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6 ABSTRACT: When polypeptides bind to the membrane
7 surface, they become confined to a restricted quasi-two-
8 dimensional space where peptide−peptide interactions become
9 highly relevant, and the concept of a crowded medium is
10 appropriate. Within this crowded environment interesting
11 effects like clustering, separation of phases, cooperative
12 alignment, and common movements occur. Here we
13 investigated such effects by measuring distances between
14 fluorophore-labeled peptides in the range ≤1 nm by
15 fluorescence self-quenching. For helical peptides with
16 dimensions of approximately 1 × 3 nm such a small “ruler”
17 is sensitive to the packing of the labeled peptides and thereby to their molecular arrangement. A novel approach to characterize
18 peptide−peptide interactions within membranes is presented using the designer peptide LAH4. This sequence changes
19 membrane topology in a controlled manner being transmembrane at neutral conditions but oriented parallel to the surface at low
20 pH. Experimental measurements of the fluorescence self-quenching of close-by chromophores and the changes that occur upon
21 dilution with unlabeled peptides are used to analyze the peptide distribution within the membrane surface. The data show a
22 strong effect of electrostatic interactions and under some experimental conditions clustering of the peptides. Furthermore, the
23 results suggest that at pH 4 the peptides arrange along the membrane surface in an ordered mesophase-like arrangement.

24 ■ INTRODUCTION

25 The fluid mosaic model by Singer and Nicolson1 dominates our
26 view of lipid membranes as two-dimensional liquids. However,
27 at high concentrations the finite size of peptides and proteins
28 incorporated into lipid membranes results in the crowding of
29 these macromolecules and thereby a more ordered (mosaic)
30 structure in the membrane.2 Theoretical considerations suggest
31 the existence of anisotropic (mesomorphic) phases of rod-
32 shaped peptides at the membrane surface.3 Such arrangements
33 may be important for the function and regulation of membrane-
34 based processes, and a better description of the packing of
35 peptides and proteins within the membrane is essential for our
36 understanding. In addition, peptides residing at the membrane
37 surface represent a tractable model system to investigate the
38 behavior of scaled particles of different shape in two
39 dimensions, thereby introducing concepts from surface physics
40 and chemistry to membrane biophysics.
41 Molecular crowding at the membrane occurs at high peptide
42 concentrations, but its influence on the adsorption isotherms
43 was investigated theoretically and experimentally in only a few
44 publications.3−7 The study presented here extends these
45 previous experiments by developing a microscopic picture,
46 where the focus is on the packing of peptides on the lipid
47 bilayer surface. The LAH4 peptide (KKALL ALALH HLAHL
48 ALHLA LALKK A) was investigated as, depending on the pH
49 of the environment, it can adopt both in-planar and
50 transmembrane configurations.8 The pH-dependent topology

51is based on the protonation of its four histidines that exhibit pK
52values in the range 5.4−6.8 At low pH the protonated/cationic
53histidines ensure that the resulting highly amphipathic helical
54structure adopts an orientation with its long axis parallel to the
55membrane surface. In contrast, at neutral pH hydrophobic
56interactions dominate and the uncharged histidines insert into
57the membrane; thus a transmembrane alignment of the peptide
58is obtained. The LAH4 peptide thereby allows one to compare
59these very different situations without changes in its amino acid
60sequence. Notably, the LAH4 peptides are not only of interest
61in academic grounds but also because of their biological
62activities, which they share with other cationic amphipathic
63peptides. The LAH4 sequences exhibit potent antimicrobial
64activities9 and have been developed for nonviral transfection of
65DNA,10 RNA,11 polypeptides,12 and quantum dots13 as well as
66for the enhancement of viral transduction.14

67In order to monitor the distribution of the peptides within
68the membranes, the self-quenching of NBD-fluorophores was
69used to reveal the close proximity between membrane-
70associated peptides. Self-quenching of fluorescence molecules
71can be described by statistical traps of close chromo-
72phores,15−17 where the fluorescence excitation relaxes quickly
73due to the dipole−dipole coupling between the chromophores.
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74 In the two-dimensional case the problem can be reduced to a
75 two-particle system up to very high concentrations.18 The self-
76 quenching of NBD is characterized by a critical radius of 10
77 Å,19 i.e., in the order of the dimensions of the peptide. To
78 characterize the self-quenching effects, the fluorophores were
79 diluted in a systematic manner by mixing labeled and unlabeled
80 peptides at constant total peptide concentration. Thereafter, the
81 resulting signal intensities were analyzed as a function of
82 fluorophore dilution using the methods described in the
83 Appendix of this paper.
84 In order to quantitatively analyze the interactions in the
85 membrane by a particle theory, two distinct building blocks are
86 introduced. Whereas the transmembrane peptide results in a
87 disk shape when projected onto the membrane surface, the in-
88 planar orientation is represented by a two-dimensional rod. The
89 sphere (and the corresponding disk in 2D space) is relatively
90 well described by the scaled particle theory,20,21 and extensions
91 to the rod-shaped hard particle were performed with different
92 approaches.22,23 Whereas these theoretical models attempt to
93 simplify the description of the membrane interactions, in reality
94 the peptide−peptide, peptide−lipid, and lipid−lipid interac-
95 tions are highly complex and interlinked. For example, the
96 presence of peptides causes packing defects of the lipids which
97 are distance dependent, and thereby these defects result in an
98 effective interaction between peptides. However, this and
99 electrostatic contributions can be taken into account by
100 introducing an effective peptide−peptide interaction potential.

