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Putative prolyl-4-hydroxylase (P4H) α-subunit sequences have been extracted by mining transcriptomic data
obtained from seven cone snail species C. amadis, C. monile, C. araneosus, C. miles, C. litteratus, C. frigidus, and C.
ebraeus. Sequences ranging from 518 to 559 residues have been compared with representative animal P4H
sequences. The α-subunit consists of an N-terminus double domain, involved in dimerization and substrate
binding, while the C-terminus contains the catalytic domain. Deﬁnitive functional annotation of the cone snail
sequences has been achieved by an analysis of conserved residues responsible for catalytic function, speciﬁc
conformational features, and subunit interactions, using two independent structures of the double domain, and
the catalytic domain, previously reported in the literature. The variability of proline hydroxylation in conotoxins
is illustrated by a mass spectrometric analysis of C. amadis venom. Site speciﬁc hydroxylation and the presence of
peptides with multiple proline residues, resistant to modiﬁcation, suggests that sequence and conformational
eﬀects may determine the substrate speciﬁcity of the Conus prolyl-4-hydroxylases.
Signiﬁcance: Proline hydroxylation is a widely observed post translational modiﬁcation, with collagen being the
pre-eminent example. Hydroxylation of proline is also widely observed in conotoxins, which are a major component of marine cone snail venom. This paper describes newly identiﬁed prolyl-4-hydroxylase sequences, using
transcriptome data from seven Conus species. The predicted functional annotation of prolyl-4-hydroxylase sequences was carried out using two available crystal structures of independent domains. The mass spectrometric
characterisation of proline/hydroxyproline containing peptides in C. amadis venom conﬁrms sequence speciﬁc
hydroxylation in Conus venom as shown previously by others.

1. Introduction
Prolyl hydroxylation is a widely observed post translational modiﬁcation in collagen, an abundant animal protein. The high content
(~13% per chain of the triple helical structure) of 4-hydroxyproline
(Hyp,O) in collagen, togather with the natural abundance of collagen
has led to the estimation that “Hyp is more abundant in animals, than
seven common amino acid residues(Cys, Gln, His, Phe, Trp, Tyr)” [1].
Hydroxylation of proline to yield 3-hydroxy proline is a rare modiﬁcation in collagen, catalysed by speciﬁc prolyl-3-hydroxylase(P3Hs)
[2,3]. Hydroxylation of peptidyl proline residues is also important in
cellular oxygen sensing involving hypoxia inducing factor(Hif) [4,5]
and in proteins with collagen like domains [6]. Proline hydroxylation of
ribosomal proteins may also serve important regulatory functions [7]
and has been implicated in the development of the parasitic nematode
⁎

Brugia malayi [8]. The post translational formation of 4-hydroxy proline
is important in the extensins, which are glycoproteins involved in plant
cell walls, where the hydroxylated residues serve as sites for O-glycosylation [9]. Proline hydroxylation is also widely observed in peptides
of microbial origin [10] and in conotoxins, which are the major constituent of marine cone snail venom [11]. The enzymatic hydroxylation
of peptidyl proline residues at position 4 (Cγ) is catalysed by prolyl-4hydroxylase (P4H), a member of the non-heme iron(II)-2-oxoglutarate
dependent dioxygenases [12]. The animal P4H enzymes have been
shown to be α2β2 tetramers, with the α-chain containing both the
peptide substrate binding domain and the catalytic centre, while the βsubunit independently functions as a protein disulﬁde isomerase [13].
A cartoon of the α2β2 tetramer based on a model derived from low
angle X-ray scattering [14] and available crystal structures of independent domains [15,16] is shown in Fig. 1. A crystal structure of the
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identiﬁed Conus P4H sequences against the Uniprot database was used
to conﬁrm that the best matches were with P4H sequences. The seven
derived Conus P4H sequences have been deposited in the NCBI database
with accession numbers: MH013354-MH013360. For purposes of more
detailed comparison, the crystallographically characterised P4H domains from the human enzyme PDB id: 4BT8 [15] and an algal PDB
id:3GZE [16] source were used. All views of the structures used have
been drawn with Pymol [31].
2.2. Mass spectrometry
Venom samples were extracted from cone snails ducts as previously
described [26]. LC-ESI-MS analysis of crude venom samples was carried
out on a LC-ESI-MS Maxis impact spectrometer (Bruker Daltonics)
linked with an Agilent HPLC system. Venom analysis was eﬀected on a
reverse phase Agilent Poroshell C18 column (2.7 mm, 4.6 × 150 mm).
Detailed conditions for LC-ESI-MS analysis have been previously reported [28,32]. Brieﬂy, LC-ESI-MS and MS/MS data were acquired for
both intact venom samples and peptide mixtures subjected to global
reduction/alkylation with tris(2-carboxyethyl)phosphine (TCEP) and
N-ethyl maleimide (NEM) [28]. The ﬂowchart summarising the protocol used to integrate transcriptome derived putative toxin sequences
with experimental MS and MS/MS is shown in Fig. 2. In all cases
manual interpretation and assignment of the observed fragment out,
ions to speciﬁc b, y, and internal fragment ions was carried in order to
conﬁrm peptide sequences. In the case of peptides 13 and 18 (Table 1),
the original match to the putative mature toxin sequences was made by
Mascot search algorithm, using a database of transcript derived precursor protein sequences [32].

