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The recent discovery that the natriuretic peptide OvCNPb
(Ornithorhynchus venom C-type natriuretic peptide B) from pla-
typus (Ornithorynchus anatinus) venom contains a D-amino acid
residue suggested that other D-amino-acid-containing peptides
might be present in the venom. In the present study, we show that
DLP-2 (defensin-like peptide-2), a 42-amino-acid residue poly-
peptide in the platypus venom, also contains a D-amino acid resi-
due, D-methionine, at position 2, while DLP-4, which has an
identical amino acid sequence, has all amino acids in the L-form.
These findings were supported further by the detection of iso-
merase activity in the platypus gland venom extract that converts
DLP-4 into DLP-2. In the light of this new information, the
tertiary structure of DLP-2 was recalculated using a new struc-

tural template with D-Met2. The structure of DLP-4 was also deter-
mined in order to evaluate the effect of a D-amino acid at position 2
on the structure and possibly to explain the large retention time
difference observed for the two molecules in reverse-phase HPLC.
The solution structures of the DLP-2 and DLP-4 are very similar to
each other and to the earlier reported structure of DLP-2, which
assumed that all amino acids were in the L-form. Our results
suggest that the incorporation of the D-amino acid at position 2
has minimal effect on the overall fold in solution.

Key words: defensin-like peptide (DLP), nuclear Overhauser
spectroscopy, peptide conformation, peptide isomerase, platypus
venom peptide.

INTRODUCTION

The discovery of a biologically active peptide that contains
D-amino acid residues in frog skin secretions more than 2 decades
ago [1] refuted the longstanding notion that such types of unusual
molecules only existed in lower forms of organisms, such as pro-
karyotes. This suggested the possibility that such peptides and
proteins may also exist in higher organisms, possessing specific
physiological functions. Accordingly, this led to a search in
eukaryotes, and, to date, biologically active proteins containing
D-amino acid residues have been discovered in frogs [1–3],
molluscs [4–9], crustaceans [10–13], spiders [14,15] and, most
recently, the platypus (Ornithorhynchus anatinus) [16], which is
a mammal.

OvCNPa (Ornithorhynchus venom C-type natriuretic peptide
A) and its D-amino-acid-containing isomer OvCNPb are the most
biologically active polypeptides yet found in platypus venom
[17–19]. These molecules cause rat uterine smooth muscle relax-
ation, oedema and mast cell histamine release. It has been shown
previously that the different behaviour in HPLC, and structural
folding in NMR spectroscopy, between the two forms of OvCNP,
is due to the presence of the unusual D-leucine at the second
position of the amino acid sequence of OvCNPb [16]. It is
therefore possible that other D-amino-acid-containing peptides
and a putative peptide-residue isomerase(s) responsible for their
creation, are present in the platypus venom gland and possibly the
venom itself.

The obvious candidate in the search for other D-amino-acid-
containing peptides in the platypus is a family of polypeptides
referred to as defensin-like peptides or DLPs [20,21]. These
molecules are the most abundant peptides in the venom and have

tertiary structures that resemble those of the mammalian anti-
microbial β-defensins, but their role in the venom is currently
unknown. Ever since the discovery of DLPs, many polypeptides of
the same fold have been discovered in humans and in the toxins
of various organisms, such as sea anemone and snakes [22].

Two DLPs, namely DLP-4 and DLP-2, have identical amino
acid sequences; however, they elute at significantly different times
in RP-HPLC (reverse-phase HPLC) [16,21] (Figures 1A and 1B).
Since the solution structure of native DLP-2 has been determined
by NMR spectroscopy [21], it was speculated then that the dif-
ference between DLP-2 and DLP-4 may be due to the difference in
the pattern of disulphide bond pairing, since there are six cysteine
residues that may be paired in several possible combinations.

