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Abstract PW?2 is an anticoccidial peptide active against
Eimeria acervulina and Eimeria tenella. We determined
the structure of PW2 in dodecylphosphocholine micelles.
The structure showed two distinct regions: an amphipathic
N-terminal 3, helix and an aromatic region containing
WWR interface-binding motif. The aromatic region acted
as a scaffold of the protein in the interface and shared the
same structure in both DPC and SDS micelles. N-terminal
helix interacted with DPC but not with SDS interface.
Chemical shift change was slow when SDS was added to
PW2 in DPC and fast when DPC was added to PW2 in
SDS, indicating that interaction with DPC micelles was
kinetically more stable than with SDS micelles. Also, DPC
interface was able to accommodate PW2, but it maintained
the conformational arrangement in the aromatic region
observed for SDS micelles. This behavior, which is dif-
ferent from that observed for other antimicrobial peptides
with WWR motif, may be associated with the absence of
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Introduction

Avian coccidiosis is an intestinal disease caused by pro-
tozoan parasites of the genus Eimeria. It is one of the most
important diseases in domestic poultry (Allen and Fetterer
2002). One approach to improving the control of avian
coccidiosis is the development and use of anti-microbial
peptides and derivatives (Martin et al. 1999).
Antimicrobial peptides share several features, such as
structural diversity, cationic nature due to multiple Arg
and/or Lys residues and amphipatic character (Zasloff
1992; Maloy and Kari 1995; Nicolas and Mor 1995). These
properties allow binding of negatively charged surfaces of
lipid membranes. Although it is well known that most
natural antimicrobial peptides act by permeating mem-
branes (Hancock et al. 1995; Lohner and Prenner 1999),
the mechanism by which peptides kill is not fully under-
stood. Anticoccidial peptide PW2 (HPLKQYWWRPSI)
was selected from phage display libraries using living
purified Eimeria acervulina sporozoites as targets. PW2
is active against sporozoites of avian E. acervulina,
E. tenella and fungi, with poor or no activity against
Toxoplasma gondii tachyzoites, Trypanosoma cruzi,
Crithidia fasciculata epimastigotes, mammalian, avian
cells and bacteria (DaSilva et al. 2002). The effectiveness
against Eimeria sporozoites and the absence of adverse
effects on host cells indicate that PW2 may be used as a
model to develop new drugs for the control of avian
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coccidiosis (DaSilva et al. 2002). PW2 disrupts the spo-
rozoite pellicle through membrane permeabilization
(DaSilva et al. 2002), similarly to other Trp-rich peptides
with antimicrobial activity, such as indolicidin (Wu et al.
1999) and tritrpticin (Schibli et al. 1999).

Antimicrobial peptides have specificity for different
types of plasmatic membrane (Lee 2001; Rilfors and
Lindblom 2002; Vial et al. 2003), probably due to con-
formational transitions caused by the chemical nature of
the interface. PW2 does not cause leakage in vesicles
composed only of lipids containing phosphatidylcholine
head groups, but it occurs in vesicles composed of a mix-
ture of phosphatidylcholine and phosphatidylglycerol
(DaSilva et al. 2002).

We solved the structure of PW2 by NMR in the presence
of dodecylphosphocholine (DPC, present manuscript) and
sodium dodecyl sulphate (SDS) micelles (Tinoco et al.
2002). PW2 was unstructured when free in solution, but it
became structured in the presence of micelles. The small
segment of PW2 containing the aromatic residues of the
consensus sequence WWR (aromatic region) acquired the
same structure both in SDS and DPC micelles. Based on
chemical shift analyses and perturbation of the interface, it
was found that the aromatic region is the peptide-interface
anchor region. The structure of the aromatic region was
interface-independent and thus intrinsic to the peptide.
Also, N- and C-terminal regions acquired different struc-
tures in DPC and SDS, probably after the peptide was
anchored to the interface.

Materials and methods
Sample preparation

The NMR sample of 3 mM PW2 in 300 mM DPC-d;g
(Cambridge Isotope Laboratories—Andover, MA) was
prepared in 20 mM aqueous sodium phosphate buffer (pH
5.0), 100 mM sodium chloride and 10% D,O (99.9%—
Isotec, Inc.).

