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Abstract

Cone snails, genus Conus, are predatory marine snails that use venom to capture their prey. This 

venom contains a diverse array of peptide toxins, known as conotoxins, which undergo a diverse 

set of posttranslational modifications. Amidating enzymes modify peptides and proteins 

containing a C-terminal glycine residue, resulting in loss of the glycine residue and amidation of 

the preceding residue. A significant fraction of peptides present in the venom of cone snails 

contain C-terminal amidated residues, which are important for optimizing biological activity. This 

study describes the characterization of the amidating enzyme, peptidylglycine α-amidating 

monooxygenase (PAM), present in the venom duct of cone snails, Conus bullatus and Conus 

geographus.

PAM is known to carry out two functions, peptidyl α-hydroxylating monooxygenase (PHM) and 

peptidylamido-glycolate lyase (PAL). In some animals, such as Drosophila melanogaster, these 

two functions are present in separate polypeptides, working as individual enzymes. In other 

animals, such as mammals and in Aplysia californica, PAM activity resides in a single, 

bifunctional polypeptide. Using specific oligonucleotide primers and reverse transcription-

polymerase chain reaction we have identified and cloned from the venom duct cDNA library, a 

cDNA with 49% homology to PAM from A. californica. We have determined that both the PHM 

and PAL activities are encoded in one mRNA polynucleotide in both C. bullatus and C. 

geographus. We have directly demonstrated enzymatic activity catalyzing the conversion of 

dansyl-YVG-COOH to dansyl-YV-NH2 in cloned cDNA expressed in Drosophila S2 cells.
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1. Introduction

Cone snails (genus Conus) comprise ~700 species of venomous predatory mollusks 

(Olivera, 2006). They synthesize a wide array of short peptides (variously called, conotoxins 

or conopeptides) that target ion channels (both ligand and voltage gated), receptors and 

transporters to immobilize prey or for defense. An individual cone snail species synthesizes 

anywhere from 50 to 200 unique conotoxins (Olivera, 1997). However, using liquid 

chromatography and electrospray ionization spectroscopy for venom analysis, Davis et al. 

estimated the number of peptides to be greater than one thousand (Davis et al., 2009), a large 

number of which arises most likely from variable peptide processing of a primary translation 

product (Dutertre et al., 2013). With an estimated more than 700 different cone snail species, 

conotoxins provide a large repertoire of natural compounds of pharmaceutical interest. The 

exquisite specificity of these molecules have made them highly desirable for the functional 

dissection of ion channel components and composition in the nervous system in addition to 

providing lead compounds for drug discovery.

The venom duct is a highly specialized tissue that has evolved to carryout a large number of 

biosynthetic reactions dedicated to the production of a lethal ‘cocktail’ of short peptides. A 

feature of these peptides is that they contain posttranslational modifications that are essential 

for their function. Posttranslational modifications are found in the majority of conotoxins 

and these enhance biological activity (O. Buczek et al., 2005; AG. Craig et al.,1999). To 

enumerate a few, posttranslational modifications include proteolytic cleavage, disulfide 

bond formation, gamma-carboxylation of glutamate, hydroxylation and isomerization of 

proline, bromination of tryptophan, epimerization of aminoacids. The substrates for the 

modifications are the immature conopeptides. The primary translation product of the 

conotoxin mRNA include a signal sequence for peptide secretion and propeptide both of 

which are removed from the mature peptide. The role of the propeptide has not been 

elucidated except in the case of gamma-carboxylation in which it has been shown to 

enhance the efficiency of carboxylation (Bandyopadhyay et al.,1998). While the enzymes 

involved in proteolytic processing, disulfide bond formation, gamma-carboxylation of 

glutamate (Bandyopadhyay et al., 2002; Czerwiec et al., 2002), isomerization of proline has 

been characterized in conus venom duct the enzymes for the rather infrequent modifications, 

bromination of tryptophan and epimerization of amino acids remain to be identified. In order 

to understand the biosynthesis of active venom components we have undertaken to isolate 

the enzymes involved in the posttranslational modification of the conopeptides. Given the 

large cargo of structurally diverse secreted modified peptides processed in the venom duct, 

we anticipate the presence of multiple isoforms of enzymes involved in the posttranslational 

modifications that have coevolved for efficient synthesis of the mature toxins. One of the 

most common types of posttranslational modification many conotoxins undergo is C-