101 ■ RESULTS

102 In order to allow a precise detection of end-to-end contacts of
103 peptides by self-quenching measurements, the fluorescence
104 label nitrobenzofurazan (NBD) has been covalently linked to

f1 105 the N-terminus of the LAH4 peptide (Figure 1, green structure
106 in the center of the red sphere). Because the fluorescence signal
107 of the NBD chromophore is strongly dependent on the polarity

108of the surrounding medium,24 it can also be used to follow
109membrane insertion of the peptide upon addition of vesicles.
110 f2Figure 2A,B shows the increase in fluorescence emission at 520
111nm of 10 μM LAH4-NBD upon addition of POPC vesicles at
112either pH 7 or pH 4, respectively. Furthermore, the emission
113signal is blue-shifted from a maximum at 536 nm in the absence
114to about 520 nm in the presence of phospholipid vesicles (not
115shown).
116These spectral changes have been used to estimate the
117membrane dissociation constants of the peptides, which at pH
1187 is 14.2 μM for POPC vesicles. This pronounced membrane
119association results in almost complete binding at the first
120titration step (Figure 2C, open symbols). At pH 4 membrane
121association is weaker and characterized by an almost linear
122isotherm up to 100 μM of POPC (Figure 2C, filled symbols).
123Analysis of the binding isotherm by a simple membrane
124partitioning equilibrium results in an apparent dissociation
125constant of 33.4 μM.
126Self-quenching effects of NBD are well described in the
127context of NBD-labeled lipids, and the critical radius for self-
128quenching has been determined to be 1.0 nm,19 a radius which
129is indicated in Figure 1 by the red sphere. The self-quenching
130behavior is characterized by replacing a fraction of the labeled
131peptide by the fluorophore-free analogue; hence, the label is
132diluted when at the same time the total peptide concentration
133remains constant. In the absence of self-quenching the signal
134intensity is directly proportional to the labeled fraction. In the
135presence of self-quenching the signal deviates from this linear
136dependence and is reduced in particular at the higher degrees of
137labeling. The theory describing this behavior is elaborated in
138the Appendix of this paper. Figure 2A,B shows the emission
139signal at 520 nm of NBD-LAH4 in the presence of 10 μM
140LAH4 at labeling fractions of 0.2, 0.33, 0.5, 0.67, and 1 for
141increasing amounts of lipid vesicles. At pH 7 the fluorescence
142signal exhibits a self-quenching effect already in the absence of
143lipid vesicles as can be seen from the nonlinear behavior when
144the fraction of fluorophore labeled peptides is increased (Figure
1452A). This is due to the formation of peptide multimers, an
146effect which will be discussed elsewhere and which has
147previously been demonstrated by dynamic light scattering
148investigations.25 Upon addition of lipid vesicles the signal
149increases and at the same time shows a characteristic self-
150quenching effect at lipid concentrations ≤100 μM. When the
151lipid concentration is further increased, the dependence on the
152labeling fraction becomes almost linear when about 20 lipid
153molecules per peptide are present (200 μM of POPC).
154At pH 4 and in the absence of lipids the signal is directly
155proportional to the degree of labeling (Figure 2B), indicating
156that most of the peptide occurs in a monomeric state, in
157agreement with previous observations.25 Upon addition of lipid
158vesicles self-quenching becomes visible up to concentrations of
159∼100 lipid molecules per peptide (1000 μM of POPC).
160The data of Figure 2A,B were analyzed assuming a Poisson
161distribution of the number of neighbors within the self-
162quenching radius (see Appendix). The corresponding fit
163parameters are represented in Figure 2C,D, respectively. The
164normalized intensities that would be measured in the absence
165of self-quenching have been calculated by fitting the data of
166Figure 2A,B to eqs 2 and 4 (cf. Appendix) and are shown in
167Figure 2C. This intensity is predominantly influenced by the
168polarity of the environment24 and correlates in a direct manner
169with the fraction of membrane-associated peptides (cf. above).
170In addition, with the data of Figure 2A,B at hand the high signal