NMR spectroscopy

NMR spectra were recorded at 25°C on a Bruker Avance
DRX600 spectrometer operating at 600.04 MHz. TOCSY
spectra (spin-lock time of 70 ms) were acquired using the
MLEV-17 pulse sequence (Bax and Davis 1985). NOESY
spectra were acquired using a 75 ms mixing time. Water
suppression was achieved using the WATERGATE tech-
nique (Piotto et al. 1992; Sklenar et al. 1993). The spectra
were collected with 4096 x 512 data points.
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Addition of SDS to PW?2 solubilized in DPC micelles

We added an aqueous solution of SDS to a sample con-
taining 3 mM PW2 in 300 mM DPC. For each addition,
final concentrations of 30 mM, 60 mM and 90 mM,
respectively, were obtained (SDS-d25 Cambridge Isotope
Laboratories—Andover, MA). The addition of SDS resul-
ted in dilution of PW2, DPC, buffer and NaCl. The final
concentrations were as follows: for dilution 1-2.8 mM of
PW2, 280 mM of DPC, 18.7 mM of phosphate buffer and
93.3 mM of NaCl; for dilution 2-2.6 mM of PW2,
262 mM of DPC, 17.5 mM of phosphate buffer and
87.3 mM of NaCl; for dilution 3-2.5 mM of PW2,
246 mM of DPC, 164 mM of phosphate buffer and
82.0 mM of NaCl. The DPC:SDS molar ratios were 9.3,
4.4 and 2.7 for dilutions 1, 2 and 3, respectively.

Addition of DPC to PW2 solubilized in SDS micelles

We added an aqueous solution of DPC-d;g to a sample
containing 4 mM PW2 in 30 mM SDS, 20 mM of phos-
phate buffer, pH 5.0, 100 mM NaCl. The resulting
DPC:SDS molar ratio was 10. After the addition of DPC,
the final concentrations were 3.1 mM of PW2, 233 mM of
DPC, 233 mM of SDS, 77 mM NaCl and 154 mM
phosphate buffer, pH 5.0.

NMR data analysis and structure calculation

NMR data were processed with NMRPipe (Delaglio et al.
1995). All NMR spectra were analyzed using NMRVIEW,
version 4.1.2 (Johnson and Blevins 1994). Distance con-
straints were calibrated using the NOE intensities of Tyr
Ho1-Hel of 2.4 A. Structure calculations were performed
using CNS-Solve version 1.1 (Briinger et al. 1998). Starting
with the extended structure, 100 structures were generated
using 10 ps (2,000 steps) of Cartesian simulated annealing
at 1,000 K. We found that Cartesian simulated annealing
explored well the conformational space and resulted in a
better geometry. All the structures were analyzed with
MOLMOL program (Koradi et al. 1996). Hydrogen bonds
were analyzed by MOLMOL with a cutoff 2.4 A for the
distance between amidic hydrogen and carbonyl oxygen and
35° for the angle between the hydrogen bond and N-H bond.

Fluorescence measurements
Intrinsic fluorescence based on tryptophan emission spectra

were analyzed in an ISS/K2 spectrofluorimeter (ISS,
Champaign, IL) at 25°C. The samples were excited at
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295 nm. PW2 samples (5 uM) were prepared in 20 mM
sodium phosphate buffer, pH 5.0 containing 100 mM NaCl
and were used with 10 mM DPC or SDS in the following
DPC:SDS molar ratios 10, 5 and 3.3. For fluorescence
quenching experiments, acrylamide concentration ranged
from 10 to 100 mM. The Stern-Volmer coefficients (Ksv)
for the quenching of the intrinsic tryptophan fluorescence
by acrylamide for PW2 in the presence and absence of
DPC and SDS were determined using the Stern-Volmer
equation (Eftink and Ghiron 1976).