With the availability of sufficient amounts of native DLP-4
for NMR experiments and knowing that other D-amino-acid-
containing peptides may possibly exist in platypus venom, we
show in the present paper that the difference between DLP-4 and
DLP-2 is due to presence of a D-amino acid at position 2 in DLP-2.
We also show that the platypus venom gland extract has isomerase
activity that converts DLP-4 into DLP-2. In an effort to explain
why the two molecules elute at significantly different times in
RP-HPLC, we calculated the solution structures of DLP-2 and
DLP-4 and compared their tertiary folds.

MATERIALS AND METHODS

Preparation of venom-gland extracts

The venom glands used in the present study were obtained from
adult male platypuses that had been accidentally killed by motor
vehicles. Each animal provided two glands that were dissected out
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Figure 1 Primary structure and RP-HPLC of DLP-2 and DLP-4

(A) Primary structure of DLP-2 and DLP-4. The methionine residue shown in bold is found
to be in the L-form in DLP-4 and in the D-form in DLP-2. The disulphide-bonding pattern
of DLP-2 as determined previously by NMR [21] is shown by lines below the sequences. It
was found in the present study to be identical with that in DLP-4 based on chemical shift
value comparison. (B) RP-HPLC of platypus venom gland extract. Homogenized gland (50 µl)
was loaded on to a Synergi 4µ Hydro RP (250 mm × 4.6 mm; Phenomenex) column in water
containing 0.1 % (v/v) trifluoroacetic acid. The components were eluted with a gradient of
20–45 % acetonitrile containing 0.1 % (v/v) trifluoroacetic acid at 1.0 ml · min−1, for 40 min at
room temperature (21◦C). The absorbance was recorded at 215 nm. DLP-4 and DLP-2 eluted
at ∼22 and ∼27 min respectively. (C) Sections of RP-HPLC of the venom-gland extract and
solutions of synthetic DLPs. Both samples were loaded individually on to a Synergi 4µ Hydro
RP (250 mm × 4.6 mm; Phenomenex) column in water containing 0.1 % (v/v) trifluoroacetic
acid and eluted with a gradient as in (B).

after tying the ducts with ligatures. Glands were finely sliced, then
the ligatures were removed, and the tissue was then placed in a
container with 50 ml of cold 1% trehalose solution. The samples
were homogenized with a Bamix cutter using short bursts to
ensure that the temperature remained low. The resulting mixture
was centrifuged at 3000 g for 5–10 min at 5 ◦C; the liquid in the
extract was then decanted and passed through a 0.2 µm Sartorius
Minisart filter (Göttingen, Germany). The filtrate was used as the
starting material for the various experiments described below.

RP-HPLC of DLP samples

A GBC HPLC system (Gibco, Dandenong, Vic, Australia) with
LC 1150 pump and LC 1210 UV/visible dual-wavelength detec-
tor was used in chromatography of the platypus venom gland
extract and synthetic DLPs. A Phenomenex (Torrance, CA,
U.S.A.) Synergi 4µ Hydro-RP analytical column (250 mm ×
4.60 mm) was used, and the solvent system consisted of 0.1 %
(v/v) trifluoroacetic acid in water (Buffer A) and 0.1% (v/v) tri-
fluoroacetic acid in acetonitrile (Buffer B). Components were

eluted at a flow rate of 1 ml · min−1 and were detected at either
215 nm or 280 nm. Two linear gradient profiles with different dur-
ations were implemented. For the 60 min acquisition run shown
in Figure 1, the solvent gradient was 5–20 % Buffer B for 5 min,
20–45% Buffer B for 40 min, 45–60% Buffer B for 5 min, 60%
Buffer B for 5 min and 60–5% Buffer B for 5 min. For the 35 min
acquisition run shown in Figure 3, the solvent gradient was 5–
25% Buffer B for 5 min, 25–35% Buffer B for 16 min, 35–60%
Buffer B for 2 min, 60% Buffer B for 2 min and 60–5% Buffer B
for 2 min.

