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Abstract

Biosynthesis of steroid hormones in vertebrates involves three cytochrome P450 hydroxylases,
CYP11A1, CYP17Al1 and CYP19A1, which catalyze sequential steps in steroidogenesis. These
enzymes are conserved in the vertebrates, but their origin and existence in other chordate subphyla
(Tunicata and Cephal ochordata) have not been clearly established. In this study, selected protein
sequences of CYP11A1, CYP17A1 and CYP19A1 were compiled and analyzed using multiple
sequence alignment and phylogenetic analysis. Our analyses show that cephalochordates have
sequences orthologous to vertebrate CYP11A1, CYP17A1 or CYP19A1, and that echinoderms
and hemichordates possess CYP11-like but not CYP19 genes. While the cephalochordate
sequences have low identity with the vertebrate sequences, reflecting evolutionary distance, the
data show apparent origin of CYP11 prior to the evolution of CYP19 and possibly CYP17, thus
indicating a sequential origin of these functionally related steroidogenic CYPs. Co-occurrence of
the three CYPs in early chordates suggests that the three genes may have coevolved thereafter, and
that functional conservation should be reflected in functionally important residues in the proteins.
CYP19A1 has the largest number of conserved residues while CYP11A1 sequences are less
conserved. Structural analyses of human CYP11A1, CYP17A1 and CYP19A1 show that critical
substrate binding site residues are highly conserved in each enzyme family. The results emphasize
that the steroidogenic pathways producing glucocorticoids and reproductive steroids are several
hundred million years old and that the catalytic structural elements of the enzymes have been
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conserved over the same period of time. Analysis of these elements may help to identify when
precursor functions linked to these enzymes first arose.
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1. Introduction

Steroid hormones play important reproductive and developmental roles in vertebrates.
Biosynthesis of steroid hormones involves enzymes belonging to two classes, the
cytochrome P450 monooxygenases (CYPs) and the hydroxysteroid dehydrogenases (HSDs),
both of which have been studied extensively (Miller et al., 2008; Payne and Hales, 2004).
There are three CYP enzymes, the cholesterol side chain cleavage enzyme (CYP11A1), the
bifunctional 17a-hydroxylase/17,20-lyase (CYP17A1), and the aromatase (CYP19A1), and
two hydroxysteroid dehydrogenases (33-HSD and 17p-HSD), in the steroid hormone
biosynthetic pathways seen in Figure 1. CYPs are heme-containing monooxygenases most
often catalyzing the conversion of a substrate (S) to a more polar hydroxylated form (S-OH).
They bind O, much as hemoglobin and myoglobin do but reduce the molecular oxygen
using electrons from pyridine nucleotides (NADH/NADPH) supplied through the ancillary
redox partner proteins. CYPs constitute one of the largest gene superfamilies, and are found
in all biological kingdoms. The evolution of different CYP families in the superfamily has
been described (Nelson et al., 2013), however, the functional evolution of related CYPs has
seldom been considered. Herein we present a structural analysis and evaluate the
conservation of key features of these three CYP proteins.

The three steroidogenic CYPs each catalyze complex multi-step chemistry in conversion of
substrate to product (Figure 1). The side chain cleavage enzyme, CYP11A1, catalyzes the
conversion of cholesterol into pregnenolone (PREG) in three successive monooxygenation
reactions, 22-hydroxylation, 20-hydroxylation and C22-C20 bond cleavage (Pikuleva, 2006;
Storbeck et al., 2007). There are ohnologs of CYP11A1 (CYP11B1 and CYP11C1) that
catalyze different reactions, but CYP11ALl catalyzes the first step in adrenal and gonadal
steroidogenesis and is considered to be the rate-limiting step in steroid hormone
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biosynthesis. Each of the three steps required for the conversion of cholesterol to PREG uses
one molecule of both NADPH and O,. CYP11A1 is a nuclear gene encoding a
mitochondrial P450, and its mitochondrial electron transfer system consists of the 2Fe-2S
protein adrenodoxin (Adx) and the FAD-containing reductase, adrenodoxin reductase
(AdxR). The crystal structure of bovine CYP11A1 bound to the first reaction intermediate
22R-hydroxycholesterol and human CYP11A1 bound to the second reaction intermediate
20a,22R-dihydroxycholesterol have been reported from two different studies (Mast et al.,
2011; Strushkevich et al., 2011).

CYP17AL1 catalyzes two different reactions in the production of the androgens
dehydroepiandrosterone (DHEA) and androstenedione (AND) (Miller, 2002; Nakajin et al.,
1981). The production of DHEA requires only CYP17A1 whereas the production of AND
additionally requires 33-HSD. PREG produced by CYP11A1 serves as the substrate for
CYP17A1, which first converts it into 170H-pregnenolone (170H-PREG) in a standard
hydroxylation reaction and then produces DHEA by a 17,20-lyase reaction, a two-step
process leading to cleavage of acetic acid from 170H-PREG. The other androgen AND is
produced from PREG or progesterone (PRG) by a combination of 17a-hydroxylation and
17,20-lyase reactions catalyzed by CYP17A1 and the 3B-dehydrogenation reaction catalyzed
by 3p-HSD. Either PREG, 170H-PREG or DHEA can act as substrate for 33-HSD and the
order in which these three reactions occur does not appear to be important. Finally,
testosterone (TEST) is produced either directly from AND by 173-HSD or from DHEA by
3p-HSD and 17B-HSD in two sequential reactions. CYP17A1 is a microsomal P450 and
requires the microsomal NADPH-containing cytochrome P450 reductase (POR), which
donates two electrons for the activation of molecular oxygen. Similar to CYP17A1, 38-HSD
and 17p-HSD are also microsomal enzymes. Crystal structures of human CYP17ALl in
complex with inhibitors and substrates have been reported (DeVore and Scott, 2012;
Petrunak et al., 2014).