Figure 1. Molecular model of NBD-labeled LAH4. The red sphere
indicates the critical radius of about 1 nm characterizing the self-
quenching properties of NBD.
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171 of the chromophores from the membrane-associated peptides
172 allows the determination of the self-quenching properties of the
173 bound fraction.
174 Figure 2D exhibits the average number of neighbors within
175 the critical quenching radius. The LAH4 peptide adopts an in-
176 planar orientation at pH 4 and a transmembrane topology at
177 pH 7,8,26 and there are significant differences in quenching
178 behavior when these two situations are compared to each other
179 (Figure 2D). Whereas the number of neighbors of the
180 transmembrane peptide (open symbols) converges quickly to
181 zero upon addition of vesicles, this value decreases much more
182 slowly in the in-planar case where the maximum number of self-
183 quenching neighbors is obtained at a peptide/lipid ratio of
184 about 1/20 (filled symbols).
185 In order to further analyze the experimental data, the number
186 of (absorbed) peptides per nm2 of lipid surface has been

f3 187 calculated (Figure 3). The binding isotherm was derived from
188 the changes in signal intensity (e.g., Figure 2C) and used to
189 calculate the amount of bound peptide with respect to the lipid
190 surface. An area per lipid of 68 Å2 was taken into account for
191 this analysis.27,28 The left-hand column of Figure 3 (panels A,
192 C, and E) shows the average number of neighbors for self-
193 quenching of amino-terminally labeled LAH4 at pH 7 where
194 the helical peptide is transmembrane.8 Figure 3A represents
195 measurements in the absence of salt (10 mM phosphate buffer;
196 1 mM EDTA) using POPC vesicles (zwitterionic without net
197 charge). The data of Figure 3C were obtained for POPC/
198 POPG (2/1 mol/mol) vesicles, where the phosphatidylglycerol

199headgroup carries a negative charge, and the data in Figure 3E
200are measured using pure POPC vesicles in the presence of 100
201mM KCl (10 mM phosphate buffer; 1 mM EDTA) at pH 7.
202Both the negative surface charge density of the vesicles (Figure
2033C) and the presence of salt (Figure 3E) result in a higher
204number of close-by neighbors consistent with a reduction of
205repulsive forces between the cationic peptides. As a
206consequence, the number of neighbors remains high even in
207the presence of high amounts of lipids (low amount of peptide
208per area). In order to verify if thermal equilibrium is reached
209during the titration experiments, a control experiment was
210performed, where the amount of lipid was added at once
211(crosses) instead of in a stepwise manner (circles). When the
212stepwise titration and the single addition of the lipid vesicles are
213compared to each other, significant differences are observed,
214indicating that the peptides do not readily redistribute between
215vesicles (Figure 3C,E), even after 1 day of incubation (not
216shown). Therefore, we refrained from further analyzing the data
217obtained for transmembrane LAH4 (pH 7) in POPC/POPG
2182/1 or in the presence of salt (Figure 3C,E).
219Focusing on the POPC−LAH4 interactions in the absence of
220salt (Figure 3A), the average number of neighbors is
221proportional to the surface coverage up to about 0.3 peptides
222per nm2. In a model of randomly point-shaped particles the
223expectation value for the number of neighbors (Eneighbor) is the
224product of surface coverage ρ and the area in which self-
225quenching occurs (disk with critical radius for quenching).

Figure 2. Panels A and B show the fluorescence intensity at 520 nm of 10 μM LAH4 at different fraction of labeling in the presence of increasing
amount of small lipid vesicles of POPC at pH 7 (A) and at pH 4 (B). The experimental data (circles) are fitted using a Poisson distribution for the
number of neighbors within the self-quenching radius. The dotted line indicates how the fluorescence evolves when the fraction of labeled peptide
increases in the presence of 100 μM POPC. Panels C and D show the fitting parameters used to analyze the data of panels A and B. (C) exhibits the
calculated intensities in the absence of self-quenching for pH 7 (open circles) and pH 4 (filled circles). (D) shows the average number of neighbors
within the self-quenching radius at pH 7 (open circles) and pH 4 (filled circles).
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ρπ=E rneighbor 0
2

226 This allows the calculation of a critical quenching radius for the
t1 227 different configurations as displayed in Table 1. The

228 corresponding radius is quite close to 1 nm as expected for
229 the published critical self-quenching radius of NBD.19

230 The right-hand column of Figure 3 (panels B, D, and F)
231 shows the average number of neighbors of NBD-LAH4 at pH 4
232 where this helical peptide adopts an in-planar configuration. In
233 the absence of salt and in the presence POPC lipid vesicles
234 (Figure 3B) the numbers of neighbors for NBD self-quenching
235 increases very rapidly with a slope of about 15 neighbors nm2/
236 peptide until it saturates at about one neighbor for at 0.1
237 peptides per nm2. Adding 100 mM of KCl to the sample

238(Figure 3F) results in a slower increase of the number of
239neighbors with a saturation at 1 neighbor on average at about
2400.3 peptides per nm2.

