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Abstract: Involved in numerous key biological functions, protein helix-helix interactions 

follow a well defined intermolecular recognition pattern. The characteristic structure of the α-

helical coiled-coil allows for the specific randomization of clearly defined interaction partners 

within heteromeric systems. In this work, a rationally designed heterodimeric coiled-coil, 

VPK/VPE, was used to investigate potential factors influencing the sequence selectivity in 

interhelical interactions. In a phage-display screen, a single enriched sequence was isolated 

from a peptide library, in which three hydrophobic core positions had been fully randomized. 

The original sequence, VPE, and the sequence selected by phage display, VPE-L16Y23, both 

form heterodimeric coiled-coils with VPK; but the former exhibits higher thermal stability than 

the latter. In order to investigate these two systems, molecular dynamics simulations were 

carried out and possible assembly processes of the parent sequence and the selected 

variant were studied in silico. 

Graphical abstract: 
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Mutual recognition between two molecular patterns, and the strength of this interaction, are 

key factors for most biological functions. One recognition motif for hetero- and homo- 

assembly that is utilized by nature is the specific interface of helix-helix interactions found in 

coiled-coil assemblies. The primary structure of coiled-coils is based on a characteristic 

heptad repeat of amino acids, whose seven positions are denoted as a-b-c-d-e-f-g.1 

Positions a and d are typically occupied by hydrophobic residues in these assemblies, 

enabling formation of the hydrophobic core and oligomerization. Residues at positions e and 

g are commonly charged and engage in interhelical electrostatic interactions.  

The de novo designed VPK/VPE model system forms parallel coiled-coil heterodimers 

(Figure 1).2-4 Heteromerization is facilitated by the introduction of e–g‟ and g–e‟ pairs that 

engage in favorable electrostatic interactions in the heteromer but would repel one another in 

either homomer. Valine is positioned in all a-positions to induce dimerization, since β-

branched amino acids in a-positions are known to stabilize parallel coiled-coil dimers.5 An 

additional stabilization element for the heteromeric parallel orientation is provided by 

reversing, at one site (g22 and e27 of VPK and g’22 and e’27 in VPE), the otherwise absolute 

lysine (g) glutamic acid (e‟) pattern. This well-defined and thoroughly characterized coiled-

coil provides a suitable starting point for systematically investigating helical protein-protein 

interactions. 

In an aqueous environment, the α-helices of the coiled-coil associate in such a way as to 

bury hydrophobic surface areas, forming the hydrophobic core. In the middle of the sequence 

of VPK (Figure 1), L19 is a residue that participates in this lipophilic interaction. In the 

sequence of its partner VPE, V16, L19 and V23 engage in packing interactions with L19 of VPK 

in a well-described “knobs-into-holes” manner.5 The primary question initiating this work was 

whether a VPE variant including different residues in these specific positions could form a 

heterodimer with VPK, and what the impact would be on the stability of the complex. To this 

end, all possible VPE variants at the positions a‟16, d‟19 and a‟23 were screened by means of 

phage display using VPK as a target. The single enriched sequence isolated in this screen 

was further analyzed in vitro and by computational means. Unrestrained molecular dynamics 

(MD) as well as center-of-mass (COM) pulling simulations were conducted using an atomistic 

model with explicit solvent. Based on a case study applying phage display, this work aims at 

highlighting and discussing the subtle differences between stability and selectivity in the 

context of helix-helix interactions.  
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Figure 1: Graphical representation of the phage display experiment (upper left); aligned peptide 

sequences of VPK and VPE variants (lower left) with L19 of VPK highlighted in a light gray box and 

the three randomized positions in VPE highlighted by black boxes; helical wheel depiction of the 

coiled-coil dimer (right) 

Following previously published approaches,3,6 the phage-display-library design was based on 

randomization of the three central hydrophobic positions of VPE that interact directly with 

position d19 of VPK, namely a‟16, d‟19 and a‟23 (Figure 1). VPE was displayed as a fusion with 

bacteriophage coat protein pIII and VPK was immobilized on streptavidin coated magnetic 

particles via an N-terminal biotin tag; this is expected to facilitate parallel helix alignment of 

the heteromeric assembly. A Gly-Ser-Gly stretch served as a spacer between the biotin 

moiety and the VPK sequence. The best binding partners from a phage-displayed library, 

which covered all 8000 (203) VPE variants by four orders of magnitude, were determined 

afterfive rounds of panning (see Supporting Table S2). 

