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Abstract 

The complementary peptides Coil-K and Coil-E were designed to assemble into a 

heterodimeric coiled coil. In this chapter the effect of reversing the amino acid sequence of 

peptide Coil-E on complex formation with peptide Coil-K was investigated. Coiled coil 

assembly was studied using multiple techniques including circular dichroism, paramagnetic 

proton NMR, steady state fluorescence spectroscopy measurements, sedimentation 

equilibrium analytical ultracentrifugation and computational simulations. All results show 

that the reversed peptide Coil-Er folds with Coil-K to form a stable antiparallel coiled coil 

tetramer and not an antiparallel heterodimer as previously reported. Thus, this study shows 

that reversing the amino acid sequence of coiled coil peptides can strongly affect the self-

assembly process. Cholesterol modified peptide Coil-K and Coil-Er were tested as a model 

system for membrane fusion and its fusogenity was compared to the original model system. 

Lipid and content mixing assays showed no significant difference between the 

heterodimeric and the tetramer coiled coil mediated fusion. This indicates that peptide 

orientation and oligomerization state does not influence this model system for membrane 

fusion.  

 

Introduction 

One of the most important vital vesicle trafficking processes is SNARE-dependent 

(SNARE: soluble N-ethylmaleimide-sensitive factor attachment protein receptor) 

membrane fusion.1-3 There are three key steps in this process: membrane surface 

conjugated SNARE proteins self-assemble as SNAREpins (a four-helix SNARE proteins 

coiled coil bundle), followed by docking of the two opposing lipid membrane resulting in 

full fusion and content transfer.4    

One of the reduced SNARE membrane fusion models is based on the complementary 

peptide pair Coil-K ([KIAALKE]3) and Coil-E ([EIAALEK]3).5 These two peptides were 

designed to assemble into a parallel heterodimeric coiled coil. In this reduced peptide-

induced membrane fusion model, the SNARE proteins are mimicked by lipidated 

conjugates of Coil-K and Coil-E.6-9 Upon mixing equimolar amounts of Coil-E modified 

liposomes with Coil-K liposomes, parallel coiled coil formation (CC-K/E) forces the two 

opposing membrane into close proximity resulting in full fusion of the liposomes.10, 11 
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Recently, there were two contradictory studies with the point of contention that whether the 

parallel zipper-like coiled coil motif orientation is required for membrane fusion. Two 

different approaches were used to design a non-zipper-like coiled coil motif orientation: the 

Diederichsen group designed an anti-parallel coiled coil motif in which the membrane 

anchor is located at both peptides C-terminus; while Kros designed parallel coiled coil 

forming peptides in which the membrane anchor is located at opposite peptide termini (See 

Appendix Figure A1).12, 13 In the first approach it was shown that a non-zipper-like coiled 

coil assembly inhibits membrane fusion, indicating the necessity of a zipper-like coiled coil 

orientation in the fusion process similar to the SNARE protein mediated fusion; In contrast, 

Kros showed that a non-zipper-like coiled coil motif also induces membrane fusion, 

indicating that the coiled coil orientation (i.e. parallel vs antiparallel) does not affect the 

rate of fusion with these short peptides. It is important to note that while the Kros group 

used the original Coil-K/Coil-E (CC-K/E) peptides; the Diederichsen group used Coil-E 

with a reversed amino acid sequence (i.e. Coil-Er). It was hypothesized that Coil-K with 

Coil-Er ([KELAAIE]3) would form an antiparallel dimeric coiled coil. However no 

experimental data supporting this assumption was given.  

The effect of reversing the amino acid primary sequence on self-assembly behavior has 

been studied before.14-16 However most of these studies on inverted protein/peptide focused 

on single protein/peptide intramolecular interactions and not on heterodimeric coiled coil 

motifs.17 Therefore we set out to study the assembly of Coil-K and Coil-Er and to find out 

whether an antiparallel heterodimer is formed (Scheme 1). 

For this, a variety of spectroscopic techniques were used to study the coiled coil assembly 

of Coil-E and Coil-Er with Coil-K. Circular Dichroism (CD) showed that the peptides Coil-

E and Coil-Er have a similar α-helical secondary structure. However, when mixed with an 

equimolar amount of Coil-K, different coiled coil assemblies were observed. While Coil-K 

and Coil-E form a parallel dimer, Coil-K and Coil-Er assemble into an antiparallel tetramer. 

Paramagnetic NMR and fluorescence studies revealed the antiparallel orientation. 

Furthermore, computer simulations and sedimentation equilibrium ultracentrifugation 

experiments confirmed the formation of a stable tetrameric species. This study thus showed 

that reversing the amino acid sequence of a hetero coiled coil motif can significantly alter 

its self-assembly behavior.5, 14, 18-20 Finally the fusogenity of cholesterol anchored Coil-K 

and Coil-Er was compared to our Coil-K/Coil-Er model system for membrane fusion. 
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Scheme 1. Schematic representation of Coil-E, Coil-Er and their assembly with Coil-K. 
The green arrow indicates the orientation of peptide from N terminus to C terminus. An 
equimolar mixture of Coil-E with Coil-K yields a parallel dimer. An equimolar mixture of 
peptide Coil-Er with Coil-K yields an antiparallel tetramer.  
 

Experimental Section 

Materials.  

Fmoc-protected amino acids and Rink Amide resin (0.53 mmol g-1) were purchased from 

NovaBiochem. HCTU (O-(1H-6-Chlorobenzotriazole-1-yl)-1,1,2,2-tetramethyluronium 

hexafluorophosphate), HOBT (1-Hydroxybenzotriazole) and DIPEA (N,N-

Diisopropylethylamine) were from IRIS Biotech GmbH. NMP (N-methyl-2-pyrrolidone) 

and DMF (N,N-dimethylformamide) were from Biosolve. DCM (dichloromethane), TFE 

(2,2,2-Trifluoroethanol), TFE-D3 (2,2,2-Trifluoroethanol-d3), and deuterium oxide were 

obtained from Sigma-Aldrich. Acetic anhydride, piperidine, MeCN (acetonitrile), TFA 

(trifluoroacetic acid), and TIS (triisopropylsilane) were obtained from Fluka Chemie 

GmbH. MTSL ((S-(2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl 

methanesulfonothioate) was obtained from Toronto Research Chemicals Inc. PBS buffer 
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contains: 30 mM K2HPO4, 19 mM KH2PO4, 150 mM NaCl, pH=7.4. The pH value was 

adjusted with either 0.1 M HCl or 0.1 M NaOH. Tris buffer contains 1M tris (2-Amino-2-

hydroxymethyl-propane-1,3-diol), pH=7.0.  

 

Peptide Synthesis. 

Solid-phase peptide synthesis. 