terminal amidation. Table 1 shows several conotoxins that are posttranslationally amidated.
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The posttranslational modification of the C-terminus into an amide is catalyzed by the 

amidating, copper requiring enzyme peptidylglycine α-amidating monooxygenase (PAM). It 

performs two distinct functions, as shown in Fig. 1. The first function, peptidyl α-

hydroxylating monooxygenase (PHM) hydroxylates glycine at the C-terminal end of a given 

peptide (Eipper et al., 1992; Prigge et al., 2000). The second function, peptidylamido-

glycolate lyase (PAL), then cleaves the hydroxylated glycine (Eipper et al., 1992; Prigge et 

al., 2000). This results in a C-terminally amidated peptide with glyoxylate as a byproduct. 

These two functions have been found in separate genes in sea anemone (Hauser et al., 1997), 

in arthropods (Drosophila melanogaster, Apis mellifera, (Kolhekar et al.,1997c; Zabriskie et 

al.,1994), whereas single genes encoding both functions have been identified in pla-cozoa 

(Trichoplax adhaerens Accession no. XP_002110995), a member of the phylum cnidaria, 

(Acropora millepora nematoda, (Attenborough et al., 2012), molluscs (Aplysia californica, 

Lymnaea stagnalis, (Fan et al., 2000; Spijker et al., 1999) platyhelminthes (Schistosoma 

mansoni (Mair et al., 2004), echinoderms (Strongylocentrotus purpuratus Accession no. 

XP_784943), urochordates (Ciona intestinalis Accession no. XP_002130721) and 

vertebrates, (Bos taurus, Rattus norvegicus, Xenopus laevis, (Eipper et al.,1987; Mizuno et 

al., 1987; Ohsuye et al., 1988). From a phylogenetic analyses of PAM sequences 

(Attenborough et al., 2012). Attenborough et al., suggest that bifunctional PAMs predate the 

evolution of the nervous and endocrine systems and the ancestral function may have been to 

amidate epitheliopeptides.

C-terminal amidation has been reported to improve the stability of peptide ligands, and to 

increase their affinity for their receptor targets, thereby enhancing biological activity 

(Merkler, 1994). Eukaryotic peptide hormones and neuropeptides such as oxytocin, 

vasopressin, thyrotropin-releasing hormone and neuropeptide Y are amidated at the carboxy 

terminus. Neuropeptides (RYIRF-NH2, GYIRF-NH2, and YIRF-NH2) that are potentially 

excitatory in schistosome muscles identified in flat-worms require the C-terminal amidated 

phenylalanine for activity (Day et al., 1994, 1997). Inactivation of the PAM gene is lethal in 

Drosophila and mouse. PAM(±) heterozygous mice are viable and fertile, however, they 

exhibit enhanced anxiety like behavior and cannot maintain body temperature. Drosophila 

mutant nemy and knockdown of PHM activity was associated with deficits in memory 

retention. nemy codes for the Drosophila homolog of cytochrome B561, a transmembrane 

protein present in synaptic vesicles and large dense core vesicles. It uses extravesicular 

ascorbate to reduce intravesicular semi-dehydroascorbate to ascorbate that acts as a cofactor 

for DbH and PHM activity (Iliadiadia et al., 2008; Kent and Fleming, 1987). PAM also 

affects gene expression by mediating information transfer between secretory granules and 

the nucleus. A cytosolic fragment derived from a cleavage in the transmembrane region of 

PAM is transported into the nucleus where it has been shown to affect the level of 

transcripts encoding aquaporin I (Aqp I) and secretory leukocyte trypsin inhibitor (Slpi). 

AqpI plays an essential role in the biogenesis of secretory granules. Reduction in the levels 

of Slpi which inhibits elastase, cathepsin G, trypsin and chymotrypsin is likely to alter the 

processing of proteins and peptides in the cells (Yin et al., 2011).

PAM is localized in the trans-golgi network and secretory vesicles in which the 

neuropeptides are processed (Mair et al., 2004; Milgram et al., 1997; Oyarce and Eipper, 
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2000). Integral membrane PAM accumulates in the peri-nuclear region overlapping the 

Golgi complex and trans-Golgi network (TGN). The targeting is dependent on the 

information of the carboxyterminal cytoplasmic tail. However, when PHM and PAL are 

independently expressed as soluble proteins they are efficiently targeted to dense core 

vesicles in AtT-20 cells. Immunoelectronmicroscopy reveals that the membrane PAM is 

present in tubulovesicular structures that make up the TGN (Iliadiadia et al., 2008; Milgram 

et al., 1997).

