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ABSTRACT 

Total syntheses and complete characterizations of singly substituted PheCN-based analogs of alamethicin 

AlaP, which is active on model and natural membranes, and the TM peptide, which inserts in a trans-

membrane orientation in lipid bilayers, are reported. The syntheses of the AlaP analogs were performed in 

solution, while those of TM and its analogs were carried out by solid phase. Using the cyanophenyl 

fluorescence and IR absorption probe, an in-depth investigation of the self-association, membrane-

interacting, permeabilizing, and orientation properties of these peptides were conducted. The aromatic 

residue incorporated induces only a negligible modification to the properties of the parent peptides. The 

PheCN IR absorption band was located  between 2228-2230 cm-1 for all peptides, irrespective of the position 

of labeling. By contrast, as the width of this band varied significantly with the depth of probe insertion in 

the bilayer, it could  represent a good marker of the PheCN position in phospholipid membranes. 
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INTRODUCTION 

PheCN is an α-amino acid with interesting IR absorption and emission (in the UV region) properties.1-27 Its IR 

absorption band is centered at approximately 2230-2240 cm-1, i.e. in a spectral region completely free of 

overlap with other bands. In addition, the position of this band is sensitive to the environment. In 

particular, it is dependent on the local electric field, and thus on polarity. The maximum shifts from 2237.2 

cm-1 (FWHM 9.8 cm-1) in water to 2228.5 cm-1 (FWHM 5.0 cm-1) in tetrahydrofuran. For this reason, it has 

been used as an environmental probe in studies of protein and peptide conformations and interactions. In 

particular, a few investigations reported the IR absorption properties of the PheCN probe for peptides 

associated to bicelles15 or phospholipid membranes.3,25,27 However, a simplistic analysis of the band 

properties in terms of local electric field is not warranted, because of the additional dependence of the IR 

absorption peak on H-bond formation, solvent dynamics and other more complex electrostatic 

interactions.28,29  Also the fluorescence properties of PheCN are useful. In water, its quantum yield is 0.11, 

compared to 0.025 for the extremely weak Phe emission. In addition, this parameter is strongly sensitive to 

the environment, H-bond formation, and the presence of Cl- and other ions. For instance, the quantum 

yield and lifetime of PheCN decrease dramatically in apolar environments. These properties can be exploited 

to follow peptide aggregation or water-membrane partition, but, at the same time, they might somehow 

hamper the application of the  fluorescence of this probe in the characterization of peptides inserted inside 

membranes. Finally, compared to other fluorescent or IR extrinsic probes, PheCN is rather noninvasive,  as it 

is an amino acid which sterically is very similar to Tyr. 

The present study is aimed at defining the usefulness of PheCN in studies of membrane-interacting peptides. 

One of the most important properties of a spectroscopic probe is a minimal perturbation of the behavior of 

the system where it is introduced. This characteristic is vital for peptides, since probe-induced 

perturbations might be particularly relevant for these relatively small biomolecules. To test this aspect for 

PheCN, we concentrated on labeled analogs of two membrane-interacting peptides that had previously 

been extensively characterized: (i) the peptaibiotic30,31 alamethicin,32-54 rich in the strongly helicogenic Aib 

residues,55-60 the second compound of this class, after trichogin,61-63 to be labeled with a para-cyano 

aromatic probe,26,27 and (ii) a model helical peptide (TM),64 which has been demonstrated to reliably insert 

in a trans-membrane orientation. The sequences and acronyms of the compounds investigated are 

reported in Table I. The alamethicin analog AlaP, which we showed in a previous study to behave similarly 

to the naturally-occurring peptaibiotic,36,37 was labeled at three different positions (4, 9, and 15, i.e. near 

the N-terminus, in a central position, and near the C-terminus, respectively) along its main chain. For the 

TM peptide analogs, the probe was inserted at position 3 (peptide TM3) or 11 (peptide TM11), which 

should  be positioned in a very different membrane environment when the peptides insert in a 

transmembrane orientation.  In particular, considering the known helical conformation of TM,64 the probe 

would be located at approximately 15 and 3 Å from the center of the bilayer for TM3 and TM11, 
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respectively. These variants will allow an assessment of the sensitivity of the spectroscopic properties of 

the probe to the depth of its immersion in the membrane. In all analogs PheCN replaces an apolar residue 

(Ala, Val or Leu). A preliminary report of a limited part of this work was already presented.26 

 

 

MATERIALS AND METHODS 

 