Peptides were synthesized on a CEM-Liberty 1 Single Channel Microwave Peptide 

Synthesizer using standard Fmoc chemistry.21 Fmoc-protected Rink amide resin (0.53 

mmol g-1) was used to synthesize the peptides on a 0.25 mmol scale. The resin was swollen 

in DMF for 30 mins before use. Fmoc deprotection was performed using 20% (v/v) 

piperidine in DMF for 3 mins at 50 W with a maximum temperature of 80 ℃. Four 

equivalents of a Fmoc-amino acid, four equivalents of HCTU and five equivalents of 

DIPEA in DMF were used for amino acid coupling for 5 mins at 40 W with a maximum 

temperature of 80 ℃. For each amino acid coupling cycle, a deprotection and coupling 

time of 5 and 30 mins were used respectively. For cysteine coupling a cycle comprising 2 

mins at 0 W followed by 4 mins at 40 W with a maximum temperature of 50 oC was used. 

Two wash steps (1.5 mL DMF) were performed between every amino acid coupling cycle. 

All peptides were acetylated manually at the N-terminus after completion of the synthesis 

using 20% (v/v) acetic anhydride in DMF for 1.5 hour. Peptides without a cysteine residue, 

were cleaved from the resin and side-chain deprotected using a mixture of 

TFA/water/TIS=95:2.5:2.5 (v/v) for 1 hour.22 Peptides with a Trt (trityl-) protected cysteine 

residue were cleaved from the resin with simultaneous side-chain deprotection using 

TFA/thioanisole/ethandithiol/phenol/H2O=8.4:0.7:0.5:0.2:0.2 (v/v) for 3 hours at room 

temperature.23 The resulting solution was added drop-wise into an excess of 50 ml cold 

diethyl ether to precipitate the deprotected peptide, followed by centrifugation and the 

liquid supernatant was removed. This procedure was repeated 3 times with the addition of 

fresh cold diethyl ether. All the peptides were dried under vacuum, dissolved in MilliQ 

water and lyophilized yielding a white powder.  
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MTSL nitroxyl radical label. 

MTSL was conjugated to the peptide via a disulfide bond with the cysteine residue. One 

equivalent peptide (1 mM) was dissolved in 1 M tris buffer (pH=7.0) and five equivalents 

of MTSL in DMF (50 mM) were added slowly under an argon atmosphere and the final 

mixture was stirred for 3 hours at room temperature.24 Next, the samples were lyophilized 

and stored at -20 ℃ before purification. 

Peptide Purification. 

The crude peptides were purified by RP-HPLC, using a Shimadzu HPLC system with two 

LC-8A pumps, and an SPD-10A VP UV-VIS detector. Samples elution was monitored by 

UV detection at 214 nm and 254 nm. Purification of peptides was performed on a Vydac 

C18 reversed phase preparative column with a flow rate 15 mL min-1. Peptides were 

dissolved at a concentration of 5 mg ml-1 in a mixture of Acetonitrile/H2O/tert-

butanol=1:1:1 (v/v) and eluted with a linear gradient from B to A. Solvent A=acetonitrile, 

while solvent B=0.1% TFA in H2O. Acetylated peptides were purified using a 20 min 

gradient from 90% to 10% B, with a yield of 30%. MTSL labeled peptides were purified 

using a 25 min gradient elution from 80% to 20% B, with a typical yield of 20%. Purified 

peptides were lyophilized and characterized by LC-MS using a Vydac C18 analytical 

column with a 1 mL min-1 flow rate. 

 

Circular Dichroism Spectroscopy. 

CD (circular dichroism spectroscopy) spectra were obtained using a Jasco J-815 

spectropolarimeter equipped with a peltier controlled thermostatic cell. The ellipticity is 

given as mean residue molar ellipticity, [θ] (103deg cm2 dmol-1), calculated by Eqn (1).6, 25  

                  [θ] =  (θobs × MRW)/(10 × lc)                    (1) 

Where θobs is the ellipticity in millidegrees, MRW is the mean residue molecular weight, l 

is the path length of the cuvette in cm and c is the peptide concentration in mg/mL. 

A 1.0 mm quartz cuvette and a final concentration of 200 μM peptide in PBS (pH=7.4) 

were used. Spectra were recorded from 250 nm to 200 nm at 25 °C. Unless stated 

otherwise data points were collected with a 0.5 nm interval with a 1 nm bandwidth and 
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scan speed of 1nm per second. Each spectrum was an average of 5 scans. For analysis each 

spectrum had the appropriate background spectrum (buffer or 50% TFE) subtracted. 

For determination of the coiled coil thermal dissociation constant, temperature dependent 

CD spectra were obtained using an external temperature sensor immersed in the sample.26, 

27 The temperature was controlled with the internal sensor and measured with the external 

sensor. A 10 mm quartz cuvette was used, and the solutions were stirred at 900 rpm. 

Spectra were recorded from 250 nm to 200 nm, with data collected at 0.5 nm intervals with 

a 1 nm bandwidth and a scan speed of 1 nm per second. The temperature range was 6 °C to 

96 °C with a temperature gradient of 2.0 °C minute-1 and a 60 s delay after reaching the set 

temperature. The spectrum of PBS at 6 °C (average of 5 scans) was subtracted from each 

spectrum. All the thermal unfolding curves were analyzed using a two-state conformation 

transition model.28, 29 

The data was analyzed using a two-state unfolding model to determine the fraction folded 

using Eqn. (2), 

Ff = ([θ] − [θ]U)/([θ]F − [θ]U)                    (2) 

Where [θ] is the observed molar ellipticity, [θ]U is the ellipticity at 222 nm of the denatured 

state, as determined from the plateau of the ellipticity vs. temperature curve, and [θ]F is the 

ellipticity at 222 nm of the folded state at that temperature as determined from a linear fit 

of the initial stages of the ellipticity vs. temperature curve. 

The fraction unfolded, FU, was calculated by Eqn. (3), 

                                                        FU = 1 − Ff                                       (3) 

The dimer dissociation constant in the transition zone was calculated using Eqn. (4), 

                                                      KU = 2PtFU2/Ff                                    (4) 

Pt is the total peptide concentration. By taking the derivative of the ln(KU) vs. temperature 

curve and using this in the van’t Hoff equation, Eqn. (5), the change in enthalpy associated 

with unfolding with temperature can be plotted: 

                                                 ∆HU  =  RT2 ×  dln(KU)
dT

                             (5) 

The gradient of the enthalpy vs. temperature plot ∆Cp, is the difference in heat capacity 

between the folded and unfolded forms, and can be used in the Gibbs-Helmholtz equation 

adapted to monomer-dimer equilibrium, Eqn. (6), to obtain the Gibbs free energy of 

unfolding as a function of temperature by least-squares fitting, 

     ∆GU = ∆Hm(1 − T/Tm) + ∆Cp[T − Tm − Tln(T/Tm)] − RTln[Pt]    (6) 
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Tm and Hm are the temperature and enthalpy at the midpoint of the transition at which the 

fraction of monomeric peptide is 0.5.9 

 
1H-magnetic resonance spectroscopy. 