VPK, harboring leucine at position d19, was utilized as the target in the screen. Biopanning 

and subsequent sequencing of the amplified phagemid vectors revealed a single isolated 

consensus VPE sequence, containing leucines in positions a‟16 and d‟19, and tyrosine in 

position a‟23 (Figure S1). Leucine is the predominant residue found in the d-positions of 

naturally occurring coiled-coil motifs,7 and studies by Hodges et al.8 identified leucine as the 

most favoured amino acid, with regard to providing thermal stability, in the context of the d-

positions of parallel α-helical coiled-coils. Thus, its selection at d‟19 is not surprising. The 

selection of leucine in position a‟16 might be attributed to the higher hydrophobicity compared 

to valine, which occupies all a-positions of VPK and parent VPE.2 Surprisingly, the polar 
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aromatic residue tyrosine was selected in position a‟23 of VPE. In order to elucidate the 

intermolecular interactions that are responsible for this selection outcome, VPE-L16Y23 was 

chemically synthesized and further experimentally characterized in the context of the 

selected assembly VPK/VPE-L16Y23. 
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Figure 2: CD spectra of VPK/VPEvariant heteromers depicted as the mean of 3 experiments (left) and 

thermal denaturation spectra (sigmoidal fit) of VPK/VPEvariant heteromers (right). Peptide conc.: 20 μM; 

100 mM Phosphate buffer; pH 7.4. TM standard deviations from three independent measurements 

were ± 0.1 °C.  

 

CD spectra obtained from a 1:1 mixture of VPK/VPE-L16Y23 clearly indicate two distinct 

minima, at 208 and 222 nm, and thus verify the formation of helical assemblies (Figure 2); 

moreover, they are nearly superimposable with the traces obtained from VPK/VPE, which is 

compatible with a similar global conformation. Size exclusion chromatography (SEC) with 

detection based on static light scattering (SLS) shows that the dimeric oligomerization state 

of the VPK/VPE parent system is retained in the phage display variant (Figure S2). A 

shoulder of the size exclusion peak indicates a relatively small (<25%) proportion of trimeric 

species.2,4 We note that the possibility that one VPK can select two VPE-L16Y23 peptides 

through the formation of trimers is unlikely to explain the selection of this particular sequence 

of VPE over the parent one, which is forming dimers only. This is due to the excess of VPK in 

the phage–target binding, which guarantees that both versions of VPE will always be able to 

find a binding partner. Seeking to determine the thermal stability of the selected assembly, 

the CD signal at 222 nm, which is distinctive for α-helices, was monitored with increasing 

temperature. The measured thermal stability of the VPK/VPE-L16Y23 bundle (TM = 67°C, 

Figure 2) is lower than that one of the parent VPK/VPE (TM = 72°C, Figure 2).2-3 This result 

raises two central questions. First, in an environment with all possible VPE-variants (see 

Supporting table S2), why is VPK exclusively selecting a sequence of VPE that is not 

creating the most stable (in terms of thermal denaturation) intermolecular interaction? 
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Second, what is the role of selected tyrosine 23, an atypical residue for the hydrophobic core 

of the coiled-coil? To address these key points on stability and selectivity, the two systems 

have been thoroughly investigated using a computational approach.  

