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Abstract

Protein loops make up a large portion of the secondary structure in nature. But very little is known 

concerning loop closure dynamics and the effects of loop composition on fold stability. We have 

designed a small system with stable β-sheet structures, including features that allow us to probe 

these questions. Using paired Trp residues that form aromatic clusters on folding, we are able to 

stabilize two β-strands connected by varying loop lengths and composition (an example sequence: 

RWITVTI – loop – KKIRVWE). Using NMR and CD, both fold stability and folding dynamics 

can be investigated for these systems. With the 16 residue loop peptide (sequence: RWITVTI-

(GGGGKK)2GGGG-KKIRVWE) remaining folded (ΔGU = 1.6 kJ/mol at 295K). To increase 

stability and extend the series to longer loops, we added an additional Trp/Trp pair in the loop 

flanking position. With this addition to the strands, the 16 residue loop (sequence: RWITVRIW-

(GGGGKK)2GGGG-WKTIRVWE) supports a remarkably stable β-sheet (ΔGU = 6.3 kJ/mol at 

295K, Tm = ~55 °C). Given the abundance of loops in binding motifs and between secondary 

structures, these constructs can be powerful tools for peptide chemists to study loop effects; with 

the Trp/Trp pair providing spectroscopic probes for assessing both stability and dynamics by 

NMR.

Graphical Abstract

Introduction

Many proteins have relatively long loops with no defined secondary structure; in some cases, 

these segments are so flexible that they do not even appear in structures derived by X–ray 

crystallography. Variable length loops have a major role, connecting the secondary and 

tertiary structures within proteins, and even though such loops are flexible they are often 

important parts of bio-recognition binding sites1.

Loops makeup the majority of the binding interfaces for antibodies2,3, connecting portions 

of the β-sheets, corresponding to the variable regions modified to provide specific antigen 

binding. Because of this, stabilizing loops has been of interest in the creation of small 

synthetic vaccines and antibodies4,5, such as “monobodies” that mutate these binding loops 
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into the smaller structure of Fibronectin type III6,7. These efforts have, to date, relied heavily 

on disulfide linkages and synthetic scaffolds8,9. For example, Hijnen9 et al. demonstrated 

that a synthetic vaccine, made from three discontinuous loops of the epitope of the pertactin 

protein of Bordetella pertussis, is able to give an antibody response.

Hard to target protein-protein interfaces are also commonly covered in loops, because of the 

large areas that the interactions take place over. The protein complex of vascular endothelial 

growth factors (VEGF) and receptor was found to be mediated by a 13 residue loop 

contained on an exterior β-hairpin of the VEGF. Diana10 et al., found that the hairpin of 

placental growth factor (HPLW of PlGF), when excised from the protein, still exhibited 32 

μM affinity to the receptor. In addition to acting as segments participating in binding, loop 

sequences also play a crucial role as gatekeeper to catalytic sites deep within proteins11–13, 

with changes in the motion of such loops modulating the turnover rates of the enzyme.

Loops also act as a tuning mechanism for the overall dynamics of the protein. When a loop 

is attached to a region of a protein structure, the extensive segmental motion within the loop 

produces added flexibility near the anchor points in secondary structure elements, β-strands 

or helices, connected by the loop14. It was found that nature varies the loop length of 

proteins depending on the different environmental conditions15, with longer loops found in 

cold environments (psychrophile) and shorter loops found in warmer conditions 

(thermophiles). This has led protein engineers to use loop truncation as a common method of 

producing hyperthermostable proteins from mesophilic counterparts16,17.

β-Sheets are most vulnerable to unfolding at their termini. In a protein, this constitutes the 

connecting turns or loops, in a β-hairpin this includes the N and C termini and the reversing 

turn. With the addition of β-capping18 and turn optimization19,20, stable β-hairpins which 

include close matches to the sequence and structure of specific β-strand pairs can be created 

quite routinely. In such cases, β-capping prevents terminal fraying and loop shortening or 

turn optimization prevents residual segmental motion from pulling the strands apart from 

within. However, this could create a problem if the bioactive segment is contained within the 

loop.

We set as our aim, the construction of β-strand—loop—β-strand motifs with minimalist β-

strands, but still capable of forming stable folded structures that can incorporate quite long 

and variable loop sequences. We reported the first reasonably successful version of this 

motif, Ac-WITVTI-G3GKKGG3-KKIRVWTG-NH2, in 201018. This example of a β-sheet 

capped loop displayed 2-state folding with ΔGU
280 = 2 kJ/mol (a folded state population, χF 

= 0.70). A key feature that provides stability to this small antiparallel β-sheet is a cross-

strand indole/indole cluster (Figure 1) of defined geometry that also requires ancillary 

coulombic and/or H-bonding interactions21. Further developments have led to improved β-

sheet caps that can be used with a wider variety of loops including ones as long as 16-

residues22. The more recently developed β-caps22,23 include examples with the following 

terminal units - RW / WE, KW / WE, HW / WD, RW / WD – which correspond to W/W 

interactions combined with favorable π-cation and Coulombic interactions. Our 

studies18,21–24 indicate that W/W containing β-caps provide 9 – 12 kJ/mol of fold 

stabilization.
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Both turn-flanking and strand-terminal Trp/Trp pairs in capping units result in an exciton 

couplet (with [θ]228 on the order of +400,000° in Molar units21) and provide ring current 

shifted aryl-H signals that can serve as dynamics probes22,25–27, see Figure 1. A recently 

prepared construct with a loop length of 28 residues presents a surprisingly stable folded 

state; at 300K the folded state mole fraction is greater than 0.77. Here we provide the steps 

that went into the development of such stable β-sheet capped loops and details regarding the 

fold stabilities and 2-state folding behavior of the constructs examined along the way.