The different isoforms of PAM present in cells arise mainly from alternative splicing and 

endoproteolytic cleavage of the primary translation product. In one of the transcripts 

encoding PAM in rats and humans the PHM and PAL functions are separated by an exon 

(exon A) that contain two adjacent basic amino acids. After endoproteolytic cleavage at this 

site by tissue specific protease a soluble form of PHM is generated. In addition, cleavage at 

the membrane anchor site results in soluble PAM or PAL. The tetraploid, X. laevis has two 

different copies of PAM gene. Unlike rats and humans the PHM and PAL functions in 

Xenopus, C. elegans, A. californica are not separated by an exon susceptible to 

endoproteolytic cleavage. In L. stagnalis PAM contain four tandem copies encoding PHM 

function separated from a single copy encoding PAL by exon A (Prigge et al., 2000; Spijker 

et al., 1999).

In this report we describe the cDNA structure of peptidylglycine α-amidating 

monooxygenase expressed in the venom ducts of two marine snails in the genus Conus, 

Conus bullatus and Conus geographus and the enzymatic activity encoded by the cDNA 

from C. bullatus.

2. Materials and methods

2.1. Cloning PAM from C. bullatus venom duct

Specific primers were synthesized based on the partial sequence of the amidating enzyme 

identified from the C. bullatus transcriptome sequences (Hu et al., 2011). cDNA for 5′ and 

3′ RACE experiments were synthesized from total RNA isolated from the venom duct of C. 

bullatus, using SMARTer™ RACE cDNA amplification kit (Clontech) according to the 

manufacturer’s instructions. 5′ and 3′ gene fragments were assembled to obtain the 

nucleotide sequences encoding the complete PAM enzyme ascertained by comparison to the 

known PAM sequence of A. californica. Oligonucleotide primers corresponding to the 5′ 

and 3′ UTR sequences of the assembled PAM gene, were used to PCR amplify the complete 

PAM gene from C. bullatus cDNA.

2.2. Cloning PAM from C. geographus venom duct

Partial sequence of PAM was identified in the transcriptome sequence (Hu et al., 2012) of 

the venom duct of C. geographus. Using specific primers and 5′ and 3′ RACE experiments 

we assembled the complete sequence of PAM as described above for C. bullatus.

Ul-Hasan et al. Page 4

Toxicon. Author manuscript; available in PMC 2015 January 07.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



2.3. PAM expression in S2 cells

C. bullatus PAM gene sequences were inserted into the vector pRmHa-3 (Bunch et al., 

1988) for expression in Drosophila S2 cells (Walker et al., 2001). In this construct 

expression of PAM is under the control of the inducible metallothionein promoter. Plasmid 

DNA encoding PAM along with pCoHygro (20:1) was used to cotransfect Drosophila S2 

cells using Cellfectin® reagent (Invitrogen life technologies) according to the vendor’s 

instructions. Cells were selected for hygromycin resistance by growing the transfected cells 

in Schneider’s media with 10% FBS in the presence 700 μg/mL of hygromycin. A control 

cell line resistant to hygromycin was also established from Drosophila S2 cells transfected 

with only pCoHygro. The expression of PAM was induced by growing cells in the presence 

of 0.7 mM CuSO4. Cells were harvested three days after induction.

Cells were suspended in lysis buffer (1 mM pepstatin, 1 mM lima bean trypsin inhibitor, 1 

mM benzamide HCl, 1 mM PMSF freshly dissolved in isopropanol, 20 mM NaTES [N-tris 

(hydroxymethyl) methyl-2-aminoethanesulfonic acid, sodium salt] pH 7.0, 10 mM D-

Mannitol, 1% Triton X100) (Kolhekar et al., 1997b). Suspended cells were lysed by freezing 

and thawing 3× in a dry ice and ethanol bath, followed by sonication. The lysates were then 

centrifuged at 2000 rpm for 15 min at 4 °C. The supernatant was subsequently centrifuged at 

100,000 g for one hour at 4 °C. PAM activity was recovered from the pellet. The pellet was 

suspended in lysis buffer and mildly sonicated. This was used as source of enzyme for 

subsequent studies.