3D-models were built for the dimers VPK/VPE (parent) and VPK/VPE-L16Y23 (phage display-

selected variant) in parallel strand orientation to investigate specifically tyrosine a‟23 and the 

potential interactions stabilizing this residue within the coiled-coil. Both models were 

constructed by aligning our systems to the crystal structure of a natural coiled-coil, the Rho-

kinase (PDB code 1R48),9 without constraint on the side chains. After minimization with 

explicit solvent, each dimer was simulated three times for 200 ns, using Gromacs with the 

Amber 99sb force field.10-11 Trajectory analysis of the VPK/VPE-L16Y23 system reveals that, 

being situated at an a-position where the Cα-Cβ bond vector points out of the hydrophobic 

core, the large hydrophobic surface of the tyrosine aromatic ring provides for exclusion of 

water at the non-polar helical interface. In general, the formation of hydrophobic interfaces 

between two non-polar side-chains leads to a loss of side chain conformational entropy.12-13 

In regard to this, tyrosine might be particularly favorable since its side-chain rotamers are 

restricted. Moreover, as observed early in the unconstrained MD simulations of VPK/VPE-

L16Y23 (already in the first 5 ns of simulation time), the hydroxyl group of the tyrosine is mostly 

in a distance range from 2 Å to 6 Å to the primary amine of VPE-K27 and 3 Å to 6 Å to the 

carboxyl group of VPK-E22 and (Figure 3B). Even though such distances allow for hydrogen 

bonding with these two partners, H-bonds are observed during only 3.2% of the simulation 

time (2.6% for Y23-E22 and 0.6% for Y23-K27) using 3 Å cut-off for the distance and 20º the 

angle. Even using a looser cut-off (3,5 Å and 30º),14 the H-bond occurrence reaches not 

more than 4.7% (Table 1).  

Table 1: Proportion of simulation time with a detected H-bond and water bridge 

 Hydrogen-
bond 

Water Bridge 

Cut-offs for H-bond detection Strict Loose Strict Loose 

Parent dimer K27-E22 6% 12% 46% 58% 

 Y23-K27 1% 5% 37% 58% 
Phage display dimer Y23-E22 3% 4% 47% 67% 
 K27-Y23-E22 0% 1% 18% 38% 

“Strict” refers to a cut-off of 3.0 Å for the H-bond distance and 20º for the H-bond angle; “Loose” to 3.5 Å and 30º. 

Nevertheless, during the simulation, the hydroxyl group of the tyrosine is always observed 

between VPK-E22 and VPE-K27 in the phage display dimer with the angle K27-Y23-E22 

observed most of the time around 160º (Figure S4). This result indicates that water 

molecules might connect these three groups by H-bond bridges. The analysis of the 
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trajectories shows that water molecules indeed form H-bond with both Y23 and E22 for 67% of 

the simulation time and 58% with Y23 and K27 (Table 1). Furthermore, simultaneous water 

bridges between Y23-K27 and Y23-E22 occur 38% of the simulation time. We note that another 

important type of interaction that may occur between residues Y23 and a lysine is the π-

cation interaction, which however is not well described by classical force fields. A π-cation 

interaction could take place between Y23 and lysines in its neighborhood, such as K21, K22 

and K27 in VPE-L16Y23. As K21 and K22 are located in positions f‟ and g‟, on the other side of 

the hydrophobic core (Figure 1), their interaction with Y23 could impede the formation of the 

coiled-coil. Contrarily, as discussed previously, in the coiled-coil the e‟ residue K27 is in the 

neighborhood of a‟ Y23 (Figure 3B). Thus, should π-cation interactions play an important role 

in the stabilization of the coiled coil, the very result of the phage display screening indicates 

that the most likely π-cation interaction involving Y23 is the one with K27 . To sum up, the 

MD simulations of the phage display dimer reveal that these three side chains (K27, Y23 and 

E22) interact through an water mediated dynamic H-bond cluster. This could explain how the 

phage-selected system stabilizes this particular tyrosine side chain at this particular position 

of the coiled-coil. 

A model of parent VPK/VPE was also constructed and simulated under conditions identical 

to those used for the phage-display variant. Similarly, the coiled-coil structure was found to 

be stable during the 200ns of simulations (data not shown). In the absence of the large a‟23 

tyrosine in the VPE sequence, the model shows that the side chains VPK-E22 and VPE-K27 

can make contact (Figure 3A). Due to the length of their side chains and their solvent 

exposed position, these residues also have numerous degrees of freedom. As observed 

between 60 ns and 90 ns of simulation time in the plot reported in Figure 3A, the measured 

distances between the charged groups can fluctuate from 2 Å to 17 Å; however, most of the 

time, the polar heads of VPK-E22 and VPE-K27 are observed within 2-4 Å from one another, 

