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Formation of correct disulfide bonds in the endoplasmic reticulum
is a crucial step for folding proteins destined for secretion. Protein
disulfide isomerases (PDIs) play a central role in this process. We
report a previously unidentified, hypervariable family of PDIs that
represents the most diverse gene family of oxidoreductases de-
scribed in a single genus to date. These enzymes are highly
expressed specifically in the venom glands of predatory cone snails,
animals that synthesize a remarkably diverse set of cysteine-rich pep-
tide toxins (conotoxins). Enzymes in this PDI family, termed conotoxin-
specific PDIs, significantly and differentially accelerate the kinetics
of disulfide-bond formation of several conotoxins. Our results are
consistent with a unique biological scenario associated with protein
folding: The diversification of a family of foldases can be correlated
with the rapid evolution of an unprecedented diversity of disulfide-
rich structural domains expressed by venomous marine snails in the
superfamily Conoidea.

protein disulfide isomerase | peptide folding | gene expansion |
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Formation of correct disulfide bonds is essential for the
structural stability and functional integrity of many secreted
proteins and peptides, such as protease inhibitors, hormones,
antimicrobial peptides, and toxins from venoms. Recent ad-
vances in nucleotide and protein sequencing have revealed that
toxins from marine snails in the superfamily Conoidea, such as
cone snails (Conus), comprise a remarkable diversity of cysteine-
rich polypeptides (1, 2). Toxin expression and folding takes place
in the endoplasmic reticulum (ER) of venom gland cells, where,
at any given time, hundreds of distinct cysteine-rich peptides are
properly folded and secreted in preparation for envenomation
(3, 4). No other tissue type has been reported to produce such a
high density and diversity of cysteine-rich peptides. Although a
fraction of these peptides contain domains that are widely dis-
tributed in the animal and plant kingdom [e.g., the inhibitor cysteine
knot (5), kunitz-type domains (6), and the insulin/relaxin-like fold
(7)], the majority represent unique structural domains, expressed
only in conoidean venoms. How these structural scaffolds are effi-
ciently folded in the venom gland is not well understood, but it is
clear that ER-resident helper proteins must be involved. For ex-
ample, members of the well-characterized O superfamily of con-
otoxins contain six cysteine residues that can form three disulfide
bonds. Despite the fact that these peptides could potentially adopt
15 different disulfide-bonded scaffolds, only one native fold is
commonly found in cone snail venom (8). Conversely, in vitro
folding of these toxins commonly results in low folding yields, as
well as accumulation of misfolded or aggregated products (8),
highlighting the need for a better understanding of the molecular
processes guiding in vivo disulfide-bond formation.

Several common ER-resident foldases—including peptidyl prolyl
cis—trans isomerase (PPI) (9), and protein disulfide isomerase (PDI)

www.pnas.org/cgi/doi/10.1073/pnas.1525790113

(10)—have been shown to assist in the oxidative folding of con-
otoxins. Whether specialized adaptations in the venom gland
oxidative folding machinery have evolved to enable the folding
of such a remarkably diverse set of cysteine-rich peptides has
not been addressed.

Here, a systematic interrogation of 17 cone snail venom gland
transcriptomes led to the identification and subsequent charac-
terization of a large, previously undescribed PDI gene family that
likely plays a critical role in the folding of conotoxins. Compar-
ative sequence analysis revealed that this gene family arose by
gene duplication and positive selection, complementing the rapid
evolution of conotoxin-encoding genes. Thus, the evolution of
the conotoxin-specific PDI (csPDI) family can be regarded as a
key adaptation for the high-throughput production of cysteine-
rich venom peptides.