Preparation of DLP samples

Native DLP-2 and DLP-4 were isolated from the venom-gland
extracts by RP-HPLC as described above or as described by Torres
et al. [21]. Chemical syntheses of L-Met2-DLP and D-Met2-DLP
were performed manually using HBTU [2-(1-H-benzotriazol-1-
yl)-1,1,3,3-tetramethyluronium hexafluorophosphate] activation
of Boc (t-butoxycarbonyl)–amino acids with in situ neutralization
chemistry, as described previously [23]. Details of the procedure
were similar to the synthesis of OvCNPa and D-OvCNPb as
described by Torres et al. [16]. NMR samples were prepared
by dissolving 1–2 mg of the freeze-dried DLPs in 0.350 ml of
H2O/ 2H2O (9:1, v/v) in a 5-mm magnetic-susceptibility matched
Shigemi (Allison Park, PA, U.S.A.) NMR tube.

Assay for L-to-D-amino acid residue isomerase activity

A platypus gland extract that contains no DLP-2 and DLP-4 com-
ponents was fractionated into two samples by centrifugal ultra-
filtration using Amicon Ultrafree-MC with 30 kDa nominal mol-
ecular mass cut-off. Gland extract (400 µl) was added to the filter
cup and this was spun at 4500 g for ∼15–30 min. The filtrate ob-
tained at this stage contained components with nominal molecular
mass <30 kDa and was subsequently used in the isomerase assay.
The retentate which contained components with nominal mol-
ecular mass >30 kDa was washed twice to remove traces of com-
ponents with molecular mass <30 kDa by reconstituting it with
two 350 µl volumes of 50 mM PBS containing 0.9 % (w/v) NaCl
at pH 7.4 and repeating the filtration. Finally, the retentate was
reconstituted with 350 µl of 50 mM PBS and was used in the
isomerase assay.

In the assay, 20 µl of retentate and filtrate was mixed with
20 µl of 50 mM PBS, 10 µl of 0.3 mM synthetic DLP-4 and 6 µl
of 40 mM EDTA. This mixture was incubated at 33 ◦C (close to
platypus average body temperature) in a water bath, for 24 h. The
conversion of DLP-4 into DLP-2 was monitored by RP-HPLC
with a total elution time of 35 min.

NMR spectroscopy

All NMR experiments were performed on a Bruker (Karlsruhe,
Germany) AVANCE-600 DRX spectrometer using a 5-mm 1H-
inverse probe operating at a sample temperature of 25 ◦C. The 2D
(two-dimensional) NMR experiments that were performed were
TOCSY [24], with a spin-lock period of 60 ms, and NOESY [25],
with a mixing time of 200 ms. The spectra were acquired in phase-
sensitive mode using time-proportional phase detection [26].
Solvent-signal suppression was achieved either by presaturation
or by using the WATERGATE [27] pulse sequence. All spectra
were processed using XWIN-NMR software (Bruker) and were
analysed using the program XEASY [28].

Structure calculations

The DLP-2 structure was recalculated using all the constraint data
obtained earlier [21], and a modified CNS (crystallography and
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Table 1 Structural statistics for the ensembles of 20 DLP-2 and 20 DLP-4
structures

1 kcal = 4.184 kJ. E vdW, van der Waals energy.

Quantity DLP-2 DLP-4

Distance restraints
Intra-residue (i − j = 0) 242 197
Sequential (|i − j| = 1) 190 116
Medium-range (|i − j| � 5) 95 36
Long-range (|i − j| > 5) 172 83
Hydrogen-bonds 16 12
Total 715 444

Dihedral angle restraints
� 24 7

Mean energies (kcal · mol−1)
E NOE 6.79 +− 0.63 7.97 +− 1.48
E constrained dihedral angle 0.04 +− 0.02 0.01 +− 0.01
E vdW 8.34 +− 0.98 7.94 +− 1.77
E bond 2.14 +− 0.12 1.58 +− 0.43
E improper 0.89 +− 0.13 0.81 +− 0.16
E angle 20.71 +− 0.45 19.91 +− 0.94
E total 38.91 +− 1.14 38.22 +− 2.25