Aromatase (CYP19A1) is unique in that it is the only enzyme in vertebrates that is capable
of aromatization of a six-membered ring. CYP19AL1 is involved in the production of three
different estrogens, estrone, 17a-estradiol, and 173,16a-estriol from the androgen substrates
AND, Test, and 16aOH-Test, respectively. CYP19A1 is also a microsomal P450 requiring
POR as the electron-transfer partner. The crystal structure of human CYP19A1 has been
reported (Ghosh et al., 2009, 2010) and the analysis of CYP19A1 sequences from a number
of species shows conservation of substrate binding residues (Hong et al., 2009, 2010).

Steroid hormones are found widely in animals. However, there are major differences in the
structures and biosynthetic pathways among different classes of steroids in vertebrates
(Deuterostomata), and insects and nematodes (Ecdysozoa). Markov et al. (Markov et al.,
2009) assessed possible origins of enzymes including CYPs in the steroid hormone synthetic
pathways in vertebrates by screening metazoan genomes using phylogenetic methods. They
concluded that xenobiotic metabolizing CYPs are ancestors of steroidogenic CYPs, while
steroidogenic CYPs of vertebrates and ecdysozoans arose in independent paths. Further,
Markov et al (Markov et al., 2009) suggest that two steroidogenic CYPs, CYP11A1 and
CYP19A1, arose in the deuterostome line and are specific to vertebrates. The only
invertebrate shown to date to contain a CYP19 ortholog is the amphioxus Branchiostoma
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belcheri (Mizuta and Kubokawa, 2007), an early-diverging chordate. Markov et al (Markov
et al., 2009) also suggested that CYPs related to CYP11A1 and CYP17A1, cloned from
amphioxus, are not orthologs of vertebrate CYP11Al and CYP17A1 (Markov et al., 2009).
Analysis of syntenic relationships suggested that the CYP19 gene may have arisen much
earlier and been lost in many groups (Nelson et al., 2013). That same analysis (Nelson et al.,
2013) also countered the argument (Markov et al., 2009) that CYP11 is strictly vertebrate, or
even strictly chordate (Baker et al., 2014). There remains some uncertainty as to the
phylogenetic origin of the steroidogenic CYPs.

Thus, in the present study, we have analyzed the structural information for the three CYP
enzymes of vertebrate steroidogenic pathways, CYP11A1, CYP17Al and CYP19A1 (Figure
1). A compilation of protein sequences and crystal structures of these three CYPs were
examined for structural conservation related to function, in the context of complementary
evolutionary studies of these multifunctional enzymes.

2. Materials and Methods

2.1 Sequence datasets

Protein sequences of CYP19, CYP17, and CYP11 were retrieved from the ENSEMBL,
NCBI, and JGI protein sequence databases. The ENSEMBL database was used to obtain
sequences of all three genes from each representative species (Supplemental Table 1), in
order to provide consistent representation across all gene families. The amphioxus genome
was queried at the Joint Genome Institute (JGI) database. Additional genomes searched
include the echinoderms Lytechinus variegatus and Patiria miniata, the tunicates Botryllus
scholosseri and, and the acorn worm Saccoglossus koval evskii, (Supplemental Table 2).
Genomes were searched using translated BLAST to identify nucleotide sequences with
similarity to vertebrate CYP11, CYP17, or CYP19. Protein prediction (Genscan (Burge and
Karlin, 1997), GenomeScan (Yeh et al., 2001), or FGeneSH (Solovyev et al., 2006)) was
performed as needed to refined protein predictions. Homology was assessed using reciprocal
best BLAST prior to phylogenetic analysis.

The NCBI database was used to obtain as many sequences as possible for each CYP family,
using BLAST searching to identify vertebrate orthologs. Protein sequences were aligned
using either ClustalW using the optimized alignment parameters of Hall (1999), or M-
Coffee (Moretti et al., 2007). Alignments were visualized in BioEdit (Hall, 1999).
Alignments used in the phylogenetic analyses are included as fasta files in the
supplementary data.

2.2 Phylogenetic analyses

Phylogenetic trees were estimated by maximum likelihood (ML) using RAXML (v8.0.1)
with the PROTWAGCAT and PROTLGCAT model of amino acid substitution (Stamatakis,
2014)Replicate ML trees were constructed, and the best-scoring tree was subjected to rapid
bootstrapping in RAXML to assess bifurcation support using the extended majority rule
(MRE) bootstopping criterion.
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2.3 Homology assignment

Phylogenetic methods, the active site residues, and (where possible) synteny were used to
assign CYP family membership. A CYP family is defined by a 40% cutoff in overall amino
acid identity, a definition that was created in the late 1980s with limited data availability.
This definition is remarkably consistent with functional classification within vertebrates, yet
is not concordant with phylogenetic analyses across broader taxonomic divisions (Nelson et
al., 2013). Thus, we have relied more on phylogenetic and active site residue analyses to
guide our assignments. Reciprocal best blast hits were used to analyze and filter genome-
wide searches prior to phylogenetic analysis.