Materials and Methods

Peptide Synthesis

All peptides were synthesized using standard automated FMOC-based solid phase peptide 

synthesis, on a CEM Liberty blue microwave assisted synthesizer. Preloaded Wang resin was 

used for peptides with acid termini, while peptides with amidated C-termini were made on 

rink amide resin. Synthesis conditions used DIC/Oxyma for coupling and Piperidine for 

deprotection at a 5X excess. Peptides were cleaved from resin with a trifluoroacetic acid 

(TFA) cocktail using triisopropylsilane (TIPS) and water as radical scavangers 

(TFA:TIPS:H2O, 38:1:1). The crude peptides were washed 3 times in cold diethyl ether and 

purified using RP-HPLC, to ≥ 97% purity, with a gradient from 10–50% acetonitrile in water 

(with 0.1% TFA) over 25 mins. Purity and composition (mass and sequence) were confirmed 

using an Esquire Ion Trap ESI mass spectrometer (Bruker Daltonics). The purified peptides 

were lyophilized before use in experiments.

Spectroscopic Characterization

NMR samples were made by dissolving lyophilized peptide (~1 mM) in 20 mM potassium 

phosphate buffer with 10% D2O as the lock solvent and an internal standard of sodium 4,4-

dimethyl-4-silapentane-1-sulfonate (DSS). Each peptide was fully assigned using backbone 

connectivities from 2D 1H TOCSY and NOESY (Bruker DRX 500, AV 700, or AV 800) 

spectra. The resulting NMR data has been deposited into our CSDb database (http://

andersenlab.chem.washington.edu/CSDb). Chemical shift deviations (CSDs) were calculate 

by the subtraction of the known chemical shift at random coil from the observed shift using 

an in-house algorithm accounting for neighboring inductive effects and HN temperature and 

pH fluctuations, it is available within the CSDb20,28–30. Molar fraction folded (χF) values 

were calculated using CSDs from a number of diagnostic probes both within the β-strands 

and aromatic protons of the capping aromatic clusters, specifics for each system may be 

found in the supporting information. The excellent agreement (at χF = 0.40 – 0.90) between 

χF-values derived from widely spaced probes is a particularly strong validation of 2-state 

melting behavior.

CD samples were made by dissolving lyophilized peptide in 20 mM potassium phosphate 

buffer creating a stock solution of ~200 μM. The concentration was calculated based on the 

UV absorption of the peptide at 280 nm (ε280nm = 5690 and 1280 M−1 cm−1 for Trp and Tyr 

respectively). The sample was then diluted to 30 μM for measurements in 0.1 cm path length 

cells. Spectra were collected on a JASCO J-720 spectrophotometer from 190–270 nm and 

processed as previously described20,31.
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Context and Results

Cross-strand indole/indole clusters in anti-parallel β-sheet structures provide significant fold 

stabilization when properly placed at non-H-bonded sites18,21. As previously noted, greater 

β-sheet stabilization is achieved with a W/W interaction involving Trp residues placed at the 

most terminal non-H-bonded sites of the associated β-strand; we designate such systems as 

“β-caps”18. It became apparent that the initial-developed alkanoyl-W/WTG cap did not 

provide optimal stabilization but it does present a unique feature for peptide conjugation and 

oligoimerization; the alkanoyl unit can be a small molecule with multiple –CO2H units24. 

We have been able to do this with numerous di-, tri- and even tetracarboxylic acids resulting 

in structured hairpins becoming linked to each carboxyl unit. This is one of the key 

discoveries that set the stage for our exploration of “Peptide Origami”32. The W/W 

interactions in β-caps were first examined as chemical shift probes for measuring the extent 

of folding at the termini and as probes for NMR relaxation-based dynamics measurements26. 

The present account focuses on β-capping development and how to improve fold stability in 

systems containing long loops.

The successful circular permutation of a WW domain22 provides an additional example of 

the fold-stabilizing effect of a W/W containing β-cap. In that case we employed a RW / WD 

cap, which was at the extreme ends of the sequence. This unit replaced the turn of the fold-

nucleating, first hairpin of the WT Pin1 WW domain. The RW / WD cap is another example 

of a Coulombic β-cap. The edge-to-face geometry of the two Trp’s are clearly evident in the 

NMR structure in the derived NMR structure as it appears in Fig. 2 (panel B).

