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Summary. Platypus venom contains an isomerase that reversibly intercon-

verts the second amino-acid residue in some peptides between the L-form

and the D-form. The enzyme acts on the natriuretic peptides OvCNPa and

OvCNPb, and on the defensin-like peptides DLP-2 and DLP-4, but it does

not act on DLP-1. While the isomerization of DLP-2 to DLP-4 is inhibited

by the amino-peptidase inhibitor amastatin, it is not affected by the leucine

amino-peptidase inhibitor bestatin. The enzyme, that is only present in

minute quantities in an extract of the venom gland, is thermally stable up

to 55 �C, and it was found by anion-exchange chromatography to be acidic.

Isolation of the isomerase was carried out by combined ion-exchange

chromatography and reverse-phase high performance liquid chromatogra-

phy (HPLC).
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Introduction

The male Australian platypus, Ornithorhynchus anatinus,

is a unique mammal that bears venomous spurs on its hind

limbs (Calaby, 1968). The toxic spurs are used to establish

territories and to ward-off potential enemies, including

dogs and humans. Platypus envenomation is peculiar in

that the excruciating pain it causes is not easily relieved by

common treatments (Fenner et al., 1992).

Platypus venom is a complex mixture of non-protein

and protein components (see Fig. 1) whose roles in the

venom are not fully understood. For example, a group of

polypeptides of �5 kDa referred to as defensin-like pep-

tides or DLPs (Torres et al., 1999, 2000; Torres and

Kuchel, 2004) adopt the b-defensin fold structure, how-

ever, they do not bear anti-microbial or sodium-channel

inhibiting properties. Natriuretic peptides, OvCNPa and

OvCNPb, which are the most physiologically active

components discovered so far (de Plater, 1998; de Plater

et al., 1995, 1998a, b; Torres et al., 2002a), cause relaxa-

tion of rat uterine muscle, mast cell histamine release, and

oedema.

We discovered that OvCNPb and DLP-2 in platypus

venom are unusual in that each peptide contains a D-amino

acid residue at position 2 (Torres et al., 2002b, 2005).

Subsequently, and of potentially more general importance

for mammalian cell biology, we also discovered that an

L-to-D-amino-acid-residue isomerase(s), also referred to as

peptidylaminoacyl-L=-D-isomerase, is present in extracts of

the platypus venom gland (Torres et al., 2006). This isomer-

ase of �50–60 kDa is responsible for the posttranslational

creation of OvCNPb and DLP-2 from the all L-form-con-

taining OvCNPa and DLP-4, respectively.

Although uncommon in higher organisms, peptides

containing D-amino-acids have been found in frogs

(Montecucchi et al., 1981; Richter et al., 1987; Kreil, 1997),

spiders (Heck et al., 1994; Shikata et al., 1995), crusta-

ceans (Soyez et al., 1994, 2000; Yasuda et al., 1994), and

molluscs (Kamatani et al., 1989; Ohta et al., 1991; Jimenez

et al., 1996; Jacobsen et al., 1998). These unusual peptides

are more stable than their all-L precursors as they are less

susceptible to protease degradation. In some instances they

are more active than their all-L counterparts (Kamatani et al.,

1989; Heck et al., 1994; Kreil, 1997).

The discovery of D-amino-acid-containing polypeptides

and their isomerase in the platypus suggests the possibility



that such peptides and their respective isomerase are pre-

sent in higher animals, including humans. A funnel web

spider isomerase that acts near the C-terminus was identi-

fied about a decade ago (Heck et al., 1994; Shikata et al.,

1995) and, more recently, a 52 kDa isomerase that acts on

the second amino-acid from the N-terminus of selected

peptides has been characterized from a frog (Jilek et al.,

2005). The spider isomerase has significant amino-acid-

residue sequence similarity with serine proteases, while

the frog isomerase has some similarity to the N-terminal

H-domain of human IgG-Fc binding protein. Thus it

seemed very relevant to perform a similar study of the

platypus isomerase and to determine whether this enzyme

is similar to the frog isomerase, or to any other mammalian

protein. In the present study, we characterized further the

platypus isomerase and investigated several chromato-

graphic procedures to isolate the enzyme using DLP-2 as

a substrate for an HPLC-based enzyme assay.