Atomic R.M.S.D. with the mean (Å)
Backbone atoms (1–42) 1.48 +− 0.30 1.71 +− 0.46
Heavy atoms (1–42) 2.26 +− 0.26 2.39 +− 0.43
Backbone atoms (7–42) 0.38 +− 0.09 0.67 +− 0.22
Heavy atoms (7–42) 1.08 +− 0.14 1.33 +− 0.35

NMR system) [29] structural parameter set (protein-allhdg.param,
protein-allhdg.top and protein.link) that incorporates a D-methio-
nine residue at position 2, as suggested in the default CNS pro-
tein-allhdg.param file. The standard dynamic annealing protocol
anneal.inp in CNS was used to calculate 500 structures starting
from a DLP-2 structure in an extended conformation. The ‘best’
20 structures, with lowest overall energy, were considered to be
representative structures of DLP-2.

An initial structure calculation strategy to that used earlier
for DLP-2 [21] was adopted for DLP-4. The NOESY spectrum
recorded at 25 ◦C with a mixing time of 200 ms provided 432 non-
redundant NOE (nuclear Overhauser effect)-derived distances
used for the structure calculations. The program INFIT [30] was
implemented to yield 3JNHα coupling constants from 2D NOESY
spectra, which then provided seven � dihedral angle constraints
which were restrained similarly to those used in the DLP-2 struc-
ture calculation [21]. These data, together with the four disul-
phide bonds that were inferred in the present study and 12 hydro-
gen bonds, were used as structural constraints (see Table 1).
Hydrogen-bonding pairs were deduced from 1H/2H exchange
experiments, and the preliminary calculated structures that were
obtained using the NOAH protocol [31,32] in the torsion-angle
dynamics program DYANA [33]. Hydrogen-bonding constraints
were only introduced in the intermediate stages of the structure
calculation that implemented the standard annealing protocol in
DYANA; these constraints were assigned upper distance-limits
of 2.2 Å (1 Å = 0.1 nm) for NHi to Oj and 3.2 Å for Ni to Oj.
The final stage in DLP-4 calculation was performed in CNS
using a protocol that was identical with that described above for
DLP-2. Secondary structures and the locations of well-defined
regions in DLP-2 and DLP-4 were determined using MOLMOL
[34].

The co-ordinates for the ensemble of 20 structures of DLP-2
and DLP-4 have been deposited in the RSCB Protein Data Bank
under accession codes 1ZUE and 1ZUF respectively.

Figure 2 1H NMR spectral differences between DLP-2 and DLP-4

Hα (A) and NH (B) 1H NMR chemical-shift differences for all amino acid residues of the two
DLPs. Values were obtained by subtracting DLP-2 chemical shifts from those of DLP-4.

RESULTS AND DISCUSSION

Discovery of a D-amino acid in DLP-2

Comparison of 2D TOCSY and 2D NOESY NMR data of native
DLP-4 obtained in the present study and those of DLP-2 obtained
from the previous study [21] revealed that there were significant
differences in chemical shifts of 1Hs in residues near the N-ter-
minus. Specifically, the backbone proton NH and Hα NMR reson-
ances of the first five amino acid residues in DLP-2 and DLP-4
differed significantly in chemical shift (Figure 2). This extent of
the differences was similar to those observed between OvCNPa
and OvCNPb [16], and is what led to the discovery of D-leucine at
position 2 in OvCNPb. This outcome suggested that a D-amino
acid may also be present in either DLP-2 or DLP-4, and probably
at position 2 of the sequence.

