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Abstract

Mastoparans, a group of amphiphilic tetradecapeptides, are the major peptides in social wasp venoms and possess a variety of bio-
logical activities. Here we report the first crystal structure of mastoparan from Polistes jadwagae (MP-PJ) at 1.2 Å resolution. The crys-
tals belong to the space group P21 with eight molecules in an asymmetric unit. In contrast to the previous observations that the a-helical
conformation only exists in the membrane-bound state of mastoparans, all of the MP-PJ molecules are in possession of the a-helical
conformation even in the absence of trifluorethanol or detergents in the crystallization system. The high-resolution structure enables
us to compare the conformation differences of MP-PJ with NMR results of other mastoparans. Together with biochemical results,
we propose that the interactions between mastoparan molecules play an important role in forming the a-helical conformation, which
is highly related to their biological activities.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Mastoparans are a family of amphiphilic tetradecapep-
tides and known to be the major peptides in many species
of wasp venoms (Nakajima et al., 1986). They were origi-
nally discovered as the agents that induce histamine release
from mast cells and later found to affect a variety of biolog-
ical activities, including induction of secretion in different
types of cells (Mizuno et al., 1998; Murayama et al.,
1996; Ohara-Imaizumi et al., 2001; Straub et al., 1998;
Wu et al., 1999; Yajima et al., 1997), hemolytic activity
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(Mendes et al., 2005), antimicrobial activity (Park et al.,
1995), etc.

The biological activities of mastoparans have been
ascribed to their ability to interact with the cell membrane
surface, G proteins and calmodulin via the positively
charged side of their amphipathic a-helical structure and
these activities are associated with some types of post-tran-
scriptional processing of their precursors, such as C-termi-
nal amidation. This also occurs with other peptides, such as
melittin, clavanin or penaeidins, etc. There are studies
showing an increase in activity following amidation or,
alternatively, an activity decrease when the amide is
removed (Ali et al., 2001; Katayama et al., 2002; Sandvik
and Dockray, 1999).

Structural studies on mastoparans with detergents, in a
membrane-bound state, were mainly carried out by nuclear
magnetic resonance (NMR) spectroscopy (Hori et al.,
2001; Kusunoki et al., 1998; Ohki et al., 1991; Sukumar
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Table 1
Data collection and processing statistics of MP-PJ Pt derivative

Resolution range (Å) 100.0–1.45 (1.50–1.45)
Space group P21

Cell dimensions (Å)
a 22.1
b 59.4
c 37.3
b (�) 101.1
Vm (Å3/Da) 1.91
Number of molecules in the unit cell 8
Solvent content (%) 35.6
Total number of reflections 537,014
Number of unique reflections 14,706
% completeness 86.9 (63.8)
Rmerge 0.062 (0.421)
Output <I/sig I> 56.5 (8.64)

Note: Values in brackets are for the last resolution shell.
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et al., 1997; Yu et al., 2001). Combined with CD results, it
revealed that mastoparans exhibit a random coil conforma-
tion in aqueous solution, whereas in trifluorethanol (TFE)-
or detergents-containing solution, they adopt the amphi-
pathic a-helical conformation (Chuang et al., 1996), and
therefore it is speculated that the conformation of mastop-
arans could be induced from coil to helix upon binding to a
membrane. However, NMR structures did not provide
information on the intermolecular interactions between
mastoparans or with other biological molecules.

In order to provide further insights into the conforma-
tional characteristics and the implications for its biological
functions, attempts at crystallization of mastoparan ana-
logues in 50% trifluorethanol-containing aqueous solution
were reported (Canduri et al., 2000; Delatorre et al.,
2001). However, no crystal structure of mastoparans has
been reported yet.

Mastoparan from Polistes jadwagae (MP-PJ, VDWKK
IGQHILSVL-NH2) is similar to other mastoparans in
activities and its preliminary crystallographic study was
carried out in our laboratory (Wang et al., 2006). Here
we report the crystal structure of MP-PJ, the first crystal
structure of mastoparans, at 1.2 Å resolution. Our results
reveal the detailed structural features of mastoparan in a
membrane-free state, which provide new insights into the
intermolecular interactions of mastoparans.