To monitor the aromatic region 1H-NMR signals in the range from 6 ppm to 8 ppm of the 

amino acids W and Y, the peptide amide proton signals were suppressed by proton-

deuterium exchange using D2O. Lyophilized peptide samples were dissolved at a 

concentration of 0.5 mg ml-1 and incubated in D2O for one hour, followed by lyophilization. 

This procedure was repeated three times. PBS (10 ml, pH=7.4) was lyophilized and 

redissolved in D2O to prepare a PBS/D2O buffer solution. Peptide samples were prepared 

with a final concentration of 0.8 mM in PBS/D2O buffer solution. All 1H-NMR spectra 

were recorded at 298 K on a Bruker Avance Ⅲ 600 MHz spectrometer with 32 scans for 

each sample. 

 

Fluorescence spectroscopy. 

Fluorescence experiments were conducted on a TECAN Infinite M1000 PRO fluorometer 

using a 96 well plate. The Z-position was 12500 μm, and the gain was optimized according 

to the amount of fluorophore in the sample. Excitation and emission slits were set at 5 nm. 

Emission spectra were measured from 290 nm to 450 nm in 1 nm steps at a fixed excitation 

wavelength of 275 nm. The temperature was set at 25℃. For consistent mixing, the plate 

was shaken inside the fluorometer for 30 seconds (2 mm linearly, 70 × per minute). The 

spectra were corrected by subtraction of PBS or PBS/ TFE=1:1 (v/v) spectra as a 

background spectrum. The concentration of peptide E or K was 20 μM in each 

measurement, with 250 μL volume of peptide solution in each well.  

 

Sedimentation Equilibrium Analytical Ultracentrifugation 

Sedimentation equilibrium analytical ultracentrifugation measurements were conducted 

using a Beckamn-Optima XL-I analytical ultracentrifuge fitted with an An-60 Ti rotor. 

Peptide solutions were prepared in PBS buffer, pH 7.4, at peptide concentrations which 

gave an initial absorbance in the range 0.2-0.6 A.U. The samples were spun at three speeds 
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(between 34,000-50,000 rpm) at 20 oC. The data was then fitted to a single-ideal species 

model using Ultrascan.30 

 

Molecular simulation 

All simulations were carried out with the GROMACS molecular dynamics package using 

the version 2.1 of the MARTINI coarse-grained force field and its extension to proteins.31-

33 Using this model, the association behavior of several proteins in model membranes has 

been already simulated and the computational results show good agreement with previous 

atomistic simulations or experiment.34-36 To characterize the self-assembly process of Coil-

Er and Coil-K peptides, we have performed 20 independent simulations of four peptides 

(two Coil-Er and two Coil-K) randomly distributed in solvent (water with Na+ and Cl- ions). 

The starting coarse-gained structures for the Coil-K have been mapped from the 20 

atomistic models of the exactly same peptide reported by Hodges group using NMR.37 The 

structures for the Coil-Er were mapped from 20 coordinates frames obtained during 

atomistic simulation of a generated α-helical peptide in solution. Before carrying out the 

MD (molecular dynamics) simulations, a steepest descent minimization was performed, 

followed by relaxation of the solvent (position restrains on the whole peptide) and of the 

side chain beads (position restraints on the peptide backbone). After this, the system was 

further simulated without any restraints to allow self-assembly and equilibration of the 

formed supramolecular structures for at least 40 microseconds. The detailed description of 

the model and the simulation conditions are given in the appendix. 

 

Results and discussion 

Peptide design and Synthesis. 

In this study, Coil-K retains its original sequence whilst Coil-Er was designed with the 

reversed amino acid sequence from Coil-E (Table 1). Tryptophan (W) and Tyrosine (Y) 

were attached to the C- terminus of peptide Coil-K and the N- terminus of peptide Coil-Er 

respectively to allow for quantification and analytical studies. A glycine was introduced in 

order to act as a spacer. This results in derivatives Coil-KW and Coil-YEr. To study the 

orientation of the peptides in coiled coils, the paramagnetic nitroxyl radical was conjugated 
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to the C-terminus of Coil-KW by introduction of the MTSL to a cysteine. When MTSL is 

conjugated to the C-terminus, it yields peptide Coil-KW
*; whereas on the N-terminus, 

peptide Coil-*KW will be generated. This approach offers the opportunity to investigate the 

intermolecular self-assembly stoichiometry and the relative peptide orientation by 

paramagnetic proton NMR and steady state fluorescence measurements.  

 

Table 1. Peptide primary structure and molecular characterization 
 

Peptide 
Name 

Sequence 
(from N to C terminus) 

Molecular 
weight  

(g mol-1) 

D(*, 
W) a 

1H-
NMR 
signal 

b 

Fluorescence 
signal c 

Coil-K Ac-
(KIAALKE)3

-CONH2  2321 N/A N/A N/A 
Coil-KW Ac-

(KIAALKE)3GW-CONH2  2564 N/A √ √ 
Coil-
KW

* 
AAcc

-
-((KKIIAAAALLKKEE))33GGWWCC

-
-CCOONNHH22

MMTTSSLL  
2854 6.6 × × 

Coil-
*KW 

AAcc
-
-CC((KKIIAAAALLKKEE))33GGWW

-
-CCOONNHH22

MMTTSSLL  
2854 36.7 √ √ 

Coil-E Ac-
(EIAALEK)3

-CONH2  2324 N/A N/A N/A 
Coil-Er Ac-

(KELAAIE)3
-CONH2  2324 N/A N/A N/A 

Coil-YEr Ac-YG(KELAAIE)3
-CONH2  2544 N/A √ √ 

      
a. ‘D’ short for distance, ‘*’ denotes the position of the ‘MTSL’ spin label and ‘W’ 
denote for the tryptophan residue, indicating the distance between the MTSL and the 
tryptophan functional group. Distances between the ‘*’ paramagnetic nitroxide and the 
tryptophan play a decisive role in both the NMR and fluorescence signal of ‘W’. Within 
10.5 Å, the NMR signal of W will get totally suppressed while its fluorescence signal gets 
quenched.38-48 b Refers to 1D-proton NMR chemical shifts from 6-8 ppm. c Refers to 
fluorescence emission spectra from 285-445 nm with excitation at 275 nm. Both NMR and 
fluorescence measurements were performed in presence of pH=7.4 PBS buffer. ‘√’ 
indicates there is signal observed while ‘×’ indicates there is no signal observed. 
 

All peptides were synthesized by standard Fmoc solid phase synthesis on Rink Amide resin 

and further purified by C18 RP-HPLC. Peptides were identified using LC-MS mass 

spectrometry and analytical HPLC results confirm that the purity of the peptides is higher 

than 99% (See Appendix Figure A2-A4). 
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Circular Dichroism spectroscopy 

Circular dichroism spectroscopy was used to study the secondary structure of the peptides. 