Abbreviations and Materials 

Ac, acetyl; Aib, α-aminoisobutyric acid; ATR, attenuated total reflectance; Boc, tert-butyloxycarbonyl; CD, 

circular dichroism; CF, carboxyfluorescein; DCM, dichloromethane; DIEA, diisopropylethylamine; DMF, N,N-

dimethylformamide; EDC, N-ethyl, N'-[3-(dimethylamino)propyl]carbodiimide; ESI-MS, electrospray 

ionization-mass spectrometry; Fmoc, 9-fluorenylmethyloxycarbonyl; FT, Fourier transform; FWHM, full 

width at half maximum; HATU, O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate; HBTU, O-(benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate; 

HOAt, 7-aza-1-hydroxy-benzotriazole; HOBt, 1-hydroxy-benzotriazole; IR, infrared; LL, low loading; MBHA, 

4-methyl-benzhydrylamine; MS, mass spectrometry; MW, molecular weight; NMM, N-mehylmorpholine; 

OAll, allyloxy;  OBzl, benzyloxy; OMe, methoxy; PheCN, para-cyanophenylalanine; PEG, polyethylene glycol; 

Phol, phenylalaninol; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; RP-HPLC, reverse-phase 

high performance liquid chromatography; SDS, sodium dodecyl sulphate; SPPS, solid-phase peptide 

synthesis; TIS, triisopropylsilane; TFA, trifluoroacetic acid. 

All amino acids and derivatives used, including Fmoc-Lys(Boc)-OH, were of L- configuration and purchased 

from IRIS Biotech (Marktredwitz, Germany) or Sigma-Aldrich (St. Louis, MO). EDC, HOBt, HOAt, HATU, and 

HBTU were GL Biochem (Shanghai, China) products. SDS was obtained from Acros (Geel, Belgium). POPC 

was purchased from Avanti Lipids (Alabaster, AL). All other chemicals were obtained from Sigma-Aldrich (St. 

Louis, MO). Spectroscopic grade solvents were used in all CD and fluorescence experiments.  ESI-MS data 

were recorded on a PerSeptive Biosystem Mariner Instrument (Farmingham, MA). 

 

Peptide Synthesis in Solution 

The three PheCN-containing AlaP analogs were synthesized by solution-phase methodologies using a 

combination of step-by-step and segment condensation approaches. As an example, the strategy followed 

for the synthesis of AlaP is reported in Scheme 1. All synthetic intermediates were fully characterized by 

physical and analytical techniques (Supporting Information). 
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Solid-Phase Peptide Synthesis 

Assembly by automatic SPPS of the three TM peptides on the Advanced ChemTech (Louisville, KY) 348 Ω 

peptide synthesizer was performed on a 0.03 mmol scale by the FastMoc methodology [HBTU,65 HOBt,66 

DIEA, double acylation protocol, 45 min coupling time, N-methylpyrrolidin-2-one as the solvent], using the 

Rink Amide MBHA LL resin (Novabiochem, Darmstadt, Germany) (100 mg, loading 0.30 mmol g-1). Removal 

of the Fmoc group was performed with a 20% piperidine solution in DMF in two steps of 5 and 15 min, 

respectively. The chromatographically purified, final peptides were fully characterized (Supporting 

Information). 

 

UV-Vis Absorption  

UV-vis absorption measurements were carried out on a Cary 100 Scan (Varian, Palo Alto, CA) 

spectrophotometer. Molar concentrations of the labeled analogs were determined in MeOH solution at 

λ=280 nm [PheCN absorption, ε(280 nm)=850 M
-1 cm-1].5 

 

Circular Dichroism  

CD measurements were carried out on a Jasco J-715 spectropolarimeter. The CD spectra were acquired and 

processed using the J-700 program for Windows. All spectra were recorded at room temperature, using 

Hellma quartz cells with Suprasil
® windows and optical path lengths of 0.1 cm. The signal-to-noise ratio was 

improved by accumulating eight scans. The values are expressed in terms of total molar ellipticity, [θ]T 

[deg∙cm2∙dmol-1]. MeOH and 100 mM aqueous SDS were used as solvents. 

 

Steady-State Fluorescence 

Fluorescence experiments were performed on a Fluoromax-4 fluorimeter (Horiba-Jobin Yvon, France), 

under the following conditions: λexc=240 nm, bandpass: 10 nm in excitation, 2 nm in emission; integration 

time=2 s, peptide concentration = 1μM; T=25 °C. 

 

Time-Resolved Fluorescence  

Fluorescence intensity decays were measured on an Edinburgh Instruments [Edinburgh, UK], time-

correlated single photon counting setup, using a nanosecond flash-lamp filled with nitrogen for excitation. 

Experimental conditions: λexc= 240 nm; λem = 295 nm, interval: 50 ns, channels: 1024, bandwidth: 10 nm. 