Besides this, the chemical shifts of the six cysteine protons of
DLP-4 and DLP-2 were found to be very similar, suggesting
that their cysteine-pairing configurations were identical. This
contradicts the earlier suggestion that the difference between the
two isomers could be due to a difference in disulphide-bonding
pattern [21]. In short, all these NMR data implied that the
structural difference between DLP-2 and DLP-4 was localized
to the N-terminal region of the peptide.

To settle conclusively the basis of this difference, two defensin-
like polypeptide isomers were chemically synthesized: the first
had the same amino acid sequence as DLP-2 (and DLP-4) with
all amino acids in the L-form, while the second had the same amino
acid sequence except that L-methionine at position 2 was replaced
by D-methionine. Comparison of RP-HPLC traces of the two
chemically synthesized peptides, native DLP-2 and native DLP-4
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Figure 3 Isomerization of DLP-4 to DLP-2

RP-HPLC traces of incubation mixtures obtained at the start (0 h) and after 4 h of incubation at
33◦C. The two venom-gland fractions were separated by centrifugal ultrafiltration with a 30 kDa
nominal molecular mass cut-off filter. The incubation mixture contained the extract fraction, PBS,
DLP-4 and EDTA in the amounts described in the Materials and methods section. The small
increase in the DLP-4 HPLC peak after 4 h in the <30 kDa fraction was caused by inaccuracies
in injection volume.

resolved the difference between DLP-2 and DLP-4 (Figure 1C).
The retention times of DLP-4 and DLP-2 were the same as those
of the first and second chemically synthesized peptides respect-
ively. This finding was supported further by 1D (one-dimensional)
and 2D NMR experiments performed on native DLP-2, native
DLP-4 and the two chemically synthesized peptides. The observed
1H chemical shifts and the 2D TOCSY peak patterns of synthetic
L-Met2-DLP and D-Met2-DLP matched exactly those of native
DLP-4 and native DLP-2 respectively. Thus it can be stated
beyond doubt that the difference between DLP-2 and DLP-4 is
the unusual presence of D-methionine at position 2 in DLP-2.

L-to-D-amino acid residue isomerase activity

Preliminary assay experiments by straight addition of synthetic
DLP-4 to the whole gland extract with no endogenous DLPs
already showed conversion into DLP-2, but the activity was ob-
served to be very low. It was suspected that some components in
the venom might be interfering with the isomerization by compet-
itive inhibition, so that fractionation by centrifugal ultrafiltration
was performed. In the assay experiment, two fractionated venom-
gland extracts were used to which synthetic DLP-4 were added:
one containing proteins with nominal molecular mass <30 kDa
and the other containing proteins with nominal molecular mass
>30 kDa. After 4 h of incubation at 33 ◦C, the HPLC trace of
the incubation mixture with >30 kDa components showed a
substantial decrease of the peak corresponding to DLP-4, while
a new peak corresponding to DLP-2 emerged (Figure 3). The
incubation mixture with <30 kDa components, on the other hand,
did not show any DLP-2 peak. These results showed the con-
version of DLP-4 into DLP-2 in the incubation mixture with
>30 kDa components and confirmed the presence of the L-to-D-
amino acid residue isomerase activity in that fraction. Efforts are
now underway to characterize and isolate the enzyme responsible
for this isomerase activity in the platypus venom gland.

Structure of DLP-2 and DLP-4

The large difference in retention time observed between DLP-2
and DLP-4 in RP-HPLC is intriguing and required further investi-
gation because it implies that there could be a significant conform-
ational difference between the two isomers. The overall fold of
DLP-4 was thus calculated using the available 2D NOESY and

2D TOCSY data. It is important to note that, for the reported
DLP-2 structure calculations, we assumed that all the amino acids
were in the L-form, which, according to the present study, is
no longer valid. The 3D (three-dimensional) structure of DLP-2
was therefore recalculated using a new structural template that
incorporates a D-Met2 plus the atom-to-atom distance data used
previously [21].

