like superfamily; Iron-sulfur protein; Rieske protein;
Aromatic ring-hydroxylating oxygenase.

Introduction

Bacterial ring-hydroxylating oxygenases (RHOs) belong to a large family of
enzymes that have potential utility in bioremediation of diverse aromatic com-
pounds including linked and fused aromatics, aliphatic olefins, and highly sub-
stituted aromatics as well as many toxic and/or carcinogenic compounds such as
polychlorinated biphenyls and polycyclic aromatic hydrocarbons (PAHs) (1, 2). To
cope with the enormous diversity of aromatic compounds in the environment, this
enzyme family has evolved remarkably to accept wide range of substrates leading
to expansion of catabolic potential. The terminal oxygenase of multi-component
RHOs exist either as homo-multimers (o, ) or hetero-multimers (o 3,). The large
catalytic subunit (o) bears an N-terminal Rieske domain with a conserved [2Fe-2S]
center and a C-terminal catalytic domain having a conserved mononuclear
iron-binding site (2-His-1-carboxylate motif).

Biological sequence analysis with important computational methods such as phy-
logenetic analysis and classification have been used to infer shared ancestry among
proteins (3-17). In the absence of significant sequence similarity, other unique or
common features such as protein structure evolution can be employed to unearth
shared ancestry. The Structural Classification of Proteins (SCOP) database (18)
classifies protein domains with known structures into a hierarchy of structural infor-
mation where close homologues are grouped into the same family and families with
convincing structural and/or functional evidence for common ancestry are grouped
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into the same superfamily. Bet v1-like superfamily [SCOP: 55961], named after the
white birch (Betula verrucosa) major pollen allergen (a member of the PR-10 fam-
ily of plant pathogenesis-related proteins) (19, 20), is one such superfamily in SCOP
(release 1.75, June 2009) having a TATA binding protein (TBP)-like fold [SCOP:
55944] and includes 53 non-identical structures (including mutants, isoforms and
those from structural genomic projects). These structures are classified into ten
different families, viz., pathogenesis-related protein 10 (PR10)-like, steroidogenic
acute regulatory protein-related lipid transfer (START) domain, phosphatidyl inos-
itol transfer protein (PITP), RHO o-subunit catalytic domain, activator of Hsp90
ATPase homolog 1 (AHSA1) domain, oligoketide cyclase/dehydrase (OK CYC/
DH)-like, PA1206-like, Atul531-like, Smu440-like, and CoxG-like families. Pro-
teins having Bet v1-like fold have been found to be ubiquitously present in all the
three domains of life and are mostly involved in lipid transport and/or metabolism
and pathogenesis as well as other unique functions such as biosynthesis of sec-
ondary metabolites, degradation of aromatic compounds, and antibiotic resistance
(21). Functionally well-characterized proteins within the Bet v1-like superfamily
belong to PR10-like, START domain, PITP, RHO ¢-subunit catalytic domain, OK
CYC/DH-like, AHSA1 domain and CoxG-like families while rest of them have
been classified only on the basis of structural genomic studies and lack information
regarding their functional aspects. Structure of all the members within this super-
family is characterized by a distinct architecture (a common B-a.,-B,-o fold), here
referred to as the “Bet v1-like fold” (Figure 1), whereby an anti-parallel B-sheet is
wrapped around a long o-helix forming a large hydrophobic cavity (22). Certain
bacterial families are distributed only among a small number of species which sug-
gests that these proteins evolved from a primordial Bet v1-like gene by adopting
a specialized function as exemplified by the antibiotic resistance protein (CalC),
PA1206 protein and the RHO o.-subunit catalytic domain.