2.4 Structural Analyses

Coordinates of human CYP19A1 (PDB: 3EQM, human CYP17A1 (PCB: 3RUK) and
human CYP11A1 (PDB: 3N9Y) were analyzed using PyMOL [The PyMOL Molecular
Graphics System, Version 1.6, Schrédinger, LLC.] Homology models of zebrafish
CYP19A1, CYP19A2, CYP17A1, CYP17A2, CYP11A1, and CYP11A2 were constructed
using Modeller (v9.11) (Webb and Sali, 2014) based on the human structures. Homology
modeling was carried out by satisfaction of spatial restraints using the automodel function of
Modeller, with very thorough VTFM, thorough MD, and two repeat cycles of minimization.
The best model from the generated structures was selected based on the Discrete Optimized
Protein Energy (DOPE) score (Eramian et al., 2006; Shen and Sali, 2006), and further
assesed using Procheck (Laskowski et al., 1996).

3. Results
3.1 Origins of key steroidogenic CYP genes

The existence of steroidogenic pathways has been well established for vertebrates, and
extended to members of the clade Craniata. The presence of these pathways in early
deuterostomes is less clear. The cephalochordate B. belcheri (amphioxus, or lancelet) has
been shown to contain sex steroids in the gonads, and cloning of CYP genes suggested to
encode CYP11A, CYP17A, and CYP19A from the ovaries of amphioxus (Mizuta and
Kubokawa, 2007) implies that cephalochordates may have a steroid hormone biosynthetic
pathway similar to the vertebrate pathway. A partial sequence of CYP19A cloned from
another lancelet species Branchiostoma floridae also shows a strong similarity to the
vertebrate CYP19A1 sequences (Castro et al., 2005; Mizuta and Kubokawa, 2007). This
conclusion is supported by a recent phylogenetic analysis of the vertebrate steroidogenic
CYPs (Baker et al., 2014).

Tunicates are the closest living deuterostome relatives of vertebrates (Delsuc et al., 2006),
but there is no evidence for the presence of a complete sex hormone synthesis pathway in
the subphylum Tunicata (Campbell et al., 2004). In fact, the genomes of the ascidian
tunicate species Ciona intestinalisand Ciona savignyi lack CYP51 (lanosterol demethylase),
the enzyme required for the biosynthesis of the steroid precursor cholesterol (Morrison et al.,
2014). CYP51 also appears to be missing from the genomes of the appendicularian
Oikopleura dioica and the molgulid Molgula occidentalis, suggesting that CYP51 was lost
early in tunicate evolution. However, the sex steroids estradiol and testosterone and their
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precursors and metabolites have been reported in C. intestinalis (Cangialosi et al., 2010).
The C. intestinalis genome has been reported to have orthologs of the initial steroidogenic
enzymes CYP11A1 and 3p-HSD, but lacks the other key enzymes CYP17A1 and CYP19A1
(Campbell et al., 2004).

We used the CYP11A1, CYP17A1, and CYP19A1 sequences of human and B. belcheri to
search databases for similar sequences. There are 63 species for which partial or complete
versions of all three genes are available in the databases (Supplemental Table S1). Two of
the three sequences were available for several other species, while for some only one was
found (Table S1), including partial sequences.

Search of the NCBI database using the reported B. belcheri CYP11 (BAF61103.1; denoted
CYP11_BB1) sequence [12] identified two related sequences from B. floridae
(XP_002604199.1 termed CYP11_BF1, and XP_002611984.1 termed CYP11_BF2), one
sequence from the sea urchin Strongylocentrotus purpuratus (XP_781842.1, termed CYP11-
SP1), and sequences from the hemichordate acorn worm Saccoglossus kowal evskii
(Sakowv30013852m and Sakowv30009358m). Several mitochondrial CYP sequences were
identified from S. kowalevskii, however phylogenetic analysis indicates that only two are
more closely related to CYP11 than to CYP27 (Figure 2A).

While the 526-residue long CYP11_BF2 of B. floridae is comparable in length to the B.
belcheri CYP11 sequence, the 882 residue long CYP11_BF1 is interspersed with long non-
P450 sequence fragments. These sequences are different from the 18 transcripts that are
annotated as CYPs belonging to the mitochondrial clan in the B. floridae genome. This
discrepancy prompted us to compare the 18 putative mitochondrial CYP sequences with a
consensus sequence built using CYP11A1 sequences from the vertebrate species identified
by searching with the human CYP11A1 sequence. Pair-wise alignment of these B. floridae
sequences with the consensus CYP11A1 sequence identified a full-length sequence
(XP_002611060.1, termed CYP11_BF3) and a partial sequence (XP_002607853.1, termed
CYP11_BF4) with significantly greater identities to CYP11A1 (33.3% and 28.7%,
respectively, for the full length proteins) than the remaining 16 sequences. Due to the
fragmentary nature of the B. floridae CYP11_BF1 and BF4 gene predictions, and the high
degree of similarity (more than 60% identity over 361 positions for CYP11 BF1) with the
known B. belcheri CYP11 sequence, the B. floridae CYP11 BF1 and CYP11_BF4 were not
included in phylogenetic analyses. Due to the low sequence identity with CYP11As, in a
recent publication CYP11 BF1 and CYP11 BF4 have been named CYP11D, while the
CYP11 BF2and CYP11 BF3 have been named CYP11Es (Baker et al., 2014).

Searches using CYP17 also retrieved two sequences from B. floridae (XP_002612045.1,
Bfloridae_17BF1; and XP_002601863.1, Bfloridae_17BF2), one sequence each from the
sea urchins S. purpuratus (XP_789963.1, Spurpuratus_17) and Mesocentrotus nudus
(ADA81873.1, Mnudus_17), and a sequence from the acorn worm S. kowal evskii
(XP_002730849.1, Skowalevskii _17). The Bfloridael7_BF1 sequence shows significantly
greater identity (40%) with the human CYP17A1 sequence than does the Bfloridael7_BF2
sequence (29.8%), and thus the Bfloridae17_BF1 should be named CYP17C1 (as lamprey
have a CYP17 divergent enough to be termed CYP17B1 (Baker et al., 2014)). The trend is

Mol Phylogenet Evol. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Goldstone et al.