Fig. 1. Schematic view of the α2β2 tetramer of prolyl-4-hydroxylase. PDB code
for structurally characterised domains are shown.

intact α2β2 tetramer has not been reported. Plant P4H enzymes are
signiﬁcantly smaller in size and are active as monomers [16,17]. A
homodimeric P4H, which modiﬁes elongation factor Tu has been
characterised from Bacillus anthracis [18,19]. Proline hydroxylation is
one of the most common post translational modiﬁcations in the peptides derived from marine cone snail venom [11,20]. Conotoxins are a
structurally diverse class of peptides, targeting a wide range of membrane receptors and ion channels resulting in rapid paralysis of prey
[20–23]. While, disulﬁde isomerases have been identiﬁed experimentally from venom [24] and a large number of sequences determined by
transcriptomic analysis [25,26], there are, to the best of our knowledge
no reports on the sequences of cone snail P4H enzymes. The identiﬁcation of a protein on 2D gel electrophoresis of a C. geographus venom
duct extract, as P4H has been reported in a proteomic analysis [27]. We
report in this communication sequences of prolyl-4-hydroxylase obtained by mining transcriptomic data from seven species C. amadis, C.
monile, C. araneosus, C. frigidus, C. ebraeus, C. miles, and C. litteratus.
Functional annotation of the Conus P4H sequences has been established
by comparing the conservation of key residues involved in the structure
and function of mammalian prolyl-4-hydroxylase. We also present the
characterisation of conotoxins containing multiple proline residues
from C. amadis, providing examples of extensive hydroxylation, site
speciﬁc modiﬁcation, and the absence of conversion to hydroxy proline,
suggesting that conotoxin precursor protein sequences may determine
the extent and site speciﬁcity of post translational proline hydroxylation.

3. Results
3.1. Prolyl-4-hydroxylase(P4H) α-subunit
Fig. 3 shows a multiple sequence alignment of the seven putative
Conus sequences with three representative established enzyme sequences (Homo sapiens, Gallus gallus, Bos taurus). In addition, the crystallographically well characterised sequences of the N-terminus double
domain of human P4H (4BT8) and the catalytic C-terminus domain
obtained from an algal source, Chlamydomonas reinhardtii (3GZE), have
also been used in the alignment. The N and C terminus domains are
shaded diﬀerently. Wierenga, Myllyharju and co-workers have provided an illuminating view of the dimerisation and substrate binding
double domain of human P4H [15] and separately characterised the
active site in the structure of the algal enzyme [16]. The α-subunit of
human collagen prolyl-4-hydroxylase (C-P4H) has been described as a
three domain structure with the N-terminus residues 1–244 comprising
a double domain, which contains an N-terminus dimerization domain
(residues 1–144), a peptide substrate binding domain (residues
144–244) and a catalytic domain spanning residues 244–517 [15]. Thus
far, a crystal structure of the α2β2 tetramer remains elusive. Nevertheless, the availability of crystal structures of the N-terminus double
domain (4BT8), allows mapping of conserved, structurally important
residues in putative cone snail sequence. Insight into the catalytic domain may be obtained from the crystal structure of the algal P4H
(3GZE) enzyme from Chlamydomonas reinhardtii, which is monomeric
[16]. A ﬁrm annotation of cone snail P4H sequences can be made by
identifying conserved residues, which have been established as structurally and functionally important by analysis of the three dimensional
structure.