 

Liposome Preparation 

Large unilamellar vesicles were prepared as previously described,67 by dissolving POPC lipids  in a 1:1 

(vol/vol) methanol/chloroform solution, in an appropriate amount to obtain a final stock solution of 

liposomes with a lipid concentration of 5 mM. The solvents were evaporated under reduced argon 
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atmosphere until a thin film was formed. Complete evaporation was ensured by applying a rotary vacuum 

pump for at least 2 hr. The lipid film was hydrated with a 10 mM phosphate buffer (pH 7.4), 140 mM NaCl 

and 0.1 mM EDTA (buffer A, used for water-membrane partition experiments) or with a CF solution 

prepared by dissolving the dye powder in a minimum amount of 0.1 M NaOH, and then diluting to 30 mM 

CF in 10 mM phosphate buffer (pH 7.4), 80 mM NaCl and 0.1 mM EDTA (for membrane perturbation 

experiments).68 The iso-osmolarity of these solutions was checked with a freezing point depression 

osmometer (Fiske-Advanced Instruments, Norwood, USA). After vigorous stirring and 10 freeze and thaw 

cycles, the liposome suspension was extruded for 31 times through two stacked polycarbonate membranes 

(Avestin, Ottawa, ON, Canada) with pores of 100 nm or 200 nm diameter (see below). The unencapsulated 

fluorescent tracer was separated from the liposomes by gel filtration on a Sephadex G-50 medium column 

(40cm) in buffer A. Lipid concentration in the final sample was determined by the Stewart method.69 

 

Water-Membrane Partition  

Water-membrane partition experiments were performed by titrating a 1 μM peptide solution (in buffer A) 

with increasing amounts of a lipid vesicles solution, and by following the variation in the emission intensity . 

The cuvette was pretreated for 30 min with a 5% (w/w) solution of PEG, to avoid peptide adsorption to the 

quartz walls. The fraction of peptide associated with membranes was calculated from the fluorescence 

intensity at 292 nm (F), according to the following equation: 

� = � − ��
�� − �� , 

where FW and FM represent the fluorescence intensities of the peptide in water and in the membrane, 

respectively. The value of FM was extrapolated by a double reciprocal plot of 1/F vs 1/[POPC]. The partition 

curve was fit with the following equation:70,71 

� = �	
	�	�
��.�	�
���	
	�	�
��.�	�

 

where 55.3 M is the molarity of pure water at 25 °C, and �� = ���
��� is the partition constant defined as the 

ratio of molar fractions of the peptide in the lipid and water phases at equilibrium.67,70 Since the partition 

data were essentially superimposable for the different alamethicin analogs, they were fit globally with a 

single curve, yielding KP=4.0 103. Experimental conditions: [POPC]= from 0.1 to 50 μM; λexc= 240 nm; band-

pass 3 nm in excitation and 5 nm in emission; liposome diameter: 100 nm; T=25°C. The background due to 

liposome scattering was subtracted from each spectrum.  
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Membrane-Perturbing Activity 

CF-loaded liposomes (with 200-nm diameter) were used to assess the membrane-perturbing activity of the 

compounds. The peptide-induced leakage from vesicles was measured 20 min after peptide addition. The 

leaked fraction was calculated as 

0100

0

FF

FF
R

−

−
=   

where F0 is the CF signal before peptide addition, and F100 is the intensity after the addition of a detergent, 

triton-X100 1 mM, which causes complete lysis of membranes. F is the fluorescence value obtained 20 min 

after peptide addition.
72, 73

 Experimental conditions: λexc= 490 nm (bandwidth 0.2 nm); λem= 520 nm 

(bandwidth 1.5 nm); [POPC]: 20 µM; T=25°C. 

 

Fluorescence Quenching 

Fluorescence quenching data were analyzed according to a model with two sub-populations of the peptide, 

contributing to the overall fluorescence with fractions f1 and f2=1- f1, and different accessibilities to the 

quencher, resulting in different values for the Stern-Volmer constants, K1 and K2:74 

��
� = � ��

1 + ��
�
 +
1 − ��

1 + � 
�
!
"�

 

The following values were derived for the experiments performed with the TM analogs: 

TM3: f1=0.42±0.01, K1=3.3±0.9 mM-1, K2=(1.9±0.6) 10-3 mM-1. 

TM11: f1=0.36±0.01, K1=0.46±0.05 mM-1
, K2=0 mM-1

. 