The protein family database, Pfam (release 24, October 2009), categorizes o, f3,
[Pfam: PFO0848] and o, [Pfam: PF11723] RHOs into two different families, having
2022 and 34 sequences respectively within the Bet v1-like clan [Pfam: CL0209]
thus, making RHOs the largest family [SCOP: 55969] within the Bet v1-like super-
family. The Rieske domain of RHO a-subunit (23), on the other hand, belongs
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Figure 1:  Structure of the pollen allergen, Bet v1, from Betula pendula (PDB ID: 1BV 1) showing the
conserved B-0,-B,-0. fold of Bet v1-like superfamily proteins.



to the iron-sulfur protein (ISP) domain superfamily [SCOP: 50022], sharing the
same ISP domain fold [SCOP: 50021] with two other families, viz., Rieske ISP and
NirD-like. The superfamily includes structures of 22 non-identical proteins from
bacteria, archaea and eukaryotes. Proteins bearing Rieske centers are widespread in
nature and exhibit different catalytic functions, their occurrence being more com-
mon in bacteria and archaea when compared to eukaryotes (24).

Till date, several genes encoding RHOs have been characterized in different spe-
cies of bacteria, which give useful information regarding diversification of these
catabolic genes. But the evolutionary events regarding origin of the terminal oxy-
genase component of the RHO systems are yet to be revealed. The present study
attempts in depicting the possible evolutionary scenarios leading to the origin of the
RHO o-subunit, in light of structural phylogenies and domain relatedness among
the homologues of both Rieske and the catalytic domain.

Methods
Retrieval of Structural Homologues and Construction of Dataset

Structures of Bet vl homologues as well as those within ISP domain superfamily,
classified in SCOP (release 1.75), were obtained from Brookhaven Protein Data
Bank (PDB) (25). Bet v1-like families exclusively belonging to eukaryotes (viz.
PR10-like and PITP families) were discarded from further analysis. PDB coor-
dinates for the Rieske and catalytic domains of RHOs were either obtained from
ASTRAL database (version 1.75) (26) or extracted separately from the parent
PDB file. Moreover, the Vector Alignment Search Tool (VAST) utility (http://
www.ncbi.nlm.nih.gov/Structure/VAST/vastsearch.html) (27) was used to deter-
mine structural homologues of RHOs which were not included in SCOP release
1.75. Searches were made against the minimum-redundancy subset of PDB with
structures of both naphthalene 1,2-dioxygenase (PDB ID:1NDO) and 2-oxo-
1,2-dihydroquinoline 8-monooxygenase (PDB ID:1Z01) from Pseudomonas
putida as queries.

Phylogenetic Reconstruction and Structural Analyses

Multiple structural alignments of the Bet vl homologues and the ISP domain
homologues were performed separately using STAMP (28). The initial STAMP
alignments were executed using default parameters (-slide 5 and -scanscore 6) and
the final alignments were performed with parameters: -slide 7 and -scanscore 4.
Pairwise distance matrices based on both the structural distance measures, 1-Q,
and root mean square deviation (RMSD) were then computed using the MultiSeq
module in Visual Molecular Dynamics (VMD) program (29, 30), distributed by the
NIH Resource for Macromolecular Modeling and Bioinformatics at the Univer-
sity of Illinois (http://www.ks.uiuc.edu/Research/vmd/). In structural alignment of
proteins, the structurally conserved regions are separated by non-conserved ones,
which mostly occur via insertion or deletion. Such regions have been shown to be
crucial for inferring the phylogenetic history of a protein family (31). The factor
Q,; accounts for contributions from both structurally aligned regions as well as
the structural deviations induced by insertions in each protein in an aligned pair
(32). Another set of distance matrices were constructed on the basis of normalized
RMSD (superposition RMSD divided by the number of aligned residues) obtained
separately from pairwise structural alignments of the 36 Bet vl homologues as
well as the 27 ISP homologues, used in this study, employing the DALI algorithm
(33). The distance matrices, thus obtained, were finally used to generate structure-
based phylogenetic trees using the program FITCH (34) within the PHYLIP pack-
age (35). All the trees were visualized and manipulated using the program Tree
Explorer v2.12 (36) and the layouts were modified using a standard graphics pro-
gram. In addition, the pairwise structural alignments performed with DALI were
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used to compute structural distance between certain representative family mem-
bers of the Bet v1-like superfamily by a measure, called structural distance metric
(SDM), which accounts for insertions and deletions (indels) as well as RMSD at the
topologically equivalent positions of a pair of aligned structures (37, 38).

