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Abstract:  Antimicrobial peptides are highly dynamic entities that acquire structure upon 

binding to a membrane interface. To better understand the structure and the mechanism for 

the molecular recognition of dodecylphosphocholine (DPC) micelles by the anticoccidial 

peptide PW2, we performed molecular dynamics (MD) simulations guided by NMR 

experimental data, focusing on strategies to explore the transient nature of micelles, which 

rearrange on a millisecond to second timescale. We simulated the association of PW2 with 

a pre-built DPC micelle and with free-DPC molecules that spontaneously forms micelles in 

the presence of the peptide along the simulation. The simulation with spontaneous micelle 

formation provided the adequate environment which replicated the experimental data. The 

unrestrained MD simulations reproduced the NMR structure for the entire 100 ns MD 

simulation time. Hidden discrete conformational states could be described. Coulomb 

interactions are important for initial approximation and hydrogen bonds for anchoring the 

aromatic region at the interface, being essential for the stabilization of the interaction. Arg9 

is strongly attached with phosphate. We observed a helix elongation process stabilized  

by the intermolecular peptide-micelle association. Full association that mimics the 

experimental data only happens after complete micelle re-association. Fast micelle 

dynamics without dissociation of surfactants leads to only superficial binding. 
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1. Introduction  

The interaction between proteins and membranes occurs in virtually all biological processes, 

including the immune response. Antimicrobial peptides constitute the first line of innate immunity and 

are widespread among the plant and animal kingdoms [1,2]. Structural diversity, cationic nature and 

amphipathicity are common features of these peptides, allowing them to bind to lipid membranes of 

diverse chemical natures [2ï4]. Although the membrane permeation activity of these peptides is well 

known [5,6], the detailed mechanisms by which they associate with membranes are not fully understood. 

PW2 is an anticoccidial peptide (HPLKQYWWRPSI) that has been selected from phage display 

libraries against living sporozoites of the protozoa Eimeria acervulina, the causal agent of coccidiosis, 

which is an important disease in poultry production [7]. PW2 showed no effects in cell models such as 

Gram positive and Gram negative bacteria, tumor and kidney cells. However, PW2 was 100% lethal to 

Eimeria acervulina sporozoites. Such high efficiency, in addition to the absence of collateral effects, 

indicates the potential of PW2 as a model for new anticoccidial drugs. 

Paramagnetic relaxation enhancement (PRE) and MD simulation studies on PW2 free in water showed 

that it is highly flexible, whereas the aromatic region (YWWR) is ordered. T1ɟ relaxation dispersion 

experiments on PW2 in water showed that the peptide alternates between conformers at the milli- to 

microsecond timescale [8], demonstrating the presence of minor stable conformational states in water. 

Several studies demonstrate that proteins are in equilibrium between different conformations. While 

executing a biological function, one conformation is selected by molecular recognition, which is the 

so-called conformational selection model for binding [9ï12]. A new challenge for structural biology is 

to describe the energy landscape and discrete conformational states that are biologically relevant. 

It is possible to access these conformational states by studying the membrane recognition process 

and the effect of several different chemical environments on the peptide structure. Our group 

previously determined the solution structure of PW2 in the presence of sodium dodecyl sulfate (SDS) 

micelles [13] and dodecylphosphocholine (DPC) micelles [14] and the structural features of PW2 in 

phosphatidylcholine:phosphatidylethanolamine (PC:PE) vesicles [8]. The aromatic region in the center 

of the peptide sequence (YWWR) constitutively possesses an identical structure, regardless of the 

chemical environment. We have shown that membrane recognition by PW2 occurs via conformational 

selection, where the consensus motif YWWR anchors the peptide to the membrane [8,13,14]. 

However, the N-terminal and C-terminal regions of the peptide display structures that depend on the 

chemical environment. 

In SDS micelles, PW2 adopts a fold in which the aromatic center (YWWR) is protected in a 

hydrophobic core formed by Trp 7, Leu 3 and Pro 10 [13]. PW2 interacting with PC:PE vesicles 

showed an ordered aromatic region, which anchors the peptide into the lipid vesicle interface [8]. The 

structure of PW2 in DPC micelles contained an N-terminal 310-helix spanning from Leu 3 to Tyr 6. 

