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Introduction 

Interaction among aromatic side chains in the hydrophobic core of proteins is a well-known 
mechanism for protein structure stabilization [1]. Aromatic pairs at the non-hydrogen bonding position 
of designed β-hairpin peptides interact by T-shaped arrangement and usually result in structured folds 
[2]. However, the consequences of spatial positioning and preferred packing geometry of aromatic 
pairs on scaffold structure and stability are still unclear. Studies on tryptophan packing geometry have 
revealed that the heterogeneous indole ring preferentially occupies “face” geometry in T-shaped 
aromatic interactions [3]. But the fate of Trp at the sterically constrained “edge” geometry is not well 
understood. Using β-hairpin peptide models we describe here a detailed investigation highlighting the 
implication of aromatic-aromatic interactions in the formation and measured stability of β-hairpin 
scaffolds. 

Results and Discussion 

Octapeptide β-hairpins nucleated by DP-G segment and with a single non-hydrogen bonding position 
[4], were chosen as model systems to probe all possible aryl pair interactions involving Phe, Tyr, and 
Trp. All peptides were synthesized using Fmoc-chemistry on a Rink amide resin (Figure 1a). Being 
hydrophobic in nature, the peptides were highly soluble in methanol but not in water. This feature 
allowed us to investigate the preferred modes of aromatic interactions in the absence of solvent-driven 
hydrophobic contributions, using high-resolution NMR and CD spectroscopy. Complete assignment 
of the resonances was achieved using proton 1D, 2D ROESY, TOCSY and heteronuclear HSQC-
TOCSY experiments. The spectra revealed that all the peptides adopted β-hairpin structures and gave 
rise to NOEs characteristic of β-hairpins. Comparison of fraction folded populations (Figure 1b), extent 
of signature downfield shifted backbone resonances, extent of glycine splitting and HPLC retention 
time, and anomalous chemical shifts for resonances influenced by aromatic ring current effects 
(Figure 2a) revealed the stabilizing and destabilizing contribution of tryptophan. 

Positional permutants YW and FW pairs displayed an interconversion of Face-to-Edge (FtE) and 
Edge-to-Face (EtF) geometry, resulting in scaffold destabilization (Figure 2b). However, we found 
evidence of a single FtE geometry in the analogs WY and WF pairs, with the highest stabilizing 
contribution of aromatic interactions to the β-hairpin scaffold. 

 
Fig. 1. Sequences of peptide β-hairpins. (b) Comparison of fraction folded populations across the 
peptides (provided in brackets). Reprinted (adapted) with permission from [5]. 



 

Our meticulous examination of all possible aryl-aryl interactions at a single non-hydrogen bonding 
position in β-hairpin scaffolds revealed a near-universal T-shaped Face-to-Edge mode of interaction 
among aromatic pairs. However, the indole ring, particularly in amphipathic solvents, causes 
destabilization of the β-hairpin structure when placed at the sterically constrained edge position. Thus, 
the implication of tryptophan, when interacting with non-Trp rings in β-hairpin stabilization can be 
contextual: stabilizing at “face” and destabilizing at “edge” geometry. Such small variations in the 
geometry may have a strong bearing in the hydrophobic protein interior. Our results serve as important 
criteria in the rational design of stable structural scaffolds. 

 
Fig. 2. (a) Comparison of signature upfield shifted aromatic proton resonances across all peptides. 
Stack plot of proton 1D NMR spectra at 303 K in methanol. The upfield shifted protons, F7δ and W7ε3 
is a signature of FtE geometry. The significant upfield shifted protons Y2δ/ε, F2δ and W2ε3 in aro-Trp 
pairs is evidence for the flipped EtF geometry. Reprinted (adapted) with permission from [5]. 
(b) Modeled structure showing the interconversion of FtE to EtF, as what seen in Aro-W pairs. 
Reprinted (adapted) with permission from Makwana & Mahalakshmi [6]. Copyright (2015) American 
Chemical Society. 
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