Identification of Conserved Domains

The Conserved Domain Database (CDD), the current version of which is available
at http://www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml (39), was used for identi-
fication and comparison of conserved domains present in the structural homologues
of both Bet v1-like and ISP domain superfamilies.

Results

Structural Neighbors of RHO a-subunit Catalytic Domain and Their
Taxonomic Distribution

Since no homolgues of bacterial RHOs could be detected in terms of sequence
similarity, the next attempt was to study the structural homologues of individual
domains of such proteins. As mentioned above, the catalytic domain of bacterial
aromatic ring-hydroxylating oxygenase (RHO) a-subunit belongs to the Bet v1-like
superfamily [SCOP: 55969]. Although proteins having the same fold do not always
share a common ancestry (40-43), but it seems very unlikely that structures with
a complex architecture, as observed within the Bet v1-like superfamily (Figure 1),
have evolved independently. Thus to understand their evolutionary relationship and
to identify the closest relative of RHO o-subunit catalytic domain, structural phy-
logeny of 36 representatives (excluding families belonging exclusively to eukary-
otes) from the Bet v1-like superfamily (enlisted in Table I) was computed on the
basis of both Q,, factor (32) as well as normalized RMSD. It may be mentioned
here that in addition to contributions from structurally aligned regions (similar to
RMSD measures), the factor Q,, also considers structural deviations induced by
insertions in each protein in an aligned pair and thus, ideally reflects evolutionary
relationships among structurally similar entities. The phylogenetic tree obtained
using the distance measure, 1-Q,, revealed that the catalytic domain of the steroid-
binding o, RHO, 3-ketosteroid 9a-hydroxylase (PDB: 2ZYL) from Mycobacterium
tuberculosis, and a hypothetical protein, PA1206 (PDB: 2FFS) from Pseudomonas
aeruginosa strain PAO1 having a conserved domain of unknown function (CD:
DUF1857), cluster together and share a common node with other RHOs, further
rooted by the self-sacrificing resistance protein, CalC, from Micromonospora echi-
nospora; (PDB: 1ZXF) (Figure 2A). The phylogenetic tree computed on the basis
of normalized RMSD (Figure 2B) also showed similar results.

The structure-based alignment of both the families (CalC and PA1206) with RHO
catalytic domain showed conservation in their secondary structural elements that
make up the core Bet vl-like fold except that the CalC protein differs margin-
ally from the core fold by disruption of the C-terminal helix (0.2) by a non-helical
region, as shown in Figure 3. Moreover, among the two families, PA1206 protein
was found to be structurally more close to the o-subunit catalytic domain of RHOs
(especially those of o, RHOs), as observed from their respective structural superpo-
sition (Figures 4A and 4B) as well as from comparison of their pairwise SDM score
(Figure 4C). Further, a BLAST search of the CalC protein against the non-redun-
dant database at the National Center for Biotechnology Information (NCBI, NIH,
Bethesda, MD) (http://www.ncbi.nlm.nih.gov/) yielded maximum identity with a
predicted protein from the closely-related actinomycete, Salinispora arenicola, fol-
lowed by certain uncharacterized bacterial members of the AHSA1 family. Another
search was performed to understand the taxonomical distribution of PA1206-like
family, especially among prokaryotes, which identified several putative proteins in
bacteria (but not in archaea) bearing the PA1206-like domain signature. Most of



these proteins are distributed among the phyla Proteobacteria (especially in strains
belonging to genus Burkholderia, Pseudomonas, Dechloromonas, Aromatoleum,
Thauera, Azoarcus, Cupriavidus, Ralstonia, Janthinobacterium, Oxalobacter,
Limnobacter, Methylibium, Agrobacterium, Geobacter and Caulobacter) with

maximum abundance among Burkholderiales and Pseudomonads. Surprisingly,
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Table I

Representative structures from Bet v1-like superfamily.

