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The specific contribution of the acidic-aromatic β-sheet favouring amino acid tyrosine to the 

stability of short octapeptide β-hairpin structures is presented here. Solution NMR analysis in 

near-apolar environments suggests the energetically favourable mode of interaction to be T-

shaped face-to-edge (FtE), and that a Trp-Tyr interacting pair is the most stabilizing. Alternate 

aryl geometries also exist in solution, which readily equilibrate between a preferred π...π 

conformation to an aromatic-amide conformation, without any change in the backbone 

structure. While the phenolic ring is readily accommodated in the ‘edge’ of FtE aryl 

interactions, it exhibits an overall lowered contribution to scaffold stability in the ‘face’ 

orientation. Such differential tyrosine interactions are key to its dual nature in proteins . 

 

 

 

1. Introduction 

Aromatic amino acids are crucial for protein stability. It is well 

established that hydrophobic non-covalent interactions in the 

protein core cause tight packing among bulky buried aliphatic 

and aryl ring systems.1 In such environments, aromatic rings 

display a multitude of interactions (π...π, N-H...π, C-H...π, O-

H...π, hydrogen bonds), which are important for protein folding, 

as well as chemical and biological recognition.1a, 1b, 2 The 

diversity of such non-covalent forces has gathered increasing 

attention to their role in the formation of ordered amyloid 

aggregates.3 

 Studies involving phenylalanine and tyrosine residues in 

short peptide model systems, suggest that “favourable 

conformations of aromatic interaction” can be a rate limiting 

factor in amyloid formation.3-4 Indeed, a Phe-Tyr interaction is 

known to accelerate amyloid formation in the islet amyloid 

polypeptide.5 This is not surprising, considering that tyrosine is 

the least soluble amino acid, promoting its aggregation 

properties.6 In contrast, the polar hydroxyl moiety of tyrosine 

exhibits extensive hydrogen bonding geometries,6 allowing this 

amino acid to establish strong intra- and inter-protein 

interactions. Tyrosine, therefore, displays dual nature 

(hydrophobic and polar) in proteins. 

 Of the three aryl residues, tyrosine is of particular interest, 

due to its preferential localization at the interface,7 bridging the 

protein core with the charged exterior. Moreover, the co-

existence (chemically) of the acidic hydroxyl moiety and the 

hydrophobic π-ring system in the phenolic side chain of 

tyrosine,8 leads to ~1.4 kcal/mol favourable increase in the 

system free energy over phenylalanine.1c, 6, 9 At the polar 

protein surface, the stacked or parallel displaced arrangement of 

aryl pairs is preferred over the more popular T-shaped 

geometry seen in the hydrophobic core.7 Hence, precedence for 

both modes of aromatic interactions (displaced and T-shaped) 

must be available for tyrosine, and would depend on the local 

polarity experienced by the phenolic ring in the folded scaffold. 

 Most studies of aryl interactions in peptides are directed 

towards Trp-Trp pairs, since it is believed to impart the highest 

stability to structural scaffolds.10 However, we have recently 

demonstrated that the heterologous Trp-aryl pairs are more 

stabilizing,11 suggesting that a context-dependent evaluation of 

aromatic interactions is necessary. The ability of tyrosine to 

adopt multiple geometries with comparable energy minima in 

vacuo7 makes it intriguing to examine such interactions 

experimentally. Moreover, aryl pairs involving tyrosine are 

most frequent in proteins.1a, 8 Hence, a detailed analysis that 

addresses the preferred association modes of the phenolic ring 

is crucial to understand the dual environment-dependent 

behaviour of this residue. 

 Here, we have addressed the involvement of tyrosine in 

forming homologous and heterologous aryl interactions. As 

aromatic pairs reinforce β-sheet structures,1a, 1b, 12 we chose 

short β-hairpin scaffolds, stapled at one end by the tight type II’ 

turn-forming DPro-Gly unit,12c, 13 in our study. Our results 

provide novel insight on the conformations and energetics of 

intramolecular interaction geometries involving tyrosine. 

Studying such interactions is important to further our 

understanding of amyloid nucleation and its aggregation 

kinetics, and may help in designing potential inhibitors for 

these pathological processes. 

 

2. Experimental Methods 

2.1 Peptide synthesis and purification. All peptides were 

synthesized by solid phase synthesis using Fmoc chemistry, as  
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Table 1. Peptide sequences described in this study. 