 

ATR-FTIR Absorption 

Infrared absorption measurements were performed on a Nicolet FTIR spectrometer (Thermo Electron Co., 

Madison, WI) in the ATR mode. A 1:1 chloroform/methanol  solution of POPC and peptide (1.5 µmoles of 

POPC with 5%, or 15% molar fraction of peptide, for TM and AlaP analogs, respectively) was spread onto a 

8x1x0.3 cm Ge crystal (reflection angle 45°, 12 reflections on the sample surface). The total solution volume 

was 130 µl. The crystal was dried under a gentle Ar stream and then put under vacuum for  2 hr to 

completely remove the organic solvents. The sample was hydrated by placing a water-containing vessel 

into a gas-tight chamber onto the Ge crystal. Spectra were acquired every hour for 8-12 hr. After the first  2 

hr, no modifications in the position or intensities of the bands were revealed during the experiment, 

indicating the attainment of equilibrium in hydration. ATR spectra were acquired under the following 

conditions: 2 cm-1 resolution, 128 acquisitions (256 for the polarized spectra). The FWHM of the cyano peak 

was determined by fitting the absorption band to a Gaussian function. 

For polarized ATR experiments, the ATR electric fields of the incident light were calculated considering a 

refractive index of 4 for Ge and of 1.44 for the lipids.75 Calculations of peptide orientation were carried out 
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in the thick film approximation, considering that the dichroic ratio of symmetric lipid CH2 stretching bands 

is always higher than 1.41.75 This finding is consistent with the amount of lipids spread on the film, which, 

considering an area per lipid of 0.68 nm2,76 is sufficient to form more than 350 bilayers on the crystal 

surface. With a bilayer spacing of 6.4 nm at full hydration,76 it corresponds to a thickness of more than 2 

μm, to be compared with a calculated penetration depth (dp).75 This parameter can be obtained according 

to the following equation:75 

#$ = %
2'()*�+,*-. − )* . 

 

where λ is the wavelength (6 μm for the amide I band), *� and *  are the refractive indexes of Ge (4.0) and 

lipids (1.44), respectively, and -  is the reflection angle of the crystal (45°). Therefore, in our case dp=0.4 

μm and a sample thicker than 2 μm fully justifies the thick film approximation.75 

The order parameter S was derived from the following equation:37,75 

/ = 01 
02 +

03 
02 )1 +

35
1 − 5. 

	R = A∥ A9:  is the dichroic ratio of the peptide amide I band calculated by integrating the absorbance 

measured between 1600 and 1700 cm-1 with light polarized parallel )A∥.	and perpendicular )A9. to the 

incidence plane. The three components of the electric fields are given by Ex= 1.40, Ey=1.52, Ez=1.62,75 and S 

corresponds to 

 

5 = 3 < <=+ > > −1
2 			3 < <=+ @ > −1

2  

where α is the angle between the helix axis and the membrane normal, and β is the angle between the 

transition dipole of  the IR absorption band and the helix axis. In the case of helical peptides, the value of β 

can be taken equal to 38°.75 

 

 

RESULTS AND DISCUSSION 

 

Synthesis of the AlaP Analogs in Solution 

The syntheses of the AlaP analogs are complicated by the presence of two Aib-Pro tertiary amide bonds in 

the sequences and the limited reactivity of the eight sterically hindered, Cα-tetrasubstituted Aib residues, 

particularly at their N-side.36, 77-80 However, luckily under the coupling conditions used the –OH function of 

the C-terminal Phol 1,2-aminoalcohol is known to be extremely poorly reactive.36 

In the present work, we applied our published synthetic strategy for the solution synthesis of AlaP 

analogs,36 slightly modifying it to insert the residue containing the para-cyanoaromatic probe. Briefly, the 
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sequence was divided into three segments (A, B, and C) (Schemes 1 and 2) at the level of the Aib-Ala and 

Aib-Pro bonds. The segments were synthesized step-by-step and eventually condensed to afford the final 

AlaP analogs. The protecting groups were chosen to minimize the reaction time and to avoid the use of 

strong reductive conditions in the presence of the sensitive cyano group. The activating agents for the 

coupling reactions (EDC/HOAt)81 were selected by taking into account the low reactivity of the Aib residue. 

The sequences of the three analogs were split as reported in Scheme 2. The reaction yields of the several 

synthetic steps were from moderate to good. Eventually, we obtained our target AlaP analogs in good 

amounts (about 100 mg each) and purity (> 96%). 