interacting with electrostatic interactions above the short chained valine in position a‟23 of the 

hydrophobic core. As with the phage-display dimer, very few hydrogen bonds were detected 

between VPK-E22 and VPE-K27 (6,0% of the simulation time using strict cut-offs), and thus 

most of the time they interact through a water molecule intermediate (46% of the simulation 

time using the same cut-offs, Table 1). The absence of global structural change triggered by 

the presence of Y23 in the selected VPE variant correlates with the small difference observed 

in thermostability between VPK/VPE and VPK/VPE-L16Y23. So, even though the side chain of 

tyrosine is chemically quite different from that of valine, the main interactions stabilizing the 

heterodimer are not disturbed when tyrosine is introduced into this particular position in VPE 

(see also contact maps in Figure S5).  
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Figure 3: Top: 3D-models of the parent dimer VPK/VPE (A) and the phage display variant VPK/VPE-

L16Y23 (B). Bottom: Distances analysis for representative 200 ns windows and probability distributions 

[P(d)] for the full simulation. Measurements involving K27 are performed between the closest 

hydrogen of the group NH3
+ and measurements involving E22 are performed between the closest 

oxygen of the COO- to the hydroxyl group of Y23. 

In an attempt to explain the selection of the variant VPE-L16Y23, the dimerization process of 

the two monomers was investigated by MD. Configurations were generated at selected 

centers-of-mass (COM) distances between the two helices, by maintaining the COM distance 

with a harmonic spring. At each COM distance, an independent simulation was conducted.  

The last conformations from the unrestrained MD simulations reported above were used to 

initiate this study. The first step in silico aimed at separating the two monomers up to 30 Å 

from one COM to another. This conformation was then used as the initial conformation in all 

subsequent simulations. That is, from a distance of 30 Å, the two helices VPE and VPK were 

pulled together to reach the desired COM distances ranging between 4.5 Å and 30 Å. Each 

COM distance was simulated for 30.5 ns and was repeated five times (using identical 

coordinates and a different seed for the random numbers for the velocities). We note that, 

although the orientation of the two monomers was not constrained in the simulations, the 

parallel orientation appears to be conserved in silico at all distances (Figure S6). An identical 

state to the original stable dimer is reached when the COM distance is ranging from 7 Å to 8 
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Å between the two monomers. Indeed, the measured root mean square deviation (RMSD) to 

the initial minimized structure considering all peptide atoms is between 5 Å and 6 Å for the 

window with COM distance set at 7.5 Å. A particular emphasis was then put on COM 

distances from 10 Å to 20 Å, where the two dimers would have their first contacts, i.e. we 

hope to see with which partners the side chain of residue Y23 from VPE-L16Y23 interact during 

the dimerization process. Intermolecular H-bonds were observed between the tyrosine 

hydroxyl group and side chains E22 and K15 of VPK, as were intramolecular H-bonds with E20 

and K27 (data not shown). Bearing a valine in this position, the parent VPE peptide is unable 

to facilitate dimerization by means of such interactions. The unique chemical functionality of 

the tyrosine side chain enables it to combine H-bonding, via its polar protic „head‟, with 

hydrophobic contacts, via its aromatic „body‟, which suggests an explanation on how this 

residue could assist in the complexation process from a kinetic perspective.  

In conclusion, the heterodimeric coiled-coil system VPK/VPE was utilized to investigate 

potential factors influencing the selectivity of interhelical interactions. Three central positions 

in the VPE sequence were randomized, yielding a library that was subjected to a phage-

display screen. One VPE variant, VPE-L16Y23, was isolated, displaying 100% enrichment. 