Peptide Sequence Code 

Ac-L-Y-V-DP-G-L-Y-V-NH2 YY 

Ac-L-F-V-DP-G-L-Y-V-NH2 FY 

Ac-L-W-V-DP-G-L-Y-V-NH2 WY 

 

 

reported.14 Reactions were carried out in dry dimethylformamide and 

Fmoc removal was achieved using 20% piperidine. Upon completion 

of the synthesis, peptides were simultaneously deprotected and 

cleaved from the resin using a TFA: phenol: water: triisopropylsilane 

cleavage cocktail in the ratio 88:5:5:2, and precipitated using cold 

ether. Peptides were purified on a C18 column using methanol-water 

gradients. Peptide identities were confirmed by mass spectrometry 

(Fig. S1, ESI†). 
 

2.2 High resolution NMR measurements. Solution NMR 

spectra of all peptides were recorded in CD3OH (99.8% D) on a 

Bruker Avance III 700 MHz NMR spectrometer using a 

cryoprobe. Homonuclear 1H-1H TOCSY, ROESY and 

heteronuclear 1H-15N HSQC experiments were obtained using 

~3 mM peptide at 303K, using standard pulse sequences 

available in the Bruker library. Temperature dependence of the 

proton chemical shifts were measured on a 500 MHz Bruker 

Avance III spectrometer from 223 K to 323 K at 10 K 

increments. All spectra were calibrated using TMS (0 ppm) or 

residual CH3OH resonance at 3.316 ppm. Plots were generated 

using Topspin v3.0. 

 

2.3 NMR structure calculation. Solution NMR structures 

were calculated using CYANA v2.1.15 All observed NOEs were 

visually classified as strong, medium and weak, based on their 

intensities, and assigned the upper distances limits of 2.5 Å, 3.5 

Å, and 5.0 Å, respectively (Table S4, ESI†). The structure was 

refined further using the hydrogen bonding constraints obtained 

from the temperature-dependent NMR chemical shifts and the 

corresponding dδ/dT values as well as the Φ-restraints obtained 

from the 3JNH-C
α

H values derived from the 1H 1D spectrum. The 

terminal protecting groups (N-terminal acetylation and the C-

terminal amidation) were not included in the structure 

calculation due to limitations in the input library used for the 

calculations. A total of 100 structures were calculated for each 

peptide, as described earlier.11, 14b Each structure thus calculated 

had zero violations of van der Waals constraints as well as the 

distance and angle constraints used in the calculations. Of the 

calculated 100 structures, the first 35 structures were selected 

and superimposed using PyMOL.16 Further, to derive structures 

(shown in Figs. 5A and 5C) that specifically corresponded to 

the alternate ring geometries observed in the ROESY spectrum, 

we segregated the NOEs in Table S4 (ESI†) into two 

categories, corresponding to either the aryl 2 χ1 of –gauche (see 

Table S3, ESI†) or trans (see Table S5, ESI†). A total of 100 

structures were calculated for each set and the first structure 

was rendered using PyMOL in Figs. 5A and 5C. 

 

2.4 Folded population estimation and free energy 

calculation. Folded fractions (fF) were calculated using the 

reported folded (β-sheet) and random coil chemical shifts 

available in the database.17 Only strand residues 2, 3 and 6 were 

considered, as described earlier.11, 14b fF values were used to 

derive the folding free energy (ΔG0
F) and equilibrium constant 

(Keq).
11 

 

3. Results and discussion 

3.1. Aryl-Tyr peptides adopt a β-hairpin conformation. 

DPro-Gly nucleated peptides, with strand-favouring residues 

such as Val,12d have previously been shown to adopt β-hairpin 

structures in solution. This strategically positions the side 

chains of residues at the non-hydrogen bonding position in 

close spatial proximity.12d, 13b, 13g Cross-strand aromatic 

interaction geometry and strength can therefore readily be 

monitored using such hairpin scaffolds, as demonstrated 

earlier.1b, 10a, 11, 13e, 13g, 18 In this study, we positioned Tyr as the 

7th residue in designed octapeptides, and examined the effect of 

the three aromatic residues Phe, Tyr and Trp, placed at position 

2, on the backbone scaffold properties and aryl interactions 

(Table 1). 

 We chose to study the synthetic peptides in the amphipathic 

polar solvent methanol, as methanol is reported to destabilize 

both dispersive hydrophobic (stacked) interactions and T-

shaped geometries seen in apolar environments,7, 19 providing 

us with an experimental insight on preferred aryl-Tyr 

interactions. Further, such short peptides are usually disordered 

in water, and therefore pose difficulties in their structural 

characterization in this solvent, whereas these sequences are 

anticipated to be structured in methanol.10a, 13a, 13e, 14a, 18a, 20 

Using high resolution NMR experiments, we probed the 

presence of signature backbone NOEs that correspond to a 

folded β-hairpin scaffold for these peptides. The results support 

the existence of a type II’ turn-nucleated β-hairpin 

conformation in all three peptides (summarized in Fig. 1 and 

Figs. S2-S4, ESI†). 