The aromatic region is well-structured while the C-terminal region (Ser 11 and Ile 12) is flexible [14].  
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For antimicrobial peptides such as PW2, the challenge in structure calculation is the presence 

conformational exchange that leads to low convergence and geometrical violations in the calculated 

structures [15,16]. In this case, the calculated structures often do not reflect the biologically  

relevant conformations. 

Here, we performed molecular dynamics (MD) simulations guided by NMR experimental data 

(NMR structures, dihedral angle and distance restraints) to better understand the events involved in the 

molecular recognition of an interface. We simulated the association of PW2 with a pre-built DPC 

micelle and with free-DPC molecules along with spontaneously micelles formation. The simulation 

with spontaneous micelles formation provided an adequate environment which replicated the 

experimental data. Hidden discrete conformational states that were averaged in the NMR structure 

could be described. We observed a helix elongation process stabilized by the intermolecular  

peptide-micelle association. Full association that mimics the experimental data only happens after 

complete micelle re-association. Micelle dynamics without dissociation of surfactants leads to only 

superficial binding. Coulomb interactions are important for initial approximation and hydrogen bonds 

for anchoring the aromatic region at the interface, being essential for the stabilization of the 

interaction. Arg9 is hydrogen bonded with phosphate head group. 

2. Results 

The structure of PW2 in the presence of DPC micelles displays a small N-terminal 310-helix, the 

conserved aromatic region and a small non-structured C-terminal tail (PDB id 2JQ2) [14]. However, 

the peptide structure alone is not able to explain its biological activity and the effects on the pathogen 

membrane, mainly because many of the stabilizing forces are in the intermolecular interaction. 

Antimicrobial peptides associate with the membrane forming either transmembrane pore that involves 

interaction with the lipid hydrophobic chains, or superficial association, which forms toroidal pores or 

induces endocytosis [17,18]. To get insights into the mode of interaction, we performed a series of 

restrained and unrestrained MD simulations: (i) five different small restrained simulations in the 

presence of pre-built DPC micelles, to explore the first approach of the peptide to the micelles 

interface and association/dissociation events; (ii) 100 ns restrained MD simulation in the presence of a 

collection of free- DPC molecules with spontaneous micelles formation in the presence of the peptide. 

This simulation gave information on the details of the interaction and also on the longer-term stability 

of the peptide-interface interaction (iii) 100 ns unrestrained MD simulation in the presence of a 

collection of free-DPC molecules with spontaneous micelles formation in the presence of the peptide. 

This simulation gave information on the long-term stability of the peptide structure in the DPC 

interface environment. 

2.1. Restrained MD Simulation of PW2 Interacting with a Pre-Built DPC Micelle 

We ran five different small restrained MD simulations where the peptide was positioned 10 Å from 

a DPC micelle containing 60 molecules. Cluster analysis of PW2 structures was used to describe the 

structural details of the PW2-micelle interaction. During the simulation, several conformational states 

of association were probed. Each new PW2/micelle conformational state generates new cluster index 

(Figure 1A). Subsequently, we will refer to stabilized structural states by its cluster index. 
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Figure 1. Restrained MD simulation of PW2 interacting with pre-built DPC micelle.  

(A) Cluster index as a function of MD simulation time. Snapshots of interaction are 

presented at particular simulation times. In the beginning of the MD simulation, there was 

a rapid increase in the number of detected clusters (0 to 1.5 ns) while the peptide was 

approaching the membrane surface. The period after this (1.5 and 7 ns) showed binding 

instability where PW2 was partially bound by the N-terminal His 1 residue. After 7 ns, 

there was complete interaction of PW2 with the micelle surface, stabilizing cluster 26, and 

followed by partial dissociation events, indicated by new cluster index increments. Cluster 

26 refers to the PW2 structures fully associated with the DPC micelle. (B) NMR structure 

ensemble (PDB ID: 2JQ2), superposition of the 20 lowest energy structures. (right) 

superposition of 20 representative structures of cluster 26. The backbone is in black and the 

side chains in blue lines. The second Trp 7 rotamer is in red lines. (C) Ribbon 

representation of clusters 26 (fully bound state, left) and 124 (partially dissociated state, 

middle) and superposition of both (right), as indicated in the figure. Side chains are 

represented by dark blue lines for cluster 26 and blue lines for cluster 124. 
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Upon full association, which occurred in approximately 7.5 ns, cluster 26 was stabilized (Figures 

1A,B). During the 20 ns MD simulation run, we probed many partial dissociation events, all of them in 

the C-terminus of the peptide, and each one generated a new cluster index. Complete re-association of 

the peptide was frequent and consistently re-formed cluster 26 (Figure 1). 

