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Abstract

Cytochromes P450 (CYP), enzymes involved in the metabolism of endogenous and
xenobiotic substrates, provide an excellent model system to study how membrane
proteins with unique functions have catalytically adapted through evolution. Molecular
adaptation of deep-sea proteins to high hydrostatic pressure remains poorly
understood. Herein, we have characterized recombinant cytochrome P450 sterol 14a-
demethylase (CYP51), an essential enzyme of cholesterol biosynthesis, from an
abyssal fish species, Coryphaenoides armatus. C. armatus CYP51 was heterologously
expressed in Escherichia coli following N-terminal truncation and purified to
homogeneity. Recombinant C. armatus CYP51 bound its sterol substrate lanosterol
giving a Type | binding spectra (Kp 15 yM) and catalyzed lanosterol 14a-demethylation
turnover at 5.8 nmol/min/nmol P450. C. armatus CYP51 also bound the azole

antifungals ketoconazole (Kp 0.12 uyM ) and propiconazole (Kp 0.54 yM) as determined

by Type Il absorbance spectra. Comparison of C. armatus CYP51 primary sequence
and modeled structures with other CYP51s identified amino acid substitutions that may
confer an ability to function under pressures of the deep sea and revealed heretofore
undescribed internal cavities in human and other non-deep sea CYP51s. The functional

significance of these cavities is not known.

Prologue
This paper is dedicated in memory of Michael Waterman and Tsuneo Omura, who as

good friends and colleagues enriched our lives. They continue to inspire us.
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1. Introduction

Structural and functional analysis of cytochrome P450 (CYP or P450) genes and
proteins in an environmental context has provided critical information on the roles,
regulation, and evolution of the P450 superfamily [1]. For example, comparisons of
expression and induction of CYP1 genes in fish inhabiting polluted and clean sites have
pointed to a pollution-driven evolutionary adaptation in the aryl hydrocarbon (AH)
receptor pathway [2]. P450 adaptations to environmental conditions include gene
duplication (e.g. in pesticide resistance [3]), as well as single nucleotide substitutions,
as found in the sexual selection of CYP2J19 to produce red carotenoids in birds [4].
Other environmental selection pressures may lead to sequence changes that result in
functional adaptation to the stressor. This paper concerns the structural adaptation in
P450s to an extreme environment, the deep sea, and the possible impact of
environmental chemicals known to occur in the deep ocean.

Molecular adaptation to life in the deep sea is essentially an adaptation to
maintain functional control at high hydrostatic pressures [5]. Pressures in the ocean
increase by approximately 0.1 atmospheres (atm) (10° pascals, Pa) per m of depth. At
4,000 m, the average depth of the North Atlantic Ocean, the pressure is roughly 400
atm (40 MPa). The pressures in the deep ocean are high enough to necessitate
evolution of P450 protein structural modifications to account for pressure influence(s) on
volumes associated with ordered water molecules in channels and around amino acid
side-chains, as well as volume changes during catalysis, to continue enzyme function in
a controlled way [6], [7]. Increased intracellular concentrations of osmoregulatory

compounds such as trimethylamine oxide compensate for some water effects, but
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typically such molecules cannot penetrate into protein water channels [8]. We
previously described positionally unique amino acid residues in the CYP1A protein from
a deep-sea fish, Coryphanoides armatus [9], which occurs in the ocean worldwide, at
depths between 2,000 and 5,000 m [10]. C. armatus, also known as the abyssal
grenadier, typically grows to 40 cm, may live to 30 years or more, and maintains low
metabolic rates during foraging [11]. The amino acid changes observed in CYP1A were
ones that were on the surface of the protein rather than in access channels or the active
site, and which we predict reduces the overall ordering of water molecules around the

protein [9].