Results

New PDI Sequence from Conus geographus Defines the First Member
of a Diverse Gene Family. Analyses of the published venom gland
transcriptome of Conus geographus (1) identified a sequence
resembling other known cone snail PDIs (e.g., ~96% identity to
PDI from Conus marmoreus), but also revealed the presence of
an additional related sequence sharing only ~67% identity to
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The majority of secreted proteins contain disulfide bonds that
provide structural stability in the extracellular environment.
The formation of correct disulfide bonds is assisted by the
enzyme protein disulfide isomerase (PDI). Most secreted
structural domains are ancient and widely distributed in all
metazoans; in contrast, diverse sets of unique disulfide-rich
structural domains have more recently evolved in venomous
marine snails (superfamily Conoidea comprising >10,000 spe-
cies). We have discovered a previously undescribed gene family
encoding PDIs of unprecedented diversity. We suggest that
these enzymes constitute an important part of the supporting
molecular infrastructure required for properly folding the
plethora of structural domains expressed in the venoms of
snails in different conoidean lineages.
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PDI from other cone snail species (Fig. 1). This previously unde-
scribed sequence represented, to our knowledge, the first member
of the csPDI gene family. Like canonical PDI, c¢sPDI consists of
four thioredoxin-like domains: an a and a’ domain containing the
active sitt CGHC motif and noncatalytic b and b’ domain. Further
transcriptome mining identified two variants of csPDI in the tran-
scriptome dataset. Reverse-transcription PCR, cloning, and Sanger
sequencing of C. geographus venom gland cDNA confirmed these
variants and led to the identification of two additional csPDI se-
quences, previously undetected in the RNA sequencing (RNA-
Seq) dataset.

Thus, a total of five distinct csPDI sequences that share 87—
97% identity with each other and 61-65% identity with canonical
PDI were retrieved (SI Appendix, Table S1). Notably, several of the
variable amino acid residues were located between the conserved
cysteine residues in the active-site motif (CXXC). These amino
acids are known to affect the redox state of PDI and therefore the
ability of the enzyme to form, reduce, and isomerize disulfide bonds
in client proteins (11). Although canonical PDI in other organisms,
including C. geographus, contains a glycine followed by histidine
(CGHC), C. geographus csPDIs have a diverse set of residues in
both catalytic domains: CGAC and CDAC in the a domain and
CGLC and CEFC in the a’ domain (S Appendix, Fig. S1). How
these changes may affect the oxidoreductase activity of these
enzymes, especially in respect to conotoxin folding, is discussed
further below.

csPDIs Are Hypervariable and Ubiquitously Expressed in the Venom
Gland of Cone Snails. To determine whether csPDIs are expressed in
the venom glands of other cone snail species, the venom gland
transcriptomes of 15 additional cone snails were obtained. The
published transcriptome of Conus victoriae (2) was also examined,

a domain
CGHC

1

Geographus ¢sPDI MKF NAEEL TL LAF VXRERV HOE EMV YV LEFAKNF DJF IFFINEFVLVEF YAP
MKFSSCLVLTLLVFVSAEDVEQEEEV YV LTAKNFDSF I BINEFVLVEF YAP
MKFSSCLVLTLLVFVSAEDVIEIEEEV YV LTHKNFDSF ITBINEFVLVEF YAP
MKFSSCLVLTLLVFVSABDEQEEEV YV LTQRKNFDSF INANEFVLVEF YAP
MKFSSCLVLTLLVFVSAEDVEQEERV YV LTHKNFDSF ITRINEFVLVEF YAP

Geographus PDI
Betulinus PDI
Marmoreus PDI
Eburneus PDI

101

b domain

and a close relative, Conus textile, was examined by RT-PCR (see S
Appendix, Table S2, for all species used in this study). All species
examined were found to express csPDIs, demonstrating the im-
portance and wide distribution of this protein family in the genus
Conus. Sequences shared between 76.2% and 98.2% identify, with
no exact matches even between very closely related species (e.g.,
Conus praecellens and Conus andremenezi).

Unlike the sequence diversity observed for C. geographus
csPDIs, only one sequence per species was retrieved from as-
sembled datasets, suggesting that C. geographus csPDIs were
exceptionally diverse or that the true diversity of csPDI se-
quences was being missed using standard RNA-Seq assembly
protocols. To better investigate the diversity of csPDIs, we applied a
recently developed tool for next-generation sequencing read clas-
sification called Taxonomer (ref. 12; see SI Appendix, SI Materials
and Methods for more details). Taxonomer specifically identified all
RNA-Seq reads derived from the csPDI gene family before data
assembly, thus enabling faster and more accurate assemblies of
highly similar sequences. Taxonomer identified an average of 2.6
csPDI sequences per species, confirming the expansion of the csPDI
family in cone snails. In total, 43 unique full-length and 4 partial
csPDI sequences were identified from 18 species. Applying the
same methodology, only one canonical PDI was identified per
species with the exception of Conus fextile, which expressed two
distinct variants of PDI, a finding that has been reported (13).