 Temperature coefficients of amide chemical shifts (dδ/dT) 

are routinely used to probe solvent-exposed versus 

intramolecular hydrogen-bonded amides.13a, 13e, 14b, 18c, 20 High 

dδ/dT values for residues 2, 5 and 7 show that these amides are 

solvent exposed, and display a temperature-dependent chemical 

shift change, in all three peptides (Fig. 2). Amides of residues 

1, 3, 6 and 8 are involved in intra-strand hydrogen bond 

formation, typically observed in antiparallel β-strands, and 

therefore show lower dδ/dT values (Fig. 2D). While this 

interpretation of temperature coefficients is simplistic, this 

experiment does not distinguish between solvent shielded non-

hydrogen bonded amides and their hydrogen bonded 

counterparts. Furthermore, the data also bears contributions 

from changes in the folded peptide population with increasing 

temperature, giving rise to observable non-linearity in some 

resonances, particularly Val3 (Figs. 2A-C). Nevertheless, 

correlation coefficients21 calculated for the three peptides (Fig. 

S5, ESI†), support our dδ/dT calculations for solvent exposure 

of amides 2, 5 and 7. 

 We used the conformational constraints derived from NMR 

data to calculate the solution structures of these peptides. 

Structural statistics, along with superposition of the structures 

calculated in solution, are summarized in Fig. 3; the list of 

experimental constraints and average backbone torsion angles 

are provided in Tables S1-S2 (ESI†). Put together, our NMR 

measurements confirm that all peptides adopt a well-folded β-

hairpin structure in methanol. Using this scaffold, we now 

addressed the interaction preferences of tyrosine with the three 

aryl groups. 
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Fig. 1. All peptides adopt a β-hairpin conformation in solution. Diagnostic hairpin NOEs observed in the homonuclear (1H-1H) 2D ROESY spectra recorded in methanol 

at 303K, across all three peptides. The strong 3α-4δ NOE confirms the presence of a trans Val-DPro peptide unit necessary to nucleate type II’ turn, in a majority of the  

population. The characteristic 3N-6N and 1N-8N NOEs indicate formation of the 1st and 2nd pair of hydrogen bonds. Along with the 2α-7α NOE, these NOEs are 

diagnostic to a folded hairpin and the existence of a well-maintained strand registry. The 2α-8N NOE is uncommon in short peptides; observation of this NOE further 

proves that strand fraying at the termini is minimal. All long-range NOEs are proportionately scaled to the 3α-4δ NOE in each peptide. 

 

Fig. 2. Temperature-dependent melting curves. Change in backbone amide chemical shift in peptide YY (A), FY (B) and WY (C), with temperature, measured using 1H 

1D NMR spectra from 223 K to 323 K at 10 K intervals. (D) Residue-wise plot of temperature coefficients (dδ/dT) indicates higher values for residues 2, 5 and 7 and is a 

result of solvent-exposed amides. Residues 1, 3, 6 and 8 are involved in intramolecular hydrogen bonds and therefore show lower coefficients.   
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Fig. 3. NMR structural statistics and calculated structures. Also see Tables S1-S2 (ESI†). 

3.2. Unusual anomalous upfield shifted Y7 CδH of WY in FtE 

interactions. 

In isolated peptide β-hairpins, results from our laboratory and 

others have demonstrated that T-shaped face-to-edge (FtE) or 

edge-to-face (EtF) tertiary geometries are observed for 

proximal aryl pairs at the non-hydrogen bonding position.11, 13e, 

14b, 18b, 18c Due to this T-shaped geometry, the ring protons of the 

‘edge’ aryl group experience shielding by the proximal ‘face’ 

electron cloud, resulting in an upfield shift of the ‘edge’ side 

chain and backbone resonances. In the 1H 1D spectra of the 

peptides described here, we observe a prominent upfield shift in 

the Y7 Cα/βH and CδH resonances, and marginal shift for Y7 

CεH (Figs. 4 and S6-S11, ESI†). This indicates a FtE geometry 

for the interacting aryl pairs, with Tyr7 occupying the ‘edge’ 

and the π2...H-C(π7) interaction established through Y7 CδH. 