Results

We determined the solvent accessibility of the tryptophans
of PW2 by intrinsic fluorescence quenching experiments.
The Stern-Volmer coefficient (Ksv) expresses the
quenching of the tryptophan fluorescence by acrylamide
(Eftink and Ghiron 1976). High values of Ksv indicate
higher accessibility of the tryptophan ring to acrylamide.
Ksv value for PW2 in phosphate buffer was 12.8 M~ and
the maximum emission wavelength (A,.) was 340 nm.
Ksv decreased to 7.54 M™~! for PW2 in DPC, and 5.61 M
in SDS. It also decreased upon addition of SDS to DPC:
6.66 M~' for [DPCJ/[SDS] = 10, 6.16 M~ for [DPC]/
[SDS] = 5 and 5.87 M for [DPC]/[SDS] = 3.3. The Amax
of emission decreased from 334 nm in DPC to 328 nm in
SDS. The addition of SDS to DPC sample did not change
the value of A, This data indicated that Trp7 and Trp8
are less accessible to solvent in SDS than in DPC. The
microenvironment in which PW2 is located in DPC is more
polar and hydrated.

To identify the structural tendencies of PW2 in the
presence of different interfaces we determined the NMR
structure of PW2 in DPC micelles. The structure in SDS was
already solved (Tinoco et al. 2002). DPC micelles form a
zwitterionic interface and share a phosphocholine polar head
group with natural lipids (Kallick et al. 1995; Baleja 2001).

The 'H one-dimensional NMR spectra of PW2 as a
function of DPC concentration (10 mM-300 mM) showed
broad lines at low concentrations of DPC (10 mM-80 mM,
data not shown), indicating that PW2 was in equilibrium
between free and interface bound states. At higher con-
centration of DPC (above 100 mM, PW2:DPC molar ratio
above 33.3), the binding equilibrium moved toward the
bound state and produced sharp lines. Similar behavior was
observed in SDS micelles (Tinoco et al. 2002).

Structure calculation

PW2 was fully assigned using the sequential strategy
(Wiithrich 1986). The structures were convergent with all

NOEs being compatible with the calculated family of
structures, resulting in 100% of the torsion angles in the
allowed region of the Ramachandran plot. Conformational
averaging is more likely for peptides, especially in regions
containing aromatics, resulting in violations of nonbonded
contacts and also in the Ramachandran plot. However,
none of these violations occurred in the present structures.
The structure of PW2 in DPC displayed two distinct well-
structured regions: (i) N-terminal amphipatic 3¢ helix
(Leu3-Lys4-GIn5-Tyr6) (Fig. 1a) and (ii) the aromatic
region (Tyr6-Trp7-Trp8-Arg9) (Fig. 1b). Table 1 shows
the structural statistics.

R9

C-term

Fig. 1 Structures of PW2 in DPC micelles. (a) Ribbon representation
of the average structure showing N-terminal helix, and the aromatic
region. (b) 18 lowest energy structures showing all heavy atoms and
(c) the backbone. N-terminal helix and the aromatic region: super-
position of the backbone from residues 3 to 10 of the 18 lowest energy
structures. (d) Two views (rotation 180° along the z axis) of surface
potential of the lowest energy structure. Surface in red is negatively
charged; in blue positively charged; white is used for neutral residues.
The figure was obtained using the MOLMOL program (Koradi et al.
1996)
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Table 1 Summary of structural statistics for PW2 in DPC micelles

Total no. of distance constraints 308
No. of intraresidue constraints 194
No. of sequential constraints 73
No. of medium-range constraints 41
No. of dihedral restraints (3JHNHA) 4

R.m.s. deviations from ideal geometry

Bonds (A)

Angles (degrees)
Improper (degrees)
Dihedral (degrees)
NOE (A)

Energies (Kcal/mol)
Overall

Bond

Angle

Improper

VDW (Lennard-Jones)
NOE

Pairwise rmsd (10%)

0.0032 + 0.00029
0.549 = 0.023
0.259 + 0.0216
4.535 + 0.782
0.0192 + 0.0026

63.2 £5.27

3.58 + 0.570

247 £ 2.25

1.53 £ 0.370

12.6 + 4.68

9.78 + 2.94

Total (18 structures)

Backbone (residues 1-12) 1.12
Heavy 1.76
Backbone (residues 3-10) 0.514
Heavy 1.23
Backbone (residues 2-7) 0.154
Heavy 1.01