2. Material and methods
2.1. Transcriptomic analysis
Transcriptomic data from nine cone snail species found oﬀ the
southern coast of India, were obtained as previously described [28].
Next Generation Sequencing(NGS) data for C. amadis and C. loroisii
were obtained using a Roche 454 platform, while an Illumina platform
was used for C. monile, C. araneosus, C. ebraeus, C. lividus, C. litteratus, C.
miles, and C. frigidus. The contigs were assembled using Mira 4.0 and
Trinity 6.0 assembler programs. The assembled contigs were translated
into all six reading frames. The sequences were catalogued as segments
ﬂanked by stop codons(*) and listed as *………* sequences. A dataset of
17 reviewed P4H sequences from the Uniprot [29] database was constructed, with sequences ranging in length between 502 and 559 residues. Local Blast [30] analysis of these 17 sequences against the assembled *..........* sequences of all nine Conus species yielded potential
matches from seven species, C. amadis, C. araneosus, C. ebraeus, C.
monile, C. litteratus, C. frigidus, and C. miles. Blast analysis of the

3.2. Catalytic domain
The active site of the enzyme consists of three conserved residues.
The Fe(II) iron binding sites requires two His and one Asp as liganding
residues. The HXD motif residues, 143 to 145 in the 3GZE structure, is
38
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Fig. 2. Protocol used for integrating data from Transcriptome analysis and Mass spectrometry for determining peptide sequences.

shown in Fig. 4B, revealing a high degree of sequence identity, in addition to complete conservation of the three metal binding residues.
Inspection of Fig. 3A reveals key hydrogen bond interactions in the
vicinity of the active site. The residues involved in side chain interactions, notably Glu127 and Arg161, are conserved in all sequences. The
guanidine group of Arg161 forms an ion-pair with the carboxylate of
Glu127, as evidenced by two hydrogen bond interactions. A third hydrogen bond is formed to a backbone CO group. Four other fully conserved residues Try134, Try140, Lys237, and Trp243 point inward into
the active site. The Trp243 indole NH group makes a hydrogen bond
with the Asp145 side chain carboxyl group. Two other fully conserved
residues Trp238 and Lys242 lie on the same face of the C-terminus beta

conserved in the alignment of cone snail sequences shown in Fig. 3
(residue numbering follows that in 3GZE). The His227 residue and the
2-oxoglutarate binding Lys237 residue are also conserved. Inspection of
Fig. 3 also reveals a high degree of conservation between the cone snail
sequences and previously characterised enzymes from representative
animal species and the structurally characterised algal sequence.
Fig. 4A shows a view of the active site of the algal P4H structure with
bound Zn2+ ion, a competitive inhibitor, co-ordinated by the three
active site residues His143, Asp145, and His227. The polypeptide segments corresponding to the residue stretches 127–163 and 226–250 are
also shown in Fig. 4B. A partial alignment of the algal sequence, the
seven conus sequences, and three animal sequences in this region is

Table 1
Proline containing peptides from C. amadis.
S·no.

Peptide sequence (MCalc)

M(Obs)

Superfamily

Cysteine framework

No of proline

Proline status

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

GCPWDPWC* (959.34)
DDDCEPPGNFCGFPKIGGPCCSGWCFFACA (3136.17)
GCCPALACAMGCRPCC* (1550.55)
GCCGAWACMAGCRPCC (1584.50)
DDTDAAAGEILEFLCPFFCIGGIGDEYCDCQE (3454.38)
CRTVGRPCHYSAQCCSDFCAHTISNYYYIKRCS (3828.62)
CCKYGWTCWLGCSPCC* (1804.64)
SACCGYKLCSPCGQA (1485.57)
RPECCSHPACNVDHPEIC (2004.79)
GCTWWFGRCAEDGECCSNSCDQTYCELYAFPS (3624.32)
CLAKGDFCNLITQDCCDGICFIFCP (2735.13)
GCCSVPPCIANHPELCV (1736.73)
GCCMPLSCMLLCEPCC* (1697.60)
GCCSVPPCIANHPELC* (1636.68)
TVDCGGVPCEFGCCRIIDGKEKCREIDCD (3156.32)
DCCSRPPCRWSHPELCS (1970.78)
CCPTFYFCCNL (1308.46)
DCVEVDYFCGIPFVFNGLCCSGNCVFVCTPQG (3428.41)