Since the VPK/VPE-L16Y23 dimer has a lower thermostability than the parent VPK/VPE 

complex, a computational investigation was conducted to comprehend the dimerization 

process of these two systems. On the one hand, this work identifies potential stabilizing 

intermolecular interactions involving the Y23 residue in the phage-display variant, explaining 

why this particular sequence could be selected. On the other hand, the analysis of the 

peptide-peptide interactions with varying COM distance highlights the same residues, thus 

providing a preliminary hypothesis for the selection of VPE-L16Y23 despite its lower thermal 

stability (than VPE) when complexed with VPK. This work has allowed rationalization of an 

atypical experimental result in the field of phage-display screening. The outcome of this study 

highlights the complexity of a discussion involving selectivity vs stability in the context of 

protein-protein interactions; and the approach reported here proposes computational 

solutions to investigate factors influencing selectivity at the level of specific intermolecular 

interactions. 
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EXPERIMENTAL 

Peptide synthesis - Peptide synthesis was carried out in a 0.05 mM scale on a Syro-XP-1 

peptide synthesizer (MultiSynTech GmbH, Witten, Germany) using standard Fmoc/tBu 

chemistry as described previously.2 The coupling mixture contained 0.23 M NaClO4 to 

prevent on-resin aggregation. N-terminal coupling of biotin (Acros) was performed as double 

coupling using DIC/HOBt as coupling reagents and a fourfold excess relative to the resin 

loading. Non biotionylated peptides were cleaved from the resin by treatment with 4 mL 

TFA/TIS/H2O (95:2.5:2.5). Biotinylated peptides were cleaved from the resin with TFA–TIS–

EDT–H2O (94:2.5:2.5:1) to prevent oxidation of biotin. Purification was carried out by RP-

HPLC (Phenomenex®, Luna C8,10 mm, 250 nm*21.2 mm). Purity and identity of the 

products was determined by analytical HPLC (Phenomenex®, Luna C8, 5 μm, 250 nm*4.6 

mm) combined with high resolution mass spectra (Agilent 6210 ESI-TOF mass spectrometer, 

Agilent Technologies, Santa Clara, CA, USA). 

Construction of the VPE-library - Library construction was performed by annealing two 

complementary VPE encoding oligonucleotides in which the library codons are randomized 

applying the NNK-strategy.15-16 The library DNA was cloned into the pComb3H27 phagemid 

vector (GenBank database accession number: AF268280, Barbas laboratory, TSRI) by SfiI 

sites and transformed into E.coli K12 ER2738 (New England Biolabs #E4104S) as described 

previously.3 The Library size was calculated to be 1.2x107. Production of the phage library 

was carried out as previously described.3 

Phage selection and amplification - For phage selection, approximately 10 nmol 

biotinylated target peptide was immobilized on 30 µL streptavidin-coated magnetic particles 

(M-280, Dynal Biotech). Particles were washed twice with 500 µL 0.1% Tween20 in PBS. 

500 µL 5% non-fat dried milk in PBS was added and the sample was incubated at RT for 45 

min. After removing the milk–PBS suspension, 500 µL phage solution were added and 

phage–target binding was performed for 1.5 h at RT. Subsequently, the particles were 

washed four times with 500 µL Tween20 in PBS (PBS buffer contained 0.1% Tween 20 in 

round 1; 1% Tween 20 in rounds 2–5; in round 5 two washing steps with 1 M GndHCl in PBS 

were added) and once with 500 µL TBS. Bound phages were eluted from magnetic particles 

by adding 25 µL freshly prepared trypsin solution (10 mg/mL in TBS) and incubation at RT. 

After 30 min the reaction was quenched with 75 µL SB medium. For reinfection the received 

phage suspension (100 µL) was transferred to 5 mL E. coli culture. After 30 min at 37°C/200 

rpm, 10 µL of the cell culture were removed to determine the phage output titer, and 5 mL 

prewarmed SB medium containing 2.5 µL carbenicillin (100 mg/mL) were added. Cells were 

incubated for 1 h at 37°C/200 rpm and then transferred to 90 mL prewarmed SB medium to 

which 46 µL carbenicillin (100 mg/mL) and 1 mL VCSM13 helper phage (Stratagene 
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#200251) were added. After another 1.5 h at 37°C/200 rpm 140 µL kanamycin (50 mg/mL) 

were added and phages were produced over night. The culture was centrifuged for 30 min at 

4°C and 3000 g, and phages were precipitated by the addition of 20 vol% PEG–NaCl [20% 

(w/v) PEG 8000, 2.5 M NaCl] to the supernatant. After incubation for 30 min on ice phages 

were centrifuged for 30 min at 4°C and 12 000g. Isolated phages were suspended in PBS 

buffer and used in the following round of panning after sterile filtration (0.22 mm). 