Both Coil-K and Coil-Er show α-helical structures with two minima at 222 nm and 208 nm 

wavelength in phosphate buffered saline (PBS, pH=7.4) at room temperature. The 

equimolar mixture shows typical coiled-coil characteristics with the [θ]222/[θ]208 

ellipticity ratio > 1 (Figure 1A).49 To further investigate the peptide secondary structure, 

TFE was added. TFE is known to enhance intramolecular α-helicity while disrupting any 

intermolecular interactions (i.e. coiled coil assemblies).50 Comparison of the [θ]222/ [θ]208 

ellipticity ratio and α-helix values before and after TFE addition showed that in both 

peptides Coil-K and Coil-Er, the [θ]222/[θ]208 ellipticity ratio and α-helix values increases, 

indicative of monomeric α-helices. In contrast, for the equimolar peptide complex CC-K/Er, 

both the ellipticity ratio and helicity decreased, indicating the disturbance of intermolecular 

coiling, affirming the existence of coiled coils (Table 2).51   

 

 
Figure 1. Circular dichroism spectra of peptide Coil-K, Coil-Er and their 1:1 mixture. (A) 
Secondary structures of peptide Coil-K, Coil-Er and their equimolar mixture CC-K/Er in 
pH=7.4 PBS buffer, as well as CC-K/Er in TFE/PBS=1:1 (v/v) solution. (B) Binding 
stoichiometry of the peptide Coil-K and Coil-Er. Mean residue molar ellipticities at 222 nm 
wavelength for mixtures of the Coil-K and Coil-E peptides as a function of the mol fraction 
of the Coil-E peptide. [Total peptide]= 200 μM, PBS, pH=7.4, 25 ℃. 
 

Furthermore, CD spectra were also used to determine the coiled coil binding properties. 

First the Coil-K and Coil-Er binding stoichiometry was measured using a Job-plot by 

changing the ratio of the mole fraction between Coil-K and Coil-Er, while keeping the total 
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peptide concentration constant at 200 μM (i.e. Plotting [θ]222 as a function of the mole 

fraction of Coil-Er). A minimum molar ellipticity at [θ]222 was observed when Coil-K and 

Coil-Er were mixed with equimolar amounts, indicative of a 1:1 stoichiometry (Figure 1B). 

 

Table 2. Secondary and quaternary CD spectroscopic data of CC-K/Er. 
 

Peptide a 
[θ]222 % α-helix b [θ]222/[θ]208 Coiled-Coilc 

Benign 50% TFE Benign 50% TFE Benign 50% TFE 

Coil-K -14105 -19965 45 64 0.82 0.85 - 
Coil-Er -5758 -16476 18 53 0.83 0.85 - 

CC-K/Er -29163 -23280 93 75 1.13 0.87 + 
 
a CC-K/Er refers to an equimolar concentration of Coil-K and Coil-Er. b The percentage of 
α-helicity is calculated from 100 times the ratio between observed [θ]222 and predicted 
[θ]222 for an α-helical peptide of n residues. The predicted α-helicity is determined from the 
formula: [θ]222=-40000×(1-4.6/n). 52, 53c The signal + signifies a significant decrease in the 
[θ]222/[θ]208 ratio from PBS to 50% TFE in PBS, indicative of the folded coiled-coil 
structure and vice versa. [Total Peptide]=200 μM, PBS, pH=7.4, 25℃. 
 

Next, the thermal stability of CC-K/Er was determined by plotting the molar ellipticity at 

222 nm as a function of temperature.6,52 The transition showed to be reversible (Figure 2). 

 

 
Figure 2. The thermal dissociation and association curves of CC-K/Er, indicated by the 
temperature dependent value of [θ]222. (A) Reveals decreasing absolute values of [θ]222 due 
to the disassembly of the CC-K/Er complex by temperature increase. (B) Reveals 
increasing absolute values of [θ]222 due to the assembly of the CC-K/Er complex by 
temperature decrease. [Total peptide]= 40 μM, PBS, pH=7.4. 
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CC-K/Er showed to have a two-state transition from 100% folded to 0% folded. The Tm 

was determined from the unfolding curve to be 58 oC (Figure 3A). The enthalpy of the 

temperature dependent unfolding curve was calculated from the Van’t Hoff plot (Figure 

3B). For the CC-K/Er complex, the enthalpy value increases linearly with rising 

temperature, which is the expected behavior for a two-state transition (Figure 3C). 40  The 

gradient of the enthalpy-temperature curve is the heat capacity between the folded complex 

state and the unfolded monomer state.54 The positive value (0.26 kcal mol-1 K-1) of the heat 

capacity indicates that nonpolar surfaces are exposed to water during dissociation of the 

coiled coil complex.55 Using the heat capacity value, the change in free energy of unfolding 

at different temperatures was calculated to be 9.6 kcal mol-1 (Figure 3D). This is similar to 

the original CC-K/E (See Appendix Figure A5). The dissociation constant at 25 oC 

associated with this ΔGH2O value is 6.4×10-8 M. This value is close to the reported 7.0×10-8 

M for CC-K/E (Table 3).25 

 
Figure 3. Thermal unfolding properties of CC-K/Er. (A) Thermal dissociation curve of 
coiled coil complex CC-K/Er. Melting temperature is 331 K (58 oC). (B) Van’t Hoff plot of 
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the thermal denaturation of CC-K/Er. The dissociation constant at 25 oC is Ku = 6.4 ×
10−8 M. (C) Shows the linear dependence of the enthalpy of unfolding of CC-K/Er on 
temperature. (D) Describes the free energy associated with the unfolding of CC-K/Er as a 
function of temperature. The least-squares fit gives a ΔGH2O value at 25 oC of 9.6 kcal/mol. 
[Total peptide]= 40 μM, PBS, pH=7.4.  
 
Table 3. Coiled coil dissociation constant measured from CD spectroscopy. 
 

Coiled-coil Complex Tm (oC) b ∆Gu (kcal mol-1) c Kd (M) d 

CC-K/E a 58 9.6 7×10-8 
CC-K/Er 58 9.6 6.4×10-8 

 

a data taken from literature and we further confirmed by repeating the measurements (See 
Appendix).5, 6  b Tm = melting temperature, at which 50% of the coiled coil complex was 
dissociated. c Gibbs free energy of unfolding at 25℃. d Kd = the dissociation constant. 
 
Comparison of the CD spectra of CC-K/E and CC-K/Er did not show any significant 

differences. Remarkably, the binding energy was almost identical. To this point, CC-K/E 

and CC-K/Er showed to behave similarly. 