 The strength of FtE interactions is determined by the nature 

and polarity of the interacting aryl pair. Insight into the strength 

of this aromatic interaction can be obtained deriving the 

dependence of Y7 CδH and CεH to temperature. While the two 

resonances are chemically distinguishable, in the presence of a 

spatially proximal electron cloud, the chemical inequivalence 

between the Y7 CδH and CεH can be altered. In our peptides, 

due to the FtE aryl interactions, the aryl 2 electron cloud acts as 

a shielding agent, causing an unusual upfield shift of the Y7 

CδH resonance – this is increased further at lower temperatures. 

At the temperature wherein the CδH and CεH resonances 

possess the same chemical shift, the chemical inequivalence is 

abolished, and a singlet is observed.13e, 22 Fig. 4A and 4B 

illustrate the temperature at which singlet formation occurs in 

YY and FY, respectively (also see Fig. S12, ESI†). Assuming 

comparable effect of the π-cloud of both Phe and Tyr rings, it 

may be speculated that the ‘singlet’ temperature reflects the 

population of folded β-hairpins in solution, in both peptides. 

This indicates that a Phe-Tyr pair imparts stronger aromatic 

contribution as compared to Tyr-Tyr. 

 Surprisingly, however, singlet formation is not observed in 

WY (Fig. 4C), while the overwhelming NMR evidence points 

to a well-folded hairpin in this peptide (Figs. 1-3). This 

anomaly is due to the abnormally upfield shifted Y7 CδH 

resonance, which, even at 323 K, is upfield to the Y7 CεH (Fig. 

4D). Hence, the ‘cross-over’ singlet formation occurs at 

temperatures near 350 K (Fig. S13, ESI†), which is higher than 

methanol boiling point (~338 K), and cannot be experimentally 

captured. To our knowledge, this is the first instance of an 

~0.97 ppm shift (at 303 K) for a Tyr CδH resonance in very 

short peptide hairpins. Similar singlet formation at ~350 K is 

seen in a dodecapeptide hairpin (peptide name: WYWY) 

possessing two stabilizing Trp-Tyr pairs, in aqueous buffers.18c 

In both WY and the dodecapeptide WYWY,18c the T-shaped 

aryl interaction geometry is retained – that is, the FtE Trp-Tyr 

interaction involves Trp occupying the ‘face’ and Tyr as ‘edge’ 

in both peptides. Despite differences in solvent contribution to 

these interactions,19 our observation of strong T-shaped 

interactions suggests that WY may possess similar stability as 

longer peptides. 

 Based on the prominent temperature-dependent upfield shift 

of the Y7 CδH resonance, our studies provide the order 

Trp>Phe>Tyr, for favoured stabilizing aromatic interactions 

with the phenolic ring of tyrosine. Further, this also validates  
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Fig. 4. Ring current effects on Y7δ resonance. Expansion of the aryl resonances, highlighting the temperature dependence of aromatic ring proton chemical shifts in 

YY (A), FY (B) and WY (C). A face-to-edge geometry between the interacting aryl rings of Y/F/W2 and Y7 results in an upfield temperature-dependent shift of Y7δ. The 

surprising merging of Y7δ and Y7ε proton chemical shifts arises from degeneracy of the two resonances giving rise to a singlet. This is observed at 223 K for YY (A) and 

at 283 K for FY (B), and is circled. In WY (C), the resonance degeneracy occurs at much higher temperatures and cannot be captured experimentally. The result is an 

anomalous Y7δ shift (marked in red) that is upfield to the Y7ε even at 323 K (also see Figs. S12-S13, ESI†). Confirmation of this anomalous resonance assignment is 

provided in the partial expansion of the ROESY spectrum of this peptide recorded at 303 K (D).  

 

the existence of favourable FtE T-shape aromatic interactions 

even in an organic solvent, where solvent-driven forces are 

minimal. However, conformational flexibility in short peptides 

is not uncommon, and is indeed crucial for biological activity 

of peptides and proteins.23 We therefore probed for the presence 

of alternate aryl-Tyr interaction modes. 

3.3. Alternate aryl ring geometries stabilized by favourable 

interactions with the turn 

Under ambient temperatures, it is well-recognized that 

octapeptide hairpins exhibit innumerable, conformationally   
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Fig. 5. Ring geometry inter-conversion in solution. The two possible χ1 geometries seen to occur in solution for ring 2, namely, the ideal –g (A) and trans (C) 

arrangements, are depicted here. NOE evidence for existence of these structures are provided in D (for A) and E (for C). The calculated NMR structure is averaged 

between the two geometries, and is shown in B. This structure possesses a disallowed χ1 value for aryl 2. Note that the interconversion between (A) and (C) only 

requires a change in the orientation of aryl 2, with no significant alteration in aryl 7 orientation. While strong face-to-edge interactions favour structure A, the 

structure C is stabilized by aromatic-amide interactions involving the peptide unit of residues 2 and 3. The switch  from A to C causes an increase in the centroid 

distances between the aryl groups (marked in the structures), and represent weakening of aromatic interactions from A→  C. The calculated NMR structures of YY is 

shown here as a representative example. 