In the present study, we have now examined structural models of an essential
P450, CYP51, also from C. armatus. In many animals CYP51 catalyzes a critical step
during cholesterol biosynthesis, the stepwise oxidative demethylation of lanosterol [12]
(Figure 1). The objective for this study was two-fold. First, we hypothesize that, like
CYP1A, CYP51 will show positionally unique amino acid residues on the surface of the
protein. Second, we are interested in CYP51 as a possible target for pollutant chemicals
that occur throughout the world and which penetrate even the abyssal and hadal depths
of the oceans [13]-[16]. The apparent induction of CYP1A protein in deep sea fish,
including C. armatus, is associated with polychlorinated biphenyl (PCB) pollutants in the
deep ocean and in tissues of the fish [15], [17]. Given the essential role of CYP51 in
sterol biosynthesis, we are interested in this protein as a possible target for azoles or
other inhibitors of CYP51 that can occur in the ocean. Plastic particles are now
ubiquitous in the oceans including in the abyssal realms [18]-[20], and are being found

in deep sea fish [21]). UV-protectants contained in plastic particles include compounds



93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

such as hydroxybenzophenones and benzotriazoles, that potentially can bind to CYP51
proteins. Indeed, 4,4’ dihydroxybenzophenone was reported to bind to CYP51 from
Mycobacterium tuberculosis [22] (Figure 1). Such chemicals were examined for binding
using recombinant C. armatus CYP51. In addition to changes in amino acid residues on
the surface of the protein, computed protein structures of the deep sea CYP51 and
other CYP51s were examined for architectural differences, which identified here-to-fore

unknown supplemental cavities in human and other CYP51 proteins.

2. Experimental procedures
2.1. Animals and Materials

Individuals of C. armatus were retrieved from 3000 m depth in Monterey Bay Canyon
during 2009. Within 1 h of trawl recovery, specimens were sorted on ice. Livers were
excised and frozen in liquid nitrogen and kept at — 80 °C until further processing, as
discussed elsewhere [9]. All chemicals, unless otherwise stated, were obtained from
Sigma Chemical Company (Poole, United Kingdom). Growth media, sodium ampicillin,
Isopropyl B-d-1-thiogalactopyranoside (IPTG) and 5-aminolevulenic acid were obtained
from Foremedium Ltd. (Hunstanton, United Kingdom). Ni?*-nitrilotriacetic acid (NTA)
agarose affinity chromatography matrix was obtained from Qiagen (Crawley, United
Kingdom).

2.2. Total RNA extraction and CYP51 gene sequence determination

Total RNA was isolated from livers using the Total Fatty and Fibrous Tissue kit from

Bio-Rad (Hercules, USA), and submitted for RNA-seq analysis at the Tufts University

Genomics Core. 100bp paired end reads were generated on an lllumina Hi-Seq 2000
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instrument, while 250bp paired end reads were generated from the same samples on a
MiSeq. Details of the gene expression patterns will be published elsewhere. Following
demultiplexing, FastQC, and read trimming (trimmomatic v0.3), reads were assembled
using Trinity [23] and annotated using blastx. The CYP51 gene sequence used here
was obtained from this data. Alignment to all available full length teleost CYP51

sequences was performed using Clustal Omega [24] (See Supplemental Information.)
2.3 Construction of the C. armatus CYP51 expression vector.

The C. armatus CYP51 sequence, determined from liver RNAseq, was missing
sequence encoding the first 35-37 amino acids (~ 111 bp), which will encode the N-
terminal membrane anchor. To engineer the C. armatus CYP51 for heterologous
expression, a primary sequence alignment with Aspergillus fumigatus CYP51B (up to
the conserved CYP51 proline Pro® in A. fumigatus CYP51B) allowed for replacement of

the existing 15 N-terminal amino acids with the 5-amino acid sequence fragment

MAKKT- [25]. In addition, a six-histidine extension (CATCACCATCACCATCAC) was

engineered immediately before the stop codon to facilitate protein purification by Ni?*-
NTA agarose affinity chromatography. Thus, this C. armatus CYP51 cDNA was
synthesized by Eurofins MWG Operon (Ebersberg, Germany), incorporating an Ndel
restriction site at the 5’ end and a Hindlll restriction site at the 3' end of the sequence
cloned into the pUCS57 plasmid. The C. armatus CYP51 cDNA was excised

by Ndel/Hindlll restriction digestion followed by cloning into the pCWori* Escherichia
coli expression vector using Roche T4 DNA ligase. The integrity of the synthesized

cDNA was re-confirmed by sequencing.