The N-terminal amphipatic helix (Fig. 1a) displayed a
NOE pattern typical of a 3 helix (Wiithrich 1986), with
intense NN(i, i + 1) NOEs, several aN(i, i + 2) and aN(i,
i+ 3) and also absence of aN(i, i + 4) NOEs. Several
medium-range NOEs, typical of helices, stabilized this
secondary structure (Table 2, supplementary Fig. 1). We
measured in the calculated structures the presence of stable
hydrogen bonds and noticed the presence of a hydrogen
bond typical of a 3;y helix between Leu3 carbonyl and
Tyr6 amide hydrogen (Wiithrich 1986). Please note we did
not use hydrogen bonds constraints in the calculation.

The aromatic region contains the WWR interacting
motif (Tinoco et al. 2002). The structure of this region
depended mostly on NOEs connecting aromatic side
chains, which represent 38% of all NOEs (118/308). They
also were 63% (25/41) of all medium-range restraints. The
aromatic region has a similar structure for PW2 in DPC and
SDS, showing the same side-chain arrangement in both
structures (Tinoco et al. 2002). The backbones are differ-
ent, but the side chains orientation is exactly the same
(Fig. 2a). This common structure suggests that this region
acts a scaffold of the peptide, where the structure is inde-
pendent of the environment.

Tyr6 and Trp7 side chains make NOE connections to all
other parts of the peptide. Trp7 showed NOEs to both the
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Pro10

V9 Arg9

Trp8

Fig. 2 Superposition of the structures of the aromatic region of PW2
in SDS (1MO02, blue) and DPC (red). Note the similar folding of the
aromatic region in both SDS and DPC

N-terminal helix (mainly with Lys4) and the C-terminal
region (Prol0 and Serll). Trp7 side chain is clustered
between the Lys4 aliphatic chain and Prol0 (Fig. 1b),
being stabilized by hydrophobic contacts. Tyr6, on the
other hand, is common to both helical and aromatic
regions. Several NOEs connecting Tyr6 to Leu3 stabilize
the helix, and there are NOEs connecting Tyr6 within the
aromatic region. Trp8 and Arg9 contribute to interface
interaction, and there are several NOEs connecting Trp8
and Arg9 side chains, indicating a cation-m interaction
contributing to the stabilization of the peptide structure.
The structure in DPC was calculated using the topologies
for both Pro2 and Pro10 in trans conformations. However,
we observed two spin systems for Pro2, typical of cis-trans
isomerization. For Pro10, on the other hand, we observed
one spin system in the spectra, and NOEs indicating the
presence of only trans conformation (H,-ProH; (i, i + 1)).

As can be seen in Fig. 1d, PW2 structure is amphipathic.
The aromatic side chains form a hydrophobic patch able to
interact with the interface. Arg9, Lys4 and Hisl make the
peptide positive and possibly bind to the phosphate of DPC
head group.

The difference between the observed chemical shifts and
those in random coil reveals great changes, many of which
are originated from ring current shifts. In fact, most of the
hydrogens are shifted upfield, revealing that they are, on
average, perpendicular to the plane of the aromatic ring,
which is consistent with the calculated structure (see sup-
plementary Table 1).

Comparison of the structure in DPC and SDS micelles

A comparison of the structures obtained in DPC and SDS
revealed important conformational differences. Both the
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similarities and differences are summarized in supple-
mentary Table 2.

The aromatic region shows the same structure at both
interfaces, while the N- and C-terminal region shows a
different structure in SDS and DPC. The N-terminal region
folds as a 3o helix in DPC whereas in SDS it is bent
toward Trp7 hiding Pro2 and Leu3 side chains from contact
with water. In DPC, the interface is more complex in terms
of chemical nature, enabling the folding into a helix. This
helix is amphipatic, with Pro2 and Leu3 facing one side of
the helix and Lys4, GInS5, the other side.