Figures 1B and C shows the comparison between the NMR ensemble (2JQ2) and clusters selected 

from the MD simulation to represent the peptide in the completely bound conformation (cluster 26) 

and another ensemble of structures to represent a partially bound conformation (cluster 124). The 

overall structure is similar with the presence of a 310 helix in the N- terminal. Interesting, while the 

NMR ensemble shows two rotamers for Trp 7, cluster 26 shows one major rotamer of Trp 7, and the 

partially bound conformation, represented by cluster 124, displays the other rotamer. Cluster 26 shows 

one representative discrete bound conformation (Figure 1). 

2.2. Restrained MD Simulation of PW2 Interacting with free-DPC during the Spontaneous 

Micellization Showed the Stabilization of a Tighter Micelle-Bound Conformation 

Micelles are dynamic supramolecular entities that live for milliseconds. They are constantly 

exchanging in fast equilibrium between surfactant (DPC) monomers and micelle aggregates [19]. 

Peptides that associate with micelles are exposed to this complex equilibrium that occurs in the 

millisecond to second timescale. Peptide molecules are exposed to the micelles but also to the 

monomeric surfactant. To simulate these millisecond events, we conducted MD simulations of the 

peptide in a water box containing free-DPC molecules and follow by spontaneous micelle formation 

and peptide association [20,21]. In these simulations the peptide are always under the influence of the 

surfactant, at first to the monomers and progressively to micelles. Under this environment, we 

observed a very stable interaction between PW2 and DPC micelles. Figure 2 shows the PW2 structure 

cluster analysis for this new chemical environment. 

As in the pre-built micelle interaction, in the initial steps of the MD simulation, the cluster index 

number increased linearly. Upon the formation of a complete micelle aggregate (even before 20 ns), 

only one stable conformation was detected and identified as cluster 33 (Figure 2, top). Cluster 33 was 

then observed throughout the MD simulation on, with very few events of partial dissociation. PW2 

association during spontaneous micelles formation can be seen as an event for micelles association 

which account for the micelle equilibrium that occur in milliseconds. Interactions at these conditions 

were probed for 100 ns and the intramolecular interactions were stable throughout this simulation time. 

Figure 2 shows an ensemble of 20 structures representing cluster 33, which is similar to the bound 

conformation represented by cluster 26 (Figure 1). Both cluster 33 and cluster 26 can be seen as 

discrete bound conformations. We interpreted this results as cluster 26 being an earlier event in the 

interaction while cluster 26 as a later stage. 
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Figure 2. Restrained MD simulation of PW2 interacting with free-DPC during spontaneous 

micelle formation. (A) Cluster index as a function of MD simulation time. Snapshots of 

interaction are presented at particular simulation times. Initially (0 to 5 ns) there was a fast 

increase in the number of detected clusters. After 5 ns cluster 33 was stabilized and 

remained for the entire simulation. Cluster 33 refers to the PW2 structures fully associated 

with the DPC micelle. (B) Superposition of 20 representative structure of cluster 33: 

backbone (left), heavy atoms (middle) and ribbon representation of the 310-helix (right), 

spanning from Leu 3 to Trp 8. 

 

2.3. Comparison of Clusters 26 and 33 

Figure 3A shows the Ramachandran plots for each residue for the NMR ensemble, cluster 26 and 

cluster 33. There is a 310-helix that spans from Leu 3 to Tyr 6 in all three conditions. Trp 7 is the 

breaking point of this helix at the NMR ensemble, whose backbone dihedral angles are in a less 

favorable region of the Ramachandran plot. For both clusters 26 and 33 we observed a tendency to 

extend the helix up to Trp8. For cluster 26 the dihedral angles of the Trp 7 backbone are in two 

allowed regions of the Ramachandran plot, indicated by arrows. In approximately half of the 

conformations, Trp 7 is in the 310-helix conformation. In these cases, the helix spans from Leu 3 to Trp 