Materials and methods

Venom-gland extracts

Venom glands were obtained in Tasmania from adult male platypuses that

had been accidentally killed by motor vehicles. The glands were dissected

out, finely sliced, and then placed in a container with 50 ml of cold 1% (w=v)

trehalose solution. Homogenization was done with a Bamix cutter employ-

ing short bursts to ensure that the temperature remained low. The sample

was centrifuged for 5–10 min at 4500� g at 5 �C; the decanted liquid

was then filtered through a 0.2mm Sartorius Minisart filter (G€oottingen,

Germany). In the isomerase assay, the venom was fractionated by centrifu-

gal ultrafiltration as described previously (Torres et al., 2005, 2006) to obtain

the isomerase-active fraction with nominal MW >30 k.

DLPs and Bestatin

Polypeptides tested in isomerase assays were synthetic DLP-1 and DLP-2.

These were produced manually using 2-(1-H-Benzotriazol-1-yl-)1,1,3,3

tetramethyluronium hexafluorophosphate (HBTU) activation of Boc-

amino acids with in-situ neutralization chemistry, as previously described

(Schnolzer et al., 1992; Torres et al., 2002b). A bestatin (Sigma) solution

was prepared by dissolving 0.5 mg in 1 ml 50 mM PBS (phosphate buf-

fered saline) to yield a final concentration of 1.45 mM.

L-to-D-amino-acid-residue isomerase assay

The incubation mixture was typically prepared by combining 20ml of

fractionated venom gland extract, 20ml of 50 mM PBS, 10ml of peptide

(�0.3 mM) and 6ml of 40 mM EDTA in a 200ml HPLC sample tube. In

the bestatin inhibition experiment, the mixture contained 25ml of >30 kDa

fractionated venom gland extract, 20ml of DLP-2 (�0.3 mM), 5ml of

40 mM EDTA, and 20ml of bestatin (1.45 mM). Incubation was carried

out for �24 h in a water bath at 37 �C. Sampling of 5ml–10ml volumes for

RP-HPLC analysis was carried-out to monitor the extent of isomer con-

version during the time course. A Phenomenex Synergi 4m Hydro-RP

analytical column (250 mm� 4.60 mm) was used; the flow rate was

1 ml min�1, and components were detected at light wavelengths of

215 nm or 280 nm. The solvent system consisted of 0.1% (v=v) trifluor-

oacetic acid in water (Buffer A) and 0.1% (v=v) trifluoroacetic acid in

acetonitrile (Buffer B). Typically for RP-HPLC the solvent gradient for the

assay was 5–32% B for 2 min, 32–40% B for 7 min, 40–60% B for

0.5 min, 60% B for 0.5 min, and 60–5% B for 1 min.

Chromatography

Anion-exchange fractionation of components was performed using a

Pharmacia Mono Q HR 5=5 column with a solvent system consisting of

50 mM Bis-Tris (solvent A) and 50 mM Bis-Tris=0.5 M NaCl (solvent B)

at pH 7.4. Samples were applied at a flow rate of 1 ml min�1 and the

fractions were detected at a light wavelength of 280 nm. A typical solvent

gradient profile was 0–25% B for 10 min, 25–100% B for 1 min, hold at

100% B for 2 min, and then 100–0% B for 2 min. Cation-exchange chro-

matography was performed using a Pharmacia Mono S HR 5=5 column.

Buffers used to stabilize the pH in both starting and eluting solvents were

MES (for pH values between 4.3 and 7.4) and Tris (pH 7.4). The eluting

solvent (solvent B) also contained 0.5 M NaCl. In the combined cation- and

anion-exchange chromatography performed at pH 7.4, 20 mM Tris was

used as the buffer in both the starting and eluting solvents.

For RP-HPLC of the whole gland extract, a Phenomenex Jupiter C4 5m
300 column (250 mm� 4.60 mm) and a Phenomenex Synergi 4mHydro-RP

analytical column (250 mm� 4.60 mm) were used. Solvent systems and

flow rate were identical to those used in the isomerase assay (see above).