2.4 Heterologous expression and purification of recombinant CarmCYP51
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protein.

E. coli DH5a competent cells were transformed with 100 ng of the C. armatus CYP51
expression plasmid (see above). A single colony of bacteria was used to inoculate 5 ml
of LB medium containing 0.1 mg/ml ampicillin. An overnight culture was incubated at 37
°C and 250 rpm for 16 h and then diluted into 6 x 500 ml of Terrific Broth medium (2.4%
(w/v) yeast extract, 1.2% (w/v) tryptone, 0.1 M (w/v) potassium phosphate, pH 7.5, 0.1%
(v/v) glycerol) containing 0.1 mg/ml ampicillin. Cells were grown for 7 h at 37 °C, 200
rom. Expression was induced by the addition of IPTG (1 mM final concentration) and 5-
aminolevulenic acid (1 mM final concentration), followed by incubation at 27 °C and 160
rem for 20 h. Protein isolation was according to the methods of Arase et al. [26]. The
solubilized C. armatus CYP51 protein was purified by Ni?*-NTA agarose affinity
chromatography as previously described for bovine CYP21 [26], followed by dialysis
against 5 liters of 20 mM potassium phosphate (pH 7.5), 1% (v/v) sodium cholate and
10% (v/v) glycerol. Protein purity was assessed by SDS-polyacrylamide gel
electrophoresis, followed by staining with Coomassie brilliant blue R-250. Ni?*-NTA
agarose-purified C. armatus CYP51 was used for all subsequent spectral and activity

determinations.
2.5 CYP51 reconstitution assay system.

Sterol 14a-demethylase reconstitution assays (500-pl final reaction volume) were
performed as previously described [27], containing 0.6 uM C. armatus CYP51, 1.8
MM Aspergillus fumigatus cytochrome P450 reductase (AfPOR; UniProtKB accession
number Q4WM67), 50 uM lanosterol, 50 uM dilaurylphosphatidylcholine, 4% (v/v) (2-

hydroxypropyl)-B-cyclodextrin (HPCD), 0.4 mg/ml isocitrate dehydrogenase, 25 mM
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trisodium isocitrate, 50 mM NaCl, 5 mM MgClz, and 40 mM morpholinepropanesulfonic
acid (MOPS; pH ~7.2). Reactions were incubated for 10 min at 30 °C prior to assay
initiation by the addition of 4 mM B-NADPH-Nays, final concentration. Samples were
shaken for 30 min at 30°C. Sterol metabolites were recovered by extraction with ethyl
acetate, followed by derivatization with N, O-bis(trimethylsilyl)trifluoroacetamide and
tetramethylsilane in pyridine prior to analysis by gas chromatography mass
spectrometry [28]. CYP51 levels were measured by reduced CO difference spectra
using established methods [29]. For CYP51-lanosterol binding experiments, Type |
spectral difference was recorded after the incremental addition of lanosterol, and

the Kp of the CYP51/lanosterol complex was determined as described previously for
recombinant zebrafish CYP51 [30].

2.6 Bioinformatics, modeling and docking:

Homology modeling of CYP51 was performed using Modeller (v9.16) [31]. 100

independent models were produced based on human CYP51 structures (PDB codes
3LD6, 3JUV, 3JUS). The model with the highest DOPE-HR (high resolution discrete
optimized potential energy) score was further refined by solvating with water and
relaxing the structure using molecular dynamics (NAMD v2.13). Protein sequences for
cod (G. morhua) and hadal snailfish (P. swirei) were predicted from either reference
cDNA sequences (cod) or the sequenced genome (snailfish) and modeled using the
same homology reference sequences. Protein structure and model alignment was
performed using POSA [32]. Alphafold models were constructed with Alphafold v2.3.1
using the Google Colaboratory. Volume differences were visualized using Pymol

(v2.5.2, Schrodinger LLC), and analyzed using Hollow [33]; grid spacing 0.5, interior
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probe size 1.4 A, surface probe size 8.0 A). The volume occupied by these probes was
analyzed using the Voss Volume Voxelator (3V), [34] with a probe radius of 1.4 A.
Docking was performed using Smina [35] Sequence analysis was performed in BioEdit

(v7.1.3.0) [36].