 

allowed geometries in solution. These populations are under 

rapid equilibrium in NMR timescales and cannot be readily 

demarcated. However, when we examined the ring orientations 

and the corresponding dihedral angles of the two interacting 

rings, we observed a surprising deviation from the anticipated –

gauche (–g, –60°) χ1 of aryl 2 (Fig. 5A),24 to the observed ~ -

120° in our calculated structures (Fig. 5B), a value that is 

conformationally disallowed for an aryl χ1 (Y/F/W). This 

clearly suggests that in addition to the detectable peptide 

population possessing T-shaped aromatic interactions, a second 

population could exist, which possesses a stereochemically 

allowed alternate geometry for the aryl 2 side chain. Our 

spectra therefore possess NOEs arising from at least two stable 

peptide conformers observable under NMR timescales.  

 To further explore this anomaly, we systematically 

examined NOEs between the aryl 2 ring with Y7 and other 

backbone protons (Fig. 5). All three peptides display NOEs 

between the aryl resonances (YY is illustrated in Fig. 5D), as 

well as upfield shifted Y7 CδH resonance, which indicates close 

ring proximity. This is feasible only with a χ1 of –g. However, 

we also obtain NOEs between aryl 2 and the turn residues (Fig. 

5E), giving us a χ1 of 180° (trans, t) (Fig. 5C). This population 

does not possess aromatic interactions, but is stabilized by 

multiple weak interactions of the individual aryl rings with   

Page 6 of 11Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 7  

 

 

Fig. 6. Chemical shift indexing and extent of folding across YY, FY and WY. (A) Plot comparing the residue-wise variation in C
α
H chemical shift of a given residue (δres) 

with respect to the corresponding random coil chemical shift (δ rc). (B) Extent of Gly CαH splitting (top); larger Δδ may represent a higher folded population. Fraction  

folded values and free energy calculation (bottom) derived from backbone CαH chemical shifts of residues 2, 3 and 6. Calculated free energy values (ΔG0
F) are similar 

to results obtained from proteins,6, 9-10, 13e, 18c suggesting that identical contributions are made by aryl interactions in different solvent systems and the observed ΔG 0
F 

values are dependent on the specific interacting aryl moieties. 

 

spatially proximal backbone atoms. 

 Our data indicates that in aryl-Y interactions, alternative 

tertiary aryl geometries that do not necessarily involve aromatic 

interactions are likely. Our calculated NMR structure shown in 

Fig. 5B is therefore an ensemble of at least two stable and 

allowed conformations for aryl 2. Co-existence of these two 

distinct locally stabilized positions for aryl 2 gives rise to our 

calculated χ1 with a value intermediate between –g (Fig. 5A) 

and t (Fig. 5C). Furthermore, the availability of both structures 

(Figs. 5A and 5C) reveals a simple mechanism of 

interconversion between the two forms through transient 

intermediates (such as Fig. 5B) by rotation along χ1. Another 

such structural interconversion has previously been documented 

crystallographically for a Phe-Phe interaction.20 

 Peptides with Tyr in T-shaped interactions are previously 

known to exhibit complex interactions;18c however, our 

observation of alternate aryl 2 χ1 can imply the presence of 

aromatic-amide interactions near the turn, which is believed to 

be more favourable in a χ1 of trans,12b, 13e and can provide local 

stabilization, especially in β-sheets.25 

3.4. Folded populations and rank order of peptides offer WY as 

most stable 

Since we observe two alternate geometries in all three peptides, 

such interactions seem independent of the sequence. However, 

the strength of either interaction (π...π versus aromatic-amide) 

would be strongly influenced by the chemical nature of aryl 2, 

which would, in turn, decide (i) the aryl-Tyr interaction 

strength and (ii) aromatic-amide interaction energy. We 

therefore examined the contribution of these interactions on the 

overall scaffold stability. Comparison of the backbone CαH 

chemical shifts shows larger positive values for the strand 

segments for WY (Fig. 6A). Similarly, folded fractions (fF) and 

corresponding free energy (ΔG0
F),11 estimated for the three 

peptides (Fig. 6B), are concurrent with the rank order 

WY>FY>YY. We do note that such calculations could also be 

influenced by anomalous chemical shifts resulting from the 

presence of the proximal π-cloud from the interacting aryl 

rings. Hence, our observed rank order might indeed reflect the 

strengths of aryl interactions in solution, and not necessarily the 

folded peptide populations. By and large, assessment of the 

global NMR parameters for the various resonances including 

Gly splitting,18b indicate that the higher aromatic interaction 

strengths correlate well with the overall higher fF in WY, when 

compared with the other two peptide hairpins. 