Results

DLP-1 as a substrate for the isomerase

The test for possible conversion of DLP-1 by the enzyme

was done in an incubation mixture that initially contained

DLP-2 as well; this was done to determine if there was

active enzyme in the mixture. As shown in Fig. 2A, an

Fig. 1. RP-HPLC of platypus venom gland extract and primary structures

of selected polypetides. A RP-HPLC of 50ml of the homogenised gland

was loaded onto a Synergi 4m Hydro RP (250� 4.6 mm, Phenomenex)

column in water containing 0.1% (v=v) TFA. The components were eluted

using a flow rate of 1.0 ml min�1 and linear gradients of 5–20% buffer B

(acetonitrile containing 0.1% (v=v) TFA) over 5 min followed by 20–45%

buffer B over 40 min at room temperature. B Primary structures of DLP-2=

DLP-4, DLP-1 and OvCNPa=OvCNPb. The second amino-acid residues

shown in bold are in the L-form in DLP4, and OvCNPa but are in the

D-form in DLP-2 and OvCNPb. The disulfide-bonding patterns are indi-

cated by the lines below the sequences
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RP-HPLC peak corresponding to DLP-4 appeared after 1 h,

and its intensity increased up to 3 h. The DLP-2 peak, on

the other hand, decreased with incubation time. This out-

come was consistent with the conversion of DLP-2 to

DLP-4. The DLP-1 peak did not decrease with incubation

time and no other peak (besides the DLP-4 peak) emerged.

Thus DLP-1 was not converted by the isomerase.

Bestatin inhibition

An inhibition study was conducted simultaneously with a

control experiment for which 50 mM PBS was added

instead of bestatin solution. This analysis was carried-

out to determine accurately the extent of the bestatin

effect on the DLP-2=DLP-4 conversion. Figure 2B shows

the RP-HPLC traces of the control and bestatin-treated

mixtures after 0.5 h and 3 h of incubation at 37 �C. The

DLP-4 peak was present in both cases and its ratio with

respect to the DLP-2 peak increased with incubation time.

These results indicate that isomerase-catalysed conversion

occurred even in the presence of bestatin. The peak inten-

sities of DLP-4 and DLP-2 in the control HPLC chroma-

tograms and from the bestatin-treated experiments were

very similar, indicating that bestatin at �0.4 mM had no

detectable effect on the isomerase activity.

Temperature stability

The temperature stability of the enzyme was tested by

subjecting the >30 kDa venom fraction to various tempera-

tures higher than 37 �C for 5 min and then preparing the

incubation mixture with DLP-2 as substrate. By this means,

it was observed that the isomerase was stable up to 55 �C.

Figure 2C shows the conversion of DLP-2 to DLP-4 of the

>30 kDa fraction at exposure temperatures of 55 �C and

60 �C. The data clearly illustrated that the enzyme was still

active in the fraction after subjecting it to 55 �C for 5 min;

however it lost its activity when exposed to 60 �C for 5 min,

implying denaturation of the enzyme at this temperature.

Ion-exchange chromatography

Anion-exchange chromatography of gland extracts gave

fractions for which the active component eluted late in the

experiment, whereby the salt concentration was high,

being at �0.25 M NaCl (see Fig. 3A). This suggests that

the isomerase is acidic under these conditions, as it bound

tightly to the Mono Q anion exchange column. As shown

in Fig. 3B, SDS PAGE had an active late-eluting fraction

that contained other high molecular size components

between 50 and 110 kDa. A 57 kDa band was also present

Fig. 2. Characterization of the platypus venom isomerase. A Incubation

of DLP-1 and DLP-2 with a >30 kDa fraction of venom gland extract, at

37 �C. The enzymic reaction was monitored at 0 h, 1 h, and 3 h. B Effect

of bestatin on the isomerization of DLP-2 to DLP-4, at 37 �C. RP-HPLC

of the incubation mixture at 0.5 h and 3 h at 37 �C. A control experiment

with no bestatin was performed to assess accurately the extent of inhibi-

tion by bestatin. C Temperature stability of the platypus isomerase.