Binding properties of PW2 to DPC and SDS interface

The conformation of the aromatic region of PW2 was
independent of the interface, whereas those of the N-ter-
minal and C-terminal regions depended on the chemical
nature of the interface. To map the residues at each region
responsible for the binding to DPC interface, we probed the
chemical shift changes of PW2 by modifying the DPC
interface through the addition of SDS. Figure 3 displays
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Fig. 3 Amidic and aromatic regions of 'H one-dimensional NMR
spectra of PW2 at 25°C. (a) In 300 mM of DPC; (b) in DPC:SDS
molar ratio of 9.3; (¢) in DPC:SDS molar ratio of 4.4; (d) in
DPC:SDS molar ratio of 2.7; (e) in SDS 160 mM; (f) in 20 mM
phosphate buffer at pH 5.0. See the material and methods section for
the exact concentrations. The numbers 1-12 refer to the PW2
aminoacid number of amidic resonances and “sc” stands for side
chain. All the spectra were obtained after equilibrium was reached

the 'H NMR spectra of the amidic and aromatic regions of
PW?2 in different DPC/SDS molar ratios and in pure DPC.

The use of SDS as perturbing agent enabled us to map
residues making hydrogen bond contact with DPC head
group. The chemical shift of most of the amide hydrogens
did not vary significantly upon addition of SDS, except for
the chemical shift of the indolic hydrogens of Trp7 and
Trp8 and the amidic hydrogens of Leu3, Lys4 and GIn5
(Fig. 3a—e), which moved upfield. Such hydrogens were
probably forming hydrogen bonds with the DPC head
group and the addition of SDS would break them (Cordier
and Grzesiek 2000). Changes in alpha hydrogens chemical
shifts were very small after the addition of SDS.

It is remarkable that the kinetics of the change in
chemical shifts was very slow. It took longer than 2 h to
reach equilibrium when SDS was added to DPC. Figure 4a
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Fig. 4 'H one-dimensional NMR spectra of selected resonances
(Leu-3 amidic and Trp-7/Trp-8 indolic hydrogens) as a function of
time (a) after the addition of SDS to a solution of PW2 in 300 mM of
DPC to a final DPC/SDS molar ratio of 9.3. Figure 3a shows the
spectrum of PW2 in DPC before the addition of SDS. (b) After the
addition of DPC to a solution of PW2 in 30 mM of SDS to a final
DPC/SDS molar ratio of 10. The spectrum of PW2 in SDS, before the
addition of DPC (not shown), is similar to that in Fig. 3e. Immediately
after the addition of DPC, indolic resonances moved from ~9.8—
10.43 ppm. Leu-3 resonances moved from ~ 8.5-8.92. Note that the
endpoint reached in each of the experiments is not the same. See the
material and methods section for the exact concentrations
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shows the spectra of the amide and aromatic resonances
(Leu3 amidic and Trp7/Trp8 indolic hydrogens) as a
function of time after the addition of SDS to a final
DPC:SDS molar ratio of 9.3. Note the line broadening after
1 h, indicating that conformational exchange occurred. The
resulting spectra after addition of SDS to PW2 in DPC
(Fig. 4a) and after addition of DPC to PW2 in SDS
(Fig 4b) are slightly different. PW2 spectrum is dependent
on sample preparation, such as salt concentration, pH, and
detergent concentration. Also, note that endpoint is not the
same in Fig. 4a and b. All the spectra in Fig. 3 were
obtained after equilibrium was reached.

It is unusual for small peptides to change conformation
in such a slow rate. However, PW2 conformation in DPC
micelles was stabilized by the interaction with the inter-
face. A kinetically stable interaction of PW?2 with the DPC
interface can explain this effect. PW2-DPC contacts should
be broken to re-accommodate the newly formed SDS-DPC
mixed interface. The highest chemical shift changes
occurred for the interacting residues, which are the ones
belonging to the amphipatic helix (Leu3, Lys4 and GIn5),
the indolic hydrogens (Trp7 and 8) and the Arg9 amidic
hydrogen (Figs. 3 and 4).