 
1H-proton NMR spectroscopy 

600 MHz 1H-nuclear magnetic resonance spectroscopy was used to study the orientation 

and assembly stoichiometry of the coiled coil scaffold CC-K/Er. Paramagnetic NMR 

spectroscopy was used to investigate the peptide quaternary structure. With this method, 

one can easily recognize the complementary coiled coil peptide orientation and assembly 

stoichiometry of the complex by determining whether suppression of the peptide specific 

proton signals due to the paramagnetic relaxation enhancement (PRE) effect. 56 

For this, the peptides need to have a functional group with a characteristic NMR signal and 

one of the peptides is modified with a signal suppressing paramagnetic spin label. In this 

study, Tryptophan (W) and Tyrosine (Y) were used to label the C- terminus of Coil-K and 

the N- terminus of Coil-Er respectively, as the characteristic aromatic signals are well 

separated from the other signals (i.e. Coil-KW and Coil-YEr). In addition, the paramagnetic 

spin label MTSL was introduced onto either the N- or the C-terminus of Coil-KW, yielding 

Coil-*KW or Coil-KW*. To avoid spectral overlap of the aromatic protons with N-H amide 

protons, the latter were suppressed by ‘H-D exchange’ before each NMR experiment.  

The aromatic region of tryptophan (W) has four multiplets while tyrosine (Y) shows two 

doublets within the 6 to 8 ppm range. Peptide Coil-KW* shows full suppression of the 
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tryptophan signals (Figure 4). This is due to the MTSL nitroxide PRE effect. PRE 

suppression only occurs when a nucleus is in close proximity with the paramagnetic center 

(< 13 Å), and full suppression occurs within a 10.5 Å radius.46 In peptide Coil-KW*, the 

average distance between the tryptophan aromatic protons and the nitroxyl radical is 6.6 Å, 

resulting in suppression of the aromatic protons. In contrast, in peptide Coil-*KW the 

average distance between the aromatic protons and the nitroxyl radical is 36.7 Å and 

therefore no PRE effect is observed (Figure 4) (All the distances were calculated using 

Hyperchem).  

 

 
Figure 4. Aromatic region (6-8 ppm) of 600 MHz 1H-nuclear magnetic resonance spectra 
showing tryptophan indole and tyrosine hydroxyphenyl functional groups of Coil-K and 
Coil-E derivatives respectively. (A) The aromatic signal of Coil-YEr, Coil-KW, Coil-*KW 
and Coil-KW

* in PBS buffer. (B) The aromatic signal of single peptides in the presence of 
50% TFE in PBS buffer. [Total peptide]= 0.8 mM, 25 oC. 
 
An equimolar mixture of peptide Coil-KW and Coil-YEr and their MTSL labeled variants 

were studied in PBS at room temperature to obtain information regarding the relative 

peptide orientation (Figure 5). When the peptides are assembled into coiled coils, the 

characteristic knobs-into-holes packing leads to the close distance of the peptides identical 

termini, but the distance of the opposite termini is too large for the PRE effect (length of 

Coil-K = 37.1 Å).37 Thus the PRE effect can be used to determine the peptide orientation 

during self-assembly of the coiled coil. It is obvious that the tyrosine aromatic signals in 

Coil-YEr, only gets suppressed when an antiparallel orientation is adopted in coiled coil 

formation with Coil-KW
*. This was indeed observed (Figure 5). Recovery of the tyrosine 

signal was obtained upon the addition of 50% TFE due to disassembly of the coiled coil. 
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This strongly suggests that peptide Coil-KW and Coil-YEr form an antiparallel coiled coil 

motif. An equimolar mixture of Coil-*KW and Coil-YEr did not show suppression of the 

tyrosine signal, thereby supporting the antiparallel orientation (Figure 5).  

 

 
Figure 5. Aromatic Region (6-8 ppm) of 600 MHz 1H-nuclear magnetic resonance spectra 
showing tryptophan indole and tyrosine hydroxyphenyl functional groups of equimolar 
mixtures of Coil-K and Coil-E (short name CC-K/E). (A) Aromatic signals of peptide CC-
K/E complex in PBS. Blue line indicates CC-KW/YEr, pink line indicates CC-*KW/YEr and 
red line indicates CC-KW*/YEr. (B) Aromatic signals of CC-K/E in 1:1 (v/v) TFE: PBS. 
Blue line indicates CC-KW/YEr, pink line indicates CC-*KW/YEr and red line indicates CC-
KW

*/YEr. [Total peptide]= 0.8 mM, PBS, pH=7.4, 25 oC. 
 

Next, the stoichiometry of Coil-K and Coil-YE coiled coil formation was investigated by 

paramagnetic NMR. First, Coil-KW
* and Coil-YEr were mixed in a 2:1 molar ratio (Figure 

6). Here the tyrosine aromatic proton signals are fully suppressed. This was also observed 

for the equimolar mixture. However, when Coil-KW
* and Coil-YEr were mixed in 1:2 molar 

ratio, tyrosine aromatic protons were observed. This is indicative that there is an excess of 

Coil-YEr which is not suppressed. This shows that Coil-K and the reverse sequence Coil-Er 

bind approximately in a 1:1 stoichiometry.  
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Figure 6. Aromatic region (6-8 ppm) of 600 MHz 1H-nuclear magnetic resonance spectra 
showing tyrosine hydroxyphenyl functional groups of different molar ratio mixtures of 
Coil-KW

* and Coil-YEr. (A) From top to bottom, the molar ratio between Coil-KW
* and 

Coil-YEr is 2:1, 1:1 and 1:2 respectively. [Total peptide]=0.8 mM, PBS, pH=7.4, 25 oC. 
 

Steady state fluorescence spectroscopy 

To confirm the relative peptide orientation in the coiled coil, steady state fluorescence 

spectroscopy studies were performed using FRET (fluorescence resonance energy transfer) 

or fluorescence quenching assays. The fluorescence emission spectra of the individual 

peptides are shown in Figure 7. Typical spectra were obtained except for Coil-KW
*, due to 

the presence of spin label in the vicinity of the tryptophan (vide infra).  

FRET only occurs when the donor and acceptor are within the Förster Distance (≈ 1 nm).57 

When a mixture of Coil-YEr and Coil-KW forms coiled coils with an antiparallel orientation, 

FRET between the donor tyrosine and the acceptor tryptophan is expected. Indeed, FRET 

was observed using an excitation wavelength of 275 nm. From the emission spectra in 

Figure 8A, it is noticeable that when an equimolar mixture of Coil-KW and Coil-YEr is used, 

the Coil-KW fluorescence intensity increases while the Coil-YEr fluorescence intensity 

decreases due to the FRET phenomenon leading to the energy transfer from the donor Y to 

the acceptor W. This confirms the small distance between the N-terminus of peptide Coil-

YEr and the C-terminus of peptide Coil-KW, implying an antiparallel orientation of CC-

KW/YEr. Upon the addition of 50% TFE, the coiled coil dissociates, which led to an 
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increase of tyrosine fluorescence, and a decrease of tryptophan fluorescence. Thus addition 

of TFE leads to a loss of FRET due to disassembly of the antiparallel coiled coil of Coil-K 

and Coil-Er. 