Page 7

reversed when these B. floridae sequences are compared with the B. belcheri sequence
(33.3% for CYP17_BF1 and 80% for CYP17_BF2). Functional properties of these sea
urchin and worm CYPs have not been determined and thus assignment as either 17a-
hydroxylase or 17,20-lyase function is inappropriate at present.

No CYP19 homolog was detected in either the echinoderms or the acorn worm. As noted
above, however, CYP19 has been cloned from B. floridae (BAF61105.1) (Castro et al.,
2005; Mizuta and Kubokawa, 2007).

3.2 Phylogenetic analyses

As is the case for many proteins, it is extremely difficult to point out one or two regions that
clearly distinguish hypothesized functional similarities, and thus analysis of the active sites
and full length protein sequences are important to assigning orthology. Separate
phylogenetic trees were constructed for alignments of the inferred amino acid sequences for
CYP11s, CYP17s and CYP19s from selected species (Table 1) for which all members of the
three CYP families were available, and including the proposed homologous CYPs from
selected early-diverging deuterostomes (as discussed above) (Figure 2A, 2B, 2C).
Additional phylogenetic trees were constructed for a given CYP family using all sequences
available (Supplemental material, Figures S1, S2, and S3). As found previously, the teleost
fish CYP19 genes cluster in two separate clades, the CYP19Als and CYP19A2s (Wilson et
al., 2005). Human CYP24A1 and CYP27A1 were used as outgroup sequences in the CYP11
phylogeny. The two CYP11A genes in zebrafish cluster together, which is a reasonable result
as these genes likely represent a recent, tandem duplication (Goldstone et al., 2010);
similarly the shark C. milli CYP11A1 and CYP11A2 are together. Notably, also we found a
cluster of invertebrate sequences including two of the amphioxus CYP11 sequences
(Bflo_CYP11_BF2 and the Bbel sequence) at the base of the vertebrate CYP11A clade.
Tetrapod CYP11Bs (11-beta hydroxylase and aldosterone synthase) appear to have evolved
just before or after the transition to land (Colombo et al., 2006), but, although present in
alligators, are missing in birds.

There are two CYP17 genes in fish, encoding CYP17A1 and CYP17A2, including in the
elephant shark (Callorhinchus milii), the spotted gar (Lepisosteus oculatus) and the
coelacanth (Latimeria chalumnae). These three species were not subjected to the teleost
whole genome duplication (WGD3), and thus the CYP17A duplication occurred between
cephalochordate and elasmobranch diversification. The CYP17A1 and CYP17A2 clusters
fall into separate clades when using the amphioxus genes as the root. Notably, the tetrapod
CYP17A1 genes cluster together with the fish CYP17A1 genes, indicating that CYP17A2 was
lost from the tetrapod lineage, a conclusion reached recently by others (Baker et al., 2014;
Nelson et al., 2013). The amphioxus CYP17 sequences cluster with the vertebrate CYP17s.
Two of the S. purpuratus genes also cluster with vertebrate CYP17s, as does a S.
kowalevskii gene, although with non-significant bootstrap support. Other S purpuratus and
M. nudus CYP17-like genes do not (the phylogeny is rooted with human CYP1A1), and
indeed most of these genes also branch outside of the vertebrate CYP21As (represented by
human CYP21A2).
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3.3 Sequence Conservation and Structure Analyses

The alignment of all CYP11 sequences, including the reported B. belcheri sequence and the
predicted B. floridae sequences, shows 34 identical residues, 91 strongly conserved residues
and 72 weakly conserved residues, respectively (Figure 3, Supplementary Fasta File 1). The
B. belcheri sequence shows the greatest difference from the rest of the sequences, as it is
only 26% identical to the human sequence (however, if ambiguously aligned residues are
removed, this identity rises to 33%). Similarly, the B. floridae sequences also display low
amino acid identities to the human CYP11AL. If the B. belcheri sequence is excluded, the
alignment of the remaining 36 sequences improves significantly showing 64 identical
residues, and 79 strongly conserved and 33 weakly conserved, respectively.

Most of the conserved residues in CYP11A1 may play either structural or functional roles.
There are several conserved glycine and proline residues that probably play structural roles
in protein folding, serving as helix breakers or terminators. Other conserved residues likely
play important roles in substrate access to or binding in the active site, or for the interaction
of CYP11A1 with the electron transfer partner Adx.

A previous site-directed mutagenesis study identified two highly conserved lysine residues
(Lys377 and Lys381) in bovine CYP11Al that are essential for Adx binding (Wada and
Waterman, 1992). The first lysine is conserved in all but Monodel phis domestica CYP11A1,
and the second lysine is absolutely conserved in all the sequences examined in the present
analysis. Not only are these lysines highly conserved in CYP11A1 sequences, they are also
conserved in all six confirmed mitochondrial CYPs in the human genome, suggesting that
the binding of Adx to mitochondrial CYPs is highly specific. An exhaustive analysis of all
known mitochondrial CYP sequences, which is beyond the scope of the present study, might
throw more light on this prediction. However, this hypothesis does derive support from the
analysis of Adx sequences from nearly 20 species (data not shown). Two aspartic acid
residues, Asp76 and Asp79, in human Adx were shown to be important for binding to
CYP11A1 and these two residues are among several absolutely conserved residues in Adx
sequences (Coghlan and Vickery, 1991). These observations strongly suggest that a
mitochondrial CYP and its electron transfer partner, Adx, interact with high specificity
through electrostatic interactions of oppositely charged residues in the two proteins.