Figure 3. Number of neighbors within the self-quenching radius of a peptide is shown as a function of the number of peptides per lipid area
projected onto the membrane surface. The left-hand column represents data at pH 7 (A, C, E) and the right-hand column at pH 4 (B, D, F). (A, B)
show titration experiments with POPC, (C, D) with POPC/POPG (2/1), and (E, F) with POPC in the presence 100 mM KCl. The crosses in (C,
D, and E) correspond to experiments, where the corresponding amount of lipids is added in a single step.

Table 1. Increase of the Average Number of Neighbors
within Quenching Distance When Compared to the Number
of Peptides per Area (Slope) and the Critical Self-Quenching
Radius As Deduced from Figure 3

slope nm2/
no. peptides

critical self-quenching radius
(nm)

pH 7 NBD 2.50 ± 0.37 0.89 ± 0.09
pH 7 TAMTA 0.94 ± 0.35 0.55 ± 0.06
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241 Using negatively charged vesicles of POPC/POPG (2/1
242 mol/mol; Figure 3D), the number of neighbors increases in a
243 linear fashion with the surface coverage starting at 0.3 neighbors
244 for very diluted samples up to 1.4 average neighbors for a high
245 surface coverage of 0.5 peptides per nm2. When the lipid
246 vesicles were added in a single step, the observed number of
247 neighbors is only slightly reduced when compared to the
248 titration experiment (Figure 3D, crosses). Hence, the remaining
249 self-quenching at high lipid concentration is indicative of the
250 clustering of the peptide on the membrane surface at thermal
251 equilibrium, rather than a kinetic trapping of the peptides to
252 vesicles.
253 In a next step the self-quenching assay was performed with
254 LAH4 whose amino-terminus carries a teramethylrhodamine
255 (TAMRA) fluorophore instead of NBD. When the peptides are
256 aligned parallel to the membrane surface (pH 4), fluorescence
257 self-quenching in the presence of POPC and in the absence of

f4 258 salt is below detection (Figure 4A, filled circles). In contrast,

259the fluorophore attached to the transmembrane peptide (pH 7,
260Figure 4A, open circles) exhibits self-quenching with a slope of
2610.94 ± 0.35 neighbors nm2/peptide. For a randomly distributed
262sample this corresponds to a self-quenching radius of 0.55 ±
2630.06 nm. Hence the radius for self-quenching of TAMRA is
264about half that of NBD. It should be noted that the signal
265intensity of TAMRA is largely independent of the polarity of
266the environment, and therefore the binding isotherms from
267experiments with NBD labeled peptide were used for this
268analysis.
269The NBD-self-quenching assay was extended to a small in-
270planar model peptide KL14 (KKLLK KAKKL LKKL), which in
271membranes adopts a helical conformation with a perfect
272amphipathic distribution of lysine and leucine residues. Since
273the peptide exhibits only weak binding to neutral lipid vesicles,
274the experiments were performed in the presence of POPC/
275POPG (2/1 mol/mol). The number of neighbors for KL14 is
276increasing fast with the surface coverage (Figure 4B), similar to
277the behavior of LAH4 in the presence of POPC vesicles and
278salt (Figure 3F).

279■ DISCUSSION
280The packing of peptides (shaped particles) onto lipid
281membranes (2D space) is a surprisingly difficult topic for
282both experimental29 and theoretical approaches.30,31 Of special
283interest are deviations from isotropic arrangements such as
284nematic phases. In 3D systems a theoretical description of
285nematic phases of shaped particles is well established in the
286context of liquid crystals.32,33 However, in two dimensions the
287existence of long-range order of hard rods remains subject to
288controversial discussion. Lipid−peptide systems provide an
289adequate platform to test the theoretical description for two-
290dimensional systems of shaped particles for which the existence
291of phases exhibiting a low degree of order has been
292predicted.30,31 In this context we investigated lipid−peptide
293systems by focusing on the detection of the nearest
294neighborhood of the peptides using the self-quenching effect
295of two different fluorescent dyes. In such settings deviations of
296the nearest-neighbor distribution from an isotropic model
297provide a good indication for the existence of an ordered phase.
298This becomes most obvious when the average number of
299neighbors is represented as a function of peptides bound per
300unit lipid area (Figures 3 and 4). In the presence of POPC (no
301salt) the average number of neighbors in the transmembrane
302configuration increases in a linear fashion passing through the
303origin (Figure 3A), a behavior that is expected for a random/
304isotropic distribution. The slope of the curve is indicative of a
305self-quenching radius of 1 nm, in agreement with previous data
306from NBD labeled lipids.19