Family/Protein
(length)

Organism

Function/Substrate

Conserved domain family (CDD
accession no.)

Steroidogenic acute regulatory protein-related lipid transfer (START) domain

1EM2 (229)
1JSS (224)

ILN1 (214)
2PSO (237)
2R55 (231)

Homo sapiens
Mus musculus
Homo sapiens
Homo sapiens
Homo sapiens®

Ring-hydroxylating oxygenase (RHO) o.-subunit catalytic domain

INDO (293)
2BIX (279)
1ULI (270)
IWQL (279)
2BMO (287)
2CKF (294)
3ENI (261)
IWW9 (242)
3GOB (218)
2ZYL (264)
1201 (279)

Pseudomonas putida
Rhodococcus sp. NCIMB12038
Rhodococcus sp. RHA-1
Pseudomonas fluorescens IPO1
Comamonas sp.

Sphingomonas sp. CHY-1*
Pseudomonas putida®
Janthinobacterium sp. J3
Stenotrophomonas maltophilia®
Mycobacterium tuberculosis®
Pseudomonas putida

Activator of Hsp90 ATPase homolog 1 (AHSA1) domain

1X53 (145)
1XFS (178)
1XNS5 (146)
1XN6 (143)
1XUV (178)
1794 (147)

2IL5 (171)

2K5G (191)
2NN5 (184)
3ELI (152)

1ZXF (155)

Homo sapiens

Nitrosomonas europaea ATCC 19718
Bacillus halodurans C-125

Bacillus cereus

Methanosarcina mazei Gol
Chromobacterium violaceum ATCC 12472
Staphylococcus aureus

Bordetella parapertussis
Enterococcus faecalis

Ruegeria pomeroyi

Micromonospora echinospora

Oligoketide cyclase/dehydrase (OK CYC/DH)-like

1T17 (148)
2D4R (147)
ORER (173)
PA1206-like
2FFS (157)

Atul531-like
2QPV (156)
3CNW (148)
Smu440-like
31T (155)

CoxG-like

2NS9 (157)
2PCS (162)

Caulobacter crescentus CB15
Thermus thermophilus
Streptomyces glaucescens

Pseudomonas aeruginosa PAO1

Agrobacterium tumefaciens C58
Bacillus cereus ATCC 14579

Streptococcus mutans®

Equus caballus
Geobacillus kaustophilus

Lipid transport/Cholesterol

Lipid transport/Cholesterol

Lipid binding/Phosphatidylcholine
_uf-

Lipid transport

Dioxygenase/Naphthalene
Dioxygenase/Naphthalene
Dioxygenase/Biphenyl
Dioxygenase/Cumene
Dioxygenase/Nitrobenzene
Dioxygenase/PAH
Dioxygenase/Toluene
Dioxygenase/Carbazole
Demethylase/Dichloromethoxyben-zoic acid
Hydroxylase/3-Ketosteroid
Monooxygenase/2-Oxoquinoline

_uf-
_uf-
_uf-
_uf-
_uf-
_uf-
_uf-
_uf-
_uf-
_uf-
Self-sacrificing resistance protein/Enedyine

_uf-
_uf-
Aromatase-cyclase/Tetracenomycin

uf-

_uf-
—uf-

—uf-

Methemoglobin
_uf-

START_STARD3-like (cd08906)
START_STARDA4-like (cd08902)
START_STARD2-like (cd08910)
START_STARDI13-like (cd08909)
START_STARDS-like (cd08903)