1228.46
3892.47
2322.86
2355.82
3958.59
4584.80
2576.94
2005.78
2629.96
4528.59
3491.43
2241.90
2469.90
2140.90
3913.64
2475.99
1812.68
4181.70

Contryphan
O1
M
M
Div
Partial
M
T
A
O2
O1
A
M
A
Partial
A
T
O1

–
VI/VII
III
III
XIV
VI/VII
III
I
I
VI/VII
VI/VII
I
III
I
VI/VII
I
V
VI/VII

2
2
2
1
1
1
1
3
3
1
1
3
2
3
1
3
1
2

O≫P
P≫O
P≫O
P≫O
P≫O
P≫O
O≫P
O≫p
O
O
P
P
P
P
P
P
P
P

b

Other modiﬁcations
–
–
–
–
–
–
–
–
E→γ
E→γ
–
E→γ
M→Moxi
–
–
E→γ
–
–

Abbreviations: a) P-proline, O-hydroxyproline, γ-gamma carboxy glutamic acid, *-C-terminal amidation, Div-divergent, Moxi-oxidised methionine, Mcalc-calculated
mass of peptide, Mobs-observed mass of peptide. b) peptides 9–19 only Pro (P) or Hyp (O) species were detected.
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Fig. 3. Multiple sequence alignment [33,34] of seven cone snail prolyl 4 hydroxylase sequences with the Homo sapiens, Gallus gallus and Bos taurus sequences (Uniprot
accession numbers are Homo sapiens P13674, Gallus gallus P16924 and Bos taurus Q1RMU3). (A) the N-terminus domains are aligned with the sequences of PDB code:
4BT8, which is the structurally characterised, N-terminus double domain of the human enzyme. (B) The sequences are aligned with the catalytic domain structurally
characterised from C. reinhardtii (PDB code: 3GZE). Dark shaded regions corresponds to positions in which residues conservation is observed in 80% of the sequences.

Fig. 4. (A) A view of active site region of prolyl 4 hydroxylase. Key residues are shown and speciﬁc hydrogen bond interaction are shown as dotted lines (PDB code:
3GZE). (B) A view of the alignment of polypeptide sequences corresponding to the active site region. Critical residues are marked with arrows.

3.3. Dimerization and substrate binding double domain

strand, pointing away from active site. The Lys242 side chain forms a
hydrogen bond to the Glu127 backbone CO group, suggesting a role in
the positioning of the Glu127 side chain. The aromatic ring of Trp238
folds backs over the backbone and is in position for an optimal amidearomatic interaction [35]. The complete conservation of several residues in these polypeptide segments, which together form the catalytic
site of P4H, strengthens our assignment of function to the Conus sequences.
In order to further substantiate our annotation of the cone snail
sequences, we examined sequence conservation for the unusual structural elements at the N-terminus of the catalytic domain in the algal
enzymes. In the crystal structure a beta hairpin, nucleated by a central
Ser-Pro segment with a cis peptide bond, is observed. This is the only
example of a cis peptide unit in the algal P4H structure. Supplementary
Fig. S1 shows a view of the hairpin from residues 42 to 54, with the
Ser48-Pro49 peptide bond adopting a cis conformation. Inspection of
the sequence alignment in Fig. 3, establishes that the Ser-Pro motif is
indeed conserved in the cone snail sequences, while the three animal
sequences have a Lys-Pro unit. A signiﬁcant diﬀerence in the sequences
in this region is the variable length of the loop connecting residues 146
and 160, shown in yellow in Fig. 4A. Examination of the structure
(Supplementary Fig. S2) suggests that a signiﬁcant truncation of the
polypeptide chain in this region may be achieved without aﬀecting the
key interactions near the active site.