307In contrast, strong derivations from an isotropic arrangement
308are observed at acidic conditions (Figure 3B). Upon shielding
309of electrostatic interactions by increasing the salt concentration
310or by adding anionic lipids (Figure 3D,F) a more isotropic
311distribution is again observed also at low pH.
312For TAMRA-labeled LAH4 in the transmembrane config-
313uration the self-quenching effect is weaker (Figure 4A, open
314circles) when compared to NBD-LAH4 (Figure 3A). The
315differences in the self-quenching behavior of NBD and TAMRA
316can be explained by the much smaller critical quenching radius
317Rc of the latter fluorophore (Table 1). It is remarkable that
318transmembrane peptides approach each other that closely, since
319Rc of TAMARA is not much different from the radius of the
320peptide helix. In the bilayer plane the lipids occupy a surface

Figure 4. Panel A shows the average number of neighbors for TAMRA
self-quenching of labeled LAH4 at pH 4 (filled circles) and at pH 7
(open circles). The lipid vesicles consist of POPC. Panel B shows the
average number of neighbors for NBD self-quenching of KL14 as a
function of the peptide density on the membrane surface at pH 4. The
lipid membranes consist of POPC/POPG 2/1.
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321 which corresponds to a diameter of about 0.8 nm, indicating
322 that self-quenching within 0.55 nm can only take place when
323 the peptides are in direct contact. Although this may indicate
324 that transmembrane helical oligomers form, it should be noted
325 that our attempts to detect well-defined helical bundles made of
326 LAH4 by single-channel measurements have failed so far
327 [Wrobel, G.; Boheim, G.; Bechinger, B.; Vogel, H.,
328 unpublished].
329 When the peptide coverage of POPC is taken into
330 consideration, the average number of close-by neighbors at
331 the 1 nm quenching radius of NBD increases significantly faster
332 for the in-planar (Figure 3B) when compared to the
333 transmembrane configuration (Figure 3A). In the in-planar
334 orientation the peptide obviously adopts a pattern on the
335 membrane surface, where contacts between the N-termini of
336 the peptides occur more frequently. Possibly the structural
337 arrangement looks similar to self-assembled ellipsoidal particles
338 at water−air and water−oil surfaces.34 Notably, similar to the
339 observations made here, those structures are also influenced by
340 the charge of the particles. A working model for a system of

f5 341 peptides aligned in a linear fashion is provided in Figure 5.

342 Since the dipolar interactions are largely screened on the
343 membrane surface,35,36 the direction of the individual peptide
344 within one chain has been chosen random. The number of
345 nearest neighbors is poorly described by a Poisson distribution
346 as half of the chromophores are close to exactly one neighbor.
347 With this model at hand, the data of Figure 2B were reanalyzed
348 by considering that within such membrane assemblies 50% of
349 the chromophores quench when at the same time a fraction of

f6 350 unquenched (free) peptide is present (Figure 6). An enlarge-
351 ment of the lipid surface results in the disappearance of the
352 nematic structures (Figure 6, filled circles) when at the same
353 time the fraction of unquenched peptide increases (Figure 6,
354 open diamonds).
355 When the LAH4 amphipathic helices were investigated in
356 their in-planar configuration, the TAMRA fluorescence shows
357 no self-quenching effect (Figure 4A, filled circles), whereas the
358 NBD fluorescence exhibits a more pronounced self-quenching
359 behavior when compared to transmembrane NBD peptides

360(Figure 3A,B). Hence, in the in-planar alignment the
361chromophores (and the amino-terminal ends of the peptides)
362have a distance between 0.5 and 1 nm. Probably one lipid
363molecule (diameter ∼0.8 nm) is placed between the peptides in
364the end-to-end arrangement.
365When introducing negatively charged lipids (Figure 3D), the
366slope of the self-quenching function decreases and becomes
367comparable to the one of the transmembrane peptide in POPC
368(Figure 3A). Introducing negatively charged lipids destroys the
369end-to-end contacts and leads to a more random distribution of
370the chromophores. Upon addition of 100 mM KCl (Figure 3F)
371an intermediate behavior is observed between the absence of
372salt (Figure 3B) and the presence of strong electrostatic
373contributions in POPC/POPG membranes (Figure 3D).
374Clearly, the presence of salt weakens the end-to-end structure
375of the peptides. At first glance it seems a paradox that screening
376the repulsive interactions between the cationic peptides leads to
377a decrease of the number of neighbors. However, in the context
378of anisotropic liquid crystal phases of rod like molecules the
379important role of repulsive electrostatic interactions for the
380formation of those phases has been shown experimentally37 and
381theoretically.38 This supports the picture of a nematic phase
382and argues against the formation of simple aggregates, which
383would be stabilized by salt or anionic lipids.
384Self-quenching experiments using the short in-planar peptide
385KL14 were performed using negatively charged vesicles
386(POPC/POPG 2/1 mol/mol) (Figure 4B). Because of the
387weak hydrophobic partitioning of KL14, the apparent
388membrane association had to be enhanced by the use of
389negatively charged vesicles. The slope of the curve shown in
390Figure 4B is closely related to that of the number of neighbors
391curve for LAH4 in the presence of POPC and salt (Figure 3F).
392Hence, an end-to-end structural assembly can be detected also
393for this shorter amphipathic peptide. Whereas the end-to-end
394supramolecular assembly is lost for LAH4 in the presence of
395anionic lipids (decreased slope in Figure 3D), it is maintained
396for KL14 (steep slope in Figure 4B). This is probably due to
397the higher cationic charge of KL14 (8 Lys and N-terminus out
398of 14 amino acids: 57% positively charged side chains) when
399compared to LAH4 (4 Lys and 4 His and N-terminus out of 26
400amino acids: 31% charged side chains at low pH). Interestingly,
401both KL14 and in-plane oriented LAH4 form loose clusters