SE/SLS - Static light scattering data were collected on a Dawn Heleos 8 light scattering 

instrument (Wyatt Technology) coupled with an analytical gel filtration (workstation: La 

Chrom, VWR, Hitachi, L-2130; column: WTC-015S5; 5µm, 150Å,7.8 x 300 mm, Wyatt 

Technology) at λ = 220 nm. All measurements were performed at room temperature with a 

flow rate of 0.3 ml/min. Data were analyzed using the ASTRA software version 5.3.4.20 

(Wyatt Technology). Measurements were taken at pH 7.4 from a 1:1 mixture of VPK/VPE-

L16Y23 and carried out in triplicate to confirm reproducibility and give standard deviations. 

Peptide concentrations were determined using the absorbance of o-aminobenzoic acid (λmax 

= 320 nm at pH 7.4) as previously described.2 

CD spectroscopy - CD spectra were recorded on a Jasco J-715 spectropolarimeter at 20°C 

(Jasco PTC-348 WI peltier thermostat). Peptide concentrations were determined using the 

absorbance of o-aminobenzoic acid (λmax = 320 nm at pH 7.4). For melting curves, the CD 

signal at 222 nm was recorded applying a heating rate of 3K/min from 20 to 95°C. All spectra 

were baseline corrected and each sample was prepared three times. The determination of TM 

was carried out as described previously.2 

Molecular dynamics - Models of the coiled-coils VPK/VPE and VPK/VPE-L16Y23 were built 

using the software MOE.17 The sequences of the investigated peptides were aligned to the 

coiled-coil structure of the RhoA-binding domain in Rho-kinase (PDB code 1R48),9 and the 

residues were replaced manually following the characteristic a-b-c-d-e-f-g pattern. Using 

Gromacs (version 4.5.3)10,18 with Amber99SB force field,11 each coiled-coil (parent and 

phage display variant) was placed in a 376 nm3 dodecahedron box filled with 12110 explicit 

simple point charge (SPC) water molecules, to which 100 mM NaCl was added, including 

neutralizing counterions. Following steepest descent minimization, each of the coiled-coils 

was equilibrated for 0.1 ns using position restraints applied to all peptide heavy atoms. Then 

each system was simulated for 200 ns (time step length = 2 fs), with periodic boundary 

conditions, using PME electrostatics (rcoulomb = 10 Å)19 and Van der Waals interactions cut-

off (rvdw = 10 Å). Constraints were used on all bonds in the peptides (LINCS algorithm).20 

The Nosé-Hoover coupling method was used (temperature of 300 K)21-22 together with the 

Parrinello-Rahman coupling method (pressure of 1 bar).23 Each system was simulated in 

triplicates with different seed numbers. To identify water bridges, water molecules that 
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simultaneously formed hydrogen-bonds with the corresponding donor/acceptor groups of the 

residues of interest were searched using the MDAnalysis package.24 

The peptide structures at the end of the 200 ns trajectories were extracted and used as 

starting conformation for the fixed-COM-distance simulations. Each dimer (parent and phage 

display variant) was placed in a dodecahedron box with a volume around 1000 nm3 filled with 

31720 explicit simple point charge (SPC) water molecules. The two helices of each system 

were first pulled apart up to 30.0 Å between their centers-of mass (COM). The resulting 

conformation of this first simulation was then used as a starting system to bring the two 

monomers together. Then each system was simulated at selected COM distances between 

4.5 Å and 30.0 Å. Electrostatics, van der Waals interactions, and covalent bonds were 

described in the same way as for the free-COM-distance (200 ns) simulations. Each sample 

was simulated for 30.5 ns, and each experiment was repeated 5 times with different gen 

seed numbers. Time step length was 2 fs. The velocity-rescale coupling method was used to 

maintain temperature at 300 K,25 and the Berendsen weak coupling method was used to 

maintain the pressure at 1 bar.26 A quadratic form for the energy with a force constant of 10 

kJ mol-1 Å -2 was used to fix the COM distances.  
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