2. Materials and methods

2.1. Data collection and processing of heavy atom derivatives

The MP-PJ used in the experiments was purchased from
Sigma Corp. and used without further purification. Crys-
tallization conditions, X-ray data collection and processing
of native MP-PJ at 1.2 Å resolution were described previ-
ously (Wang et al., 2006).

Potential heavy atom derivatives were screened and
K2[PtCl4] was identified as a promising candidate. 10 mM
K2[PtCl4] was added to the hanging drops of native MP-
PJ crystallization system. Native crystals were soaked for
different times, from 2 to 48 h.

Diffraction data of a derivative crystal were collected at
100 K with the paratone-N (Hampton Research Corp.) as
cryo-protection on a MAR Research imaging plate scan-
ner, using CuKa monochromatic radiation produced by a
Rigaku RU-200 rotating anode X-ray generator. With an
oscillation range of 3.0�, 480 images were collected and
the raw X-ray diffraction data were processed to 1.45 Å res-
olution using the program DENZO and scaled with the
program SCALEPACK (Otwinowski and Minor, 1997).
The crystal is isomorphous with that of native MP-PJ
and detailed data collection statistics are given in Table 1.

2.2. Structure determination of a heavy atom derivative

PHENIX (Python-based Hierarchical Environment for
Integrated Xtallography, version 1.1a) (Adams et al.,
2002) was used to solve the structure of the Pt derivative
and 11 Pt atoms were identified with occupancies varying
from 0.3 to 0.02. The program Coot (Emsley and Cowtan,
2004) was then used for model building and eight peptide
chains were finally found in an asymmetric unit. The struc-
ture of native MP-PJ was solved by molecular replacement
with the program MOLREP (Vagin and Teplyakov, 1997)
from the CCP4 program suite (Dodson et al., 1997), using
the refined structure of Pt derivative in an asymmetric unit
(eight peptides) as the search model. Five percents of the
observed reflections were flagged for the calculation of
Rfree, which was also applied in the refinement of the Pt
derivative structure. The CNS program (Brunger et al.,
1998) was used to refine coordinates and B-factors, and
finally to add sulfate ions and water molecules. All model
building was performed manually with the program Coot
(Emsley and Cowtan, 2004). The final model contains
112 residues in eight peptide chains, 3 sulfate ions and
144 water molecules and its quality was evaluated using
PROCHECK (Morris et al., 1992). Details of the structure
refinement are given in Table 2. CCDC 639374 contains the
supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
2.3. Surface plasmon resonance study

Real-time binding by surface plasmon resonance was
carried out on a BIAcore 3000 instrument. The SPR signal
was expressed in relative response units (RU); that is, the
response obtained in a control flow channel was sub-
tracted. The eluent contained 150 mM NaCl, 50 mM Hepes
(pH 7.4), 1 mM CaCl2 and 0.005% Tween 20.

In the comparison of MP-PJ and MP-PJ-COO� to inter-
act with calmodulin, biotinylated calmodulin was immobi-
lized over the streptavidin surface of a SA chip which had
been activated with three consecutive injections of 1 M
NaCl containing 50 mM NaOH, until the signal reached
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Table 2
Structure refinement statistics of native MP-PJ

Space group P21

Cell dimensions (Å)
a 22.1
b 59.5
c 37.2
b (�) 101.4
Resolution range (Å) 30–1.2 (1.24–1.2)
Total number of reflections 180,667
No. of unique reflections 26,984
% completeness 93.7 (89.0)
Rmerge 0.047 (0.256)
Output <I/sig I> 46.2 (5.7)

Rworking
a 18.2

Rfree (5% data) 20.1
R.m.s.d. bond distance (Å)b 0.003
R.m.s.d. bond angle (�)b 0.909
Number of peptide atoms 928
Number of solvent molecules 144
Number of sulphate molecules 3
Average B-factors of all no hydrogen atoms (Å) 9.82
Ramachandran plot (excluding glycines)
Residues in most favored regions 89 (92.7%)
Residues in additional allowed regions 7 (7.3%)

Note: Values in brackets of the upper block are for the last resolution shell
and all refinement and calculation of R factor were performed in CNS
using all reflections.

a Rworking =
P

hkl|F(hkl)obs � <F(hkl)calc>|/
P

hklF(hkl)obs.
b R.m.s.d., root mean square deviation.