In contrast to the catalytic domain which is globular, the N-terminus
dimerisation motif consists of a pair of long antiparallel helical segments, which are linked to an all helical substrate binding domain
(4BT8). Fig. 3 reveals signiﬁcant sequence similarity for the N-terminal
double domain. Illustrative examples of key conserved residues, serving
an important structural and functional role are considered in detail to
provide support for the assignment of function to the cone snail P4H
sequences. The N-terminus of the helical hairpin consist of long a αhelix, spanning residues 8 to 55, followed by a helix breaking Asp56
residue as shown in Fig. 5. A short helical segment, Pro57 to Gly62, is
oriented approximately orthogonally, followed by the key His63 residue, which adopts Ramachandran angles φ = −40.72° and
ψ = 125.98° allowing the polypeptide chain to reverse direction, to
form the second arm of the helical hairpin. This arm consist of two
helical segments Pro64-Asn75 and Glu77- Leu86. Thr76, which adopts
strained backbone torsion angles of φ = −120° and ψ = −51° serves
as the central helix breaking residue. Fig. 5 shows a view of helical
hairpin highlighting the interactions involving Asp56, His63, and
Pro64. All three residues are completely conserved in the cone snail
sequences, as marked in Fig. 3. Interestingly, Thr76, which plays a role
in distorting the C-terminal arm of the dimerisation motif, is also conserved in all sequences in the alignment shown in Fig. 3, with the exception of C. ebraeus and C. monile.
Dimerisation of the helical hairpin motif in antiparallel fashion
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Fig. 5. A view of the helix-turn-helix segments of the dimerisation domain, highlighting the position of key conserved residues (PDB code: 3BT8).

sequences percentage identity and E-values obtained by pairwise
alignment.

requires speciﬁc interactions at the subunit interface. Trp78 and Pro105
are two key fully conserved residues in this domain. A view of the intersubunit interactions of Trp78 in the human sequence is shown in Fig. 6.
Notably, the interacting residues are completely conserved. The
Phe104-Pro105 segments is completely conserved in almost all sequences shown in Fig. 3. While Pro is fully conserved, a lone example of
a Phe to Leu mutation is observed in the case of C. ebraeus and C. monile.
This segment plays an important role at the dimer interface and is also
critical for folding of the polypeptide chain at the segments linking the
dimerization and substrate binding domains. The Phe104 and Pro105
segment breaks the helix formed by residues 91 to 103 and orients the
helical segment, which stretches from 107 to 124. Fig. 6 highlights the
position of the Phe-Pro segment, with respect to the helical segments
from the adjoining α subunit. The phenyl ring of Phe104 is stacked
above the CO group of the residue 101–102 peptide bond, suggestive of
a stabilising aromatic-amide interaction [35]. The inter-subunit interactions at this location are predominately hydrophobic, with Leu74 and
Met71 making contacts with the Phe-Pro segment. Inspection of the
sequences in Fig. 3 shows that residue Leu74 in the mammalian sequences, is replaced by His/Tyr in the cone snail sequences, suggesting
that aromatic interactions of the Phe-Pro segment can substitute for the
purely van der Waals interactions observed in the crystal structure of
the dimerization domain. Lys72 is an almost completely conserved residue, with the exceptions being C. ebraeus and C. monile, where Arg
occurs. This residue makes key ionic hydrogen bonds across the dimer
interface, with the side chains of residues Glu148 and Asp149. While
Asp149 is fully conserved, residue 148 is Glu or Asp in eight of the ten
sequences shown in Fig. 3, Q and V in C. literattus and C. miles, respectively. The conservation of three residues Phe104, Pro105, and
Lys72 further strengthen our annotation of the Conus derived sequences
as prolyl-4-hydroxylase. Supplementary Table T1 shows a matrix of

3.4. Protein disulﬁde isomerase
The β-subunit of animal prolyl-4-hydroxylases also functions independently as a protein disulﬁde isomerase (PDI), which is a soluble
protein in the endoplasmic reticulum, catalysing disulﬁde bond formation of substrate polypeptides [36]. Chaperone like activity has also
been reported for PDI [37]. Cone snail PDIs have been experimentally
characterised in venom and several sequences obtained using transcriptomic analysis. An extensive, recent study of cone snail PDIs, has
revealed the presence of two distinct isoforms, which have been described as canonical PDI and cone speciﬁc PDIs(CS-PDI). The transcriptome data for the cone snail species examined in this study do,
indeed, reveal the presence of both PDI families. Figs. 7 and 8 shown
multiple sequence alignment of the two distinct PDI sequence families
extracted from transcriptomic data. In both cases, the alignment included three sequences previously reported by Safavi-Hemami et al.
[25] for comparison. In addition, the sequences of the yeast enzymes
(PDB id:2B5Z), whose crystal structure has facilitated structure function
studies is also included [38].
Figs. 7 and 8 show a multiple sequence alignments of the two disulﬁde isomerase PDI sequences extracted from transcriptomic data for
the nine cone snail species in this study, with three previously well
characterised Conus PDI sequences and the sequences of the crystallographically characterised yeast enzyme. A high degree of sequence
identity (28–43%) and (28–46%) is observed between the sequences of
the enzyme and the cone snail sequences. The two thioredoxin like
active sites CxxC in the N and C terminus segments (a and a′ domains)
are conserved. In the case of the cone snail sequences, the N-terminus
42
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Fig. 6. A view of the key interactions at the subunit interface of the α2 dimer and the interactions positioning the dimerisation and substrate binding domains.