To compare the association of PW2 with the SDS and
DPC interfaces, the reverse experiment was carried out.
DPC was added to a solution of PW2 in SDS. In this case,
all chemical shifts changes occurred immediately (Fig. 4b).
The spectrum that resulted from this experiment (not
shown) is very similar to the spectrum of PW2 in DPC
(Fig. 3a and b). The kinetics of the conformational changes
is more than two orders of magnitude faster for SDS,
demanding thus more energy to change the conformation
of PW2 when it is associated with DPC. This finding
strongly suggests that interaction with DPC micelles is
kinetically more stable than with SDS micelles.

Discussion

Several authors have reported major peptide conformation
differences when structures in SDS and DPC micelles are
compared (Yu et al. 2001; Hicks et al. 2003; Jing et al.
2003; Palian et al. 2003; Whitehead et al. 2004). Particu-
larly, plasticity is of key importance in membrane
specificity and biological function.

PW2 structure is also dependent on the environment.
PW2 is flexible and unstructured when in aqueous solution.
It gains structure upon binding to an interface. The dif-
ference in the structure of PW2 in both DPC and SDS
(Tinoco et al. 2002) shows that plasticity makes it possible
that the peptide can be accommodated at different inter-
faces. In this work, we attempted to determine structural
rules for PW2 peptide, and we found that PW?2 has at least
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two distinct regions: (i) a region whose structure is
dependent on the interface, which would play a role in
terms of specificity, and (ii) a membrane-anchoring region,
whose structure is independent of the interface. These rules
could generally be applied to membrane-acting peptides.

The structure of the aromatic region was similar for both
SDS and DPC. Three aromatics residues compose this
region (Tyr6, Trp7, Trp8). Their side chains can be
superimposed (Fig. 2a) whereas the main chain is different
in SDS and DPC, suggesting that the structure is stabilized
by interactions of apolar aromatic side chains. It is worth
noting that the steric effect is very important in stabilizing
the conformation of the aromatic region. Intrinsic fluores-
cence measurements showed that, for both SDS and DPC,
tryptophans are not accessible to the solvent, possibly
being in contact with the interface in both micelles.
Therefore, the aromatic region anchors the peptide to the
micelles interface, similarly in SDS and DPC.

In addition, the other regions of PW2 are more plastic
than the aromatic region. The structure of such regions is
more dependent on the environment than on the peptide
chain. The N-terminal region of PW2 presented different
structures in SDS and DPC. It formed an amphipatic helix
in DPC while in SDS it bent toward the Trp7 side chain.
The interaction of PW2 with DPC interface allows the
stabilization of a helix in the N-terminal region. This helix
is not present in SDS, where the N-terminal chain is bent,
keeping the apolar side chains of Pro2 and Leu3 far from
water.

This behavior can be explained by the chemical nature
of the interface, which favors the interaction with DPC.
DPC have more sites available for the interaction with the
peptide, such as phosphate, choline and aliphatic chains. It
is also more hydrated. However, SDS interface displays
only two interacting chemical groups: sulphate and the
aliphatic chains. Note that fluorescence measurements
showed that in SDS tryptophans are interacting in a more
the hydrophobic environment. Probably, polar forces such
as hydrogen bonds and electrostatic interaction are acting
in stabilizing interaction of N-terminal helix with DPC
interface. Intrinsic Trp fluorescence also corroborates this
idea, showing that in DPC the tryptophans are in a more
polar environment than in SDS. Neidigh and Andersen
(2002) attributed these differences to an energetically
favorable interaction of the tryptophan side chain with
phosphocholine headgroups. The lower Ksv observed in
SDS does not necessarily indicate that the interaction with
SDS is stronger than with DPC. Rather it may show that
DPC provides a more polar environment at the interface,
enabling interactions such as those of hydrogen bonds,
which are not present in SDS.

In SDS micelles, we have assigned the peptide in three
situations. Free in solution, bound (high SDS
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concentration) and at an intermediate situation (low SDS
concentration). We mapped the lines that are broadened in
the intermediate situation, which undergoes exchange
between the free and bound PW2. We also mapped
chemical shift differences in the three situations. Using this
method, we found that the consensus sequence WWR is in
direct contact with SDS interface (Tinoco et al. 2002).