Fig. 1. Overall structure and C-terminal conformations of MP-PJ.
Molecules 1–8 are labeled as M1 to M8, respectively, and the N-terminal
of peptides are labeled as Nt. (a) Packing of the eight peptides in the
asymmetric unit to form two single-molecular layers that are vertical to
each other. The forward layer is composed of molecules 1–4 and the back
layer is 5–8. (b) C-terminal dual conformations of molecule 2. Confor-
mation A is expressed in red and conformation B is in green. The dual
amide NH2 is at the top of the 2fo-fc electron density map at 1.0r level. (c)
C-terminal conformation of molecule 1. Leu14 NH2 forms only one
hydrogen bond with a water molecule (the 62th water molecule labeled as
Wat62) and Leu14 N does not form any hydrogen bonds.
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�800 RU. Binding was evaluated with peptides of 80 lM
at a continuous flow of 30 lL/min at 25 �C.

2.4. Circular dichroism spectrum of MP-PJ and MP-PJ-

COO�

MP-PJ and MP-PJ-COO� were dissolved in crystalliza-
tion solution that contained 0.036 M ammonium sulfate,
0.06 M sodium cacodylate and different concentrations of
PEG1500, at pH 6.5, the concentrations of peptides varied
from 0.3 to 0.8 mg/mL (we used up to 1.2 mg/mL protein).
The CD spectra from 190 to 260 nm were determined by a
Jasco J-810 spectrometer using a sample cell of 1 mm path
length. Protein was scanned three times from 190 to
260 nm and CD signals were generated in a bandwidth of
1 nm at 1-s response time. Data pitch was set at 0.1 nM
with the scanning at 100 nm per minute. The spectra were
averaged and subtracted from buffer blank spectrum.
Deconvolution of CD spectra of the various conformations
was achieved using the CDNN program.

3. Results and discussion

3.1. Overall crystal structure

There are eight molecules in an asymmetric unit
(Fig. 1a). Four of them, molecules 1–4, are arrayed head
to tail to form an antiparallel single-molecular layer. The
other four molecules, 5–8, are also arrayed head to tail to
form another single-molecular layer. Except for the first
two residues, residues 3–14 in all these peptides adopt a
well-defined amphiphilic a-helical conformation and the
axes of a-helixes in these two layers are roughly perpendic-
ular to each other.

In our structure, the amphiphilic a-helical conformation
is composed of hydrophilic side-chains (Asp2, Lys5, Gln8,
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His9 and Ser12) on one lateral surface and hydrophobic
side-chains (Val1, Trp3, Ile6, Ile10 and Leu14) on the other
side. It is consistent with the model that upon reaching the
membrane, the hydrophilic side interacts with the mem-
brane surface firstly and then the hydrophobic side perme-
ates the membrane via the ‘‘barrel stave’’ mechanism or the
‘‘carpet’’ mechanism (Shai, 2002). This explains why the
completeness of the amphiphilic a-helical conformation is
of extremely importance for its interaction with membrane.

The a-helical structures of molecules 3–8 are similar; the
main chain RMS deviations between each other are ranged
from 0.19 to 0.79 Å, based on residues 3–14. In these struc-
tures, the C-terminal amides (Leu14 NH2) form hydrogen
bonds with the main chain carbonyl oxygens of Leu11
(Leu11 O) in the same molecule. The O–N distances are in
the range from 2.84 to 3.15 Å. Hydrogen bonds are also
formed between the main chain nitrogens of the C-terminal
Leu14 (Leu14 N) and the main chain carbonyl oxygens of
the intra-molecular Ile10 (Ile10 O). The latter O–N distances
range from 2.81 to 2.93 Å. These two hydrogen bonds help to
keep the C-terminal residues in the a-helix. The structures of
the six molecules are similar to those revealed by an NMR
study on eumenine mastoparan-AF (Sforca et al., 2004).