reduced/alkylated peptide provided in Supplementary Figs. S3-S20.
The observation of suﬃcient number of fragments ions is consistent
with transcriptome derived sequences, together with the exact match of
the experimentally derived mass of the intact peptides with predicted
masses. The ﬂowchart of the procedure is shown in Fig. 2. The position
of Hyp residues was established by the observation of unique fragment
ions conﬁrming the position of hydroxylation.
In principle, sequences with multiple proline residues may fall into
the following categories. i) Hydroxylation is observed at all potential
sites of modiﬁcation. ii) Hydroxylation is regio speciﬁc, with only some
residues being susceptible to modiﬁcation. iii) Proline residues remain
unmodiﬁed. Fig. 10 shows the mass spectrum of the doubly charged
state of peptide 7 (Table 1). The ion at m/z 903 corresponds to a peptide
having Hyp at position 14. A signiﬁcantly smaller amount of the unmodiﬁed precursor is detectable from the extracted ion chromatogram
(EIC) (Fig. 10 inset). Supplementary Fig. S9 shows an assigned MS/MS
spectrum of the peptide, which is hydroxylated at position 14.
Fig. 11 shows the mass spectrum of a 30 residue conotoxin, peptide
2 (see Table 1). In this case the doubly charged ion corresponding to an
unmodiﬁed peptide is the major species. A very small amount of hydroxylated species is detectable, which coelutes with the unmodiﬁed
peptide precursor. Supplementary Fig. S4 shows the mass spectrometric
conﬁrmation of the sequence, based on the observation of a train of
successive b and y ions from the N and C termini, respectively. In this
case despite the presence of four proline residues little or no modiﬁcation is detected.
Fig. 12 shows the mass spectrum of a contryphan, a single disulﬁde
containing peptide [26]. The m/z value at 976.3 corresponds to the
hydroxylated peptide, while the species at 960.3 may be assigned to the
unmodiﬁed peptide. The EICs for both m/z values are shown in the inset
of Fig. 12. It is noteworthy that the mass detected LC proﬁle for the C.

active site has the motif CGHC or CGAC, while all the C-terminus sequences have the CGHC motif. The ﬂanking Trp and Lys residues are
fully conserved in all sequences. The C-terminus tail of yeast PDI is
composed of predominantly negatively charged segments containing
Asp/Glu residues, which surprisingly form an alpha helix in the crystal
structure. A C-terminal deletion construct has been shown to exhibit
only about half the activity of full length PDI in an assay using the
refolding of ribonuclease, Interestingly, the highly charged C-terminus
domain is also present in all the cone snail sequences [34]. Intrestingly
the C-terminnus tail of PDI2 appears to be highly negatively charged,
while the PDI1 tail containes both basic and acidic residues with a
preponderance of the latter. The nine canonical Conus protein disulﬁde
isomerase sequences have been deposited in the NCBI database with
accession nos: C. amadis: KT186463, C. loroisii: KY963320, C. lividus:
MF443894, C. ebraeus: KY963313, C. frigidus: KY765614, C. litteratus:
KY785185, C. miles: KY039344, C. araneosus: KY011957, C. monile:
KU881655, while the Conus speciﬁc protein disulﬁde isomerase sequences have acccession numbers MK014183-MK014189.
3.5. Post translational modiﬁcation of proline residues in C. amadis venom
In order to explore the extent and diversity of post translational
modiﬁcation of proline hydroxylation in Conus venom peptides, the
proﬁle of Pro/Hyp containing peptides sequences in crude venom was
examined. Illustratiive results obtained on venom from C. amadis are
presented. Fig. 9 shows an LC-ESI-MS proﬁle of C. amadis venom indicating the position of 18 proline containing Conus peptides identiﬁed
by combining transcriptome derived sequence data with MS/MS fragmentation patterns. Table 1 provides a listing of mature toxin sequences
detected mass spectrometrically in crude venom. In all cases peptide
sequences were conﬁrmed by analysis of the MS/MS data from the
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Fig. 7. Multiple sequence alignment [33,39] of nine Conus protein disulﬁde isomerases (PDI) determined in this study, with three previously characterised Conus PDI
sequences and the crystallographically characterised yeast sequence(PDB code: 2B5E). Shaded residues corresponds to sites of conservation ≥80%. The Uniprot
accession numbers for C. geographus, C. textile, C. bullatus are A0A1140G910, A0A1140G914 and A0A1140G918, respectively. The residues 41–139, a domain;
146–236, b domain; 245–359, b′ domain; 378–484, a′ domain and CxxC are marked in red box. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