3.0 Results
3.1 Sequence analysis
CYP51 is extremely well conserved. CYP51 genes are present in plants, fungi, protists,
and bacteria [37], and most animals (with the exception of some invertebrate groups
[38]-[42]). The isolated C. armatus CYP51 cDNA, determined from RNAseq data as
previously described [9], consisted of 1545 bp encoding a protein of 515 amino acids.
The upstream sequence of 111 bp (5’), corresponding to the first 37 amino acids was
missing in our RNAseq data. We anticipate that genomic sequence data, when
available, will encode the transmembrane anchor; liver microsomes from C. armatus
show a typical P450 spectrum [43], indicating full length P450s. Other metazoan
CYP51s including fish CYP51 we have previously cloned, sequenced, and expressed
all have a N-terminal membrane anchor and are not soluble P450s [30]. BLASTP
analysis shows that the abyssal fish CYP51 shares ~ 80-90 % sequence identity with
CYP51 orthologs of surface fish, with the highest identity being to CYP51 of the shallow
water cod Gadus morhua (89.62 %; see Supplemental Information).

Sequence comparison of the C. armatus CYP51 with 180 other fish CYP51
sequences available in GenBank (see Supplemental Table 1; average ungapped

amino acid identity of 81%) identified 13 amino acid positions in the C. armatus CYP51
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protein that are positionally unique (Table 1). (See also Supplemental Figure S1).

The majority of these amino acid substitutions are located at solvent exposed surfaces,
although there is not a consistent pattern of increasing hydrophobicity, assuming the
simplifying assumption of a linear substitution scale for the Kyte-Doolittle hydrophobicity
scale [44].

3.2 Expression, purification, and spectral characterization of C. armatus CYP51.

The yield of expressed C. armatus CYP51 was ~50-200 nmol/liter of E. coli culture as
determined by reduced CO difference spectra [29] after purification by Ni?*-NTA
agarose chromatography. SDS-polyacrylamide gel electrophoresis confirmed the purity
of the Ni?*-NTA agarose-eluted C. armatus CYP51 protein to be greater than 90% when
assessed by Coomassie brilliant blue R-250 staining intensity, with an apparent
molecular weight of about 50 KDa, which was close to the predicted value of 51,932 Da
and included the six-histidine C-terminal tag extension. Similar to other CYP51
orthologs [45]-[47], C. armatus CYP51 was obtained in the ligand-free ferric low spin
form after purification from E. coli. The heme iron was readily reduced by sodium
dithionite, and the complex with CO was formed very rapidly, with an absorbance
maximum at 451 nm. Additionally, the presence of (inactive) cytochrome P420 was

detected (Figure 2A). A presence of P420 is not uncommon in substrate-free P450s.
3.3 Ligand Binding and Activity

C. armatus CYP51 bound its sterol substrate, lanosterol, to produce a Type | difference
binding spectrum, with a spectral maximum at ~406 nm and spectral minimum at ~426
nm (Figure 2B). The production of a Type | spectral change is indicative of putative

substrate molecules for P450s (low- to high- spin transition of the heme iron due to



230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

11

displacement of a water molecule, which in the ligand-free CYP51s occupies the sixth
Fe3* coordination sphere). A spectral dissociation constant (Kp) value for lanosterol of

15 uM was determined. Type Il difference binding spectra were observed between C.
armatus CYP51 and the azole antifungal compounds ketoconazole and propiconazole,
yielding a spectral maximum at ~430 nm and a spectral minimum at ~410 nm (Figures
2C and 2D). Type Il spectra arise from the coordination of the imidazole N3 of
ketoconazole and the triazole N4 of propiconazole as a sixth ligand with the C. armatus

CYP51 heme Fe [48]. The estimated Kp values were 0.12 yM and 0.54 yM for

ketoconazole and propiconazole, respectively, indicating that ketoconazole has a higher

affinity for C. armatus CYP51 than propiconazole.