For DPC, we did not observe an intense line broadening
at low DPC concentration observed for PW2 in SDS.
However, using SDS as a perturbing agent, we also obtained
information on the residues in contact with the interface, as
shown in Fig. 3. A similar strategy was used elsewhere
(Whitehead et al. 2001). The addition of SDS to PW2 in
DPC micelles led to upfield chemical shift changes in the
indolic hydrogens of both Trp7 and Trp8 and amidic
hydrogens such as Leu3 (Fig. 4). Upfield shifts of the
amides if interpreted in terms of breakage of hydrogen
bonds, occurred in the helix region, confirming the tendency
to unfold the helix with increasing SDS concentration, and
also between the peptide and the DPC interface, in the
indolic amine of the tryptophans and interface.

We have observed chemical shift perturbation on slow
kinetic when SDS was added to PW2 in DPC micelles,
indicating the presence of a high-energy barrier (activation
energy) for the conformational change of PW2 in mixed
systems of SDS and DPC. This effect was only observed
when SDS was added to PW2 in DPC. It did not occur
when DPC was added to PW2 in SDS. In the latter case,
changes in the spectra occurred on rapid timescale. The
formation of mixed micelles is instantaneous. The peptide
does not protect the entire DPC micelle from fast exchange
with SDS monomer. Slow kinetics for PW2 in DPC was
observed following resonances from the peptide, which
indicated that the re-equilibration was not of the micelles
but of the peptide conformation. This can be explained by a
kinetically stable interaction of PW2 to DPC. The inter-
action most probably occurs with tightly bound DPC
molecules within the micellar interface. The only spin
system in the spectra that showed two separate sets of
resonances was Pro2, due to cis-trans isomerization, which
occurred in both DPC and SDS. This slow exchange
between these two conformations could be the origin of the
slow kinetic when SDS was added to PW2 in DPC. The
N-terminal NH3+ and the positive side chain of Hisl
would attract SDS negative polar head. This could generate
a kinetic trap, since the N-terminal region is better
accommodated to DPC micelles. The role of Pro2 in this
regard needs further investigation.

Structure-function studies of antimicrobial peptides
indicate that a number of parameters modulate antibiotic
activity, conformation, charge, overall hydrophobicity and
amphipathicity (Blondelle and Houghten 1991; Shin et al.
2000; Yeaman and Yount 2003). Recent approaches have

aimed to produce antimicrobial peptides that are more
potent than native peptides towards the pathogen, without
being toxic to mammalian cells. For example, the incor-
poration of p-amino acids into lytic peptides (Shai and
Oren 1996), as well as central hinges induced by Pro res-
idues (Subbalakshmi et al. 1996; Hong et al. 1999; Oh
et al. 2000), or reduced amide bonds (Oh and Lee 2000)
contributes to improving selective cytolytic activity. Fur-
thermore, while Trp residues in several antimicrobial
peptides are involved in hemolytic activity, Trp to Leu
substitutions in indolicidin and melittin significantly reduce
hemolytic activity but maintain antibacterial activity.

Whitehead and co-workers (2001) suggested that the
binding of neuropeptides to both SDS and DPC micelles
are controlled by hydrophobic interactions. We believe that
for PW2 both ionic and hydrophobic interactions play
important roles.

The antimicrobial hexapeptide Ac-RRWWRF-NH,,
displays a structure in DPC less well defined than that in
SDS (Jing et al. 2003). Different from PW2, this peptide
presents three positively charged residues, not presenting
hydrophobic residues in the N-terminal portion. We con-
sider that PW2 is more stabilized in DPC micelles because
of the presence of hydrophobic residues in the N-terminal
portion. Additionally, there is a smaller number of posi-
tively charged residues present in PW2.

Jing and co-workers (2003) suggest that the antimicro-
bial activity of Ac-RRWWREF-NH, is related to its greater
capacity to interact with anionic SDS micelles, which
would suggest a SDS a better model for bacterial cell
membranes. The fact that PW2 accommodate better to
DPC micelles when compared with SDS micelles could
explain its inefficacy as an antibacterial. It remains to be
determined whether this distinct behavior of PW2 for dif-
ferent micelle systems can be related to its selectivity for
Eimeria parasites.
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