Phylogenetic analysis clearly resolved the PDI and csPDI gene
families and revealed that these enzymes have evolved by duplica-
tion from an ancestral gene (Fig. 2, black arrow). csPDI sequences
resolved into two groups that correlate with the “primitive” and
“complex” group of cone snails, previously described based on
mitochondrial phylogenetics (14). However, within these groups,
csPDI sequences from the same species do not group together,

b’ domain X a' domain
—— CGHC
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KRLA Y FEA A GRLANESENI KLKV DA TV EEBLA GKF EVIIGEP
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KALA PEYAKAA{WMILEEEKL{I KLEXV DATVECSELABKFEVRGY P
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TIKFFRKEKPMEPADYEGGRQAMDIVEW LKKKTGPPAKELKEKIE IKSFVEKDEVVVIGFFKDQE SNGALAFKKAAAGIDDIPFAITSEDHVF KEYKMD
TIKFFEREKPERPADYNGGRQOAFMIDIVNW LKKKTGPPAKELKEKIE IKSFVEKDEVVVIGFFKDQE SNGALAFKKAAAGIDDIPFAITSEDHVFKEYKMDK
TIKFFEREKPRESPADYNGGRQAFIDIVNW LKKKTGPPAKELKEKME IKSFVEKDEVVVIGFFKDQE SNGALAFKKAAAGIDDIPFAITSEDHVFKEYKMDK
TIKFFRKEKPREEPHDYNGGRQAMDIVNW LKKKTGPPAKELKEKNEKS FVEKDEVVVIGFFKDQE SNGALAFKKAAAGIDDIPFAITSEDHVFKEYKMDK
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DGIVLLKKFDEGRNDFHGEFEEEA IVKHVRENQLPLVVEFTQESAQKIFGGEVKNHILLFLKKEGGEDTIEKFRGAAEDFKGKV LFI YLD TDIIEENGRIT
DGIVLLKKFDEGRNDFEHGEMEEEA IVKHVRENQLPLVVEFTQESAQKIFGGEVKNHILLFLKKEGGEDTIEKFRGAAEDFKGKVLFIYLD TDBIEENGRIT
DGIVLLKKFDEGRNDFBGEFEEEA IVKHVRENQLPLVVEFTQESAQKIFGGEVKNH ILLFLKKEGGEDTIEKFRGAAEDFKGKV LFI YLD TDIIEENGRIT
DGIVLLKKFDEGRNDFHGEFEEEA IVKHVRENQLPLVVEFTQESAQKIFGGEVKNH ILLFLKKEGGEDTIEKFRGAAEDFIIGKV LFI YLD TDIIEENGRIT
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EFFGLKDDEIPAVRLIQLAEDMSKYKPESSDLETATIKKFVQDFLDGKLKPHLMSEDVPDDWDAKPVKVLVGKNFKEVAMDKSKAVFVEFYAPWCGHCKQ
EFFGLKDDEIPAVRLIQLAEDMSKYSPESSDLETATIKKFVQDFLDGKLKPHLMSEDV PDDWDA KPV KV LVGKNFKEVAMDKSKAV FVEFYA PHWICGHCKQ
EFFGLKDDEIPAVRLIQLAEDMSKYKPESSDLETATIKKFVQDFLDGKLKPHLMSEDV PDDWDAKPVKVLVGKNFKEVAMDKSKAVFVEFYAPWCGHCKQ
EFFGLKDDEIPAVRLIQLAEDMSKYKPESSDLETATIKKFVQDFLDGKLKPHLMSEDV PDDWDAKPVKVLVGKNFKEVAMDKSKAVFVEFYAPWCGHCKQ
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Geographus PDI
Betulinus PDI
Marmoreus PDI
Eburneus PDI