RHO_alpha_C_NDO-like (cd08881)
RHO_alpha_C_NDO-like (cd08881)
RHO_alpha_C_NDO-like (cd08881)
RHO_alpha_C_NDO-like (cd08881)
RHO_alpha_C_NDO-like (cd08881)
RHO_alpha_C_NDO-like (cd08881)
RHO_alpha_C_NDO-like (cd08881)
RHO_alpha_C_DMO-like (cd08878)
RHO_alpha_C_DMO-like (cd08878)
Belongs to HcaE domain family

RHO_alpha_C_DMO-like (cd08878)

SRPBCC_Ahal (cd08892)
SRPBCC_CalC_Ahal-like (cd08896)
SRPBCC_CalC_Ahal-like (cd07814)
SRPBCC_CalC_Ahal-like (cd07814)
SRPBCC_CalC_Ahal-like_9 (cd07826)
SRPBCC_CalC_Ahal-like_2 (cd08895)
SRPBCC_CalC_Ahal-like (cd07814)
SRPBCC_CalC_Ahal-like_6 (cd08899)
SRPBCC_CalC_Ahal-like_6 (cd08899)
SRPBCC_CalC_Ahal-like (cd07814)
SRPBCC_CalC (cd08891)

COQI10P_like (cd07813)
Belongs to SRPBCC domain family
TemN_ARO_CYC_like (cd08860)

SRPBCC_DUF1857 (cd08863)

Belongs to SRPBCC domain family
PYR_PYL_RCAR_like (cd07821)

SRPBCC_Smu440_like (cd08862)

CoxG (cd05018)
CoxG (cd05018)

uf: Proteins with unknown function, derived from structural genomics.
aStructures not included in SCOP release 1.75.



72 homologues were identified even in organisms known to possess RHOs, such as
Pseudomonas aeruginosa strain PAO1 and Burkholderia xenovorans strain LB400
Chakraborty et al. which bear toluate and biphenyl dioxygenases respectively.

Structural Neighbors of RHO a-subunit ISP Domain

The Rieske domain of RHO o-subunit (23), as mentioned earlier, belongs to the
iron-sulfur protein (ISP) domain superfamily [SCOP: 50022], sharing the same ISP
domain fold [SCOP: 50021] with two other families, viz., Rieske ISP and NirD-
like. The superfamily includes structures of 22 non-identical proteins from bacteria,
archaea and eukaryotes as per SCOP (release 1.75). Figure 2C shows the phyloge-
netic relationship of 27 structures (enlisted in Table II) representing each family
within the ISP domain superfamily, aligned using STAMP (28) and the phylogeny
computed on the basis of Q,, factor (32), while Figure 2D shows their phyloge-
netic relationship computed on the basis of normalized RMSD. As shown clearly
in both the dendograms, RHO Rieske (ISP) domain, especially those of o type
RHOs, cluster with Rieske ferredoxins, the electron transport proteins associated
with various RHOs. Such a relatedness is also seen in sequence-based phylogeny
obtained using RHO Rieske (ISP) domain and Rieske ferredoxins (data not shown).
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Figure 2:  Structure-based phylogenetic tree of Bet v1-like superfamily proteins computed on the basis of distance measures, 1-Qy, (A) and normalized RMSD
(B), obtained from the alignment of 36 representative structures using the rigid-body alignment methods, STAMP and DALI respectively and that of Iron-Sulfur
Protein (ISP) domain superfamily proteins drawn according to the distance measures, 1-Q,, (C) and normalized RMSD (D), obtained from the alignment of
27 representative structures using STAMP and DALI respectively. All the dendograms were obtained using Fitch method.