RP-HPLC of samples incubated at the two temperatures (55 �C and

60 �C) after 1 h and 3 h of incubation. The >30 kDa venom gland frac-

tions were exposed to 55 �C and 60 �C for 5 min prior to incubation with

DLP-2, at 37 �C
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in the active fraction but was less intense than that ob-

tained in size-exclusion chromatography; this suggests

that the isomerase did not correspond to the particular

major 57 kDa component in the size-exclusion fraction-

ation (Torres et al., 2006). Our attempts to purify the active

component using shallower gradients in anion-exchange

chromatography were unsuccessful as evidenced by there

being only a single broad peak that had isomerase activity.

Cation-exchange chromatography was also performed

using a Mono S column. Prior to gradient elution at

pH 7.4, the isomerase, plus some other components, were

eluted from the column, while a substantial amount of

110 kDa and other proteins were adsorbed. This meant

that cation-exchange chromatography could also be used

to fractionate the venom and that the two ion-exchange

methods (cation- and anion-) could be usefully combined.

To increase the efficiency of separation and=or prevent

substantial loss of material, the two columns were con-

nected in series; the outlet of the Mono S column was

connected to the inlet of the Mono Q column and 20 mM

Tris, pH 7.4, was used as the buffer. This gave good peak

separation in the chromatograms because at the start of

the chromatography, when no eluting salt was used, the

isomerase passed unimpeded through the Mono S column

but was adsorbed on the Mono Q column. The Mono S,

which adsorbed many unwanted proteins, was then re-

moved from the set-up prior to the introduction of a salt

gradient to elute the isomerase from the Mono Q column.

RP-HPLC

Fractions obtained by RP-HPLC were tested for isomer-

ase activity after removal of acetonitrile from the sample.

In a typical experiment, using a uniform linear elution

gradient, the fraction that contained the prominent peak

corresponding to 57 kDa had isomerase activity. However,

an RP-HPLC experiment using a shallower elution gra-

dient produced a chromatogram (Fig. 3C) in which the

active component did not correspond to the largest peak

but rather to a very small one as a shoulder on the right of

the large peak. This confirmed that the isomerase in the

venom was only present in small quantities and that it was

not the major 57 kDa component.

Combined ion-exchange chromatography

plus RP-HPLC

The fact that RP-HPLC could be used to isolate the iso-

merase meant that it could be combined with ion-

exchange methods (cation and anion) described earlier

to improve the purification of the enzyme. The resulting

RP-HPLC chromatogram and SDS-PAGE gel of the frac-

tions are given in Fig. 4A and B. The most active com-

ponent was fraction 6, but some activity was also detected

in fraction 5. Thus, in SDS PAGE, the isomerase was

expected to appear as a band corresponding to a size of

50–60 kDa that is only present in fractions 5 and 6. In

addition, the isomerase protein-band was expected to be

more intense in fraction 6 than in fraction 5.

Comparison of the lanes in the SDS PAGE gel in Fig. 4B

shows a protein band that satisfies the above conditions.

Clearly, an intense band at �50 kDa appeared in the frac-

tion-6 lane, and this particular band was also present in the

Fig. 3. Anion and RP-HPLC chromatograms of the whole venom-gland

extract. A Anion-exchange chromatogram of 100ml gland extract sample

using a Mono Q ‘strong’ anion exchange column. The fraction corre-

sponding to the peak labelled N had isomerase activity. B SDS-PAGE of

the whole extract and anion fraction N. C RP-HPLC trace of venom-

gland extract using a shallow acetonitrile gradient. The active fraction is

indicated by a horizontal line below the trace
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fraction-5 lane, but with less intensity. A band at �57 kDa

was also present in both lanes 5 and 6 but this was more

intense in the fraction-5 lane. Another protein suspected to

be isomerase-active showed a faint band at �60 kDa in the

fraction-6 lane; this band however was absent from fraction

5. It is not possible at this stage to rule-out completely this

protein as the isomerase because it might still have been

present in a very small amount in fraction 5 but was below

the limit of detection on the SDS PAGE experiments.