3.2. Structures of molecules 1 and 2 have a new C-terminal

conformation

The C-terminal Leu14 of molecule 2 has dual conforma-
tions (Fig. 1b). Conformation B is similar to those in mole-
cules 3–8, and the two hydrogen bonds, Leu14 NH2 �
Leu11 O, 2.69 Å and Leu14 N � Ile10 O, 2.98 Å are all
present.

For conformation A, though the hydrogen bond
between Leu14 N and Ile10 O (2.95 Å) is retained, the dis-
tance between Leu14 NH2 and Leu11 O is 3.59 Å, which is
beyond the hydrogen bond range. However, two new
hydrogen bonds are formed between Leu14 NH2 and the
main chain carbonyl oxygens nearby, Ser12 O and Val13
Fig. 2. Surface plasmon resonance study on the interaction between MP-PJ/MP
MP-PJ-COO�.
O, with distances of 3.19 and 3.04 Å, respectively. The C
terminus is still in the helical conformation.

It is more interesting and surprising that molecule 1 has
a different C-terminal conformation, with all hydrogen
bonds mentioned above being absent (Fig. 1c). In this mol-
ecule, Leu14 NH2 only forms a hydrogen bond with a
water molecule and Leu14 N does not form any hydrogen
bonds. The nearest distance between Leu14 N and the car-
bonyl oxygens all around is above 3.50 Å. However, resi-
dues 3–14 still form a helical conformation, though
Leu14 has a slightly deviation from the helical conforma-
tion compared to that in molecules 3–8. Therefore, it is
likely that conformation A of molecule 2 is a transition
state between the conformation of molecule 1 and mole-
cules 3–8.

3.3. Conformation and charge interaction

In the NMR structure of the C-terminal unamidated
mastoparan, the C-terminal residue does not form any
hydrogen bonds with other residues and the whole mole-
cule is divided into a two helical stretch conformation
(Sforca et al., 2004). In our X-ray crystal structure,
although the amidated C-terminal of molecule 1 does not
have any hydrogen bonds with residues 1–13, the whole
molecule is in one continuous helical conformation. It is
likely that the existence of an amidated C-terminal residue
has an important impact on the helical conformation.

It was reported that mastoparan can bind to calmodulin
with high affinity (Malencik and Anderson, 1983). There-
fore, we used surface plasmon resonance to measure the
interaction of calmodulin with MP-PJ and MP-PJ-COO�.
The results revealed that the interaction between calmodu-
lin and MP-PJ-COO� is far weaker than that between cal-
modulin and MP-PJ (Fig. 2), suggesting that C-terminal
amidation of mastoparan is crucial for associating with
its target protein, and that this may in turn influence its
biological activities.
-PJ-COO� and CaM. The darker line is for MP-PJ and the lighter one for
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3.4. Circular dichroism spectrum and intermolecular

interactions

To better understand the conformation of mastoparan,
the secondary structures of MP-PJ and MP-PJ-COO� were
detected by a CD spectrometer. Interestingly, there was
almost no difference in the CD spectra of MP-PJ and
MP-PJ-COO� in the indicated conditions. At a peptide
concentration of 0.5 and 0.8 mg/mL, the contents of a-heli-
cal conformation of both peptides are around 35% and
38%, respectively. Addition of PEG1500 up to 12% (half
of the concentration as in the crystallization reservoir solu-
tion) had little influence on the a-helical contents.

