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Abstract
Maculatin 1.1 is an antimicrobial peptide isolated from the Australian tree frog Litoria genimaculata that adopts an amphipathic, ?-helical structure in solution. Its orientation and conformation when incorporated to pre-formed DMPG (1,2-dimyristoyl-sn-glycero-3-phosphoglycerol) and DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) vesicles was determined using polarised Fourier transform infrared?attenuated total reflection infrared and deuterium exchange experiments. For DMPG membranes, our results show insertion of ?70% of the maculatin 1.1 molecules, with an angle of insertion of approximately 35° to the membrane normal and with a predominant ?-helical structure. These results suggest that maculatin 1.1 acts through a pore-forming mechanism to lyse bacterial membranes. A similar degree of insertion in DMPG (65%) and ?-helical structure was observed for a biologically inactive, less amphipathic maculatin 1.1 analogue, P15A, although the helix tilt was found to be greater (46°) than for maculatin 1.1. Similar experiments performed using DMPC liposomes showed poor insertion, less than 5%, for both maculatin 1.1 and its analogue. In addition, the shape of the amide I band in these samples is consistent with ?-helix, ?-structure and disordered structures being present in similar proportion. These results clearly show that maculatin 1.1 inserts preferentially in negatively charged membranes (DMPG) which mimic the negatively charged membrane of Gram-positive bacteria. We attribute the high percentage of insertion of the biologically inactive analogue in DMPG to the fact that its concentration on the membrane surface in our experiments is likely to be much higher than that found in physiological conditions.
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1. Introduction
Many organisms employ antibiotic peptides as a defence mechanism to complement their existing immune systems [1]. Amphibian skin is one of the sources of these peptides [2]. One well-studied example is the magainin family of peptides isolated from the south African clawed frog Xenopus laevis[3]. The members of this family of peptides are typically 21?26 residues long and possess antibiotic, anti-fungal and tumouricidal activity [4]. Two-dimensional solution nuclear magnetic resonance (2D-NMR) spectroscopy has been used to show that these peptides adopt an ?-helical conformation in membrane-mimicking solvents and in phospholipid micelles [5] and [6], whilst physico-chemical studies have shown that they interact with, and disrupt the integrity of, bacterial membranes [7] and [8]. Evidence supporting that they act by interacting directly with the membranes via a general morphological conformation [9] and not by binding to a specific cell receptor comes from the finding that synthetic all-D-amino acid magainin has the same biological activity as natural all-L-amino acid magainin [9].
Two mechanisms of bactericidal action have been proposed: the ?channel? mechanism and the ?carpet? mechanism (see [10] for a review). According to the ?channel? mechanism, peptide monomers insert perpendicularly to the bilayer, rearranging and then forming a transmembrane pore. This interferes with the mechanism of osmo-regulation in the cell, causing an uncontrolled flux of ions and solutes into and out of the cytoplasm, killing the bacteria [11]. In the alternative ?carpet? mechanism, a peptide aggregate binds parallel to the bilayer surface via electrostatic interactions. This causes membrane thinning, eventually leading to membrane disruption and cell death [10]. For example, solid-state NMR and attenuated total reflection infrared?Fourier transform infrared (ATR?FTIR) studies on the magainin peptides have shown that they orient parallel to phospholipid bilayers [12] and [13], a conformation that is consistent with the ?carpet? mechanism. Melittin, in contrast, a 26-residue pore-forming peptide isolated from bee venom, was found to adopt a transmembrane orientation [14], i.e. perpendicular to the membrane plane, in phospholipid bilayers.
We have attempted herein to assign either of these mechanisms to maculatin 1.1, an antimicrobial peptide (GLFGV LAKVA AHVVP AIAEH F-NH2) isolated from the skin glands of the Australian tree frog Litoria genimaculata[15]. Previous circular dichroism and NMR studies revealed that it adopts an amphipathic ?-helical conformation, both in the membrane-mimetic solvent 2,2,2-trifluoroethanol and in phospholipid micelles [16]. When in a helical conformation, the length of maculatin 1.1, obtained from solution NMR studies, is approximately 30 Å [16], which is also the average thickness of a bacterial membrane [17]. The length of maculatin 1.1 is therefore consistent with a ?channel? mechanism of membrane interaction and lysis. Further, we have shown previously that maculatin 1.1 is not active against Gram-negative bacteria [16]. As peptides which form oligomers upon membrane binding (a prerequisite condition for channel formation) do not readily cross the outer membrane of Gram-negative bacteria [10], this also would seem to suggest that the mechanism of action is via formation of a channel. If maculatin were acting via the ?carpet? mechanism, one would expect the peptide to possess activity against both Gram-positive and Gram-negative bacteria [30].
We have tested the hypothesis that maculatin 1.1 forms a channel using polarised ATR?FTIR to determine the orientation of the peptide when incorporated into DMPG (1,2-dimyristoyl-sn-glycero-3-phosphoglycerol) and DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) phospholipid vesicles. ATR?FTIR allows the helix tilt to be obtained from the dichroic ratios of the bands that originate from certain peptidic amide vibrations, amide I (C?O stretching) or amide A (N?H stretching). In addition, ATR?FTIR allows the percentage of insertion in the membrane to be calculated, by measuring the amide I/amide II ratio before and after exposure to D2O. Clear support for either mechanism of action, ?channel? or ?carpet?, can thus be derived simply measuring the orientation of the peptides relative to the membrane normal.
DMPG, an anionic phospholipid, was chosen as a model system for the membranes of typical Gram-positive bacteria because their outer membrane leaflets are composed largely of anionic phospholipids such as phosphatidylglycerol, diphosphatidylglycerol and acidic polysaccharides (lipo-teichoic acids) [17] and [18]. DMPC, a zwitterionic phospholipid was used as a model for mammalian cell membranes. The behaviour of a maculatin 1.1 analogue, P15A, that possesses no antibiotic activity [16] was also tested in the presence of either type of lipidic membrane.