 

Solid-Phase Synthesis of the TM Analogs 

In the two analogs of the 24-mer TM peptide the PheCN residue was introduced near the N-terminus 

(position 3) and in the central region (position 11), respectively, in both cases replacing a similarly 

hydrophobic Leu residue (Table I).The three syntheses were performed in parallel. The Rink Amide MBHA 

LL resin and our protocol were chosen to better avoid peptide aggregation. As for the latter: (1) Fmoc 

deprotection of  the Nα-function was achieved with a 20 % piperidine solution in DMF in two steps of 5 and 

15 min each. The reaction times were extended to 10 and 25 min, respectively, for the two Lys residues at 

positions 1 and 2 in the sequence. (2) Coupling reactions (each repeated twice) were carried out using the 

standard activation method via HBTU/HOBt.65,66 (3) N-Terminal acetylation of the final Nα-deprotected 

peptides was performed by two  treatments with acetic anhydride and DIEA in DMF for 30 min each. (4) 

Cleavage of the peptides from the resin was obtained using a TFA/H2O/TIS mixture (95:5:5 v/v, 5 ml/100 mg 

of peptide resin, 2  hr at room temperature). The solution was concentrated and the peptide precipitated 

by addition of diethyl ether. The desired final peptides were isolated in 75–80 % average yield. 

Subsequently, the crude peptides were purified by semi-preparative HPLC using a Vydac column and 

characterized by analytical RP-HPLC and ESI-MS (Supporting Information). 

 

Spectroscopic Properties of the PheCN-Labeled Peptides 

All analogs exhibit the typical fluorescence and IR absorption spectra of the PheCN probe 

Figure 1 shows the normalized fluorescence spectra of the AlaP analogs at a 1 µM concentration in an 

aqueous buffer composed of 10 mM phosphate buffer, 140 mM NaCl, and 0.1 mM EDTA (pH 7.4). The same 

buffer was used in all of the following experiments. Spectra show the typical shape of PheCN emission, with 

a maximum at 293 nm.  No differences among the analogs were found. Similar spectra were obtained for 

all three TM peptides (data not shown). The IR absorption band of the C≡N probe for Ala9 in MeOH 

exhibits wavelength maximum and FWHM value comparable to those of the isolated amino acid (2231±12 

and 2232±11 cm-1, respectively). 
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Effects of the PheCN Probe on Peptide Behavior 

PheCN does not perturb the peptide secondary structure 

The secondary structure of all peptides in MeOH and in the membrane-mimicking SDS environment was 

characterized by use of far-UV CD (Figure 2). All spectra indicate a predominantly right-handed helical 

conformation,82-85 which is similar to those of the parent peptides, suggesting that the probe does not 

significantly affect peptide conformation. The remarkably different ellipticity ratios (R values) at 222 nm 

versus 208 nm84,85 for all peptides, higher in SDS micelles (particularly for the AlaP analogs), point to a 

significant increase of the α-helix percentage at the expenses of the 310-helix under the latter condition. The 

contributions of the aromatic toluene-based Phol and PheCN chromophores to the CD curves in this spectral 

region82,83 do not seem to complicate the interpretation of the spectroscopic results. 

 

PheCN does not perturb the aggregation of the AlaP peptides in water 

The parent, unlabeled peptide AlaP was previously demonstrated to aggregate in water.37 To test whether 

the introduction of the PheCN probe in place of an Ala or Val residue would significantly perturb peptide 

aggregation in water, we exploited the fluorescence properties of the probe to assess the self-association 

behavior of the three analogs. Fluorescence intensity decays were measured at increasing peptide 

concentrations in the presence of quenching Cl- ions86 (140 mM NaCl). Since these anions quench the 

fluorescence of PheCN collisionally, we expected a significantly different fluorescence lifetime for monomers 

and aggregates (where the fluorophores are partially shielded from the solvent). Indeed, the PheCN decays 

of each alamethicin analog at different concentrations (Figure 3) could be analyzed globally as the sum of 

two exponentials, with a global reduced chi square always lower than 1.2. The two components likely 

correspond to the monomeric peptide (short lifetime, i.e. 3.4 ± 0.6 ns, 4.0 ± 0.2 ns and 4.0 ± 0.2 ns for Ala4, 

Ala9 and Ala15, respectively) and aggregated species (long lifetime, i.e. 10.0 ± 0.5 ns, 11.0 ± 0.4 ns, 10.1 ± 

0.7 ns for Ala4, Ala9 and Ala15, respectively). Therefore, the pre-exponential factor of the long lifetime 

provides a measure of the population of the aggregated species (Figure 4). The behavior of the three 

analogs is quite similar. In particular, they exhibit a strong tendency to aggregate. Monomers are practically 

absent already at a concentration of 10 µM (Figure 4). This aggregation behavior is strongly reminiscent of 

that previously determined for the parent peptide AlaP by CD measurements,37 indicating that no 

significant perturbation is introduced by the PheCN fluorophore, except for a slightly higher tendency to 

aggregate for the Ala to PheCN substituted analog. 