 Strong indole interactions with the phenolic group thereby 

give rise to a well-folded hairpin population in WY. Calculated 

average χ1 values from the peptide structures follows -122 

(YY), -115 (FY) and -106 (WY), suggesting that populations 

with π...π interactions are marginally greater in WY. This 

matches the extent of upfield shift of Y7 CδH proton (section 

3.2), and is in good agreement with the observed rank order. 

Our observation is also supported by previous database 

analyses of protein structures, wherein multiple interaction 

forces (π...π, N-H...O, N...H-O, π...H-O) are observed between 

these two aromatic rings.26 Tryptophan is also known to form 

strong aromatic-amide interactions,12b and it can be envisioned 

that the combined indole-phenol and indole-amide interaction 

energies stabilize WY in a non-additive manner. 

3.5. Assessing aryl interactions and rank order using far-UV CD 

thermal melts. 

Short peptide sequences that possess aromatic interactions are 

known to display contributions from exciton coupling in the 

far-UV region of circular dichroism (CD) spectra.10a, 13b, 13f, 27 

As a result, it is exceedingly difficult to derive meaningful 

information on the secondary structure content of these peptide 

hairpins using the negative maximum at ~215 nm, usually 

observed for sheet structures. The magnitude and observed 

wavelengths of the positive or negative exciton effect depends 

on the chemical nature of the aryl group, and it is no surprise 

that the contribution of the indole ring of tryptophan is most 

predominant among the aromatic amino acids.27a, 28 

 CD thermal denaturation measurements that monitor   
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Fig. 7. Temperature dependence of the far-UV CD spectrum of WY in methanol (A) and water containing 0.1% TFA (B). The corresponding spectra for YY and FY 

recorded in water (containing 0.1% TFA) are shown in (C) and (D). The characteristic contribution of tryptophan to the CD spectrum, arising from exciton coupling, is 

observed in (A) and (B), with two negative maxima at ~200 nm and ~212 nm, and a positive couplet at ~228 nm. The extent of change in the CD spectra with 

temperature for YY and FY is less than WY, suggesting that the contribution of Tyr and Phe to the far-UV CD is considerably lower than Trp. Spectra were recorded 

from 5 °C to 71 °C in methanol and 5 °C to 95 °C in water/TFA and are colour-coded as purple (low temperature) to red (high temperature). Additional thermal 

denaturation profiles for YY and FY in methanol and for all peptides in 80% methanol are presented in Figs. S14-S15 (ESI†). Change in the ME (molar ellipticity) values 

at 233 nm (YY), 221 nm (FY) and 228 nm (WY) with temperature for data recorded in water (+0.1% TFA) were fitted to a sigmoidal equation to derive the mid-point of 

the thermal transition, and is presented in Fig. S16 (ESI†). 

 

changes in the indole contribution, to derive ΔG0
F, have been 

successful for water-soluble peptides.2a, 10a, 13d, 13f, 18a-c, 27b We 

attempted to measure similar temperature-dependence of the 

observed CD spectra for our peptides, under select solvent 

conditions (Figs. S14-S15, ESI†). In WY, our measurements 

reveal that the overall unfolding profile, involving loss of the 

~200 nm, ~212 nm and ~228 nm bands observed previously for 

Trpzip-based sequences,10a, 18c is also seen herein (Figs. 7A-B). 

In our experiments in methanol, we do not observe significant 

changes in the CD profiles of YY and FY, which could arise 

from the poor(er) contributions of Tyr/Phe ring exciton 

coupling to the CD spectra of these octapeptides (Figs. 7C-D 

and S15, ESI†).  

 A two-state dependence to temperature is seen only when 

the peptides are solubilized in water (containing 0.1% TFA; 

TFA was added to facilitate peptide solubilization in water). 

Changes in the ellipticity values to increase in temperature 

could be fitted with confidence to a sigmoidal function, in this 

solvent (Fig. S16, ESI†). The fits provided us with the mid-

point of the temperature-dependent transition for aryl 

contribution to the far-UV CD measurements, as follows: ~41 

°C for YY, ~37 °C for FY and ~49 °C for WY (Fig. S16, 

ESI†). Calculation of this thermal transition provides us with 

the rank order WY>YY≈FY. While there is an overall 

agreement of the NMR and CD measurements, since we cannot 

unambiguously quantify the contributions of the various 

chromophores to the CD spectrum,27a the results must be 

interpreted with caution. 