2.4. PAM activity

Lysates were used in a PAM enzyme assay (600 μL of reaction buffer contains 50 μL cell 

lysate – roughly 3.13 × 106 cells, 50 mM NaTES pH 6.5, 0.01% Tween 20, 2.5 mM freshly 

made L-ascorbic Acid, 2 μM CuSO4, and 150 μM dansyl-YVG substrate (GenScript, NJ, 

USA) and 100 μg/mL catalase) to determine enzymatic activity according to methods of 

Suzuki et al. (1990) and Jones et al. (1988). The reaction mixture was incubated at 37 °C. 

Aliquots were removed at times 0, 0.17, 0.67,1, 3, 6, 9, 12,15, 18, 21, and 24 h and the 

reaction was quenched by adding EDTA to a final concentration of 50 mM. Each aliquot 

was spun through a Amicon® Ultra (Ultracel®-3K membrane) (Millipore) filter for 30 min 

at 13,000 rpm at room temperature before being stored at −80 °C. This removes proteins and 

other particulate matter from the reaction before the analysis.

The conversion of the substrate (dansyl-YVG) to the product (danyl-YV-NH2) was 

monitored by Reversed-Phase High Performance Liquid Chromatography (HPLC) using a 

Vydac C18 (5 μm, 250 mm × 4.6 mm) (Grace Davison Discovery Sciences™) analytical 

column. The progress of the reaction was monitored over a linear gradient ranging from 

22% to 25% of solvent B90 in 20 min. The HPLC solvents were: 0.08% Trifluoroacetic 

Acid (TFA) in water (solvent A) and 0.08% TFA (v/v) in 90% aqueous acetonitrile (ACN) 

(solvent B). The C18 column was used at 22 °C with a flow rate of 1 mL/min. The area 

under the peaks were used to quantify amounts of substrate and product over time. 

Chromatographs were recorded at 220 nm. Peaks were collected and analyzed by 

Electrospray Ionization Mass Spectrometry (ESIMS) to identify components of the reaction 

mixture.
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The percentage of substrate converted to amidated product was normalized to the protein 

concentrations of lysates. Bovine Serum Albumin (BSA) was used as a standard. Protein 

concentration was determined using Bio-Rad DC Protein Assay kit and protocol (BIO-RAD 

Laboratories, CA, USA) using bovine serum albumin as a standard.

Product formation was also monitored at five different concentrations (16.7 μM, 50 μM, 150 

μM, 450 μM, and 1.35 mM) of the substrate, dansyl-YVG, using cell lysates from PAM 

isoforms 1 and 2 as the source of enzyme. Product formation was determined after 21 h of 

incubation.

3. Results

3.1. PAM from C. bullatus

We have assembled and cloned two isoforms of PAM from C. bullatus (designated here as 

Bullatus 1 and Bullatus 2). Fig. 2 shows the alignment of amino acids and nucleotides for 

the two clones. While Bullatus 1 is predicted to be 721 aa long, Bullatus 2 is 747 aa. Fig. 2 

shows that the amino acid sequences are almost completely conserved with differences 

mainly at the carboxy terminus (19 aa differences out of 721 aa; 2.6% divergence). The 

major differences in the nucleotide sequences are also at the 3′ end of the cDNA 

(Supplementary data-Fig S1). Beginning with nt 2298 in Bullatus 2 (Fig S1) the dinucleotide 

CA is repeated 22 times, however, there is a deletion of 15nt in Bullatus 1 in this region. In 

addition, in Bullatus 1 there is a duplication of a tetranucleotide TGTT at nt 2372. One copy 

of the tetranucleotide is also deleted from Bullatus 2 resulting in a change in the reading 

frame leading to an open reading frame of 747 aa in contrast to 721 aa observed for Bullatus 

1.

Analysis of the hydrophobicity profile of both Bullatus 1 and Bullatus 2 suggests the 

presence of a hydrophobic patch of amino acids at the C-terminus that may serve to anchor 

the proteins to membranes.

Pairs of dibasic amino acid residues, RK at positions 434 and 435 and KK, at positions 623 

and 624 are potential sites for endoproteolytic cleavages for producing soluble mono-and bi-

functional enzymes respectively.

3.2. PAM from C. geographus

We have assembled three different species of PAM cDNA from C. geographus. However, 

comparison of the amino acid sequence with that obtained from C. bullatus suggested that 

only one of them, Geographus 1, contain the complete sequence of the amidating enzyme. 