 

PheCN does not perturb the peptide affinity of the AlaP peptides for membranes 

Peptide-membrane interaction is a fundamental step in the activity of membrane-active peptides. 

Therefore, we checked whether PheCN introduction would perturb the affinity of the AlaP analogs for lipid 

bilayers, the membrane-binding affinity of which was determined previously.37 Experimentally, peptide 
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association to membranes was followed by variation in the fluorescence intensity of the PheCN probe. The 

emission spectra of Ala15 in the absence and presence of increasing amounts of lipid vesicles are reported 

in Figure 5. Similar spectra were obtained for Ala4 and Ala9 (data not shown). The intensity in water is 

higher than that in the membrane, probably due to H-bond formation by the cyano group in water.12 The 

partition curve resulted to be essentially the same for all of the analogs (Figure 6), notwithstanding the 

different position of the probe in the sequence. This finding once more indicates that perturbations 

introduced by PheCN are negligible. 

 

PheCN does not perturb the membrane permeabilizing activity of the AlaP peptides  

A more stringent, overall test of peptide behavior in the membrane is provided by its membrane 

permeabilizing activity, which is mediated by both aggregation and lipid binding equilibria.37 CF-loaded 

liposomes were used to assess the membrane-perturbing activity of the analogs. The fraction of liposome 

contents leaked 20 minutes after peptide addition is reported in Figure 7. All peptides exhibit a behavior 

very close to that of the parent peptide AlaP, confirming that the probe does not interfere with peptide 

activity. 

 

PheCN does not perturb the trans-membrane insertion of the TM analogs  

The transmembrane orientation of the TM analogs labeled with PheCN was studied by fluorescence 

quenching and polarized ATR-FTIR experiments. Quenching by chloride ions13,14 of the peptides embedded 

inside lipid vesicles [50 µM lipids and 3 µM peptide] is reported in Figure 8. The nonlinear behavior of the 

Stern-Volmer plots indicates a heterogeneity in the probe accessibility, and was fit with a model having two 

sub-populations of the peptide with different accessibilities of the PheCN residue to the quencher (see 

Materials and Methods). In any case, TM3 is much more sensitive to the Cl- ions than TM11, showing that 

the PheCN probe inserted at position 3 is  more exposed to the water phase and corroborating our view of 

its more superficial positioning. Polarized ATR spectra of the amide I absorption band confirmed the 

transmembrane orientation of the TM analogs. The ratio of absorbance values measured with a 

polarization parallel and perpendicular to the incidence plane (dichroic ratio) indicates a cosine squared of 

the angle between the peptide helix and the bilayer normal of about 0.7 (see Materials and Methods), 

which corresponds to an average angle of about 30° (Figure 9).  

 

Sensitivity of the PheCN IR Absorption Band to the Depth of Peptide Insertion in the Membrane 

The experiments reported earlier in the text indicate that the PheCN fluorescence can be usefully employed 

to study peptide aggregation, membrane binding, and position in the bilayer. Based on these findings, the 

TM analogs can be considered as a sort of calibration for the sensitivity of the cyano IR absorption band to 

the depth of the peptide insertion in the membrane. To study the IR absorption  properties of the PheCN 
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probe in membranes, the ATR-FTIR spectra of the AlaP and TM analogs were recorded in supported POPC 

bilayers. As an example, the overall spectrum of Ala15 (P/L=15%) is illustrated in Figure 10, while the PheCN 

band is shown in Figure 11 for both TM3 and TM11. Peak position and width are reported in Table 2 for all 

analogs. Surprisingly, irrespective of the specific peptide and the labeling position, the band peak is located 

in a very narrow interval (approximately between 2228 and 2230 cm-1), i.e. in a range corresponding to the 

values observed for aprotic solvents.29 Also the few previous studies on the IR absorption properties of 

PheCN-labeled peptides interacting with membrane-mimicking environments reported similar 

spectra,3,15,25,27 even when other evidence pointed towards a significant solvent exposure of the residue.3,25 

Further studies will be needed to understand why this type of probe inserted at varying membrane depths 

does not sense a different environment, since in a lipid bilayer the local polarity and water penetration 

change from the bilayer surface down to less than 1.5 nm from the membrane center.87,88 However, the 

position of the aromatic C≡N IR absorption band is influenced by several factors, including local electric 

field and hydrogen bonding,29 which in the complex environment of the membrane might combine to 

produce the observed lack of sensitivity to the depth of insertion in the bilayer.  