3.6. C-terminal protecting group influences the observed hairpin 

population. 

We also examined whether differences in the C-terminal 

modification would influence our observed scaffold   
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Table 2. Influence of the C-terminal capping group. 

Peptide fF # ∆G0
F # 

Ac-L-Y-V-DP-G-L-Y-V-OCH3 (peptide 1) 13e 0.83 -0.95 
Ac-L-Y-V-DP-G-L-Y-V-NH2 (YY) 0.74 -0.63 

# fF = fraction folded; ∆G0
F = free energy in kcal/mol 

characteristics, by comparing the calculated thermodynamic 

contributions stabilizing YY with peptide 113e (Table 2). 

Interestingly, we find that a C-terminal methylation 

significantly enhances peptide stability (~0.3 kcal/mol). This 

difference in free energy is considerably higher when we take 

into account the marginal variation in the terminal protecting 

group. In order to examine the source of this difference, we 

compared the densitometry analysis of backbone NOE 

intensities in both peptides. The results are provided in Fig. S18 

(ESI†). We observe that the signature 3N↔6N NOE is stronger 

for YY, indicating turn formation and establishment of the first 

hydrogen bond pair. However, the 2α↔7α and 1N↔8N NOE, 

which correspond to strand propagation and formation of the 

second hydrogen bond pair between the terminal residues is 

weakened in this peptide (YY). Hence, the differences in free 

energy values could arise from variations in the hydrogen 

bonding strengths. 

 It is likely that methylation sterically occludes solvent 

molecules more effectively compared to the amide moiety, and 

therefore shields the Leu1-Val8 hydrogen bonds, resulting in 

lowered strand fraying at the termini. Alternately, amidation 

could promote solvation at the termini, and thereby weaken the 

terminal hydrogen bonds. The influence of the local dipole 

moment of both terminal groups could also be different in both 

cases, and could give rise to our observations. Note that in 

methanol, the C-terminal amide remains polar, yet uncharged, 

as is evident from the two singlet resonances observed at ~6.5 

ppm for the two amide protons (see Figs. S2-S4, ESI†). We 

believe that methylation would bear a similar influence on the 

other peptide analogues reported herein. C-terminal therefore 

acts as a hydrophobic gatekeeper in such peptides. However, 

amidation is a better mimetic of the peptide unit in proteins, and 

we believe that the observed thermodynamic values for our 

peptides are better representatives of aryl interaction energies in 

proteins. 

3.7. Positional effect of aryl interactions involving tyrosine 

Finally, we addressed the aryl group positional effect on hairpin 

characteristics by comparing the NMR-derived properties of 

FY with YF14b (Table 3), another identical model system 

studied previously. Earlier reports attempting double-mutant 

cycles have observed independent contributions of individual 

residues to strand (and structure) stabilization.18a However, 

comparison of FY with YF indicates that the Tyr-Phe tertiary 

interaction is different from Phe-Tyr interaction, although both 

tend to adopt a T-shaped geometry.11, 14b We have reported 

earlier that subtle variations in the π-cloud interaction geometry 

affect the biophysical properties of peptide scaffolds,11 such as 

the far-UV CD spectra (Fig. S16, ESI†). This has been 

observed by other groups in different systems.13b, 18c, 27b, 28a, 29 

Similarly, a recent study on amyloid fibrils, utilizing CD, 

demonstrated the differences in contribution of aromatic side 

chains to CD, based on their conformation.28b Therefore, the 

relative orientation in three dimensional space demarcates the 

contribution of either aromatic ring to scaffold free energy, and 

the additional hydroxyl group differentiates Tyr contributions 

from that of its homologue Phe.  

Table 3. Positional dependence of Phe↔Tyr interaction from NMR. 