2. Materials and methods
2.1. Materials
Maculatin 1.1 and the analogue P15A were purchased (>95% purity) from Chiron Mimotopes (Vic., Australia) and were used without further purification. DMPG and DMPC were purchased from Aldrich (UK).
2.2. Sample preparation
DMPG or DMPC small unilamellar vesicles (100 ?l, 18.64 mg/ml) were prepared by extrusion [19] through a polycarbonate filter (50 nm pore diameter). The peptide (100 ?l, 1 mg/ml) was then added to the solution, resulting in a peptide:lipid ratio of ?1:60 (mol/mol). The resultant mixture was swirled gently and applied onto a trapezoidal germanium internal reflection element (50 mm × 2 mm × 20 mm). Bulk water was removed using a dry nitrogen stream. For hydration under D2O and H/D exchange experiments, spectra were collected after flushing the interior of the sample cell with D2O-saturated nitrogen, obtained by bubbling dry nitrogen through two compartments containing D2O for 4 h.
2.3. Polarised ATR?FTIR measurements
ATR?FTIR spectra were obtained from a Nicolet Magna 560 spectrometer (Madison, WI, USA) purged with N2 and equipped with a MCT detector cooled with liquid nitrogen. Infrared spectra were measured with a 25-reflections ATR accessory from Graseby Specac (Kent, UK) and a wire grid polariser (0.25 ?m, Graseby Specac). A total of 1000 interferograms were collected using either parallel or perpendicular polarised light at a resolution of 4 cm?1. The spectra were averaged and processed with one-point zero-filling and Happ?Genzel apodisation.
2.4. Analysis of ATR?FTIR data
Spectra were collected either after bulk water removal or after hydration with D2O. In the first case, the dichroic ratios, RATR, of the amide I band (due to C?O stretching) and that corresponding to the band at 2850 cm?1, due to the symmetric methylene stretching of the lipid, were recorded. In the second case, after hydration with D2O, the dichroic ratio of the amide A band (due to N?H stretching) was also recorded. Dichroic ratios were calculated as the ratio between the integrated absorptions collected with parallel and perpendicular polarised light.
To measure the amide I dichroic ratio, the amide I band was Fourier self-deconvoluted (FSD) with a full-width at a half-height of 15 cm?1 and an enhancement factor k of 2.0, always below the logarithm of the signal-to-noise ratio [20]. Peak integration was performed on these FSD spectra from 1670 to 1645 cm?1. For the amide A band and the band at 2850 cm?1, integration was performed without FSD from 3400 to 3200 cm?1 and from 2890 to 2800 cm?1, respectively.
The order parameters were calculated as previously [21]. First, the order parameters for the helix Shelix and the lipid Slipid were calculated according to the formula:
  