8 in the other half from Leu 3 to Tyr 6. For cluster 33, the entire ensemble shows a 310-helix spanning 

from Leu 3 to Trp 8. Superposition of the ensembles from both cluster 33 and 26 shows very similar 

structures in both the Trp backbone and rotamer conformation of the side chains with an r.m.s.d. of 

0.30 ± 0.09 Å for the backbone of residues 2 to 7 and an r.m.s.d. of 0.99 ± 0.29 Å for the respective 

side chains (Figure 3B). 
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Figure 3. Ramanchadran plot of NMR ensemble, cluster 26 and cluster 33. (A) The 

Ramachandran plot is shown for each amino acid residue of PW2 in the NMR ensemble 

(top), cluster 26 (middle) and cluster 33 (bottom). The 310-helix spans from Leu 3 to Tyr 6 

for NMR ensemble, while in cluster 26 and cluster 33, from Leu 3 to Trp 8. (B) Ribbon 

representation of clusters 26 (left) showing the side chains in black and cluster 33 (middle) 

in dark blue. In the right, superposition of clusters 26 and 33 showing the same spatial 

orientation of residues Trp 7 and Trp 8. The arrows indicate the two allowed region of Trp 7 

observed for the two clusters. 

 

We also observed differences between clusters 26 and 33 on the intermolecular interaction, which 

will be discussed later in the text. 

2.4. The Unrestrained MD Simulation of PW2 Interacting with Free-DPC Molecules during the 

Spontaneous Micellization was also Able to Probe the Bound State 

We run MD simulations with the NOE potential on the force field was turned off to test the stability 

of the system without the NMR restraints. 

The unrestrained MD simulation in water (data not shown) generated bent structures divergent from 

the NMR ensemble [8]. PW2 structures are stabilized in a great deal by intermolecular interaction  

with DPC. Exposure to an environment without DPC ñmeltsò the structures. We observed a similar 

behavior for the unrestrained MD simulations in the presence of DPC pre-built micelles the peptide 

was initially  immersed in water, 10 Å away from the micelle surface. As a consequence the structure 

was bent before the complete association. 

In the absence of NOEs but in the presence of free-DPC molecules, during spontaneous DPC 

micelle formation, the initial conformation of PW2 peptide was stabilized, maintaining a 310-helix 

spanning from Leu 3 to Arg 9 up to the end of the MD simulation. The degrees of freedom gained 

upon suppression of the restraints drove the peptide to a more stable conformation with the 
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stabilization of a longer helix. The unrestrained MD simulation in the presence of free-DPC molecules 

generated 5 long-lived clusters (104/193/234/259/265, Figure 4A). 

Figure 4. Unrestrained MD simulation of PW2 interacting with free-DPC during 

spontaneous micelle formation. (A) Cluster index as a function of MD simulation time. 

From 0 to 7 ns we observed an increasing number of clusters. After 7 ns, five long-lived 

clusters were detected (104, 193, 234, 259 and 265) and representative snapshots of the 

interaction are shown for each of them. (B) Ramachandran plot of all five stable clusters 

for each amino acid residue. Note that the shift of the Ramanchadran position of Trp 7 

from generously allowed region to helix position, indicated by arrows. (C) Superposition 

of 20 representative structures of cluster 265 (left) and ribbon representation of cluster 265 

structure (right). 
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In all cluster the peptide structures are very similar. The only differences were observed in the  

C-terminal residues. The C-terminal residues Pro 10 and Ser 11 display different conformations in 

their backbone when comparing the NMR ensemble with clusters 26 and 33 (Figure 4B). 

The main difference among these bound conformers relies in the way it is interacting with the 

micelle and not on the PW2 structure. For cluster 104 and 193, PW2 is associated with the interface of 

a micelle in a similar way that was described for cluster 33, where the main interaction force is a 

network of hydrogen bonds. For clusters 234, 259 and 265 PW2 is sandwiched between two micelle 

aggregates. This is a new effect that was not observed for the restrained MD simulation and at this 

point we do not know whether this is realistic. 