LAPIWDELGEK{KDSKDIVVAKMDATANEIEEVKVQSFPTLKYFPSIDSEE:WDYNGERTLDAFIKFLESGGTEGA GVPEDEEEEEEDEEGDDEDLPRDEL
LAPIWDELGEK{{KDSKDIVVAKMDATANEIEEVKVQSFPTLKYFPKDSEE:WDYNGERTLDAFHKFLESGGTEGA GV PEDEEEEEEDEEGDDEDLPRDEL
LAPIWDELGEK{{KDSKDIVVAKMDATANEIEEVKVQSFPTLKYFPKDSEEEVDYNGERTLDAF{JKFLESBGTEGA GV PEDEEEEEEDEEGDDEDLPRDEL
LAPIWDELGEKEKDSKDIVVAKMDATANEIEEVKVQSFPTLKYFPKDSEE:WDYNGERTLDAF{JKFLESGGTEGA GV PEDEEEEEEDEEGDEJEDLPRDEL

Fig. 1. Identification of a previously unidentified PDI sequence (csPDI) in the venom gland of C. geographus (GenBank accession no. KT874567). Multiple

sequence alignment with canonical PDI from the same species (GenBank accession no. KT874559) and three additional species [C. betulinus (ADZ76593),
C. marmoreus (ABF48564), and C. eburneus (ADZ76591)] identifies regions of divergence between ¢sPDI and PDIs (white, 100% identity; light gray, 99-80%
identity; dark gray, 80-60% identity; black: <60% identity). The alignment was performed in Geneious by using the Blosum62 similarity option for coloring
(Version 8.1.3). c¢sPDI and PDI sequences share 65-66% identity. Thioredoxin domain organization is depicted above the sequences and was predicted by using
known boundaries for human PDI (31). Signal sequences (gray bar above sequence) were predicted by using InterProScan (32). The C terminus containing ER-
retention motifs is also depicted with a gray bar. Active site CGHC motifs are boxed.
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suggesting that the evolution of csPDIs is more closely tied to
molecular function than phylogenetic relationships.

Similar to observations made for C. geographus, several csPDI
sequences contained unusual variations in the active-site motifs.
The most prominent difference was the replacement of a histidine
for alanine in the a domain, a motif that was found in 13 of 18
species. Phylogenetic analysis suggested that this mutation
evolved several times within the csPDI family (Fig. 2). Additional
variations included CGIC in the a domain and CAHC and
CEKC in the a’ domain. Two partial sequences retrieved from
the C. victoriae transcriptome (2) contained CEFC and CRPC
variations in the a’ domain. Hereafter, the two amino acids lo-
cated between the active-site cysteines will be provided as su-
perscript letters—e.g., csPDIga,gn, Where the first two letters
(GA) represent residues found in the a domain and the last two
(GH) residues in the a’ domain of the enzyme. BLAST searches
could not retrieve a gene resembling the csPDI family from any
other organism in the NCBI nonredundant protein and nucleo-
tide collection, suggesting that the csPDI family specifically
evolved in the genus Conus. Several other members of the PDI
family were identified in transcriptome datasets (e.g., PDIA3 and
PDIAS). Comparative phylogenetic analysis of these and Conus
PDIs and csPDIs illustrated that the csPDIs are more closely
related to PDI than to other PDI family members (S Appendix,
Fig. S2).

PDI and csPDIs Are Highly Expressed in the Conus Venom Gland and
Among the Most Abundant Proteins. Analysis of transcriptomic
data highlighted that PDI and csPDIs are highly expressed in the
venom glands of all cone snail species, ranging from 0.03% to
0.27% of all sequenced reads. Expression ratios for csPDI/PDI
ranged from 0.4 to 2.2 (mean ratio: 1.2), demonstrating that the
csPDI family has similar expression values to PDI (SI Appendix,
Fig. S3). Furthermore, csPDIs are preferentially expressed in the
venom gland with very low expression levels in other tissues, as
determined by quantitative real-time PCR (qPCR) and RNA-
Seq analysis on the foot, venom bulb (a venom “pump” located
at the inner end of the venom gland), esophagus, nerve ring,
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salivary gland, and venom gland of C. geographus and C. rolani,
supporting a specialized role of the csPDI family in conotoxin
folding (SI Appendix, Fig. S4; the esophagus and nerve ring were
not available for C. rolani).