 

 
Figure 7. Fluorescence emission spectra of W and Y on peptide Coil-KW and Coil-YEr and 
their derivatives are shown with excitation at 275 nm. [Total peptide]= 50 μM, PBS, 
pH=7.4, 25 oC. 
 
This FRET assay strongly suggests an antiparallel orientation of the peptides in the coiled 

coil, but it might not be accurate enough to distinguish between dimeric or multimeric 

assemblies. 

Therefore a fluorescence quenching assay was performed. In fluorescence spectroscopy 

measurements, the fluorophore electron excited singlet state will be quenched when a 

stable nitroxyl radical is within a distance of 12 Å due to an electron exchange 

interaction.39, 41, 58-63 For example, tryptophan fluorescence is quenched in peptide Coil-KW
*, 

as the distance to the nitroxyl radical of the MTSL label is shorter than 12 Å; while in 

peptide Coil-*KW no quenching is observed as the distance between the nitroxyl radical and 

tryptophan is longer than 12 Å (Figure 7) . 

Here, peptide Coil-KW
* and peptide Coil-YEr were utilized to confirm the antiparallel 

orientation of the peptides in CC-K/Er. In an equimolar mixture of these two peptides, the 

fluorescence signal of Coil-YEr is quenched (Figure 8B). Addition of 50% TFE resulted in 

the dissociation of the coiled coil. As a result, the distance between Coil-KW
* and Coil-YEr 

increases, and the tryptophan fluorescence was observed. These findings further proof that 

the CC-K/Er coiled coil motif has indeed an antiparallel orientation.    
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Figure 8. Fluorescence emission spectra of W and Y on single peptides and in the coiled 
coil complex are shown with excitation at 275 nm. (A) presents the fluorescence spectra of 
Coil-KW and Coil-YEr, and their equimolar mixture emission FRET spectra in PBS buffer 
as well as emission spectra in TFE/ PBS=1:1 (v/v). The green arrow indicates the signal 
increase of W and the yellow arrow indicates the signal decrease of Y. (B) presents the 
single peptide fluorescence spectra of Coil-KW

* and Coil-YEr, and their equimolar mixture 
emission quenching spectra in PBS buffer as well as emission spectra in TFE/ PBS=1:1 
(v/v). The yellow arrow indicates the signal decrease of Y. [Total peptide]=50 μM, 25 oC. 
 
In summary, FRET and fluorescence quenching experiments show strong evidence for the 

antiparallel peptide orientation in the CC-K/Er coiled coil motif. This result further 

supports the finding of the paramagnetic NMR study.  

 

Sedimentation Equilibrium 

To determine the oligomer state of the CC-K/Er species in solution, sedimentation 

equilibrium measurements were performed using ultracentrifugation (AUC). Datasets were 

fitted to a single-ideal species model using Ultrascan and the average mass of the species 

was determined to be 10,620 Da, with 95% confidence limits (determined by Monte Carlo 

analysis) to be +57 Da, -64 Da. There are no systematic residuals for the fitting. Hence, 

weight-averaged molecular weights typical of a tetramer for CC-K/Er were observed.  
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Figure 9. AUC (analytical ultracentrifugation) data for the CC-K/Er species (A) and 
residuals (B). 

 
 
Molecular simulation  

All the experimental data has shown so far that in an equimolar mixture of Coil-K and 

Coil-Er, coiled coils are only formed with an antiparallel orientation of the peptides. 

However, the exact arrangement of the peptides within this tetramer is still unknown. To 

have further information about the peptide orientation of the peptides within the tetramer, 

molecular simulations were performed. In all the simulations, the randomly distributed 

peptides (two Coil-K and two Coil-Er) spontaneously aggregated into supra-molecular 

structures. The four peptides first came into contact, and then orientate parallel to each 

other forming a 4-helix-bundle with a hydrophobic core. The aggregation process itself is 

relatively fast, approximately 0.5 microseconds, while 20 to 40 microseconds are needed 

for equilibration (each peptide rotation around its own axis or flipping to optimize the core). 

After equilibration, each peptide makes two longitudinal interfaces with two neighboring 

peptides, and the final cylinder is ~2.5 nm in diameter and the height. 

All the possible tetramer configurations can be classified in two major classes: (1) having 

four K-Er interfaces or (2) having two K-Er interfaces, together with one K-K and one Er-

Er interface. Likewise all the formed interfaces may be in parallel or in antiparallel 

orientation. This gives eleven distinct possible conformations for the obtained tetramers. 

Our self-assembly simulations show two possible tetramer structures with high forming 

probability and stability: one with two K-Er interfaces and the other with four K-Er 
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interfaces. Both of these complexes have antiparallel orientations between Coil-K and 

Coil-Er helices, but the two copies of both Coil-K and Coil-Er are taking parallel 

orientations (Figure 10). 

These simulations compliment the experimental techniques by providing information about 

binding motifs or conformations in the tetramers. As these binding conformations in 

solution are currently inaccessible for experimental imaging techniques, this is an 

important result. To decisively determine the most stable conformations by CGMD (coarse 

grained molecular dynamics), the systems should be equilibrated for considerably 

increased timescales and/or free energies should be extracted for all eleven possible 

conformations. Before such an effort is undertaken, one should judge whether the 

additional insight gained by such a study outweighs the huge computational investment 

required for such an analysis. Supported by our well-chosen computational setup, i.e. 

avoiding a bias in the starting conditions, and the observation of a complete reorientation 

event within simulation time for the heterodimer case, we are confident to conclude that 

the most probable binding conformations are indeed sampled by our CGMD simulations. 

Thus, this simulation showed unequivocally that Coil-K and Coil-Er assemble in a tetramer 

only, which is in line with the sedimentation equilibrium study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3 
 

67 

 

 

 

Figure 10. Two possible CC-K/Er tetramer configurations resulting from molecular 
dynamics simulations. Up is the lateral view and down is the top view. (A) shows CC-K/Er 
antiparallel tetramer with two K-Er interfaces. (B) shows CC-K/Er antiparallel tetramer 
with four K-Er interfaces.  
 