Sterol 14a-demethylase activity was reconstituted between C. armatus CYP51
and A. fumigatus cytochrome P450 reductase (AfPOR). AfPOR has been previously
shown to drive recombinant CYP51 catalytic activities (e.g., [49]). C. armatus CYP51
catalyzed the demethylation of lanosterol to 4, 4-dimethyl-5a-cholesta-8,14,24-triene-
313-ol with an approximate turnover value of ~5.8 nmol/min/nmol P450. Negative control
reactions, from which NADPH or AfPOR were omitted, had no demethylase activity.
Our present activity and ligand binding results indicate that the C. armatus CYP51 is
functionally similar to other CYP51s. The only other fish for which CYP51 activity and
binding characteristics has been determined in vitro is zebrafish (Danio rerio) [43]. At
the same reaction conditions, zebrafish CYP51 displayed a turnover rate of 3.2

nmol/min/nmol P450, about 40% lower than the C. armatus rates determined here.
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3.4 Molecular modeling

Molecular modeling of the C. armatus CYP51 protein based on human and other
crystalized CYP51s produced models that are very close to known structures. The
overall RMSD of equivalent residues in CYP51s ranged from 0.38-1.91 A, similar to the
range observed between CYP51 crystal structures [50]. As noted above, most of the
amino acid substitutions are on the surface of the protein (Figure 3). Interestingly, four
of the unique amino acids fall in helix D, three on sequential turns of the solvent-facing
side of the helix (P174, Q178, E181), and one on the interior side (1184). These
substitutions are neutral or increase the hydrophobicity of that region of the protein
(Table 1). Two of the substitutions (T440, G460) are on K’ and L helices, immediately
adjacent to sites predicted to be key in POR-P450 binding (K423 and E438 in CYP2C9
[51]-[53]. These substitutions either increase (A to T) or decrease (N to G)
hydrophobicity, with uncertain results on POR-CYP51 coupling. C. armatus POR has
been cloned and expressed [9] but not yet used in protein-protein binding studies. The
substitutions at internal sites were in helices D, E, and | (Figure 3).

Notably, the three positionally unique amino acids on the interior surface of the
protein where in locations close to previously undescribed voids (supplemental cavities),
a set of connected side pockets seen in the comparator, human CYP51. Searching
other CYP51 structures revealed that this cavity (or cavities) is present in both ligand-
free and ligand-bound vertebrate, fungal, and protist CYP51 structures, and is formed in
part by the beta-3 sheet (Figure 4). While this cavity is nominally not solvent exposed,
nor are crystallographically-defined waters present in this location in the deposited

structures, sufficient volume is present to contain numerous water molecules (ranging
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275  from a calculated 202 to 578 A3, Table 2; a single water molecule occupies

276  approximately 30 A%). Based on our experience, ligand-free CYP51s are more flexible
277  than substrate- or inhibitor-bound structures. The slightly larger supplemental cavity
278  volumes in the ligand-free structures could reflect a possibility that the more relaxed
279  protein state allows expansion of the supplemental cavities. These supplemental

280  cavities do not have any volume (do not exist) in the computed C. armatus structure,
281  due to the specific amino acid substitutions. An Alphafold model of C. armatus CYP51
282  also did not show these cavities. Large supplemental cavities are present in CYP51
283  models from the closest related species with a sequenced gene, Atlantic cod (Gadus
284  morhua), which inhabits shallow depths. Examining the predicted structure of CYP51
285 gleaned from the genome of snailfish (Pseudoliparis swirei), which lives in hadal depths
286  down to 8,000 m [54], showed a very small supplemental cavity (30 A% (See

287  Supplemental Figures). We also note that the liparid CYP51 had position unique

288  substitutions on the surface of the protein.