To investigate relative abundances of these proteins in the
venom gland, the published proteome of C. geographus was revisited
(15). Separation of venom gland proteins by 2D gel electrophoresis
resolved two distinct gel areas that were identified as different
isoforms of PDI in the original study (15). Reanalysis of mass
spectrometric data by using a proteogenomic strategy revealed that
these areas correspond to PDI and csPDIs (Fig. 3). Migration
patterns are consistent with differences in the predicted isoelectric
point (pI) for PDI (pI: 4.6) and members of the csPDI family
(pL: 4.8-5.0).

Although gel analysis could not resolve individual csPDI mem-
bers, matching of tryptic peptides obtained by mass spectrometry to
csPDI sequences identified between one and nine unique peptides
corresponding to each csPDI sequence (Fig. 3 and ST Appendix, Fig.
S5). This finding strongly suggests that all C. geographus csPDI
variants are translated into functional proteins.

The intensity of gel spots identified as PDI and csPDIs high-
lights that these enzymes are clearly among the most abundant
soluble proteins present in the venom gland of C. geographus

(Fig. 3).

csPDI Family Is Rapidly Evolving with High Sequence Variability at
Functionally Important Sites. Several distinct csPDI sequences
were identified for each cone snail species. This diversification
suggests that the csPDI family is expanding and subject to strong
positive selection. Additionally, comparative sequence align-
ments and phylogenetic analyses suggested that the genetic
variability was higher for members of the csPDI gene family than
for PDI-encoding genes. Evolutionary pressures can be quanti-
fied by the rates of substitutions at silent sites (dS), which are
presumed neutral, relative to the rate of substitutions at non-
silent sites (dN), which possibly experience selection. To in-
vestigate whether the csPDI family contained sites that expe-
rience high positive selection rates, the mixed effects model of

1; Planorbis GH/AH
Planorbis GI/AH

1; Andremenezi GA/GH
Andremenezi GA/GH
Praiecellens GAIGH

Imperialis GA/GH

Fig. 2. Phylogenetic analysis of full-length PDI and
csPDI protein sequences supports the presence of two
gene families originating from an ancestral gene du-
plication event (black arrow, posterior probability: 1).
Diversity and genetic variance for the csPDI family are
apparent by more than one distinct csPDI sequence
per species and long branch lengths, respectively. Two
groups (the primitive and complex groups) resolved
within the ¢sPDI branch and correlate with molecular
phylogenetics analyses (14). Amino acids of the active
site motif are provided for sequences with divergent
active sites. Arrows indicate C. geographus sequences
selected for subsequent functional characterization.
Bayesian tree was constructed using MrBayes (Version
3.2.2; ref. 33) with two runs each of four Markov
chains sampling every 200 generations. The log-like-
lihood score stabilized after 1,100,000 generations.
The consensus tree was calculated after omitting the
first 25% of the samples as burn-in.
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MW pl Peptide Matches Unique Matches
PDI 54034 4.6 26 17
csPDI gH/eH 53869 5.0 30 9
csPDI ga/gH 54023 4.9 23 2
csPDIGa/GH2 53778 4.9 il 5
csPDIGa/cL 53894 4.8 21 2
csPDI pA/EF - 54123 4.9 25 1

Fig. 3. Analysis of the venom gland proteome of C. geographus shows high
abundances for PDI and csPDIs as determined by 2D gel electrophoresis and
subsequent mass spectrometric protein identification. Data deposited in the
original study (15) were revisited and examined for mass spectrometric peptide
hits that matched PDI and csPDI sequences obtained in the present study. Gel
spots identified as PDI and c¢sPDIs are depicted and correlate with predicted mo-
lecular weights (MW) and isoelectric points (pl). The number of total and unique
peptide matches obtained for PDI and different members of the c¢sPDI family are
provided (score > 99 using Protein Pilot; Version 3.0; AB SCIEX). Sequences and
position of matched peptides onto the full-length sequences are provided in S/
Appendix, Fig. S5. Reproduced from ref. 15, copyright the American Society for
Biochemistry and Molecular Biology.