Figure 5. Model illustrating an end-to-end alignment of in-planar
peptides. The gray circles represent the lipid molecules, the boxes
represent the peptides, and the red circles represent the critical radius
of the NBD label. The picture corresponds to about 10% of peptide/
lipid (mol/mol) or to 0.2 peptides/nm2.

Figure 6. Self-quenching data shown in Figure 2B (LAH4 in the
presence of POPC without salt) was analyzed by a model where a
fraction of peptides occurs in an end-to-end arrangement such as
shown in Figure 5 (filled circles) when at the same time a fraction of
nonquenching peptide is present (open diamonds).
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402 even at high dilution in the presence of negatively charged
403 lipids (extrapolating to 0.2−0.3 neighbors) even though their
404 interactions differ when more peptide is added to the
405 membrane (Figures 3D and 4B). Therefore, clustering on the
406 membrane surface might be a common feature of cationic in-
407 planar peptides in the presence of anionic lipids. Furthermore,
408 this behavior might play a role in the antibiotic activity of
409 cationic amphipathic peptides (cf. below).
410 The data presented in this paper indicate the presence of
411 microscopic order of the membrane adsorbed in-planar
412 peptides. Probably the peptides form a 2D nematic phase3

413 such as the one presented in the model presented in Figure 5.
414 Indeed our data are in qualitative agreement with such a model3

415 even though a more extensive experimental analysis is required
416 to unambiguously determine all its parameters. A very useful
417 unit is given by the reduced density ρ = l2N/A as introduced in
418 ref 3, where l is the length of the peptide and N/A the number

f7 419 of peptides per area. Figure 7 shows ρ as a function of the free

420 LAH4 concentration at pH 4 in the presence of POPC and in
421 the absence of salt. Lines represent binding isotherms for the
422 isotropic and the anisotropic configuration derived by Almeida
423 and Wiegel3 in a thorough calculation of the partition function,3

424 consindering the excluded volumes. The values for the
425 dissociation constant is about 1 order of magnitude lower
426 than values obtained by simple membrane-partitioning
427 equations. The simple membrane-partitioning equation ob-

428viously underestimates the binding constant by ignoring
429excluded volumes.
430Thus, the experimental data may help to resolve some of the
431controversial discussions about theoretical aspects in relation to
432the formation of 2D ordered phases or 2D liquid crystals.31,39

433The strong effect of the electric charge in our experiments is
434interesting since it plays an important role for the theory of
435nematic phases in three dimensions32,40,41 where it lowers the
436critical concentration for a nematic phase transition.38,40,42 The
437phase diagram proposed by Potemkin et al.40,43 suggests a
438weakly ordered phase when the parameters of the LAH4 system
439are taken into consideration. In this analysis LAH4 has a
440fraction of 0.3 charged amino acids (τ). Furthermore, for a
441peptide area of about 0.15 nm2 the fraction of peptide volume
442multiplied with the number of amino acids (ϕm) is in the range
443of 0.4−1.56.
444The very existence of an ordered phase of peptides on the
445surface of lipid membranes potentially plays an important role
446for the function of membrane peptides. Notably LAH4 peptides
447and related sequences shown to exhibit pronounced antimicro-
448bial activities26 are potent compounds for the nonviral
449transfection12,44 and viral transduction of nucleic acids.14 In
450this context it is noteworthy that LAH4 exhibits a considerably
451higher activity in antimicrobial assays at pH 5, when the peptide
452is oriented parallel to the surface, than at pH 7, where it is
453transmembrane.26 Bacterial membranes are highly anionic, and
454the formation of clusters even at low peptide densities (cf.
455Figure 3D) much increases the local concentration of the
456peptide and thereby its membrane disruptive activities. A
457decrease in membrane order and/or changes in macroscopic
458phase have indeed been observed in the presence of either in-
459planar or transmembrane alignments.45−47 Therefore, the
460packing arrangement of peptides on the membrane surface
461has to be considered for these biological functions also in the
462context of a more general model for the peptide−membrane
463interactions where a number of phase transitions are
464considered.47 In contrast, no indications of nematic structures
465at the membrane surface have been observed in neutral
466membranes when at the same time the peptide has been shown
467to be less disruptive for their membrane integrity.48 This could
468explain why eukaryotic cells, which expose less anionic lipids to
469the outer monolayer of their plasma membranes, are not as
470sensitive to these peptides. In addition, the cluster and
471patterning of peptides on the membrane surface complements
472the concept of the well-characterized phase behavior and
473 t2domain formation (“rafts”) of lipids.49