Several crystal structures of CYP11A1 with bound steroid substrates have been solved
(Mast et al., 2011; Strushkevich et al., 2011). Analysis of the human structure reveals that
the substrate is surrounded by residues Phe121, 11123, Trp126, Leul40, Met240, Phe241,
Leu248, Glu322, Ala325, 11e390, Ser391, Val392, Thr393, GIn395, GIn416, and Leu499
(Figure 4C). Many of these residues are conserved in most species whose sequences are
aligned in our study. Residues Trp126, Met240, Phe241, Leu248, Glu322, Ala325, GIn416,
and Leu499 are absolutely conserved among mammals but have a few minor differences in
the amphioxus, hemichordate and echinoderm sequences. Similarly, Leu140, GIn395, and
GIn416 are highly conserved within vertebrates, but are different in the invertebrate CYP11
sequences (e.g. L140 is conserved in acorn worms, but is substituted with a valine or an
isoleucine in amphioxus and sea urchin, but Q416 is not conserved at all in the invertebrate
CYP11s). Also, a few residues are substituted by similar amino acids; thus, residue 390 is
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either Ille or Val in all sequences, and 392 is either Val or lle in most sequences (but a Phe in
most invertebrates). Only two active site residues are not highly conserved. Phe121 is not
conserved within vertebrate, being substituted by Tyr, Leu, lle or Met residues, and Ser391
is substituted with Ala in many sequences. Notably, the more distantly related invertebrate
deuterostomes CYP11-like sequences also show a high degree of sequence conservation in
these substrate binding and positioning residues (Table 1). This supports the phylogenetic
analysis, and indicates that these latter CYPs are likely functionally conserved as well.

Alignment of selected vertebrate CYP17A sequences shows 53 identical, 92 strongly similar
and 36 weakly conserved residues (Figure 3, Supplementary Fasta File 2). The addition of
the more distantly related CYP17s from B. floridae (CYP17_BF2), and from sea urchin and
acorn worm substantially reduce the number of identical and strongly similar sequences.

Analysis of a three-dimensional structure of human CYP17A1 (PDB: 3RUK (DeVore and
Scott, 2012)) shows residues Alal05, S106, Phel114, Tyr201, Asn202, 11e206, Leu209,
Gly297, Asp298, Ala302, Thr306, V366, I1e371 and Val483 surround the abiraterone
molecule in the active site (Figure 4B) and most of these residues are hydrophobic. Most of
these residues are highly conserved among the sequences aligned in this study (Figure 4B).
The residue Phel114 is absolutely conserved in all sequences and also residues Asp298,
Ala302, and Thr306 are highly conserved. The bound ligand abiraterone is an inhibitor, and
the mode of binding of the substrate(s) can be different from that of inhibitors, although a
recent analysis of human CYP17A1 co-crystallized with several substrates did not highlight
such differences (Petrunak et al., 2014). That analysis did emphasize the importance of
Alal05 and Asn202 in active site orientation of native substrates.

A lesser degree of identity between the CYP17A1 sequences of early diverging
deuterostomes such as B. flordiae and later-diverging deuterostomes (mammals) reflects
evolutionary distance. However, the lesser identity between bifunctional and
monofunctional teleost CYP17A1 and 17A2 sequences could suggest residues that
distinguish the lyase and the 17-hydroxylase activities. Thus, the multiple sequence
alignment including seven fish CYP17Az2 sequences reveals that nine fewer residues are
absolutely conserved than when those seven sequences are excluded from the alignment. In
human CYP17A1, these additionally conserved residues correspond to GIn57, Ala82,
Ile146, Cys183, Asp298, 1le357, and Leu361 (Figure 4B). These residues might be used to
identify the 17,20-lyase activity in CYP17A1 by mutagenesis studies. However, recent
crystal structures of zebrafish CYP17A1 and CYP17A2 indicate that substrate activity
differences between the zebrafish isoforms are not easily ascribable to individual active site
amino acid differences, and further work is necessary even though good structural
information is available (Gilep et al., 2011; Pallan et al., 2015).

The larger CYP19 sequence dataset comprises 283 complete sequences of which 165 are
from fish species [BLAST cutoff 1e-27]. As expected, the alignment of all 283 sequences
shows the least conservation in N- and C-terminal regions (Figure 3; Supplementary Fasta
File 3). The fish ovary CYP19A1 sequences are generally longer, with additions at the N-
terminus, compared to sequences of the fish brain CYP19A2 or those of other CYP19Al1s.
In contrast, the fish brain CYP19A2 sequences are characterized by a short polyleucine
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motif at the N-terminus. Except for these differences at the N-terminus, the CYP19
sequences show a remarkably high degree of similarity as compared to the CYP11 and
CYP17 sequence alignments (discussed later).