evolution (MEME) implemented in datamonkey (16) was used.
MEME analysis revealed a total of 12 and 35 sites (P < 0.1), with
positive selection for PDI and csPDI families, respectively,
demonstrating that the csPDI family experiences higher selection
rates than PDI. Interestingly, for the PDI family, episodes of
positive selection were absent in the b’ domain, a domain known
to be important for substrate binding (17), whereas the csPDI
family displayed 13 positive selection events in this domain (S7
Appendix, Fig. S6). To graphically illustrate protein sequence vari-
ation for PDIs and csPDIs, a sequence variation score was gener-
ated based on multiple sequence alignments for the two enzyme
families (see SI Appendix: a sequence logo representation for the

two multiple sequence alignments compared with the sequence of
human PDI is provided in SI Appendix, Fig. S7). This score was
subsequently converted into a red-white color range, where darker
color represents more sequence variation, and mapped onto the
crystal structure of full-length human PDI (18) (Fig. 4 4 and B).
Modeling revealed that PDIs and csPDIs show widely distributed
sequence variations in the a and b domains. Notably, the PDIs show
only very moderate variation in the b’ and a’ domains, compared
with csPDIs. This difference is most pronounced for the b’ domain,
where by far most residues are strictly conserved among PDIs, but
vary considerably in the csPDIs (Fig. 4C). This finding is consistent
with the MEME analysis as discussed above. In human PDI, the b’
domain harbors a hydrophobic patch known to bind substrates di-
rectly (17). In addition, we noticed that two equivalent positions in
the a and a’ domains, located two residues C-terminal of the second
cysteine of the CXXC active-site motif, show high sequence varia-
tion that is restricted to the csPDIs (arrows in Fig. 4B). Overall,
csPDIs show higher sequence variation compared with the PDIs on
key positions implicated in substrate binding and found at or in
close proximity to the active site of both redox active domains.

C. geographus csPDIs Have Distinct Effects on the Folding Kinetics of
Conotoxin Substrates. To determine whether csPDIs can assist in
the folding of conotoxins, two csPDI family members from
C. geographus containing the two most widely distributed active
site motifs (csPDIgy,gu and csPDIgaga) were expressed for
oxidative folding studies (SI Appendix, Fig. S8). PDI was ana-
lyzed for comparison. Three O-superfamily conotoxins contain-
ing six cysteine residues were selected for oxidative folding
studies based on their distinct folding characteristics (Fig. 5).
Omega-GVIA, from the venom of C. geographus, folds rapidly
with very little misfolded byproducts (19). PDI and both c¢sPDIs
significantly accelerated the folding of -GVIA compared with
no-enzyme control reactions (half-time 1, for accumulation of
native product: 42.7 min). Folding was fastest in the presence of
csPDIg/gu (7.1 min) followed by csPDIgaca (8.7 min) and
PDI (19.4 min) (Fig. 54). The folding of p-SmIIIA, a peptide
with faster folding kinetics than w-GVIA (20), was significantly
accelerated only in the presence of csPDIgy gy and csPDIga,gu
(Fig. 5B). PDI had no significant effect. Most remarkably, when
the recombinant enzymes were tested on 3-PVIA, a member of
the delta conotoxin family that is characterized by very slow
in vitro folding kinetics (21), folding was accelerated by a factor
of ~32 in the presence of csPDIgy,gH (f12 = 9.7 min) compared
with no-enzyme controls (¢;, = 315.8 min; Fig. 5C). PDI was
slightly less efficient (¢;,, = 20.6 min) followed by csPDIga,cu