Table 1 presents a summary of the characteristics of the cal-
culated DLP-2 and DLP-4 structures. The number of distance
and dihedral angle restraints for DLP-2 is much greater than that
for DLP-4. This is basically because of the more comprehensive
experiments performed for DLP-2 than for DLP-4. This resulted
in a lower R.M.S.D. for DLP-2 on the well-defined region of the
structure.

The overall fold of the recalculated DLP-2 with D-Met2 is very
similar to the old DLP-2 structure with L-Met2 (Figures 4A–4C).
The R.M.S.D. (root mean square deviation) is 0.66 Å when the
backbone atoms of residues 7–42 (the well-defined region) of one
of the new DLP-2 structures is superimposed over one of the old
DLP-2 structures. This is expected, given that the same structural
constraints were used in the calculation and Met2 is located in the
disordered region of the molecule and had no medium- or long-
range NOEs with other residues. The small difference observed
is perhaps due to the absence of the short helix at residues 9–12,
but this is not a real difference, since the helix is not consistently
present in the ensemble of old DLP-2 structures, and two of the
structures in the ensemble of the new DLP-2 structures do have it.
The anti-parallel β-sheets defined by residues 15–18 and 37–40
were consistently present in both sets of calculated structures.

The structure of DLP-4 as shown in Figures 4(D) and 4(E) has
very strong similarity to the DLP-2 shown in Figures 4(A) and
4(B), but its resolution is lower (see also Table 1). This can be
explained by the fact that, although the amount of data used in cal-
culating the DLP-4 structure was significantly less than that used
for DLP-2, comparison of their NOESY data showed that the
medium- and long-range NOE patterns were very similar. Hence,
this does not suggest any significant difference in their overall
folds and secondary structures. The N-terminal region up to
residue 7 of DLP-4, which contained the important L-Met2 re-
sidue, was found to be similarly disordered owing to a lack of
medium and long-range NOEs in this section of the molecule.
Superposition of one of the structures of DLP-4 and DLP-2 on
the backbone of the well-defined region, as defined by residues
7–42, resulted in an R.M.S.D. of 1.46 Å; this showed clearly
that the tertiary structures of both molecules were very similar
(Figure 4F). It is not relevant to compare the local structures
near residue 2 in detail because these parts are disordered in both
molecules; however, the calculated structures obtained here imply
that the substitution of D-Met2 for L-Met2 had negligible effect on
the overall fold of the DLP.

The strong similarity between the solution structures of DLP-2
and DLP-4 obtained in the present study does not explain the
significant RP-HPLC retention time difference between the two
molecules. It is easy to accept that for small peptides of fewer
than ten residues, the conversion of an L- into a D-amino acid
will result in a substantial change in structure that leads to a
significant difference in chromatographic behaviour [7]. For larger
polypeptides, such as the DLPs, the effect of D-amino acid sub-
stitution on structure and hence chromatographic behaviour
should be less prominent. It is clear from the different elution
times that the hydrophobicities of the two molecules in RP-HPLC
are considerably different. Therefore a possible explanation that
accounts for the results is that the structures of the two poly-
peptides when placed in a more hydrophobic environment are
different. Note that the N-termini of DLP-2 and DLP-4 are highly
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Figure 4 Structures of DLP-2 and DLP-4

(A) Ensemble of the 20 ‘best’ recalculated DLP-2 structures aligned by superimposing the backbone atoms of residues 7–42. (B) Ribbon diagram of the recalculated DLP-2 structure showing the
secondary-structural elements and disulphide connectivities. (C) Superposition of the recalculated (red) and previously reported DLP-2 structures (grey; Protein Data Bank code 1D6B) over
the backbone of residues 7–42. Only the polypeptide backbone chains are shown. (D) Ensemble of the 20 ‘best’ DLP-4 structures aligned by superimposing the backbone atom of residues 7–42.
(E) Ribbon diagram showing the secondary-structural elements and disulphide connectivities. (F) Superposition of the recalculated DLP-2 (grey) and DLP-4 (red) structures over the backbone of
residues 7–42.