474■ CONCLUSIONS
475The fluorescence data presented here show experimental
476evidence for an anisotropic, mesomorphic arrangement of in-
477planar peptides on the membrane surface similar to theoretical

Figure 7. Relation beween the reduced density ρ (ρ = l2N/A) and the
concentration of free peptide for LAH4 at pH 4 in POPC in absence
of salt. The data were fitted with eq 3 for an isotropic configuration
(dashed line) leading to a dissociation constant of Kd = 0.440 ± 0.034
μM and for an anisotropic configuration (solid line) leading to a
dissociation constant of Kd = 0.202 ± 0.014 μM.

Table 2. LAH4 Arrangements on the Membrane Surface

peptide
orientation8 lipid/buffer peptide behavior

transmembrane POPC in 10 mM phosphate buffer, pH 7 statistic distribution of the nearest neighbor distance
transmembrane POPC/POPG in 10 mM phosphate buffer, pH 7 kinetic trapping of the peptides/not in thermal equilibrium
transmembrane POPC in 10 mM phosphate buffer, pH 7, 100 mM KCl kinetic trapping of the peptides/not in thermal equilibrium
in-planar POPC in 10 mM phosphate, buffer, pH 4 end-to-end-configuration
in-planar POPC/POPG in 10 mM phosphate buffer, pH 4 statistic distribution of the fluorophore with clustering for low peptide

concentration
in-planar POPC in 10 mM phosphate buffer, pH 4, 100 mM KCl end-to-end configuration (less stable when compared to the absence of salt)
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478 predictions.3 Electrostatic interactions are identified as a main
479 driving force for the formation of such mesomorphic phases.
480 However, the interplay of electrostatic interactions and shaped
481 particles leads to seemingly “paradoxical” observations such as
482 an increase in intermolecular contact via an mesomorphic phase
483 despite repulsive electrostatic interactions.

484 ■ MATERIALS AND METHODS
485 Preparation of Small Unilamellar Vesicles. POPC and POPG
486 (Avanti Polar Lipids, Alabaster, AL) were codissolved in dichloro-
487 methane in a small test tube, and the solvent was evaporated under a
488 stream of nitrogen. The remaining traces of organic solvent were
489 removed by high vacuum overnight. The appropriate amount of 10
490 mM potassium phosphate buffer of appropriate pH containing 1 mM
491 EDTA was added in order to obtain a 10 mM lipid suspension. The
492 samples were first vortexted and then homogenized by four freeze−
493 thaw cycles. Small unilamellar vesicles were produced by tip
494 ultrasonification in an ice bath (Sonoplus 200, Bandelin, Berlin,
495 Germany). Traces of titanium from the sonication tip were removed
496 by centrifugation.
497 Peptide Labeling. The peptide was synthesized as described in ref
498 8 following the standard Fmoc strategy using a Millipore 9050 peptide
499 synthesizer (Millipore Corp., Bedford, MA) and Fmoc-protected
500 amino acids (Novabiochem/Merck, Nottingham, UK). The labeling of
501 the peptide was performed when still attached to the resin and the side
502 chains protected. Therefore, the N-terminus represented the only free
503 amine after cleavage of the final Fmoc protection group.
504 NBD Labeling. Ten equivalents of 4-chloro-7-nitrobenzofurazan
505 (NBD) (Fluka, Sigma-Aldrich, St. Louis, MO) was dissolved in 50%
506 acetonitrile containing 50 mM NaHCO3, and the resin was incubated
507 for 8 h (typically 2 mL/100 mg resin).50

508 Tetramethylrhodamine Labeling. Two equivalents of 5(6)-
509 carboxytetramethylrhodamine (Fluka, Sigma-Aldrich, St. Louis, MO)
510 was dissolved in dimethylformamide in the presence of 2 equiv of
511 diisopropylcarbodiimide (Aldrich, Sigma-Aldrich, St. Louis, MO) and
512 2 equiv of N-hydroxybenzotriazole (HOBT) (Novabiochem/Merck,
513 Nottingham, UK). The resin (typically 100 mg/2 mL) was incubated
514 for 8 h.51 The labeling was followed by standard TFA cleavage
515 protocol. Peptides were purified by reverse phase HPLC spectroscopy.
516 The identity and purity of the products were confirmed by MALDI
517 mass spectrometry.
518 Fluorescence Measurements. Fluorescence measurements were
519 performed in 10 mM potassium phosphate buffer of the indicated pH
520 in the presence of 1 mM EDTA. Fluorescence spectroscopy was
521 performed using a FluoroLog spectrophotometer (HORIBA, Ltd.,
522 Kyoto, Japan) with the polarization filters always at the magic angle.
523 For both NBD and TAMRA fluorescence the slit size was at 3 nm for
524 excitation and emission. For NBD fluorescence the emission was
525 scanned from 470 to 650 nm at an excitation wavelength of 465 nm.
526 For TAMRA the emission was scanned from 525 to 700 nm at an
527 excitation wavelength of 520 nm.
528 Calculation of the Reduced Density and Fitting. The reduced
529 density was calculated using the binding isotherm to calculate the
530 concentration of the bound peptides and assuming an area of 68 Å per
531 lipid molecule and a length of 30 Å for the peptides. The diagram was
532 fitted with a model for isotropic conformation (csol/Kd = 2ρe2ρ/π)3 and
533 with the model of the anisotropic conformation (csol/Kd = (e2πρ2)/3).3