Fig. 4. (A and B) Sequence variation in cone snail PDIs (A) and csPDIs (B) mapped onto a representation of the crystal structure of full-length human PDI
(Protein Data Bank ID code 4EKZ). Multiple sequence alignments of PDIs and csPDIs were used to assign a variation score for each position in the alignment.
This score was then converted to a red-white color range, where darker color indicates higher sequence variation. Heavy atoms of active-site cysteines are
depicted as space-filling models (gray, C; yellow, S). The four thioredoxin-like domains are indicated, and arrows point to the +2 position C-terminal of the
CXXC motifs in the a and a’ domains of the ¢sPDIs, which shows sequence variation only in this group of enzymes and not in the PDIs (see text for details).
(C) Residues of the hydrophobic patch of the b’ domain are shown as stick models. Sequence variation is apparent in all but two of these residues (arrows).
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Fig. 5. Oxidative folding of conotoxin substrates in the presence of PDI and two
members of the csPDI family from C. geographus. Sequences of the three con-
otoxin substrates tested are shown with their names, molecular targets, and
disulfide connectivities. Amino acids: Z, pyroglutamate; O, hydroxyproline; *C-
terminal amidation. (A and B) Folding assays for o-GVIA (A) and p-SmllIA (B) were
carried out at room temperature in the absence and presence of 2 uM enzyme in
100 mM Tris-HCl (pH 7.5), 1 mM EDTA, 0.4 mM reduced glutathione, and 0.2 mM
oxidized glutathione. (C) Folding of 5-PVIA was performed at 4 °C and in the
presence of 1% Tween-20. Reactions were initiated by adding 20 pM reduced
toxin, quenched at different time points with formic acid (final 10% vol/ivol), and
analyzed by reverse-phase chromatography on a C;g column. Chromatograms of
reactions without enzyme (black), with PDI (green), and with ¢sPDlgcH (blue)
are shown in A1, B1, and C1, respectively. The area under the curve was de-
termined for the native, fully folded toxin and plotted against the reaction time
(A2, B2, and C2). Half-time for the appearance of folded toxins (95% confidence
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(t12 = 33.5 min). Together, folding studies demonstrate that csPDIs
are highly efficient in accelerating conotoxin folding and have dis-
tinct effects on the kinetics of disulfide-bond formation.

Discussion

Key evolutionary events can induce a rapid expansion and di-
versification of gene families to promote fitness and survival. An
example is the parasitic liver fluke Fasciola hepatica. Cathepsin
peptidases are important for the migration of the parasite thorough
host tissue. The cathepsins in F. hepatica have greatly expanded and
diverged to form multigenic families (22). These presumably play an
important role at the host—parasite interface. The vast expansion of
cathepsins was suggested to contribute to the high evolutionary
potential of F. hepatica for infecting novel hosts and adapting to
changes in the environment (22).

Similar observations have been made for venomous cone
snails, in which a rapid expansion of multigene toxin families has
facilitated exceptional rates of species diversification (14, 23).
The molecular mechanisms behind the accelerated evolution of
conotoxin-encoding genes are not fully understood, but high
rates of gene duplication and positive selection have been re-
peatedly proposed (24, 25). Conotoxins are disulfide-rich pep-
tides that highly selectively target a specific receptor or ion
channel expressed in the nervous system of their prey, predators,
or competitors. A conotoxin gene duplication could lead to ad-
vantageous neofunctionalization in one of the copies, which
might act directly at the predator—prey interface, for which
positive selection could be extremely high (26).

Here, we report on the expansion of a gene family involved in
oxidative folding, a crucial step in conotoxin biosynthesis. Phy-
logenetic analysis revealed that this gene family evolved by gene
duplication of an ancestral PDI gene. In humans, PDI is highly
abundant and expressed in nearly all tissues types, where it serves
in the formation, reduction, and isomerization of disulfide bonds
(27). To date, no viable PDI knockout mouse has been reported
demonstrating a crucial role of this enzyme in survival (28). The
initial duplication of the PDI gene presumably allowed neo-
functionalizations of the new PDI gene copy in the Conus venom
gland, while maintaining the fundamental enzymatic properties
of canonical PDI. As suggested by the presence of multiple
csPDI variants in almost all cone snail species examined, the
initial generation of the csPDI gene was followed by additional
duplication events accompanied by high mutation rates that
resulted in further gene specializations. Thus, csPDI expansion
and diversification complemented the evolution of their con-
otoxin substrates, implying a rapidly changing need for oxidative
folding of newly evolved disulfide-rich structural domains. A
specialized function of the csPDIs in conotoxin folding is further
supported by the finding that csPDIs are found in relatively very
high abundance in the venom gland compared with other tissues
(81 Appendix, Fig. S4).