where R
ATR is the dichroic ratio of amide I or amide A for S
helix and the dichroic ratio of the 2850 cm ?1 band for S
lipid. The angle ? is the angle between the transition dipole moment of the vibrational transition and the z-axis. The angle ? is 90° for the lipid symmetric CH 2 stretching (2850 cm ?1 band), 39° for the peptidic C?O bond and 29° for the N?H bond [23] and  [24]. The parameters ?x, ?y and ?z are the electric field components. Because the thickness of the film was estimated as being more than 20 ?m, whereas the amplitude of the evanescent wave decays (at 1/ ? of its initial value) after 1 ?m in a germanium plate, the values for these components are those given by [22] according to a thick-film approximation. The contribution of S
lipid to S
helix was taken into account and the helix tilt ? was calculated from S
helix?
  
according to 
  
We note that when the dichroic ratio of the helix is obtained from the amide A dichroism and not the amide I dichroism, the precision in the determination of the helix tilt is increased, as the angle ? for N?H is smaller than for the C?O bond (see above), and consequently the possible range of dichroic ratios is wider. Also, the amide A band in these conditions, i.e. when the sample is exposed to D2O, originates only from the transmembrane ?-helix that has not exchanged, therefore it only takes into account the contribution of peptides that have inserted properly in the membrane.
Isotopic (H/D) exchange was calculated from the ratio amide II/amide I before and after H/D exchange using non-polarised spectra. These were obtained from the parallel (?) and perpendicularly (?) ATR polarised spectra, according to 1 (?)+1.44 (?), as described previously [25].


3. Results
3.1. DMPG membranes
Fig. 1 (top panel) shows the amide I region for maculatin 1.1 after mixing the peptide with preformed DMPG liposomes. The amide I band is centred at 1657 cm?1, indicating that the peptide adopts a predominantly ?-helical structure [26]. Both the original and the deconvoluted spectra (not shown) showed a small shoulder around 1640?1630 cm?1, indicating the presence of ?20% of ?-structure. After D2O exposure (middle panel), an additional shoulder at 1675 cm?1 was observed in the amide I band, probably originating from ?-turns [26]. These non-helical structures could be due to extramembraneous parts of the peptide or from a fraction of molecules not fully inserted into the phospholipid membrane. The amide II is still present, although smaller, after 4 h exchange in D2O, indicating that part of the sample is protected from exchange and embedded in the membrane. The bottom panel in Fig. 1 shows that the amide A band, originating from amide N?H stretching vibration, is also present. The results for the analogue P15A in DMPG membranes were similar (see Fig. 2).


 Fig. 1.  
Infrared spectra corresponding to amides I, II and A when maculatin 1.1 was added to DMPG vesicles. Top panel: Amide I and II after removing bulk water. Middle panel: Amide I and II after hydration with D2O. Bottom panel: Amide A after hydration with D2O. The polarisation of light is indicated as symbols: ? (parallel); ? (perpendicular).