The other two sequences (Geographus 2, and 3) are truncated and preclude complete 

enzymatic activity. Geographus 2 is 610 amino acids, and Geographus 3, 602 amino acids 

compared to Geographus 1 and Bullatus 1 that are 769 and 721 amino acids respectively. 

Comparison of the nucleotide and amino acid sequences of Bullatus 1 and 2 and Geographus 

1 are shown in Fig. 2 and S1 respectively. The protein sequence was analyzed for the 

presence of signal sequence using SignalP 4.0 (Petersen et al., 2011). Signal sequence 

cleavage site is predicted between amino acids 20 and 21 (SAS-DA).
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The catalytic domains of PHM and PAL for the amidating enzyme encoded by C. bullatus 

and C. geographus are highly homologous to the corresponding domains identified in 

enzymes from other sources. Fig. 3A and B shows the alignment of the amino acids of 

PHMcc and PALcc catalytic domains in PAM sequences from A. californica, C. bullatus 

(Bullatus 1), C. geographus (Geographus 1) and R. norvegicus and monofunctional PHM 

and PAL enzymes from D. melanogaster (Kolhekar et al., 1997c) (Fan et al., 2000; Han et 

al., 2004). Table 2 shows the percent identity and similarity among the proteins from the 

different sources. The PHM encoding segment of the enzyme consists of two domains, each 

containing a copper residue. From the multiple sequence alignment it is apparent that the 

conserved residues H79, H80 and H144 correspond to the copper coordination residues 

determined by X-ray crystallography for domain I, CuA, so also are the residues, H213, 

H215 and M284 in domain II which interact with CuB. By site directed mutagenesis 

Yonekura et al. identified these histidine residues as being essential for enzymatic activity of 

rat PHM (H. Yonekura, 1996). These residues are conserved in PHM identified from 

different sources. Pairs of conserved cysteine residues (C54, C99; C86, C103; C197, C304; 

and C263, C285) correspond to the cysteine residues involved in the four disulfide linkages 

identified in the catalytic domain of rat PHM (Eipper et al., 1995; Kolhekar et al., 1997a; 

Prigge et al., 1997). By homology to the rat enzyme the conserved residues Y52, R211, 

N286, Y288, and Y292, are expected to be involved in some aspect of substrate binding.

Multiple sequence alignment of the PAL domain is shown in Fig. 3B. The rat PAL catalytic 

core (PALcc) has been mapped and extends from aa 498 to aa 820 (Kolhekar et al., 2002). 

The PAL domain for Conus has been inferred from sequences homologous to the rat PALcc. 

While both Bullatus 1 and 2 and Geographus 1 include sequences that are homologous to 

drosophila PAL and expected to encode PAL activity, Geographus 2 and 3 are truncated. In 

the absence of experimental determinations we cannot infer if Geographus 2 and 3 also 

exhibit PAL activity. Multiple sequence alignment and comparison to drosophila PAL (Fig. 

3B) suggests that PAM activity in Conus is contained within the amino terminal 664 amino 

acids. In this region the amino acid sequences of PAM from C. bullatus (Bullatus 1) and C. 

geographus (Geographus 1) vary by 8% (53 out of 664 amino acids). Structural and 

functional roles of different amino acids in rat PALcc have been determined. These residues 

are conserved in the enzymes from C. bullatus and C. geographus. These include the four 

cysteine residues involved in disulfide formation, (Cys 492, 512, 559 and 570), histidine 

residues that coordinate a zinc ion at the active site (H444, H547, H641), or have structural 

roles (H393, H462) and other residues having catalytic roles (Y511, R563, D562, R394), 

structural roles (D449, D458, and D509) (Attenborough et al., 2012; Chufan et al., 2009; De 

et al., 2006; Kolhekar et al., 2002).

3.3. Enzymatic activity of PAM encoded by C. bullatus

We examined the ability of cell lysates from Drosophila S2 cells carrying the C. bullatus 

PAM genes to catalyze the conversion of dansyl-YVG(COOH) to dansyl-YV-NH2. Fig. 4 

shows the HPLC chromatogram for the analysis of the reaction products. Peaks 1, 2, and 3 

were analyzed by ESIMS. Cells carrying Bullatus 2 have poor activity, however, both the 

product and intermediate can be observed in contrast to Bullatus 1 in which the amidated 

product is the only species that can be identified. Based on the predicted masses peak1 
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corresponds to the substrate (dansyl-YVG), peak 2 the intermediate (dansyl-YVG(OH)) and 

peak 3 (dansyl-YV-NH2). The material from peak 3 also coelutes with synthetically 

prepared dansyl-YV-NH2. In the control cell lysates peaks 2 and 3 are absent. The 

enzymatic activity is localized in the 100,000 g pellet of the cell lysate.