Moreover, the phylogenetic trees represented in Figure 2 also point toward the fact
that among RHOs, the o, RHOs might have evolved earlier and have acted as a link
between their ancient precursor and the present day ‘extant’ dioxygenases (both o,
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Figure 3: Structure-based alignment of PA1206 and CalC proteins with those of RHO a-subunit catalytic domain family members. Regions that make up the core

Bet vi-like fold are represented in green boxes. Each residue is color coded and/or italicized as per its secondary structure information as follows - bold regular:
loop; bold red: a-helix; bold red italics: 3,,-helix; bold blue: extended B-strand; bold blue italics: B-bridge; bold underligned: turn. Gaps are denoted by dots.
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Conserved Domain Analysis

The conserved domain present in each of the structures included in this study (36
representatives from the Bet v1-like superfamily and 27 from the ISP domain
superfamily) were identified from the CDD (39), which are shown in Tables I and
II. In CDD, the Bet vl1-like superfamily is represented by the SRPBCC (START/
RHO_alpha_C/PITP/Bet_v1/CoxG/CalC) domain superfamily [CDD: cd07812]
with the most abundant domain being that of the SRPBCC_CalC_Ahal-like family
[CDD: ¢d07814] which is found among the AHSA1 family of proteins (Table I). In
the CD sub-family hierarchy also, the PA1206-like domain, represented by SRP-
BCC_DUF1857 domain family [CDD: cd08863] is placed in between the RHO
o-subunit catalytic domain, represented by the conserved RHO_alpha_C domain
[CDD: ¢d00680] and the domains belonging to rest of the Bet v1-like superfamily
members considered in this study.

The ISP domain superfamily, on the other hand, is represented by Rieske domain
superfamily [CDD: cd03467] in CDD. The RHO o.-subunit ISP domain makes up
the largest family (Rieske_RO_alpha_N; CDD: cd03469) within this CD superfamily
(Table II). However, the relatedness between RHO ISP domain of ¢, type RHOs and
Rieske ferredoxins as observed in our structural phylogenetic studies (Figure 2C and
2D) is not distinct in the CD sub-family hierarchy of Rieske domain superfamily.

Discussion

It is now a well known fact that three-dimensional structures of proteins are evolu-
tionarily much more conserved, while the sequence identity/similarity between two

(©)

Pairwise SDM

2ZYL
3GOB
1201
1WW9
1NDO
2BMO
2CKF
2B1X
1waQL
3EN1
1ULI

Figure 4:  Structural superposition of CalC [PDB: 1ZXF] (A) and PA1206 [PDB: 2FFS] (B) proteins with the catalytic domain of 3-ketosteroid 9o-hydroxylase
[PDB: 2ZYL]. Comparison of structural relatedness of both CalC (gray bars) and PA1206 (black bars) proteins with the o-subunit catalytic domain of RHOs
(represented by respective PDB IDs) (C) in terms of pairwise SDM score.



distant homologues may go beyond recognition (44-47). Distant homologues are
often accompanied by substantial changes in functional properties, such as altered
substrate preferences or even loss of enzymatic activity (48, 49). In absence of sig-
nificant sequence similarity, remote homology can be confused with analogy and
in such a case, shared ancestry can only be inferred in light of several observations,
such as extent of overall structural similarity, arrangement of secondary structural
elements, unusual structural features, arrangement of functional residues, similar-
ity in solvent accessibility and similar domain architectures (41, 50-52). Stability
of the overall spatial conformation of proteins may be attributed to conservation of
physico-chemical properties of residues crucial for maintaining the backbone fold
(53). One such property is the presence of closed loops which are believed to be
the basic structural element of globular proteins (54, 55). Protein structures have
been shown to maintain a ‘proteomic code’ forming prototypes of functional closed
loops, called “Elementary Functional Loops” (EFLs) (55-57). It has been suggested
that loop fold structure of globular proteins have strong evolutionary implications
and that detection of EFLs can be useful in elucidating distant evolutionary relations
among protein folds (58, 59). Identification of EFLs in Bet v1-like fold shall be a
useful strategy to understand the evolution of such a complex fold, characterized by
a large hydrophobic cavity. However, the members within Bet v1-like superfamily
have diverged to such an extent, probably due to varying selection pressure, that
there is no significant sequence similarity among the families. At the same time, it
is also difficult to predict the ancient member of this superfamily although the OK
CYC/DH-like family is known to possess the minimal Bet v1-like fold and is thus
considered to be the closest relative of the primordial Bet v1-like protein (21).