site between the cone snail sequences and the Homo sapiens, Gallus
gallus and Bos taurus prolyl-4-hydroxylase, suggests that only the hydroxylation prone proline residue is in direct contact with the active
site, thereby permitting a wide range of proline containing substrates to
be post translationally modiﬁed. The lack of any major diﬀerence between the Conus P4H active site residues and those of vertebrate enzymes suggests substrate binding and proline positioning may not be
responsible for the observed region- selectivity of hydroxylation. Local
backbone conformations at the site of hydroxylation may be important,
with the both extended conformations and beta turns [1] having been
implicated for collagenous peptide substrates.
Does hydroxylation of proline have a speciﬁc role in the structure
and function of the conotoxins? Several studies in the literature provide
insights into the role of proline hydroxylation in the Conus peptides.
The consequences of proline hydroxylation on oxidative folding and
biological activity of conotoxins have been studied in synthetic analogs
derived from three pharmacological diﬀerent groups μ, α, and ω conotoxins. The results suggest that in conotoxin μ-GIIIA biological activity
was enhanced, while folding remained unaﬀected. In contrast, proline
hydroxylation improved the folding ability in conotoxin α-GI, but diminished the aﬃnity for target receptors. In the case of conotoxin ωMVIIC, folding yields were enhanced, while biological eﬀects remain
unaﬀected. Lopez-Vera et al. suggest a possible role of the P4H-PDI
heterotetramer in concurrent oxidative folding and hydroxylation at
proline residues. They also raise the possibility that proline hydroxylation may inﬂuence the cis-trans ratio about X-Pro bonds, consequently aﬀecting folding rates and equilibrium yield of the native disulﬁde bonded peptides [43].
In the case of conotoxins it remains to be established whether hydroxylation occurs before or after oxidative folding, with concomitant
disulﬁde bond formation. If hydroxylation precedes oxidative folding

amadis contryphan (Am976) shows the characteristic two peak pattern,
which results from slow equilibration of cis-trans conformers about XPro bonds. This observation has been repeatedly established in previous
studies of contryphans [40,41]. In this case, as many as four related
peptides are possible, in principle, P3/P6, O3/P6, P3/O6 and O3/O6.
Inspection of the mass spectra in Fig. 12, reveals that the predominant
species corresponds to hydroxylation at a single Pro residue. The site of
hydroxylation can be established as Pro(3), by inspection of the MS/MS
spectra (Supplementary Fig. S3). This is an example of almost complete
modiﬁcation at one site, while only small amounts of unmodiﬁed and
dihydroxylated peptides are detected.
These three examples illustrate, the potential complexities of the
hydroxyproline peptidome in Conus venom, indicating clearly that hydroxylation patterns may be determined by the sequence speciﬁcity of
Conus prolyl-4-hydroxylases (P4H). The extensive post translational
modiﬁcations observed for amino acid residues in conotoxins has lead
to suggestion, that the pro region of the precursor proteins may harbour
speciﬁc recognition sites for recruiting enzymes involved in the modiﬁcation reactions. Precursor protein sequences corresponding to the
peptides listed in Table 1 have been deposited in the NCBI database
with accession numbers: MH282812-MH282828 for peptides (2 to 18)
and peptide 1 accession no.: KT713755. A database of precursor protein
sequences corresponding to these three situations may provide insights
into sequence motifs in the pre-pro region, which may be responsible for
recruiting the modifying enzyme. Supplementary Fig. S21 lists precursor protein sequences grouped by gene superfamily, to highlight
sequence similarity in the pre-pro region [42].

4. Discussion
The high degree of conservation of the prolyl-4-hydroxylase active
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Fig. 8. Multiple sequence alignment of nine Conus protein disulﬁde isomerases (PDI) belonging to conus speciﬁc protein disulﬁde isomerase cs-pdi [25]. Shaded
residues corresponds to sites of conservation ≥80%. The Uniprot accession numbers for C. geographus, C. textile, C. bullatus are A0A1140G910, A0A1140G914, and
A0A1140G918 respectively.