Fig. 5 shows the time course of the reaction carried out by cell lysates expressing Bullatus 1 

and Bullatus 2. In the case of Bullatus 1 the majority of the substrate is converted to the final 

amidated product. Fig. 6 shows the accumulation of product as a function of substrate 

concentration.

4. Discussion

The venom duct of cone snails is a highly peptidergic organ that express 100–200 different 

peptide toxins used by the snail for envenomation of its prey, predator or competitor. A large 

fraction of venom peptides are posttranslationally modified. The most frequently 

encountered modification found is C-terminal amidation catalyzed by the enzyme 

peptidylglycine α-amidating monooxygenase (PAM). We have identified the PAM encoding 

cDNA from the venom ducts of C. bullatus and C. geographus. Two isoforms of the enzyme 

with differences at the C-terminus were identified in C. bullatus and three in C. geographus. 

In C. bullatus the sequences at the C-terminus suggest that the enzymes may be associated 

with membranes. A bi-functional single mRNA encoded both the PHM and PAL functions. 

We have not detected any RNA encoding only PHM or PAL functions. Since we have not 

probed the expression of proteins in the cells of the venom duct, our experiments were 

unable to identify any mono-functional enzyme, soluble or membrane bound, generated by 

endoproteolytic cleavage of the complete PAM protein.

Prohormone convertases present in the venom duct (Hu et al., 2011) could play a role in 

producing soluble mono- or bi-functional enzyme. Solubilization may increase the turnover 

number and affinity for substrates as has been observed in the case of rat PHM (Husten and 

Eipper, 1994; Husten et al., 1993). We speculate that the truncated cDNAs identified in C. 

geographus are probably involved in the synthesis of mono-functional PHM enzyme rather 

than being cloning artifacts arising from aberrant initiation of cDNA synthesis. Furthermore, 

the mono-functional enzymes may be involved in the amidation of specific conotoxin 

precursors.

Analysis of the reaction products of dansyl-YVG and Bullatus 1 shows the presence of the 

final product dansyl-YV-amide and no dansyl-YVG(OH) intermediate (Fig. 4). It has been 

reported that the intermediate is spontaneously converted to the final product at basic pH 

(Kolhekar et al., 1997b). In addition Kolhekar et al. (1997b) has also described the isolation 

of the hydroxyglycine containing intermediate in the presence of 0.1% TFA. We surmise 

that the absence of the intermediate in our experiments is not due to the non-enzymatic 

spontaneous conversion of the intermediate to the amidated final product during the 

analysis, rather to the fast conversion by PAL.

It is surprising that C. bullatus PAM, Bullatus 1 and Bullatus 2, differ drastically in their 

activities. In the PHM plus PAL domains the enzymes differ at eight residues (Fig. 2). While 

none of these residues have been demonstrated to be essential for enzymatic activity their 
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role cannot be dismissed a priori. One of the changes, the mutation of a cysteine to tyrosine 

(C559Y) may be important. The cysteine residue is conserved in PAM identified from other 

sources (Fig. 3B). It is involved in forming a disulfide linkage in the tertiary structure of the 

enzyme. In the absence of the disulfide linkage the protein may be unstable and have poor 

activity. Physiologically, however, the mutation may be useful. The mutation C559Y is in 

the PAL domain. Proteins carrying this mutation may undergo proteolytic cleavage (eg at 

RK, aa 434–435) to give a mono-functional PHM enzyme specific for conotoxin amidation. 

The enzyme may be specific for a conopeptide substrate and hence the poor activity on 

dansyl-YVG. Other cellular proteins may bind to the additional amino acid sequences at the 

carboxy-terminus of Bullatus 2 and inhibit its activity or unintended mutations were 

generated during the construction of the cell line resulting in poor activity. The poor activity 

of the enzyme results in slow utilization of the intermediate and hence our ability to detect it.

As shown in Table 1 amidated residues are in close proximity to other posttranslational 

modifications. The amino acid residues targeted for amidation is unlikely to be in the 

optimum configuration necessary for modification by the same enzyme. Multiple mono- or 

bi-functional enzymes that can “read” the contexts of the different glycine residues may 

accomplish the modification. We anticipate additional molecular forms of the enzyme in the 

cell, arising as products of additional genes, alternate splicing and proteolytic processing.