Table 11

Representative structures from ISP domain superfamily.
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Protein (length) Organism Function/Associated with

Conserved domain family (CDD accession no.)

Rieske iron-sulfur protein (ISP)

1G8K (133) Alcaligenes faecalis Arsenite oxidase

1RIE (129) Bos taurus Mitochondrial Cyt bel-complex

INTZ (124) Bos taurus Mitochondrial Cyt bel-complex

1EZV (122) Saccharomyces cerevisiae Cyt bcl-complex

IRFS (139) Spinacia oleracea Chloroplast Cyt bf-complex

1Q90 (127) Chlamydomonas reinhardtii Cyt b6f-complex

1IM1 (204) Sulfolobus acidocaldarius Sulfur oxidase

INYK (165) Thermus thermophilus Electron transport

1VMO (111) Pseudomonas mendocina Kr1 Electron transport/Toluene monooxygenase
1FQT (112) Burkholderia cepacia Electron transport/Biphenyl dioxygenase
2I7F (108) Sphingobium yanoikuyae* Electron transport/Biphenyl dioxygenase
2E4Q (109) Pseudomonas sp.* Electron transport/Biphenyl dioxygenase
2QPZ (103) Pseudomonas putida® Electron transport/Naphthalene dioxygenase
2DE7 (115) Pseudomonas resinovorans® Electron transport/Carbazole dioxygenase
3GCE (121) Nocardioides aromaticivorans®  Electron transport/Carbazole dioxygenase
3DQY (106) Pseudomonas putida® Electron transport/Toluene dioxygenase

Ring Hydroxylating Oxygenase (RHO) o.-subunit ISP domain

INDO (154) Pseudomonas putida Naphthalene dioxygenase

2B1X (162) Rhodococcus sp. NCIMB12038  Naphthalene dioxygenase

1ULI (154) Rhodococcus sp. RHA-1 Biphenyl dioxygenase

1WQL (157) Pseudomonas fluorescens IPO1  Cumene dioxygenase

2BMO (150) Comamonas sp. Nitrobenzene dioxygenase
2CKEF (127) Sphingomonas sp. CHY-1? PAH dioxygenase

3EN1 (127) Pseudomonas putida® Toluene dioxygenase

1WW9 (142) Janthinobacterium sp. J3 Carbazole dioxygenase

3GOB (122) Stenotrophomonas maltophilia®  Dichloromethoxybenzoic acid demethylase
27ZYL (73) Mpycobacterium tuberculosis® 3-Ketosteroid hydroxylase

1701 (148) Pseudomonas putida 2-Oxoquinoline monooxygenase

Rieske_ArOX_smal (cd03476)
Rieske_cytochrome_bc1 (cd03470)
Rieske_cytochrome_bc1 (cd03470)
Rieske_cytochrome_bc1 (cd03470)
Rieske_cytochrome_b6f (cd03471)
Rieske_cytochrome_b6f (cd03471)
Rieske_SoxF_SoxL (cd03475)
Rieske (cd03467)

Rieske_T4moC (cd03474)
Rieske_RO_ferredoxin (cd03528)
Rieske_RO_ferredoxin (cd03528)
Rieske_RO_ferredoxin (cd03528)
Rieske_RO_ferredoxin (cd03528)
Rieske_RO_Alpha_OMO_CARDO (cd03548)
Rieske_RO_ferredoxin (cd03528)
Rieske_RO_ferredoxin (cd03528)

Member of Rieske domain family
Rieske_RO_Alpha_NDO (cd03535)
Rieske_RO_Alpha_BPDO_like (cd03472)
Rieske_RO_Alpha_BPDO_like (cd03472)
Member of Rieske domain family

Member of Rieske domain family

Member of Rieske domain family
Rieske_RO_Alpha_OMO_CARDO (cd03548)
Rieske_RO_Alpha_VanA_DdmC (cd03532)
Rieske_RO_Alpha_KSH (cd03531)
Rieske_RO_Alpha_OMO_CARDO (cd03548)

uf: Proteins with unknown function, derived from structural genomics.
aStructures not included in SCOP release 1.75.