Discussion

The substrates for the platypus venom isomerase that have

been identified so far include DLP-2=DLP-4, DLP-2A=

DLP-4A (first seven amino-acid residues of the polypeptide

linked to Ser–Arg–Ser–Arg–Ser), and OvCNPa=OvCNPb

(Torres et al., 2005, 2006). While the enzyme interconverts

these molecules, it was shown in the present study that it

does not act on DLP-1. This begins to define the specificity

of the enzyme, suggesting the importance of the hydropho-

bic nature of the N-terminal residues of the peptide sub-

strates. We showed previously that amastatin inhibits the

conversion of DLP-2 to DLP-4 (Torres et al., 2006); how-

ever in the present study we showed that bestatin did not

affect the rate of this conversion. The first residue in besta-

tin is aromatic, similar to that in DLP-1 (Phe) while the

first residue in amastatin is aliphatic, similar to those in

DLP-2=DLP-4 (Ile) and OvCNPb=OvCNPa (Leu). This in-

formation will be important in developing an understanding

of the binding site of the enzyme and its mechanism of

substrate binding and catalysis.

The fact that the platypus venom isomerase was stable

even when exposed to temperatures up to 55 �C for 5 min

indicates a relatively robust structural fold. This property of

the enzyme may be exploited in future methods of sep-

arating it from other components in a mixture of pro-

teins. Various chromatographic techniques have now been

employed to isolate the isomerase and it is clear that the

platypus gland extracts have contained several protein com-

ponents, so this necessitated the use of two or more chro-

matographic modalities for the isolation. Fortunately, an

RP-HPLC fraction was found to be isomerase active and

this enabled us to use the higher resolution of this techni-

que for isolation of the enzyme. The fraction obtained by

RP-HPLC was considerably less active than fractions ob-

tained from either size-exclusion or ion-exchange, and its

activity was recovered only after the acetonitrile used in the

method was removed. The combined ion-exchange and

RP-HPLC provided much better separation because this

utilizes both the charge and hydrophobicity properties of

proteins. We have also investigated other chromatographic

modalities such as hydroxylapatite (HAP) and hydrophobic

interaction (HIC) columns but their performance in separa-

tion were inferior. The limited amount of platypus gland

extract available and the extent of loss of isomerase activity

after each chromatographic step made it unfeasible to

append these techniques to separate further the isomerase

from other proteins.

We are currently sequencing candidate bands isolated

from active fractions on the SDS-PAGE gel and will

shortly begin constructing a cDNA library of the platypus

venom gland. This should allow the expression of putative

isomerase genes and test their isomerase activities.

Further characterization of the isomerase has been hin-

dered by the paucity of details of monotreme proteins in

public protein databases. Many of the proteins that have

been isolated from the venom are unique and do not share

obvious homology with known proteins in other species.

(de Plater et al., 1995; de Plater, 1998; Torres et al., 1999).

It is possible that the platypus venom isomerase is homo-

logous with the isomerase from frog skin (Jilek et al.,

2005) since they both act on the second amino-acid resi-

due of peptides; but it may also be unique amongst mam-

mals since the platypus itself is phylogenetically unique.

Fig. 4. Combined ion-exchange and RP-HPLC of the whole venom-

gland extract. A RP-HPLC of the isomerase-active fraction collected

by combined cation- and anion-exchange chromatography of 1 ml of

venom gland extract. While fractions 5 and 6 of the RP-HPLC analysis

had isomerase activity, fraction 6 was more active. B SDS-PAGE of the

RP-HPLC fractions in A. Peptide bands with molecular size �50 kDa

and �60 kDa are indicated by arrows

Characterization and isolation of L-to-D-amino-acid-residue isomerase from platypus venom 67



If the isomerase is more widely distributed in higher

mammals it would constitute a further means of post-

translational modification of proteins in these organisms.

Such changes to proteins could lead to alternative folding

pathways for many proteins and in principle alter their

degradation pathways as well. Studies in other mammals

will be greatly facilitated by a knowledge of the primary,

secondary and higher-order structures, its gene sequence,

its range of substrate specificity and the development of

rapid assays of the isomerase, based on this knowledge.

The present work indicates that we are poised for inter-

esting findings in these more general investigations.
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