2.5. Experimental Results Are in Agreement with the MD Simulations 

To experimentally probe how the PW2-DPC interaction occurs, we measured paramagnetic 

relaxation enhancement (PRE) induced by the addition of very low concentrations of Mn
2+

 ions into 

the micelle sample (Figure 5). In the presence of DPC micelles, Mn
2+

 ions associate with the 

phosphate in the polar head group [22]. When the peptide interacts with the DPC micelle interface, the 

NMR resonances of each nucleus near the Mn
2+

 ions broadens, showing a decrease in intensity or 

completely disappearance. In Figure 5A, we show the amide region of a TOCSY spectrum in the 

absence (black) and presence (gray) of Mn
2+

 ions. Note that the resonances of Trp 7, Trp 8, Ser 11 and 

Ile 12 disappeared and Arg 9 was partially affected, while Tyr 6, Gln 5, Lys 4, Leu 3 were less affected 

or unaffected. PRE was quantified by the ratio between the intensity in the presence (IMn
2+

) and 

absence (Io) of Mn
2+

 (Figures 5B and C) and expressed as a function of the hydrogen assignment. In 

the presence of Mn
2+

, PRE was evident for the aromatic and C-terminal region. 

PRE and diffusion coefficients are consistent with the MD simulations. PW2 is always at the 

micelle surface and anchored by the aromatic and C-terminal region. This behavior is simulated by our 

MD strategy where we probed PW2 association along with spontaneous micelles formation. 

We then added EDTA to the mixture to remove the Mn
2+

 ions from the micelle interface and form 

the soluble complex Mn-EDTA a good paramagnetic probe for water exposed residues [23,24]  

(Figure 5C). As expected, PRE became more pronounced for the N-terminal residues, which are more 

exposed to the solvent. The addition of Mn
2+

 did not change PW2 chemical shifts, indicating no direct 

interaction of Mn
2+

 with PW2. 

We also analyzed the helix tendency of PW2 by looking at the hydrogen assignment of PW2 in 

DPC micelles [14]. Figure 5D shows the difference in chemical shift of PW2 amide resonances with 

respect to random coil values. Negative difference in the HŬ chemical shift is indicative of a tendency 

for helical structure. We observed a helical tendency for residues Lys 4 to Trp 8, Pro 10 and Ser 11. 

Arg 9 did not show a tendency to form a helical conformation. This result is consistent with the bound 

conformations represented by cluster 26 and cluster 33, in which a 310 helix span from Leu3 to Trp8. 

Additionally, we measured the translational diffusion coefficient (D) by NMR (Table 1). The 

diffusion coefficient of PW2 free in water is one order of magnitude higher than that of the DPC 

micelle. Interestingly, the diffusion coefficient of the PW2/DPC system is nearly identical to that of the 

isolated micelle, suggesting that the peptide is completely bound to the micelle with the association 

equilibrium shifted toward the bound state. No change in the average micelle size was observed. 
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Figure 5. Interaction of the PW2 with DPC micelles. (A) Paramagnetic relaxation 

enhancement (PRE) induced by Mn
2+

 ions. Amide region of a TOCSY spectrum in the 

absence (black) and presence (gray) of 2 mM Mn
2+

 ions. The resonances of Trp 7, Trp 8, 

Ser 11 and Ile 12 disappeared and Arg 9 was partially affected, while Tyr 6, Gln 5, Lys 4, 

Leu 3 were less affected or unaffected. (B) Ratio between the TOCSY cross-peaks 

intensity in presence (IMn2+) and the absence (Io) of 2 mM Mn
2+

, expressed as a function of 

the hydrogen resonance cross-peak assignment (indicated by numeric index and detailed in 

Table S1). The Mn
2+

 PRE effect was strong for the aromatic region and C-terminal region. 

(C) Ratio between the TOCSY cross-peaks intensity in presence (IMn2+/EDTA) of 2 mM 

Mn
2+

and 3 mM EDTA and the absence (Io), expressed as a function of the hydrogen 

resonance cross-peak assignment (indicated by numeric index and detailed in Table S1). 

The Mn
2+

/EDTA PRE effect was strong for the N-terminal region. (D) HŬ chemical shift 

difference between PW2 in DPC and random coil chemical shifts. Random coil values 

were according to Wüthrich and coworkers [25,26] and Dyson and coworkers [27,28].  

A negative difference suggests the tendency to form a helix from Lys 4 to Trp 8. 

 