Despite thousands of different conotoxin sequences, only a lim-
ited number of disulfide scaffolds are found in vivo, a phenomenon
that has been referred to as the conotoxin folding puzzle (8).
Conotoxins that significantly differ in their amino acid sequence
efficiently adopt the same structural fold. However, in vitro, even
toxins that contain the same cysteine framework often display an
array of different folding properties and commonly adopt nonnative
structures (8). To our knowledge, the csPDI family provides the first
insight into addressing this biological conundrum. By guiding the
folding of conotoxins into their native structural fold, csPDIs may
eliminate the effects of extensive sequence variations observed in
these peptide substrates.

Variation within the csPDI family is specifically found in regions
that play an important role for enzyme activity and substrate
binding. The greatest diversity was observed in C. geographus: Four

values) was calculated in Prism (Version 6.0e; GraphPad) and is shown in A3,
B3, and C3. Reactions that were significantly different from no-enzyme
controls are indicated. *P < 0.01 (unpaired t test with Welch’s correction).
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of the five csPDI enzymes had mutations in the two amino acids
located between the active-site cysteine residues (CXXC) of the a
and a’ domain. Comparative alignment of all csPDI sequences
further detected a conspicuous sequence variation on the +2 posi-
tion C-terminal of the CXXC active-site motif in both a and a’
domains. We are not aware of any systematic investigation of the
potential functional consequence of mutating residues at this posi-
tion in redox-active thioredoxin-like domains. Still, the close prox-
imity to the active site could well indicate an influence of the residue
at this position in modulating the active-site reduction potential and
thereby the redox activity of the given enzyme. If so, the csPDIs
could use sequence variation at this position to modulate their re-
dox activity to assist the folding of specific conotoxins. In contrast,
the active site motif of canonical PDI was conserved in all species,
pointing to a more constrained role of this enzyme.

Analysis of position-specific sequence variations demonstrated
that the b’ domain showed pronounced variation in the csPDIs,
but remains highly conserved for PDI (Fig. 4 and SI Appendix,
Fig. S7). In human PDI, a hydrophobic patch in b’ is important
for domain—-domain interactions between b’ and a’ and for
binding substrates directly (29-31). This hydrophobic patch is
clearly conserved in the Conus PDIs. Notably, many of the res-
idues of the hydrophobic patch show sequence variation in the
csPDIs (Fig. 4C). Despite sequence variation, the hydrophobic
nature of this patch is kept intact in the csPDIs. Thus, we
speculate that this region is also involved in substrate binding in
csPDIs, but may have evolved to accommodate a more diverse
set of substrate peptides.

Functional characterization was carried out with two csPDI
variants from C. geographus that had active site motifs found in
almost all other cone snail species: csPDIgy,gy and csPDIgagh-
Oxidative folding assays using several conotoxin substrates
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confirmed that these enzymes are highly efficient in accelerating
conotoxin folding and showed distinct effects on the kinetics of
disulfide bond formation compared with PDI.

In conclusion, the discovery and subsequent characterization
of the csPDI gene family represents an evolutionary showcase for
the dynamic interplay between enzymes and their hypervariable
substrates and provide important insight into the complex fold-
ing machinery evolved in conoidean venoms.

Materials and Methods

Detailed material and methods are provided in S/ Appendix, SI Materials and
Methods. Briefly, transcriptomes were sequenced on an Illumina HiSeq in-
strument, assembled by using Trinity software, and annotated by BLASTx.
Additional csPDI sequence variants were discovered by using the recently
developed software tool Taxonomer. Sequences were confirmed from sev-
eral species by RT-PCR. The 2D gel electrophoresis coupled with mass spec-
trometric analysis confirmed the presence of PDI and csPDIs in the venom
gland of C. geographus. qPCR and RNA-Seq on different cone snail tissues
demonstrated high expression levels of the csPDI family in the venom gland.
Recombinant C. geographus enzymes were expressed in Escherichia coli and
purified by metal affinity and size-exclusion chromatography. Oxidative
folding studies were carried out by using Fmoc synthesized linear con-
otoxins. Folding reactions were analyzed by reverse-phase chromatography.
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