Given the higher helical content and higher concentra-
tion of mastoparan in the crystal, we propose that the
intermolecular interactions observed in the crystal struc-
ture contribute to the formation and maintenance of a-heli-
cal conformation. For the intermolecular interaction, this
is mainly composed of hydrogen bonds with the aid of sol-
vent water. All of the seven polar residues have the ability
to form hydrogen bonds directly with other residues and
two of the seven nonpolar residues, Val1 and Leu11, also
hydrogen bonded with other residues (shown in Table 3).
The C-terminal amides of molecules 3–8 (bold in Table 3)
form hydrogen bonds with nearby residues of other mono-
mers, four of them (molecules 4–7) are hydrogen bonded to
the main chain carbonyl oxygens of Leu11 or Gln8
(Fig. 3a) while the other two are bonded to the side-chain
carbonyl oxygens of Gln8 residues (Fig. 3b). For the C-ter-
minal amides of molecules 1 (Fig. 1c) and 2 with conforma-
tion A or B (Fig. 3c), they are only hydrogen bonded to
water molecules but not to residues from other peptides.
Since the C-terminals of molecules 1 and 2 are more flexible
than those in molecules 3–8, we propose that the hydrogen
bonds between the C-terminal amides and carbonyl oxy-
gens of other cellular molecules may also play a role in
the a-helical conformation of mastoparans.
Table 3
Hydrogen bonds between different molecules of mastoparan

Molecules Hydrogen bonds

M1 �M4 Leu11 O � Leu14 NH2a

M1 �M6 Lys5 NZ � Leu14 O
M1 �M7 Val1 O � Lys4 NZ(A)b, Lys5 O � Ser12 OG(A), Gln8

OE1 � Ser12 OG(B, C)b, His9 ND1 � Ser12 O
M2 �M3 Gln8 OE1 � Leu14 NH2, Gln8 NE2 � Ser12 O, Leu14 O(A,

B) � Gln8 NE2
M2 �M6 His9 ND1 � Ser12 OG, Ser12 OG � His9 ND1
M2 �M7 Val1 N � Asp2 OD1
M3 �M5 Lys5 NZ � Gln8 OE1
M3 �M6 Ser12 OG(B) � His9 ND1
M4 �M5 Asp2 OD1 � Val1 N
M4 �M6 Lys4 NZ � Val1 O
M4 �M7 Gln8 OE1 � Lys4 NZ(B), Gln8 OE1 � Gln8 NE2
M4 �M8 Ser12 O � His9 ND1
M5 �M8 Gln8 OE1 � Leu14 NH2, Gln8 NE2 � Leu14 O, Leu14

NH2 � Gln8 O

M6 �M7 Leu11 O � Leu14 NH2, Leu14 NH2 � Leu11 O

a Hydrogen bonds formed by Leu14 NH2 are in bold type.
b (A, B, C), conformation A/B/C of the atom, same as in the Fig. 1b.

Fig. 3. Intermolecular hydrogen bonds of C-terminal amides. Molecules
1–4 are labeled as M1 to M4, respectively. (a) Intermolecular hydrogen
bond of the C-terminal amide of molecule 4. It is similar for molecules 5–
7. (b) Intermolecular hydrogen bond of the C-terminal amide of molecule
3. It is similar for molecule 8. (c) Intermolecular hydrogen bonds of the C-
terminal amide of molecule 2, in both conformations. CmA and CmB
represent conformations A and B, respectively. Water molecules are
labeled according to the order of appearance in the structure.
4. Conclusion

Up to now, only solution structures of mastoparans
have been determined by NMR spectroscopy and the a-
helical conformation is found to exist in solutions contain-
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ing trifluorethanol, SDS or other detergents, but not in
aqueous solutions. Here we report the first crystal structure
of mastoparan that adopts an a-helical conformation in the
absence of TFE or detergents. Together with the CD
results, we suggest that besides the mastoparan-membrane
interaction, interaction between mastoparan and other
molecules is also crucial for inducing the a-helical confor-
mation. The observation that the interaction between cal-
modulin and MP-PJ is far stronger than that between
calmodulin and MP-PJ-COO� suggested that the amidated
C-terminal of mastoparan is crucial for associating with its
target proteins, and thus influences its biological activities.

The present high-resolution structure of MP-PJ has also
revealed the detailed extra- and intra-molecular interac-
tions and identified determinants for maintaining the a-
helical conformation. These structural informations can
be helpful for designing mastoparan variants with different
biological activities.
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