534 ■ APPENDIX

535 Self-Quenching
536 Samples that exhibit self-quenching properties can be examined
537 by dilution series. For the calculation of the effect of dilution
538 the distribution K(r,n) of n neighbors within the quenching
539 radius r is important. The probability of a nonquenched
540 chromophore at a given fraction of labeled peptide λ is then
541 given by

∑λ λ= −
=

∞

P r K r n( , ) ( , )(1 )
n

n

0 542(1)

543The signal intensity of a sample of diluted label is then
544determined by

λ λ λ= PS( ) ( ) 545(2)

546For independent (point-shaped) distributed particles one can
547assume the Poisson distribution

δ

δ ρπ

=
!

=
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549where δ is the expectation value for the number of neighbors
550derived from the density of particle ρ and the area of the self-
551quenching.
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553In real systems the distribution of the number of neighbors
554differs from the Poisson distribution since the particles are not
555independent. If the expectation value for the number of
556neighbors is small, the difference between the Poisson
557distribution and a more sophisticated model is small.
558Furthermore, the application of the Poisson distribution instead
559of more sophisticated models allows a “model-free” fitting of
560the data.
561In the following different models are described:
562In the case of the presence a n′-mer (e.g. in solution), the
563distribution K(r,n) consisting of two nonzero contributions
564K(r,0) is proportional to the concentration of monomers and
565K(r,n′ − 1) is proportional to the concentration of the n′-mer.
566One can describe the dilution-dependent signal by

λ λ= + −′ ′
′−S S S( (1 ) )n n

n
0

1
567(5)

568At high concentrations on the membrane surface peptide
569molecules are close due to the restricted area. In this case the
570K(r,n) is a complex distribution.
571For spherical molecules of finite size the maximal number of
572closest neighbors is six (first coordination shell). For a critical
573radius for self-quenching Ra in the range of double of the sphere
574radius this first coordination sphere describes the quenching
575behavior. Assuming a probability Pn of finding one “place”
576occupied in the coordination sphere, the distribution K(n)
577becomes

= − −⎜ ⎟
⎛
⎝

⎞
⎠K n

n
P P( ) 6 ( ) (1 )n

n
n

n6

578(6)

579For a coordination number of α a more general solution is

α= − α−( )K n n P P( ) ( ) (1 )n
n

n
n

580(7)

581For diluted samples the probability of nonquenched
582chromophores becomes

∑λ α λ= − −
α

α

=

−( )P n P P( ) ( ) (1 ) (1 )
n

n
n

n
n n

0 583(8)

584The distribution of the number of neighbors in cases where
585more than four neighbors can be in the coordination sphere is
586similar to the Poisson distribution when in average only a few
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587 neighbors are present. Therefore, fitting with the Poisson
588 distribution is appropriate in this case.
589 Radius of Lipid Molecules in the Plane
590 The average area per POPC molecule is in the range of 68
591 Å2.28,52 We assume a tight packing of spherical lipid molecules
592 in the plane. The density of the system is 0.74; i.e., 74% of the
593 space is filled by the special lipid molecules. This leads to a
594 diameter of the lipid molecules in the plane of d = [(68 Å2·
595 0.74π)/4]1/2 ≈ 0.8 nm for a model of spherical disks.
596 Abbreviations
597 NBD-CL, 4-chloro-7-nitrobenzofurazan; NBD, 7-nitrobenzo-
598 furazan; POPC, 1-palmitoyl-2-oleoyl-sn-3-glycerophosphocho-
599 line; POPG, 1-palmitoyl-2-oleoyl-sn-3-glycerophosphoglycerol;
600 LAH4, peptide with sequence KKALL ALALH HLAHL
601 ALHLA LALKK A; KL14, peptide with sequence: KKLLK
602 KAKKL LKKL.

603 ■ ASSOCIATED CONTENT
604 *S Supporting Information
605 Supplementary Figure 1: fluorescence intensity of NBD at 520
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