5. Conclusion

local sequence eﬀects may determine the propensity of individual
proline residues to be hydroxylated. If oxidation precedes hydroxylation both steric and sequence eﬀects may determine the facility of hydroxylation at diﬀerent sites. It also remains to be shown, whether the
beta subunit of prolyl hydroxylase, which can function both as a chaperone and as a promoter of oxidative folding is involved in facilitating
both proline hydroxylation and oxidative folding in sequential manner.
Is there a recognition motif in the pro region of the conotoxin precursor
protein, which facilitate the recruitment of the enzymes responsible for
diverse post translational modiﬁcations? Walker et al. have pointed to a
sequence in the −1 to −20 pro region, which may be responsible for
promoting gamma carboxylation of glutamic acid [44]. However, there
is no similarity of the −1 to −20 pro region of the precursor protein for
conantokin, which also undergoes gamma carboxylation at glutamic
acid residue. In this study, also precursor sequences shows a high degree of variability. Suggesting that the recognition motif may involved
non adjacent residue in the precursor sequence. Structural information
on conotoxin precursor proteins is desirable for further understanding
the mechanism of post translational modiﬁcation reactions. The pro
domains in conotoxins precursor have also been implicated in peptide
export from the endoplasmic reticulum (ER) by interacting with sorting
receptors [45].

The annotation of Conus prolyl-4-hydroxylase sequences extracted
from transcriptomic analysis has been established, with complete conservation of active site residues and residues that appear to play critical
structural roles, as established by analysis of the available three dimensional structural data. The α-subunit, which has not been previously reported from cone snails has been functionally annotated, by
comparison with the structurally characterised N-terminus double domain of the human enzyme and the soluble catalytic active site domain
from Chlamydomonas reinhardtii. The β-subunit sequences, which corresponds to protein disulﬁde isomerase, have been extracted from
transcriptomic data of nine cone snail species. The experimental characterisation of functional α2β2 tetramers of cone snail P4H enzymes
may be of special interest because the tetramer may catalyse proline
hydroxylation in the unfolded, reduced form of conotoxin precursors,
followed by oxidative folding facilitated by the β-subunit, which is a
disulﬁde isomerase. The availability of sequence information reported
in this study should serve as a starting point for further characterisation
of the tertrameric P4H enzyme. The mass spectrometric characterisation of the variability of proline hydroxylation in C. amadis venom
peptides, suggests that the sequence and conformational requirements
for post translational modiﬁcation remain to be established.
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Fig. 9. An LC-ESI-MS trace of crude C. amadis venom. Masses of Pro/Hyp containing peptides are indicated. Numbers in parentheses correspond to peptide sequences
listed in Table 1, which are derived by combined use of mass spectrometry and transcriptomic data.

Fig. 10. Molecular ions corresponding to a peptide with mass 1804.64 Da containing a single proline residue. The peptide sequence is shown with the precursor
protein sequence determined from transcriptomic data, with toxin region highlighted in bold. The mass spectra of the 2+ charge states of the Pro(P)/Hyp(O) peptides
indicates the extent of post translational modiﬁcation. The inset shows the extracted ion chromatogram (EIC) obtained using the m/z values 911.31 (O) and 903.31
(P).
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Fig. 11. Molecular ions corresponding to a peptide with mass 3136.17 Da containing four proline residues. The peptide sequence is shown with the precursor protein
sequence determined from transcriptomic data, and is also shown with the toxin region highlighted in bold. The mass spectra of the 2+ charge state of the Pro (P)/
Hyp (O) peptides indicates the extent of post translational modiﬁcations. The inset shows the extracted ion chromatogram (EIC) obtained using the m/z values
1152.46 (P) and 1158.14 (O).

Fig. 12. Molecular ions corresponding to a peptide with mass 959.76 Da containing two proline residues. The peptide sequence is shown with the precursor protein
sequence determined from transcriptomic data is also shown with toxin region highlighted in bold. The mass spectra of the 1+ charge state of the Pro(P)-Pro(O)/Hyp
(O)-Pro(O)/Hyp(O)-Hyp(O) peptides indicates the extents of post translational modiﬁcation. The inset shows the extracted ion chromatogram (EIC) using the m/z
values 911.31 (O) and 903.31 (P).
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