Liposome fusion study 

By using various analytical techniques it has been demonstrated that combining peptides 

Coil-K and Coil-Er leads to the formation of anti-parallel tetrameric coiled coils, whereas 

peptides Coil-K and Coil-E form parallel dimeric coiled coils. Remarkably, these two 

peptide pairs have a similar binding energy. Once incorporated into liposomal membranes, 

peptides Coil-K and Coil-E have shown to induce efficient and targeted membrane fusion.6 

Here the contest of the aggregation state and orientation vs. binding energy of the coiled 

coil complexes on the ability to induce membrane fusion was investigated (Scheme 2). For 

this reason, fusogenic peptides were synthesized which consist of three distinct segments: 1) 
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the peptide segment, which serves as the recognition unit, 2) a hydrophobic anchor, which 

enables the stable anchoring of the peptides into liposomal membranes and 3) a hydrophilic 

spacer, which supplies the peptides with the ability to reorient in order to form coiled coil 

motifs efficiently.13 The peptide segment consisted of Coil-K, Coil-E or Coil-Er, whereas 

the anchor was constituted by cholesterol and the spacer by 12-polyethylene glycol 

(PEG12). The resulting lipidated peptides are denoted CPK, CPE and CPEr. Peptide 

decorated liposomes were prepared (lipid composition: DOPC/DOPE/CH, 2/1/1 molar 

ratio and 1 mol% lipidated peptide) by mixing appropriate amounts of lipid and lipidated 

peptide stock solutions (in CHCl3 and CHCl3/MeOH 1/1 respectively), evaporating the 

solvent, addition of PBS buffer (yielding a total lipid concentration of 0.1 mM) and 

sonication for 1 minute at 50°C. A typical fusion experiment was performed by combining 

equimolar amounts of Coil-K decorated liposomes with Coil-E or Coil-Er decorated 

liposomes. The characterization of the fusion events was performed by optical density 

measurements and DLS, as well as lipid and content mixing assays.  

 

 

 

Scheme 2. Schematic diagram of liposome fusion. (A) zipper like fusion model: parallel 
dimeric coiled coil induced liposome fusion, the blue helix indicates the Coil-E peptide. (B) 
Non-zipper like fusion model: antiparallel tetrameric coiled coil induced liposome fusion, 
the blue helix indicates the Coil-Er peptide. Common symbols: light blue bilayer 
vesicle=liposome; red helix=Coil-K; green anchor=Cholesterol; light blue linker=PEG12; 
orange dot=peptide N-terminus. 

 



Chapter 3 
 

69 

Upon combining Coil-K decorated liposomes with Coil-E (or Coil-Er) decorated liposomes, 

an increase in particle size is expected due to coiled coil formation. The particle size 

increase can reflect fusion events and/or aggregation and was determined by measuring the 

optical density of the mixed liposomes at λ=400 nm. A rapid increase in size was observed 

for both vesicle combinations (equimolar amount of CPK-liposome with CPE-liposome or 

with CPEr-liposome), which indicates that both coiled coil motifs are formed efficiently 

(Figure 11A).  

 

 
Figure 11. (A) Optical density measurements at λ=400 nm. (B) Dynamic light scattering of 
liposome fusion size increasing. Black line shows plots of equimolar mixture of Coil-K 
decorated liposome with Coil-E decorated liposome, while red line shows plots of 
equimolar mixture of Coil-K decorated liposome with Coil-Er decorated liposome. 
Liposome concentration is 0.25mM with 1% peptide decoration. All the measurements 
were done in PBS, pH 7.4, at 25 oC. 

 

DLS measurements confirmed these results and indicated that aggregates of particles >1 

µm were formed (Figure 11B). Next, lipid mixing experiments were performed to 

investigate the extent to which both coiled coil motifs were able to induce lipid mixing. For 

this assay, a FRET pair was incorporated in the membrane of the Coil-K decorated 

liposomes (donor: DOPE-NBD and acceptor: DOPE-LR). Upon lipid mixing of these Coil-

K liposomes (CPK-L) with Coil-E liposomes (CPE-L) or Coil-Er liposomes (CPEr-L), the 

average distance between donor and acceptor increases, giving rise to an increase in donor 

emission. The donor emissions were continuously measured for 30 minutes and the results 

show no notable differences between parallel and anti-parallel coiled coil formation, both 

coiled coil orientations are able to induce fusion between liposomes in an efficient manner 

(Figure 12A).  
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Figure 12. (A) Fluorescence traces showing lipid mixing between fluoresecence 
(NBD/LR) labeled CPK liposomes with non-fluoresence labeled CPE or CPEr liposomes. 
(B) Content mixing between non-fluorescent CPK liposomes with sulforhodamine labelled 
(20mM) CPE or CPEr liposomes. Black line shows plots of equimolar mixture of CPK 
liposomes with CPE liposomes, while red line shows plots of equimolar mixture of CPK 
liposomes with CPEr liposomes. Liposome concentration is 0.1 mM with 1% peptide. All 
the measurements were performed in PBS, pH 7.4, at 25 oC. 

 

However, full fusion is defined as lipid and content mixing and therefore we proceeded by 

performing a content mixing assay. Here, Coil-E or Coil-Er decorated liposomes were 

loaded with sulforhodamine B at a self-quenching concentration of 20 mM. Content 

mixing of these Coil-E or Coil-Er decorated liposomes with the non-fluorescent Coil-K 

liposomes decreases the concentration of sulforhodamine B, which results in relief of self-

quenching and an increase in fluorescence intensity (Figure 12B). Consistent with the lipid 

mixing experiments, no significant difference in content mixing was observed between 

both coiled coil motifs, both orientations and oligomer states induce efficient content 

mixing. This indicates that for this peptide mediated fusion system, the coiled coil binding 

energy plays an important role and not its aggregation state or the relative peptide 

orientation. 

 

Conclusion 

Reversing the peptide sequence of Coil-E yields Coil-Er which in the presence of 

equimolar amounts of Coil-K, results in the formation of an antiparallel tetrameric coiled 

coil and not an antiparallel heterodimeric coiled coil. This shows that reversing the peptide 
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sequence significantly alters the assembly behavior, which is in line with previous studies 

on proteins.5, 6, 37, 51  

Remarkably, the binding energy is similar but the oligomer state and relative peptide 

orientation are different. This study shows that reversing the amino acid sequence in a 

heterodimeric parallel coiled coil motif significantly alters its self-assembly property and 

one cannot assume that it yields an antiparallel heterodimer, as previously reported.12, 64 

This study demonstrates that a coiled coil assembly is sensitive to small changes and care 

should be taken when redesigning the amino acid sequence of known coiled coil structures. 

In addition, this study offers a new coiled coil candidate for the reduced SNARE induced 

membrane fusion model study. Cholesterol modified peptide Coil-K and Coil-Er induced 

liposome fusion comparable to the Coil-K and Coil-E induced liposome fusion. This 

suggests that in this peptide mediated membrane fusion system, the coiled coil binding 

energy is a more decisive factor while the peptide orientation and oligomer state is not.  
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Appendix 

Part 1. Non-zipper like liposome fusion model. 

 

 
Figure A1. Schematic diagram of (A) Diederichsen and (B) Kros non-zipper like liposome 
fusion model. Red helix indicates peptide Coil-K ([KIAALKE]3), purple helix indicates 
peptide Coil-Er ([KELAAIE]3), blue helix indicates peptide Coil-E ([EIAALEK]3). The 
orange ball indicates the peptide N-terminus. 