PAM has been identified in two other molluscan species, L. stagnalis (Spijker et al., 1999) 

and A. californica (Fan et al., 2000). The primary transcript of Lymnaea PAM consists of 

four tandem divergent PHM domains adjacent to a PAL domain (LPAM-2) or separated 

from a single copy of PAL by exon A (LPAM-1). The LPAM arouse by intragenic 

duplication and subsequent mutations leading to different kinetic features of the isozymes. 

Endoproteolytic cleavage of the LPAM polypeptides generates a mixture of monofunctional 

isozymes. The enzymes exhibit distinct specificities determined by the amino acid preceding 

the glycine residue. PAM has been localized to neurons expressing amidated peptides. The 

colocalization of the appropriate PAMs and cognate substrates assures the efficient synthesis 

of active neuropeptides.

PAM in Aplysia is encoded by a bifunctional polypeptide in which the PHM and PAL 

functions are contiguous. PAM is expressed in tissues that are rich in amidated peptides, for 

example in the head and abdominal ganglia and other endocrine and exocrine organs. The 

highest specific α-amidating activity is observed in the abdominal ganglion that contains 

peptidergic bag neurons.

In this communication we have described the identification of an amidating enzyme from 

the venom duct of cone snails and its activity on a model peptide. We are now examining 

the ability of the enzyme to amidate different conopeptides. In the context of conotoxin 

biosynthesis it is important to determine the relative localization of the conopeptides and the 

amidating enzyme and the molecular form of the enzyme. The amino acid sequences of C. 

bullatus and C. geographus PAM reported will be used to synthesize peptides to produce 

antibodies for use in the subcellular localization of the enzyme and to identify different 

molecular forms of the protein present in the venom duct and other organs of the snail.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Schematic of reactions carried by PAM. Step I: PHM function hydroxylates glycine in the 

presence of oxygen, copper and ascorbate. Step II: PAL function cleaves the hydroxyglycine 

residue yielding an amidated product and glyoxylate.
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Fig. 2. 
Comparison of the amino acid sequences of Conus bullatus 1 and 2, and Conus geographus 

1.
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Fig. 3. 
A. Multiple sequence alignment of PHM sequences from C. bullatus (Bullatus 1) (AE 

184584.1), C. geographus (Geographus 1), A. californica (AF14027.1), D. melanogaster 

(NP_477225), R. norvegicus (NP_037132). (●) indicates cysteine residues involved in 

disulfide linkages, (↓) indicates histidine residues important for coordination of copper, (*) 

indicates residues important for substrate binding. B. Multiple sequence alignment of PAL 

sequences from C. bullatus (Bullatus 1) (AE 184584.1), C. geographus (Geographus 1), A. 

californica (AF14027.1), D. melanogaster (AAF47043.2), R. norvegicus (NP_037132). (●) 

indicates cysteine residues involved in disulfide linkages, (↓) shows H444, H547, H641 

important for coordination of zinc, H393 and H462 and (°) D449, D458, and D509 serve 

structural roles, and (*) indicates residues Y511, R563, D562, and R394 important for 

catalysis.
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Fig. 4. 
HPLC chromatogram of amidation activity (monitored at 220 nm with dansyl-YVG as 

substrate) carried out by lysates of control cell lines (S2 cells with empty vector) compared 

to activity of S2 cells expressing Bullatus 1 and Bullatus 2 isoforms at time intervals 0, 6, 

12, and 24 h. Peaks 1, 2 and 3 represent the substrate, hydroxyglycine intermediate and the 

amidated product respectively.

Ul-Hasan et al. Page 17

Toxicon. Author manuscript; available in PMC 2015 January 07.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 5. 
Time course of amidation reaction by Bullatus 1 and Bullatus 2. (a) Control S2 cell lysate; 

(b) S2 cells expressing Bullatus 1; (c) S2 cells expressing Bullatus 2. (+ substrate; □ 

intermediate; △ Product).
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Fig. 6. 
Synthesis of amidated product (dansyl-YV-NH2) by Bullatus 1 as a function of substrate 

(dansyl-YVG) concentration. Reactions were carried out in duplicate for 21 h. The variation 

in yield at each concentration of substrate was within ±15%.
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