289 3.5 Molecular docking

290  Molecular docking of a variety of potential substrates or inhibitors resulted in a wide
291 range of computed affinities. Lanosterol binds in the optimal orientation, with the 14a-
292  methyl group nearest to the heme, and a very high computed affinity (see Table 3). This
293  result is similar to what we observed previously with models of zebrafish (Danio rerio)
294  and sergeant major (Abudefduf saxatilis) CYP51 [30]. The Kp values determined

295  spectrally are often called “apparent Kps”, because they are obtained at certain, not
296 necessarily “optimal” conditions. Lanosterol is a very lipophilic molecule, and its

297  apparent binding affinity to the enzyme in aqueous solutions is likely to be much lower.
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We also performed docking simulations for a number of different plastic UV light
stabilizers that may be transported unmodified to the deep ocean via the sinking of
plastic particles. Dihydroxybenzophenone compounds appear to computationally bind
very strongly in the active site, but not directly with the heme Fe possibly due to the lack
of N atoms in their structures. Spectroscopic titrations of C. armatus CYP51 with these
compounds did not reveal either Type | or Type Il binding spectra for any of the
benzophenones, despite the computed affinity. At this time these results stand in
contrast to the crystallization of the soluble M. tuberculosis CYP51, which was

accomplished with 4,4’ dihydroxybenzophenone bound to the protein [22].

4.0 Discussion

This study of CYP51 in an abyssal fish species is part of our ongoing efforts to
understand the gene-environment interactions involving P450s. The deep sea is one of
the most expansive and species-rich habitats on Earth, now threatened [55]. About 80%
of the volume occupied by life is found at depths below 1000 m. The hydrostatic
pressure (HP) produced by the overlying water can reach 1100 bar (110 MPa) in the
deepest trenches, yet microbes, invertebrates and vertebrates (fishes) have evolved the
ability to live at these extreme pressures [5]. As an evolutionary force, HP possibly
leads to changes in the number of genes present in a given species (gains and losses),
modulate their levels of expression, and lead to subtle changes of translated protein

sequence to allow optimal functionality at high HP.

The linear increase of HP with depth in the oceans affects the vertical distribution
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of animals, in accordance with the barosensitivity of their enzymatic arsenal [56].
Studies with deep-sea fish have shown HP tolerance of the few proteins that have been
studied when compared to surface fish. In lactate dehydrogenase a surprisingly small
number of amino acid substitutions (21) were involved (e.g. [6]). More recent genome
sequencing of several deep sea snailfish has uncovered substitutions in a number of
different inferred protein sequences that may be related to barotolerance, but no protein
work has been performed [54], [57]. Structural features of HP tolerance thus remain

largely unknown in deep-sea animals.

The number of position specific amino acid substitutions seen in C. armatus
CYP51 (13) is somewhat greater than the number of substitutions (5) seen in CYP1A
from the same species [9]. The majority of the substitutions were, however, distributed
on the surface of the protein, as was also the case in CYP1A. While the substitutions in
CYP1A represent both polar and non-polar substitutions, overall the substitutions in
both cases were also ones that would tend to reduce the ordering of water molecules
around the protein, which would tend to reduce the overall volume change in catalysis
and contribute to pressure tolerance.

One might also expect to find amino acid substitutions in the active site, or in
access channels or indeed in any part of the internal structure where water molecules
may participate in function. In contrast to CYP1A, we did observe internal substitutions
in C. armatus CYP51. The location of these, in comparison with other CYP51s, revealed
a set of small cavities in human and other CYP51s that are completely absent in the C.
armatus CYPS51 protein models. These cavities, discovered by comparison of the

structures of the different CYP51s, have not previously been identified to our
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knowledge, perhaps due to the lack of crystallographically-defined waters or due to
crystallization conditions themselves. The fact that such a cavity does not appear to
exist in the C. armatus CYPS51 protein, and while present but extremely small in the
hadal snailfish, suggests their absence or near absence might contribute to overall
pressure tolerance in this protein. An equally interesting question is whether this
previously unknown set of small cavities may have some functional significance. Further
studies, including crystallization of the C. armatus CYP51 protein and site-directed
mutagenesis of human, mycobacterium or other CYP51s to convert them fo C. armatus
sequences might eliminate the voids and affect function.