Inspection of the aligned CYP19 sequences reveals 50 identical, 76 strongly similar, and 28
weakly similar residues (Supplemental Fasta File 3). The crystal structure of human
aromatase with the bound substrate AND shows that the side chains of residues Arg115,
[1e133, Phel34, Phe221, Trp224, Ala306, Thr310, Val 370, Val 373, Met 374 and Leu477
make direct van der Waals contacts with the substrate [7] (Figure 4A). All these residues
except Ala306, Val373 and Met374 are absolutely conserved in all sequences. There is only
one exception for Ala306 (Ser in CYP19A2 of the fish Halichoeres tenuis) and for Met374
(Tyr in CYP19A1 of the fish Ictalurus puntatus). The residue Val373 has broader
substitution with Ile (birds and CYP19A2 of fishes), Thr (fish CYP19A1 and CYP19A2), or
Ser (CYP19A2 of fishes), while Val is conserved in mammals. These observations are in
line with those of Callard et al (2011), who also described the strong sequence conservation
between the amphioxus CYP19 and vertebrate CYP19s in the | helix, aromatic region, and
heme binding domain (Callard et al., 2011).

4. Discussion

CYP11A1 is the first enzyme in the steroidogenesis pathway, and thus is essential for the
synthesis of all three classes of steroid hormones (glucocorticoids, mineralocorticoids and
sex steroids) (Figure 1). CYP17A1 is involved in the synthesis of glucocorticoids and sex
hormones but is not required for the synthesis of mineralocorticoids, while CYP19A1 is
required only for the synthesis of estrogens. Thus, concurrent with the hypothesis of the
evolution of increasing systemic complexity (e.g. evolutionary ‘ratchets’ (Bridgham et al.,
2009)), the evolution of complex steroid hormonal systems occurred most likely in a
stepwise fashion. Accordingly, a CYP11 cholesterol side-chain cleavage enzyme necessarily
evolved prior to a CYP19 aromatase that would work on the product of such a cleavage.
Thus, rather than a coincident evolution for the steroidogenic CYPs in a chordate ancestor,
we anticipate, and data support, a sequential origin. Although sequences of ancient common
ancestral proteins are not available, sequences from modern descendent species,
hemichordates and echinoderms, support the origin of CYP11 functionality prior to the
evolution of CYP17, and CYP19. Subsequent coevolution was then constrained by the
complexity of hormonal systems required for successful development and reproduction.

4.1 Steroid patterns in deuterostomes

Analysis of steroids in diverse species supports the conclusion of sequential steroidogenic
enzyme evolution. PRG, E2, and TEST have all been detected in amphioxus ovary tissue,
using radioimmune assays (Mizuta and Kubokawa, 2007). Additionally, in vitro conversion
of radiolabeled steroidal enzyme substrates have been confirmed, although the measured
enzyme activities were likely that of 3P/A5-4-HSD and 17P-HSD, rather than CYP11 or
CYP17 (Mizuta et al., 2008). Interestingly, despite the lack of clear steroidogenic CYP
orthologs in tunicates, several ovarian steroids have been identified in Ciona intestinalis
(Cangialosi et al., 2010). However, as we recently noted, there is no lanosterol 14-a
demethylase (CYP51) in either of the Ciona species’ genomes (Morrison et al., 2014).
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CYP51 is required for de novo cholesterol synthesis leading to an obligate dietary or
commensal source for steroid precursors in Ciona spp. (Morrison et al., 2014).

More clearly supporting the notion of sequential evolution of steroidogenesis steps are the
observations of the conversion of cholesterol into PRG, and PRG to androgens, in the sea
star Asterias rubens (Lafont and Mathieu, 2007; Schoenmakers and Voogt, 1981;
Schoenmarkers and VVoogt, 1980; VVoogt et al., 1987). However, no estrogen aromatization
has been found to occur in A. rubens or in A. vulgaris, consistent with the idea that CYP19
aromatase evolved after CYP11 and CYP17 (Hines et al., 1992; Schoenmakers and VVoogt,
1981). Little work has been done on steroids in sea urchins. However, S. purpuratus appears
to have a CYP11 gene, but to lack at least CYP19 (Goldstone et al., 2006). Almost nothing
is known also about hemichordate steroids (there are only about 100 hemichordate species
known). However a few C27 steroids were found in S kowalevskii extracts, along with
squalene intermediates (Carey and Farrington, 1989). Thus, it appears that the complex
vertebrate steroidogenic pathway can be traced back through sequential gains of CYP
enzyme activities over the course of deuterostome evolution.

4.3 Evolutionary considerations of vertebrate steroidogenic CYPs

Multiple genes for steroidogenic enzymes in teleost fish help to shed light on the evolution
of these genes in vertebrates. Teleost fish species are known to have two isoforms of many
genes, due to the ancient teleost-specific whole genome duplication event (“WG3”)
estimated to have occurred approximately 350 million years ago (Meyer and Van de Peer,
2005). Thus, fish have two CYP19 isoforms, ovarian CYP19A1 (CYP19A1la) and brain
CYP19A2 (or CYP19A1b) (Tchoudakova and Callard, 1998). All sequenced tetrapods
appear to have only one gene encoding CYP19AL1, with the exception of pig, which has
three isoforms, from brain, placenta, and embryo (here termed CYP19A1, CYP19A3, and
CYP19A4 (Corbin et al., 2003)).

Teleost fish species also have been shown to have two different CYP17A genes on separate
chromosomes, encoding CYP17A1 and CYP17A2 proteins (Zhou et al., 2007a; Zhou et al.,
2007b). Teleost CYP17A1 is a bifunctional enzyme exhibiting both 17a-hydroxylase and
17,20-lyase activities, while CYP17A2 is a monofunctional enzyme with 17a-hydroxylase
activity but lacking 17,20-lyase activity (Zhou et al., 2007a; Zhou et al., 2007b). Although
teleost CYP17A1 exhibits 17a-hydroxylase activity, they appear to be much more effective
cholesterol-17,20-lyases (Pallan et al., 2015). No tetrapods are known to have two
CYP17As, however coelacanth appears to have two expressed CYP17A genes (Amemiya et
al., 2013).