 Fig. 2.  
The same as in Fig. 1, but for the analogue P15A.
Examination of the ratio between non-polarised amide II and amide I before and after D2O exchange (not shown) revealed that approximately 70% of the maculatin 1.1 molecules were inserted in the membrane (the exchange was less than 30% of the amide NH protons). For the analogue, the percentage of non-exchanged amide groups was 65%, therefore, this peptide also inserts into the membranes of preformed DMPG liposomes under our experimental conditions.
Table 1 shows the dichroic ratios obtained under these different conditions and the helix tilts obtained as described in Section 2. For maculatin 1.1, when bulk water was removed (Fig. 1, top) the amide I band dichroism (3.0±0.1) indicates that the peptide is oriented 9° from the membrane normal. Interestingly, after hydration in D2O, the dichroism of the amide I was lower (2.8±0.1, see Table 1), giving a helix tilt of 27°. The helix tilt in this case, however, was calculated with the more reliable amide A dichroism (2.95±0.1) which gives a helix tilt of 35°. The dichroic ratio of the band at 2850 cm?1, that originates from the methylene CH2 stretching from the lipid, was typically 1.2 in DMPG.
Table 1.  
Results obtained after mixing maculatin 1.1 or the biologically inactive analogue P15A with preformed DMPG liposomes
 














	    
	  Bulk water removed  
	  Hydrated membrane  

	    
	  AI (H2  O)
	  ?   (°)
	  AI (D2  O)
	  ?   (°)
	  AA (D2  O)
	  ?   (°)

	  Maculatin 1.1  
	  3±0.1  
	  9  
	  2.8±0.1  
	  27  
	  2.95±0.1  
	  35  

	  P15A  
	  2.5±0.01  
	  36  
	  2.1±0.05  
	  50  
	  2.25±0.04  
	  46  

	  AI (H2O) is the dichroic ratio obtained from the amide I after removing bulk water, whereas AI (D2O) and AA (D2O) are the dichroic ratios for the amide I and the amide A bands after hydrating with D2O. The angle ?   to the right of each dichroic ratio is the helix tilt relative to the membrane normal. The data is the average of three samples.


For the analogue, the dichroic ratio of the amide I band was found to be lower than for maculatin 1.1, both before and after D2O hydration (see Table 1, second row). The amide A dichroism when the sample was hydrated in D2O was also lower (2.25±0.04) than for maculatin 1.1. The helix tilt of the analogue therefore was greater than that for maculatin 1.1 (46° under D2O hydration).
Note, however, that these values for the helix tilt could be even lower, i.e. closer to the membrane normal, as this calculations do not take into account randomly oriented peptide [27].
3.2. DMPC membranes
In similar experiments using zwitterionic DMPC membranes, it was observed that both maculatin 1.1 and the analogue P15A showed little or no ?-helical structure. The sample contained significant amounts of ?-structure and -turns (>30% each), and the width of the amide I was larger than that observed for the samples in DMPG (data not shown). In addition, the amide I dichroic ratio corresponding to the region between 1670 and 1645 cm?1, both in the hydrated sample and the one before hydration of approximately 2, is consistent with this. After D2O exposure, only ?5% of maculatin 1.1 was protected from exchange, indicating that 95% of the sample was not inserted in the membrane, although for the 5% of the sample that did not exchange in D2O, the helix tilt was estimated to be less than 17° to the membrane normal, with an amide A dichroic ratio of 5 (not shown). The P15A analogue showed a similar low degree of protection against exchange (<5%), but the small fraction that did not exchange, yielded results, RAI(?)=1.55 (82°) and RAA(?)=1.75 (65°), which suggest that the non-exchanged part of the sample was not inserted in, but instead lying parallel to, the membrane surface.


4. Discussion
We have not reconstituted peptide and bilayer simultaneously, but added peptide to preformed liposomes, in an attempt to mimic the processes which occur when peptide binds to an intact bacterial membrane.
The main conclusion derived from this work is that the helix tilt of maculatin 1.1, particularly in DMPG membranes, supports a mechanism of action in which the peptide disrupts the membranes by forming a pore. The helix tilt varied with hydration, being more tilted when the sample was fully hydrated with D2O. We assume that the value obtained using a hydrated sample should be closer to the conditions encountered by the peptide in biological conditions. Therefore, the helix tilt obtained here is 35°, incompatible with the ?carpet? mechanism of action, in which the peptides would orient parallel to the membrane surface, i.e. with a tilt of 90° to the bilayer normal.
We note that a comparison between maculatin 1.1 and the peptide melittin, a channel forming peptide [14], reveals a remarkably similar sequence homology (see Table 2). Both peptides are rich in hydrophobic residues at their N-termini and both have a central proline residue which is seven residues apart from the lysine. It is possible that the proline-induced kink in the peptide causes partial penetration of the peptide into the phospholipid bilayer upon binding to the bacterial membrane surface, which facilitates complete insertion of the entire peptide into the bilayer.
Table 2.  
Primary sequence of maculatin 1.1 and melittin
 