hydrophobic, as four of first five residues are hydrophobic (see
Figure 1A). It is possible that, in the RP-HPLC environment,
the flexible N-terminus that incorporates Met2 interacts with the
surface of the compact invariant part of the molecule to form a
‘denatured’ state whose structure and hydrophobicity are strongly
dependent on the chirality of Met2. For example, the N-terminal
hydrophobic side chain might be more buried in DLP-4, making
the whole molecule more hydrophilic, while, in DLP-2, this side
chain might be more exposed to the solvent, making the whole
molecule more hydrophobic.

Biological implications

The discovery of a D-amino acid residue in DLP-2 means that
there are now known to be two polypeptides, DLP-2 and OvCNPb,
in the platypus venom that contain a D-amino acid at position 2.
Both these molecules are larger (DLP-2 and OvCNPb consist
of 42 and 39 amino acid residues respectively) than many of
the D-amino-acid-containing peptides discovered elsewhere. The
importance of this post-translational modification in the platypus
is yet to be established, but, in other studies with other organisms,
it has been shown that the D-amino-acid-containing peptide is not
the only potent form, or it is at least more potent than the isomer
that contains all L-forms of the residues [7]. The present study
suggests the presence of at least one peptide-residue isomerase
that catalyses the conversion of the L-form of the second amino

acid residue in a peptide into its D-form. Since the second
amino acid residues in OvCNPb and in DLP-2 are different (D-
Leu2 in OvCNPb and D-Met2 in DLP-2), it is possible that there
are two enzymes that are specific for each substrate. However, we
cannot discount the possibility that there is only one isomerase
that has broad specificity, acting on both OvCNPa and DLP-4.
In the present study, we have successfully shown that there is an
isomerase activity in the venom that converts DLP-4 into DLP-2.
It will be important to characterize this enzyme comprehensively
to see whether it is related to other common proteins and whether
it can act on other molecules besides DLP-4.

Note that the presence of a D-amino acid residue at the second
position in a peptide is not unique to the platypus, since it has
also been observed in secreted peptides from frogs and cone-
snails [1–3,5,6], but our findings are the first for a mammal. The
new information obtained in the present study therefore suggests
the presence of a common or related type of isomerase in these
organisms. Recently, Jilek et al. [35] discovered an isomerase in
frog skin secretions that converts the L-form of the second amino
acid residue into the D-form in a model peptide patterned after
bombinin H. The enzyme is a glycoprotein with an apparent size
of 52 kDa and has similarity to the N-terminal H-domain of the
human IgG Fc-binding protein [36]. It has been speculated that
a similar enzyme and D-amino-acid-containing peptides, such as
hormones, antibacterial and neuropeptides, might be present in
other vertebrate species. Our present work supports this idea,
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since DLPs are structurally related to mammalian β-defensins.
Thus it will be worthwhile to search for similar proteins in
the mammalian genome to explore the possibility that D-amino-
acid-containing biologically active proteins or peptides exist in
mammals, including humans.

The occurrence of the D-amino acid residue is not limited to
only the second position in the peptide sequences: some peptides
in cone snail venoms [4,8,9] and crustacean eyestalks [11,13], for
example, have D-amino acid residues at positions 4 and 3, while
in ω-Aga IVB (ω-Aga-TK) in funnelweb spider venom [14,15]
and in another cone snail venom [7], the D-amino acid residue is
situated at position 3 from the C-terminus. These modifications
most certainly require a different type of enzyme, as has already
been found for the funnelweb spider venom [14]. Since detecting
D-amino acids in peptides and proteins is not straightforward,
it is quite possible that many molecules of these sorts and their
respective enzymes are more prevalent in Nature than previously
anticipated and are awaiting discovery.
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