Variations in the width of the absorption band are much more significant, since the FWHM for TM3 is 

almost twice that of TM11. This finding suggests that the bandwidth decreases with the depth of insertion, 

and is consistent with experiments in pure solvents, , which reported a width of 10 cm-1 in water and 5 cm-1 

in tetrahydrofuran.1 In addition, previous investigations on cationic peptides bound to the surface of the 

membrane3 and on peptides reminiscent of the TM analogs investigated here, but inserted in bicelles 

rather than in lipid bilayers,15 reported a similar trend of reduction in IR absorption bandwidth upon 

membrane insertion. 

A large bandwidth was observed for all membrane-associated AlaP analogs, which indicates a peptide 

location relatively close to the membrane surface. The orientation of alamethicin in membranes has been 

the object of multiple studies, which overall point to a concentration-driven transition from a superficial 

peptide location to a transmembrane arrangement. However, the exact orientation is strongly dependent 

on several aspects of the sample, including degree of hydration, lipid composition, temperature, and 

pH.34,89-92 In addition, in the absence of a transmembrane potential, the peptide C-terminus is always 

exposed to the solvent.37 Therefore, it is possible that, under the experimental conditions employed in this 

study, the PheCN probe in the AlaP analogs locates close to the bilayer surface. On the other hand, X-ray 

scattering,93 polarized ATR-FTIR,37 NMR,94 and molecular dynamics simulations95 data indicate a high degree 

of mobility and heterogeneity in peptide orientation in the membrane in the absence of a transmembrane 

potential. Therefore, the broad PheCN absorption bandwidth observed for the AlaP analogs might also 

result from a significant orientational dynamics of the peptide. 
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CONCLUSIONS 

 

We synthesized and fully characterized analogs of the two long membrane-interacting peptides AlaP e TM 

via solution-phase synthesis or SPPS, respectively. 

A detailed investigation of the aggregation, membrane-binding and membrane permeabilizing behavior of 

the AlaP analogs, and of the orientation of the TM peptides in membranes indicated that PheCN does not 

perturb significantly even a relatively small molecule such as an oligopeptide. The fluorescent properties of 

PheCN were extremely useful in the characterization of all these aspects. Even if no significant spectral shifts 

are observed for the maximum of the emission band, its intensity is highly sensitive to polarity. 

All of the IR absorption spectra for peptides labeled with the PheCN probe and associated to lipid bilayers 

exhibit a band peaked approximately between 2228 and 2230 cm-1, irrespective of the specific probe 

position along the sequence and peptide orientation inside the membrane. Overall, these data suggest that 

the position of the PheCN IR absorption band is not significantly sensitive to the depth of probe insertion in 

lipid membranes. However, the width of the IR absorption band increased approximately by a factor of 2 on 

going from a deeply inserted position to a superficial location.  The FWHM parameter of the PheCN IR 

absorption band could thus  represent a diagnostic indicator of positioning of the PheCN residue inside a 

phospholipid bilayer. 
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Table I Acronyms and Amino Acid Sequences of the Peptides Synthesized and Studied in This Work 

 

Acronym Amino Acid Sequence 

AlaP 
Ac-Aib-Pro-Aib-Ala-Aib-Ala-Glu(OMe)-Aib-Val-Aib-Gly-Leu-Aib-Pro-Val-Aib-Aib-Glu(OMe)-Glu(OMe)-
Phol 

Ala4 
Ac-Aib-Pro-Aib-PheCN-Aib-Ala-Glu(OMe)-Aib-Val-Aib-Gly-Leu-Aib-Pro-Val-Aib-Aib-Glu(OMe)-
Glu(OMe)-Phol 

Ala9 
Ac-Aib-Pro-Aib-Ala-Aib-Ala-Glu(OMe)-Aib-PheCN-Aib-Gly-Leu-Aib-Pro-Val-Aib-Aib-Glu(OMe)-
Glu(OMe)-Phol 

Ala15 
Ac-Aib-Pro-Aib-Ala-Aib-Ala-Glu(OMe)-Aib-Val-Aib-Gly-Leu-Aib-Pro-PheCN-Aib-Aib-Glu(OMe)-
Glu(OMe)-Phol 

TM Ac-Lys-Lys-(Leu-Ala)10-Lys-Lys-NH2 

TM3 Ac-Lys-Lys-PheCN-Ala-(Leu-Ala)9-Lys-Lys-NH2 

TM11 Ac-Lys-Lys-(Leu-Ala)4-PheCN-Ala-(Leu-Ala)5-Lys-Lys-NH2 
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Table II Position and Width of the IR Absorption Band of the Cyano Probe in a Membrane Environment 

 

Peptide Maximum (cm-1) FWHM (cm-1) 

Ala4 2229 10 

Ala9 2229 10 

Ala15 2229 11 

TM3 2228 10 

TM11  2230 6 
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Scheme 1 Synthetic scheme used for the preparation of Ala9. (i) Boc removal upon treatment with TFA (10 

eq.) in anhydrous DCM for 2 hr. (ii) Coupling reaction with EDC/HOAt; NMM was added to keep pH = 8. (iii) 