76 Several members of the Bet v1-like superfamily are known to be involved in lipid-
binding and/or pathogenesis (21). Catalytic domain of the steroid-binding o, RHO,
3-ketosteroid 9a-hydroxylase (PDB ID: 2ZYL), which is believed to represent the
archetypical RHO (60), also acts in cholesterol catabolic pathway of Mycobacte-
rium tuberculosis and has been implicated in pathogenesis of the bacterium (61,
62). The catalytic domain of 3-ketosteroid 90-hydroxylase may thus be considered
most close to the hypothetical pre-oxygenase module having a Bet v1-like fold. Our
analysis also shows that among the two proteins, CalC and PA1206, the latter is
structurally more close to the RHO a-subunit catalytic domain family (Figures 2A,
2B and 4) and is distributed mostly among proteobacters, which suggests that either
the protein itself, or any of its ancestors, might have been the precursor of the pre-
oxygenase module. CalC protein, on the other hand, belongs to AHSA1 family,
which makes it (or any of its ancestors) a possible link between the AHSA1 family
and the RHO a-subunit catalytic domain family. A similar inference can also be
drawn from the CD sub-family hierarchy of these proteins. However, such infer-
ences are truly putative at this moment as they are solely dependent upon current
availability of structural data, e.g., the PDB contains just one known structure each
of both CalC protein as well as the PA1206-like family.

Chakraborty et al.

Standing at this point, the above lines of analysis can be summed up to sketch the
most likely events leading to the evolution of the terminal oxygenase component
of RHOs, shown in Figure 5. An ancestral proteobacterial PA1206-like family pro-
tein, by spontaneous evolution, attained the Fe*3-binding 2-His-1-carboxylate motif
required for oxygen activation and further gave rise to a pre-oxygenase module
bearing a lipid-binding large hydrophobic cavity as well as a site of oxygen activa-
tion. Such a module, upon fusion with an ancestral Rieske ferredoxin-like protein,
gave birth to the first catalytic RHO, resembling the present day 3-ketosteroid
9a-hydroxylase, which further evolved to other oo, RHOs. These RHOs further took
the support of an additional protein (the small B subunit), known to be a distant homo-
logue of nuclear transport factor 2 (NTF2) (63), and evolved into heteromultimeric
(o.,8,) RHOs, probably for structural stabilization and at the same time, for increasing
their catabolic plasticity to accommodate a large spectrum of aromatic compounds.

Conclusion

Deriving evolutionary scenarios on the basis of existing evidences has always been
an information-dependent process. The present study also is not an exception and
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Figure 5: Proposed pathway of evolutionary events leading to the genesis of the o-subunit of aromatic ring-hydroxylating oxygenases (RHOs) and subsequent
multimerization with B-subunit. Solid arrows indicate multiple evolutionary steps in between two consecutive structures and dotted arrows indicate fusion or mul-
timerization events.



truly relies on the information content of various biological databases. On the basis
of both structural and functional evidences, we have depicted for the first time, the
most possible event that has caused the genesis of the catalytic subunit of bacterial
aromatic RHOs involved in the degradation as well as in the management of toxic-
ity and/or carcinogenicity of aromatic hydrocarbons in the environment. The Bet
v1-like fold, mostly associated with lipid transport and/or pathogenesis, has thus
evolved for another crucial job, i.e., oxygenation of aromatic nucleus thus, reliev-
ing the environment from various toxic and hazardous chemicals.
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