Fish also have multiple CYP11A1 sequences, which in zebrafish are named CYP11A1 and
CYP11A2. These are the result of a tandem duplication, rather than whole genome
duplication, and exhibit high sequence identity, suggesting a relatively recent origin
(Goldstone et al., 2010). The spotted gar (Lepisosteus oculatus) has only one CYP11A. In
zebrafish, CYP11A1 is only expressed in early development in the gonads (until 48 hpf),
while the CYP11A2 paralog is expressed in larvae and in adult steroidogenic tissues (Parajes
et al., 2013). Thus CYP11A in zebrafish exhibits temporal subfunctionalization, rather than
the functional differentiation like that seen for CYP17A1 and CYP17A2. Fish additionally
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have CYP11C genes, and while CYP11C1 is known to be expressed in zebrafish testicular
tissue and the cytoplasm of the follicular cells surrounding vitellogenic oocytes and of
interstitial cells (Baudiffier et al., 2012; Caulier et al., 2015), the specific steroid metabolites
of CYP11C1 are not known.

4.4 Origins of steroidogenic CYPs

B. belcheri is the only organism in the Cephalochordata for which all three steroidogenic
CYP sequences have been reported (Castro et al., 2005; Mizuta and Kubokawa, 2007;
Nelson et al., 2013). Based on BLAST searches we were able to identify probable CYP11,
CYP17, and CYP19 genes also in B. floridae. The published sequence of the B. belcheri
CYP11 and its apparent orthologs from B. floridae and S. purpuratus (Figure 2A) form a
separate clade distinct from the vertebrate sequences, similar to the picture obtained for the
CYP17s sequences from those species. Since the B. belcheri sequence and its orthologs from
B. floridae (CYP11_BF1 and CYP11_BF2), are closer to S. purpuratus sequence than the
vertebrate CYP11A1 sequences, there also are questions about the function of these
invertebrate CYP11-like homologs.

The phylogenetic tree constructed with representative CYP17 sequences shows that the
invertebrate sequences form a separate clade (Figure 2B). Within this clade, the B. floridae
(CYP17_BF1) sequence does not cluster with other invertebrate sequences but rather groups
with the vertebrate CYP17 sequences. As steroidogenic pathways are not known in
echinoderms, whether the CYP17s in Strongylocentrotus spp. are functionally similar to
vertebrate CYP17s is unclear. The same uncertainty exists for the reported B. belcheri
sequence and B. floridae_2 (CYP17_BF2). However, analysis of the sequence conservation
around the active site supports the idea of a steroid substrate (see below). CYP17-like
sequences have been observed in mollusks (Zanette et al., 2010), but functional or
orthologous relationships to the deuterostome sequences are not clear. Phylogenetically,
these mollusk sequences are slightly more divergent than the deuterostome sequences
described here. Nevertheless, such sequences raise the possibility that a CYP17 homolog
preceded the deuterostomes and has been altered or was lost in some lineages, including
perhaps the Ecdysozoa. There is not good evidence for a CYP11-like sequence, however,
although there are multiple (uncharacterized) mitochondrial CYPs (Zanette et al., 2010).

The CYP19 phylogenetic tree includes one sequence each from B. belcheri and B. floridae
(Figure 2C), which have been identified in previous studies (Callard et al., 2011; Castro et
al., 2005; Mizuta and Kubokawa, 2007). Even though these sequences appear relatively
distant from those of the rest of the CYP19 sequences in the tree, they align well with the
other CYP19s, and are distinct from the non-steroidogenic CYPs of other invertebrates.
Since a vast majority of CYP19 sequences are from fish, only representative sequences from
six different fishes have been included in the tree. A striking feature of the CYP19A1
phylogenetic tree is that the brain isoform CYP19A2 found in the fishes clusters with the
CYP19A1s of other species; the fish ovarian CYP19A1s apparently diverged from the
orthologous CYP19 line via the teleost whole genome duplication (Figure 2C).

Estrogen receptor (ER) and estrogen related receptor (ERR) sequences have been identified
in mussels (Mytilus species) (Nagasawa et al., 2015), as well as in oyster (Vogeler et al.,
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2014), and other molluscs (Keay et al., 2006; Thornton et al., 2003). This suggests there
could be functional estrogen signaling in the Lophotrochozoa, however, molluscan steroid
receptors (called ERs due to the high sequence similarity to vertebrate ERS) are not
responsive to estrogen (Matsumoto et al., 2007) due to ancient amino acid substitutions
rendering them unresponsive to steroids (Bridgham et al., 2014). This ancient evolution of
an “allosteric switch” to constitutive activity is consistent then with the apparent absence of
CYP19 in protostomes. Unfortunately, almost nothing is known in detail about the evolution
and function of steroid nuclear receptors in echinoderms and acorn worms (Baker et al.,
2015; Goldstone et al., 2006; Howard-Ashby et al., 2006).