	  Peptide  
	  Structure  
	  Residues  
	  Reference  

	  Maculatin 1.1  
	  GLFGVLAKVAAHVVPAIAEHF-NH2  
	  21  
	    [15]

	  Melittin  
	  GIGAVL  KVLTTGLPALISWIKRKRQQ
	  26  
	    [14]


NMR studies have shown that both maculatin 1.1 and its P15A analogue are ?-helical, but the natural peptide has a central proline kink, resulting in the formation of an amphipathic helix in the presence of phospholipid micelles (Fig. 3, left) [16]. The P15A analogue, however, forms a less-amphipathic ?-helix (Fig. 3, right). Binding studies using a surface plasmon resonance biosensor, together with a vesicle-capture sensor chip, revealed that maculatin 1.1 bound strongly to the anionic DMPG vesicles but not to the zwitterionic DMPC vesicles, while the P15A analogue did not significantly bind to either DMPG or DMPC vesicles (Chia et al., unpublished results). Somewhat unexpectedly, we found that the maculatin 1.1 analogue, which lacks antibiotic activity [16], also inserted perpendicularly into preformed DMPG vesicles, although its helix tilt was higher than that of maculatin 1.1. However, we stress that in biological conditions, the lipid:peptide ratio on the membrane surface is likely to be much lower than in our study. This may induce the P15A analogue to insert into DMPG membranes under our experimental conditions. Also, it is possible that substitution of the proline residue promotes peptide aggregation in solution and hence interferes with its membrane binding capability [29].


 Fig. 3.  
Energy-minimised NMR structures illustrating the C-terminal axial views of maculatin 1.1 (left) and P15A maculatin 1.1 analogue (right) in trifluoroethanol/water (1:1 vol). Note the lower amphipathicity for the analogue (right). Cationic groups are marked with an arrow.
The fact that the P15A analogue has a higher tilt than maculatin in DMPG suggests that, although insertion is observed in our special experimental conditions, a different inter-helical interaction is likely to occur when the analogue inserts. This is expected, as the mutation P15A changes the side chain distribution around the helix axis (Fig. 3). Consistent with this, it has been shown by conductance experiments involving melittin and its P14A analogue that the latter suffered a diminished capability to form transmembrane channels [28].
Using DMPC vesicles, only a very small fraction of maculatin 1.1 was found to insert almost perpendicularly into DMPC membranes. We have shown therefore that DMPG is a much more suitable lipid for peptide insertion, as compared to DMPC. First, we have found that anionic membranes (DMPG) induce a more ?-helical structure in maculatin and its analogue, which then precipitate membrane insertion. In contrast, zwitterionic membranes (DMPC) induce a less ?-helical structure, with substantial contributions of ?-turns, ?-structure and disordered structure. Second, the percentage of sample protected against exchange in DMPC (<5%) is very small compared with the DMPG membranes (>60%).
Overall, the experimental results suggest that maculatin 1.1 exerts its membrane lytic action via the ?channel? mechanism. The lack of insertion of maculatin 1.1 in DMPC is probably sufficient to explain why this peptide shows a lack of activity against Gram-negative bacteria, although other factors such as the presence of the outer layer can also contribute. Whether channel formation is triggered by self-assembly of peptide monomers on the membrane or if the peptide reaches the membrane already assembled is beyond the scope of this study. We therefore propose further studies in this area to give us a greater insight into its mechanism of action.
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