Treatment with PhHSi (2 eq.), Pd(PPh3)4 (0.2 eq.) in anhydrous DCM. (iv) OBzl removal upon treatment with 

H2/Pd in MeOH. (vi) Fmoc removal upon treatment with diethylamine in DCM, followed by flash 

chromatography. 
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Ala4 

      1  2   3    4         5    6     7    8     9   10    11    12    13 14   15   16   17   18   19    20 

Ac-U P  U PheCN   U    A    E   U    V    U     G     L     U  P    V    U     U   E     E   Phol 

Segment A Segment B Segment C 

 

 

Ala9 

      1    2    3   4    5  6    7    8      9         10   11  12   13 14   15   16    17   18    19    20 

Ac-U   P   U   A   U  A   E   U    PheCN   U    G   L     U  P     V    U    U     E     E   Phol 

Segment A Segment B Segment C 

 

 

Ala15 

      1    2    3   4    5   6     7     8     9    10    11    12   13 14   15      16  17   18  19    20 

Ac-U   P   U   A   U   A   E    U     V    U     G     L     U  P  PheCN  U   U    E    E   Phol 

Segment A Segment B Segment C 

 

Scheme 2 Strategies of synthesis of the three PheCN-containing AlaP analogs, where U is Aib and E is 

Glu(OMe). 
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FIGURE LEGENDS 

Figure 1 Fluorescence emission spectra of the AlaP analogs: Ala4 (full line), Ala9 (dashed line), Ala15 

(dotted line). Conditions: λexc.= 240 nm, room temperature, 10 mM phosphate buffer, 140 mM 

NaCl, 0.1 mM EDTA (pH 7.4). Peptide concentration 1 μM. 

Figure 2  Far-UV CD spectra of AlaP and its three analogs in MeOH solution (A) and 100mM SDS in H2O 

(B), and of TM and its two analogs in MeOH solution (C) and 100mM SDS in H2O (D). Peptide 

concentration: 0.1 mM.  

Figure 3 Time-resolved fluorescence decays of Ala9 at different peptide concentrations: 0.19 μM, 1.15 

μM ,and 19.2 μM. Conditions: λexc.= 240 nm; λem.= 295 nm, room temperature, 10 mM 

phosphate buffer, 140 mM NaCl, 0.1 mM EDTA (pH 7.4). 

Figure 4 Aggregated peptide fractions as a function of peptide concentration for AlaP (full circles), and 

its analogs Ala4 (empty circles), Ala9 (empty squares), and Ala15 (empty diamonds). The full 

line represents just a guide for the eye. 

Figure 5 Fluorescence emission spectra of Ala15 (1 μM) in the absence and presence of increasing lipid 

concentrations. Conditions: [POPC]= from 0.1 to 50 μM; λexc = 240 nm; liposome diameter: 100 

nm; T: 25°C. 

Figure 6 Membrane-bound peptide fraction as a function of [POPC] lipid concentration for Ala4 (empty 

circles), Ala9 (empty squares), and Ala15 (empty diamonds); [peptide]= 1 μM. The full line 

represents a global fit to all data (see Materials and Methods). 

Figure 7 Peptide-induced leaked fraction as a function of peptide concentration for AlaP (full circles), 

and its analogs Ala4 (empty circles), Ala9 (empty squares), and Ala15 (empty diamonds). 

Conditions:  λexc. = 490 nm; λem. = 520 nm; [POPC]: 20 μM; Liposome diameter: 200 nm.  

Figure 8 Stern-Volmer plot of TM3 (empty circles, dotted line) and TM11 (full circles, full line) in 

presence of increasing amounts of KCl. F0 and F indicate the fluorescence intensities in the 

absence and presence of quencher, respectively. The solid lines represent fits to the data 

according to the model described in Materials and Methods. 

Figure 9 Polarized ATR-FTIR spectra of TM3 in POPC membranes (P/L 5%) in the amide I region. The full 

and dashed lines represent the spectra collected with parallel and perpendicular polarization 

with respect to the plane of incidence, respectively. The ratio of the absorbance values 

obtained in the two spectra (dichroic ratio) indicates a transmembrane orientation (see Results 

and Discussion). 

Figure 10 ATR-FTIR spectrum of Ala15 in POPC lipids at P/L 15%. 

Figure 11 PheCN absorption band of TM3 (empty circles, dashed line) and TM11 (full circles, solid line) in 

POPC at P/L= 5%. Circles: experimental data: lines: Gaussian fits. 
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