4.5 Sequence Conservation and Structure Analyses

The functional divergence of vertebrate CYP19s has been examined, and that overall
differences among them appear to be functionally neutral (Wilson et al., 2005). Hong and
colleagues also analyzed a large number of CYP19 protein sequences including both brain
and ovarian isoforms found in several fish species (Hong et al., 2009, 2010). The analysis of
sequences and structural models identified conserved amino acid residues in CYP19A1
potentially important for binding of substrates and the electron transfer partner POR. An
area less attended to are studies showing that aromatases undergo posttranslational
modifications, both glycosylation and phosphorylation. Human, bovine, and equine
aromatases are glycosylated (Sethumadhavan et al., 1991; Shimozawa et al., 1993), but not
the porcine ovary and placenta isoforms (Corbin et al., 2003). The human aromatase
sequence shows two potential N-glycosylation sites at Asn12 and Asn180 and it has been
predicted that the glycosylation site is localized at the N-terminal membrane-spanning
region (Shimozawa et al., 1993). Examination of the N-terminal region of the sequences in
our data shows striking structural features that support these observations. Most mammalian
aromatases including human, bovine and equine CYP19s have NXT/S (Asn12-11e13-Thr14)
motif at the N-terminal region, but porcine ovary and placenta sequences lack this motif.
Interestingly, the porcine embryonic sequence contains NXT/S motif implying that this
isoform is probably glycosylated, although this has not been tested experimentally.

The NXT/S motif is present only in mammalian and amphibian species but not in birds,
reptiles or either of the CYP19 isoforms in fishes, although few exceptions are found.
Studies using quail brain homogenates suggest that aromatase is phosphoregulated through a
calcium dependent mechanism involving multiple kinases including protein kinases C
(Balthazart et al., 2003; Balthazart and Ball, 2006). Site-directed mutagenesis of murine
aromatase has demonstrated that Ser118 is a potential phosphorylation site and mutation of
this site destabilized the enzyme and decreased the specific activity (Miller et al., 2008).
Unlike the less conserved N-terminal glycosylation site, the predicted phosphorylation site
Ser118 is conserved in all aromatase sequences analyzed in the present study except in the
ovarian isoform of zebrafish (Figure 4C). The differences in the levels of conservation of
glycosylation and phosphorylation correlate with their effect on the function of the enzyme.
While the poorly conserved N-glycosylation site doesn’t show any effect on the activity of
aromatase (Corbin et al., 2003), the nearly absolutely conserved phosphorylation site has a
significant effect on the enzyme activity, providing an additional kinase-mediated
mechanism for modulating enzyme activity (Miller et al., 2008).
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5. Conclusion

In conclusion, this study addresses the phylogeny of CYPs involved in key steps of
reproductive and adrenal steroids, and details of sequence associated with function to assess
the evolution of the pathways. The current phylogenetic analyses support the sequential
origin of steroidogenic enzymes, though we recognize that additional genomes, for tunicates
and other early deuterostomes, may resolve some uncertainties. Such uncertainties
notwithstanding, the sequence alignment of the steroid hydroxylases described here
identifies amino acids, which are conserved through different periods of deuterostome
evolution. These active site amino acids are highly likely to be critical in the structure/
function of these monooxygenases, and the active sites have been highly conserved once the
three types of enzymes evolved in the Chordata. Together these results emphasize that the
steroidogenic pathways producing glucocorticoids and sex hormones are several hundred
million years old and that key structural elements involved in catalytic activity of the
enzymes have existed over the same period of time. Continued searching with these key
elements may provide clear answers as to the phylogenetic origin of CYP11, CYP17 and
CYP19 functions.
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Abbreviations

Adx adrenodoxin

CYP cytochrome P450 monooxygenase
HSD hydroxysteroid dehydrogenase
PREG pregnenolone

DHEP dehydroepiandrostenedione

AND androstenedione

PRG progesterone

TEST testosterone

POR cytochrome P450 reductase
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Highlights

e Vertebrate steroid hormone synthesis pathways are 100s of millions of years
old.

» Relevant steroidogenic cytochrome P450s evolved sequentially in the
deuterostomes.

e CYP11-like genes preceded the appearance of CYP19 genes.

»  Substrate binding residues are highly conserved in each steroidogenic CYP
family.
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Sex hormone biosynthesis pathway in vertebrates.
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Figure 2.
Maximum likelihood phylogenetic trees constructed from subsets of the largest alignments.

A. CYP11A B. CYP17A. C. CYP19A. Note in Figure 2A the invertebrate CYP11 clade
diverging prior to the vertebrate CYP11A/B/C clade, with the inclusion of an echinoderm
(Spurpuratus_ 11A-like) and two hemichordate CYP11-like (Skowalevski_ 26607,
Skowalevski_09358) sequences with the amphioxus CYP11s (Bfloridae_11BF2,
Bbelcheri_11). In Figure 2B, minimal support is found for several sea urchin sequence
(Spurpuratus_SPU21185, Spurpuratus_17like2) clustering with the chordate CYP17s. Note
that CYP11A activity has been measured in sea urchins, and CYP17A activity measured in
sea stars (see text). No non-chordate CYP19 has been found. See Supplemental Tables 1 and
3 for a complete list of species abbreviations and sequence accession numbers.
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Figure 3.

Sequence similarity across CYP alignments BLOSUM®62 sequence similarity across the
large CYP alignments, including the additional isoforms (CYP19A2 and CYP17A2) present
in fish. The values are seven-residue running averages of the BLOSUM®62 score. The bars
on the plot indicate the location of the substrate binding residues for CYP11A and CYP17A
in the alignment, showing the increased similarity in the regions adjacent to the substrate
contact points.
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Amino acid conservation
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Figure 4.
Substrate binding sites of (A) human CYP11A1, (B) human CYP17A1, and (C) human

CYP19A1. The heme group is shown in tan, the substrate molecules are shown grey and the
surrounding protein residues are labeled. The amino acids residues within 5A of the bound
ligand are shown, colored by conservation score (JTT/PET91 score), with blue representing
fully conserved residues. Note that nearly all of the residues within 5 A of the substrate are
nearly or completely conserved across the selected deuterostome (CYP11 and CYP17) or
chordate (CYP19) sequences.
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