Peptide fF # ∆G0
F # 

Ac-L-Y-V-DP-G-L-F-V-NH2 (YF) 14b 0.77 -0.72 
Ac-L-F-V-DP-G-L-Y-V-NH2 (FY)  0.87 -1.12 

# fF = fraction folded; ∆G0
F = free energy in kcal/mol 

Differential contributions of the Tyr↔Phe tertiary 

interactions and evidence for β-hairpin formation across all 

three sequences described herein suggest that aryl interactions 

in our peptide systems are independent of peptide folding. This 

is not surprising, when we consider that DP-G, used in our 

peptides, is a strong turn nucleator; hairpin formation is further 

stabilized by methanol, which is evident from the persistent 

residual secondary structure in these peptides even at higher 

temperatures (see CD spectra in Fig. S15, ESI†). Our peptide 

systems therefore behave in a manner similar to other model 

peptides studied earlier, wherein aromatic interactions are 

seemingly a consequence of the β-hairpin structure.1a, 1b, 8, 30 

This is in contrast to observations on Trpzip peptides, wherein 

cross-strand aromatic interactions are crucial for peptide 

folding and stability.10a, 13f, 18a, 18c, 27b, 31 Hence, the extent to 

which aryl interactions contribute to scaffold stability and 

protein folding varies contextually.13d, 32 

4. Conclusions 

Our systematic analysis of interaction geometry preferences of 

an aryl-tyrosine pair at the non-hydrogen bonding position of 

model peptide β-hairpins indicates that the FtE T-shaped 

interaction is prevalent even in amphipathic solvents, wherein 

entropic contributions are minimal compared to aqueous 

solvents.13e The need for such strategically positioned aromatic 

interactions for the proper folding and stabilization of short 

secondary structure elements, particularly the β-hairpin 

scaffold, has been demonstrated using dodecapeptide libraries, 

both experimentally and in silico. These studies together point 

to a general, largely solvent-independent, T-shaped aromatic 

interaction geometry in diverse model sequences. 

 The observation of comparable aryl behaviour of octa- and 

dodecapeptides (eg., WY and WYWY18c) indicates that 

aromatic interaction preferences are preserved in both water 

and methanol, and their global contribution to the folding and 

stability of peptide hairpins could bear certain similarities. 

Furthermore, our study with these peptide model systems in 

methanol can provide a better picture of aromatic interaction 

modes in the hydrophobic protein interior. Indeed, a short 

survey of hairpin structures in proteins from the protein data 

bank justifies our observation of FtE interaction among aryl-

Tyr pairs (Fig. 8). 

 We also observe, for the first time, a remarkably anomalous 

upfield shifted resonance for tyrosine in WY. While anomalous 

chemical shifts have been reported earlier for several peptide 

hairpin models involving tyrosine (examples: 13e, 13g, 18c), the 

CδH chemical shift of the Tyr7 ring is upfield to the CεH by a 

significant ~1.0 ppm even at 303 K in our octapeptide hairpin, 

which is unusual for such short peptides. Observation of 

deviations in aryl chemical shifts can serve as a signature 

feature to derive interaction modes and strengths among aryl-

Tyr pairs in proteins. Surprisingly, despite the strong aromatic 

interactions, our observation of alternate aryl side chain 

geometries that do not involve in aromatic interactions suggests 

that intramolecular aromatic-amide interactions can also 

stabilize local aromatic ring conformations and supplement for  

Page 9 of 11 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Journal Name 

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

 

Fig. 8. Cross-strand FtE aromatic interactions in proteins. Shown here are 

representative examples of Tyr-Tyr interaction (A) in 1QHO33, Phe-Tyr interaction 

(B) and Trp-Tyr interaction (C) in 1H8G34, at the non-hydrogen bonding position 

of anti-parallel strands. Coordinates for all the structures were obtained from 

the Protein Data Bank (www.rcsb.org/pdb). 

π...π interacting forces. Such interactions have a strong 

positional influence for an interacting aryl pair, supporting 

previous studies that aromatic interactions stabilize pre-formed 

scaffolds.1a, 8, 30a, 35 

 Overall, our studies indicate that tyrosine establishes 

strongest interactions with tryptophan, and exhibits dynamic 

weaker interactions with phenylalanine and itself. These 

dynamic interactions may promote the stabilization of alternate 

geometries for the aryl ring, as seen in our study. Further, the 

presence of tyrosine promotes alternate polar interactions with 

the backbone and solvent molecules, which could affect peptide 

solubilization. It has previously been alluded that such aryl 

interactions can influence folding pathways of peptide scaffolds 

or the initial phases of protein folding itself.13f, 18d, 30c, 30d, 31a, 36 

These observations also have great bearing in amyloid 

nucleation, since studies using model amyloid systems assign 

diverse roles for aromatics, in fibril assembly.3-5, 37 Similar 

conclusions have been made from studies that use Phe 

interactions (also commonly observed in amyloids) in designed 

peptides.4, 5b, 14b, 37b 

 In conclusion, our data suggests that Tyr contributes 

favourably when placed in the ‘edge’ of an FtE interaction. Our 

results can shed important insight to our understanding of the 

role of aromatic interactions occurring on the protein surface or 

in the hydrophobic core, and in amyloid formation. 
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