 

Part 2. Mass spectra of the peptides 

LC-MS spectra of all the purified peptides are shown below (Figure A 2-4).  

 
Figure A2. (A) LC-MS spectra of purified Coil-K, (B) LC-MS spectra of purified Coil-Er. 
From top to bottom: UV (ultraviolet-visible) spectrum, ESI (electrospray ionization) 
spectrum, and mass spectrum. 
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Figure A3. (A) LC-MS spectra of purified Coil-KW, (B) LC-MS spectra of purified Coil-
YEr. From top to bottom: UV (ultraviolet-visible) spectrum, ESI (electrospray ionization) 
spectrum, and mass spectrum. 
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Figure A4. (A) LC-MS spectra of purified Coil-KW
*, (B) LC-MS spectra of purified Coil-

*KW. From top to bottom: UV (ultraviolet-visible) spectrum, ESI (electrospray ionization) 
spectrum, and mass spectrum. 
 
Part 3. UV measurement for peptide concentration calculation 

Lyophilized peptides may contain anywhere 10%~70% bound water and salts by weight. 

Therefore, it is better to ascertain the actual peptide concentration by UV spectroscopy. 

The W and Y chromophore labeled peptide Coil-K and Coil-E concentration can be 

conveniently determined as follows: 

1. Molar extinction coefficients (Ɛ) of chromophoric residues at neutral pH using a 1 

cm cell:65, 66 

Tryptophan (W) 5690 AU/mmole/ml, peak at 280.8 nm wavelength. 

Tyrosine (Y) 1490 AU/mmole/ml, peak at 275.5 nm wavelength. 

2. Calculations: peptide concentration (mol/L) =(Apeak×DF)/Ɛ, where Apeak is the 

actual absorbance of the solution at peak value in a 1 cm cuvette, DF is dilution factor, 

MW is the molecular weight of the peptide and Ɛ is the molar extinction coefficient of each 

chromophore. 
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Part 4.CC-K/E CD thermal denaturation dissociation constant 

calculation 

Summary of the original CC-K/E temperature denaturation parameters. 

 

Figure A5. Thermal unfolding properties of CC-K/E. (A) Describes thermal dissociation 
curve of coiled coil complex CC-K/E, disassembling from 100% folding to 0% folding. 
Melting temperature is 331.15 K. (B) Describes the Van’t Hoff plot of the thermal 
denaturation of CC-K/E. The dissociation constant at 25 oC is Ku = 7.0 × 10−8 M. (C) 
Describes the dependence of the enthalpy of unfolding of CC-K/E on temperature. (D) 
Describes free energy associated with the unfolding of CC-K/E as a function of 
temperature. The least-squares fit gives a ΔGH2O value at 25 oC of 9.33 kcal/mol. [Total 
peptide]= 40 μM, PBS pH 7.4.  
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Part 5. Hyperchem simulation of peptide structure67 

Hyperchem release 8.0 package was used to simulate the peptide conformation and to 

determine the average distance between the spin label and the W (Tryptophan) aromatic 

amino acids in both peptide Coil-KW
* and Coil-*KW. 

For this, both Coil-K peptides were placed in a periodic box containing water molecules 

and the system was equilibrated at 300 K. The peptide can move in a constant-density 

environment which is similar to being in a liquid. The size of the box was set as a cube 

with W=H=D= 56.104 Å, and the minimum distance between solvent and solute atoms 

(atoms from peptides) is 2.3 Å.88 

Molecular Mechanics simulation was based on a classical Newtonian calculation. Here, 

atoms were treated as Newtonian particles interacting through a potential energy function, 

which depend on bond lengths, bond angles, torsion angles, and non-bonded interactions 

(including van der Waals forces, electrostatic interactions, and hydrogen bonds). In these 

calculations, the forces on atoms are functions of the atomic position. 

Furthermore, the AMBER force field which is typically used for developing proteins and 

nucleic acids was used to develop an all-atom model. The simulations were performed at 

300 K with a 30 ps run time. Figures A6 shows the peptide comformation after simulation. 

 
Figure A6. Structure of peptide Coil-KW

* (A) and Coil-*KW (B). In A) D1 indicates the 
distance between nitroxyl group and the W in peptide Coil-KW

*. The average distance D1 
is 6.6 Å. In B) the average distance D2 between the spin label and W is 36.7 Å. 
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Part 6. Molecular simulation 

In the Martini model, groups of atoms (typically four) are united into specific interaction 

centers that absorb all the molecular detail of the replaced atoms. The coarse-grained 

particles interact via Lennard-Jones potential (with different well depth parameters 

depending on the specific pair type), screened electrostatic Coulomb potential, while the 

connectivity of the molecules is modeled by elastic bonds and angle potentials. By 

reducing the number of particles and the complexity of the interactions between them, 

longer simulation times can be achieved. Each of the five types of amino acids: E, A, I, L 

and K, constituting either Coil-K or Coil-Er, is described at the coarse-grained level by an 

apolar interaction site representing the backbone and one or more interaction sites 

representing the side chains. The superposition of the atomistic and the coarse-grained 

representations of the CC-K/E coiled-coil structure is shown in Figure A7. The interaction 

parameters (hydrophobicity and polarity) for the coarse-grained particles have been set to 

closely reproduce the difference between particle’s solvation free energy in polar and in 

apolar media. The α-helicity of the peptides is imposed through dihedral potentials along 

the backbone beads during the simulations. 

 
Figure A7. Lateral and top views of the parallel CC-K/E, as reported by Hodges group by 
NMR measurements. Red backbone stands for the secondary structure of peptide Coil-K; 
while blue backbone stands for the secondary structure of either peptide Coil-E. Green 
bead is Glutamic acid (E); cyan bead is Lysine (K); green bead is Isoleucine (I); yellow 
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bead is Leucine (K) amino acid. Alanine (A) amino acid is omitted here. For each peptide, 
the starting amino acid on N-terminus is colored in black. In the lateral view, the atomistic 
structure is overlaid, in transparent licorice representation. 
In a typical simulation for this study, two Coil-K and two Coil-Er peptides are randomly 
distributed (position and rotation randomness) in an 11 nm × 11 nm × 11 nm simulation 
box and solvated by water and ions, mimicking the buffer solution. At completion, the 
system consists of ~10000 coarse-grained particles: four peptides (21 amino acids for each), 
water particles (one coarse-grained water particle representing four real water moleules) 
and ions (Na+ and Cl-). Periodic boundary conditions in all directions were employed. 
Standard MARTINI simulations were used.32 The Berendsen thermostat and barostat kept 
the temperature (t=300 K) and pressure (P=1 atm, isotropically) constant; the integration 
time step was t=20 fs. 
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