Our present enzyme activity and ligand binding results indicate that the C.
armatus CYP51 is functionally similar to other CYP51s from fish that do not inhabit
depths as does C. armatus. The only other fish for which CYP51 activity and binding
characteristics has been determined in vitro is zebrafish (Danio rerio) [30]. Zebrafish
CYP51 displayed a turnover rate of 3.2 nmol/min/nmol P450, about 40% lower than the

C. armatus rates determined here. Binding of ketoconazole (Kp = 0.26 uM) and

propioconazole (Kp = 0.64 pM) to zebrafish CYP51 was also slightly weaker (Table 2).
These values have been determined with assays at 1 bar (1 atm). Thus far we have not
been able to accomplish experimental studies of enzyme function under high pressure.
We predict that the function of CYP51 from C. armatus would be little influenced by
pressures at least to 400 atm, while human and other CYP51s would be affected.

Part of our selection of CYP51 as a focus is the possibility that environmental
chemicals may bind to and possibly inhibit this essential enzyme in deep sea animals

[21], [58]. We speculate that structural adaptation to pressure might even render the
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deep-sea protein more susceptible to such compounds. The binding studies with azole
compounds did not reveal much difference among the different proteins at this time (see
Table 2). We also examined compounds that may be carried with plastics, which are
now present in both abyssal and hadal environments [59]. Plastic particles have been
identified in deep sea fish [21], [58]. This suggests that the particles or associated
chemicals, including plasticizers could act on fishes (or other species in deep sea
ecosystems). The UV stabilizer 4,4’- hydroxybenzophenone did not bind to produce a
spectral change, nor did other plasticizers that produce good docking scores, in contrast
to binding with soluble M. tuberculosis CYP51 [22]. We note that in a manner
analogous to human CYP51, the detergents used in purifying C. armatus CYP51 may
have deleteriously affected the binding of dihydroxybenzophenones to the protein. For
example, M. tuberculosis CYP51 can bind estriol, while detergent purified human
CYP51 cannot, ostensibly due to carryover of detergent.

5. Conclusion

In summary, in this study we identified positionally unique amino acid substitutions in
CYP51 from an abyssal fish which we hypothesize will confer pressure tolerance,
allowing controlled catalytic function of this essential protein at habitat pressures. In
molecular modeling locations of the amino acid substitutions and comparing them to
human CYP51, we found a supplemental cavity present in human CYP51 but not C.
armatus CYP51. Examining CYP51 proteins from other species reveals cavities are
commonly present but the functional significance of this void pocket is unknown.
Having now found the presence of supplemental cavities in CYP51s from human or

near surface fish, the fact that these cavities are either absent or an order of
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magnitude smaller in CYP51s from an abyssal and a hadal fish suggests that this could
be an evolutionary adaptation to the deep-sea environment. Analysis of additional
CYP51s from the deep sea are warranted. X-ray structural analysis of C. armatus
CYP51 is currently underway in our laboratories, which we hope will shed new insights

on our experimental and modelled findings described herein.
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Figure legends

(Figures 1 and 2 are one column; Figures 3 and 4 are two column.)

Figure 1. CYP51 reaction and ligand structures (one column)

Figure 2. Characterization of Recombinant C. armatus CYP51. (A) Dithionite-
reduced, CO difference spectrum of the purified C. armatus CYP51. (B) Induced Type |
binding spectrum of C. armatus CYP51 by lanosterol. (C) Induced Type Il binding
spectra by the medical azole antifungal ketoconazole and (D) Induced Type Il binding

spectra by the agricultural azole antifungal propiconazole.

Figure 3. Modeling Location of Positionally Unique Amino Acids

Model of C. armatus CYP51 showing positionally unique amino acids (yellow). Note that
these are mostly, but not exclusively, on the surface of the protein (see Table 1).
Locations of selected amino acids are shown. A and B are rotated views of the same

model.

Figure 4. Novel Cavities in CYP51. (A) Crystal structure of human CYP51 (PDB:
3JUV). (B) Crystal structure of the Aspergillus CYP51 (PDB: 6CR2). The figures show

void regions (black) in these structures that are absent from the C. armatus CYP51.