Turning to the stages in the development of β−caps, including the improvement that are 

reported for the first time herein, these can be conveniently summarized, as shown in Table 

1. We are including the reference species in which the longer loop is replaced by short 

sequences that are known to favor hairpin formation (entries 3, 7, 9, and 14). Since these 

stable structures could be fully characterized by NMR, they provide expectation values for 

chemical shifts and exciton couplet magitudes corresponding to a fully-folded β-sheet state. 

Table 1 includes a number of reference species and stages in β-cap development that have 

not been reported previously.

Variable length loops were incorporated into four systems, two using a hydrophobic cap -- 

system B2 = Ac-WITVTI – loop – KKIRVWTG-NH2, and B4 = Ac-WITVRIW – loop – 

WKTIRVWTG-NH2 -- and two using a Coulombic cap -- C2 = RWITVTI – loop – 

KKIRVWE, and C4 = RWITVRIW – loop – WKTIRVWE. Fold stability and the melting 

behavior of these peptides was monitored using NMR and CD. The NMR data for multiple 

probes throughout the β-strands and in the cap, confirm β-strand association (and 2-state 

melting/folding); whereas CD monitors only the exciton couplet created by Trp/Trp EtF 

interactions. In the case of constructs with very long loops, CD became the most valuable 

tool due to significant broadening of the shifted HN and aromatic proton signals in the NMR 

spectra.

In the initial versions of our “capped loop” models for β-strand association, a tight 

hydrophobic interaction (containing an indole/indole cluster, a W/W interaction, and some 

buried H-bonds) between cap and cap’ as well as at least 4 cross-strand H-bonds, between 
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the two β-strands are required to achieve a stable folded state. Each system is constructed 

similar to a β-hairpin, with a capped β-strand at each terminus, connected by a flexible 

linker. (Figure 3 demonstrates the system using peptide 11)

The requirement for a >4-residue β-strand length can be seen in entries 1, 2 and 5 
(comparisons in Table 1). The shorter strand system (1) had to be stapled with a cross-strand 

disulfide to form a moderately stable β-sheet fold (entry 2). The addition of two-residues to 

the β-strand, increases fold stability by 4 kJ/mol in this case. The construct of entry 518 

served as the first validated long-loop AcW / WTG β-capping motif; entry 3 is the stable 

hairpin with the same strands that provides the chemical shift and CD measures that served 

as standards for the expectations for the 100%-folded state. In 2014, this end-capping motif 

was improved with better terminal and sidechain coulombic interactions23, an RW / WE cap, 

resulting in a variant of 3, that was in excess of 99% folded from 280–320K, 9. We have 

now extended these capped loop designs in several ways and produced a significant body of 

fold stability data (Table 1).

With entries 3, 7, 9, and 14 (which form stable hairpin structures, see Supporting Fig. S1) as 

“fully-folded” controls for chemical shift based measurement of the extent of folding, we 

can report χF-values (the mole faction of the folded state) for the longer loop species. The 

ΔG and χF values refer to β-sheet (and W/W interaction) formation. Individual χF values 

from strand versus cap proton sites are essentially identical; β-strand alignment and aryl 

cluster formation in the cap reflect the same two-state folding equilibrium. The nearly 

identical melting profiles along the β-strands of system C4 with the 16-residue loop, peptide 

16, (Figure 4) serves as an example of this 2-state folding behavior, cooperative melting.

As expected, the signals of ring-current-shifted indole protons within the aryl clusters show 

some exchange broadening26,33, an initial qualitative analysis suggests25 that three systems 

with the same –G3GKKGG3- loop (entries 5, 6, 8) display nearly the same folding times, 

even though they have quite different fold stabilities. These constructs display chemical 

shifts for most of the loop residues, -GGGGKKGGGG-, that indicate rapid sampling of 

multiple conformations resulting in fully random chemical shift values (± 0.04 ppm). This 

validates our assumption and a key feature of our model: that the loop region remains a 

flexible linker in both the unfolded and folded state. The fully-flexible linker statement also 

applies to even longer loops (entries 12, 13 and 16 - 18). With loop lengths ≥10 there should, 

in principle, be no additional entropic penalty to achieving the folding transition state as the 

loop length increases. In contrast, the loop elongation from 2 to 4 residues, entries 3-4 and 

9-10 (for systems B2 and C2 respectively), show a decrease in 5–6 kJ/mol in stability at 

280K. This is much greater than expected for a 2 amino acid increase. Since the loop 

remains short, there are only a finite number of conformational solutions to reversing the 

direction of the backbone, leading to a large entropic cost. As the loop is extended the 

number of solutions increases: the entropic cost for each individual glycine addition is 

offset. This process is evident as the loop is increased from 4–10 residues. There is only a 

0.8 kJ/mol loss between loop size 4 and 10 in both systems (peptides 4–5 and 9–11 in 

systems B2 and C2 respectively).
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As expected, upon lengthening the loop, some fold stability is gradually lost. The stability 

loss upon going from a hairpin structure to a 10-residue-capped β-structure could be 

measured (~7 kJ/mol) with some accuracy only for system B2, the less effective cap. In 

system C2, the effect appears to be 6 kJ/mol, but might be greater because the overwhelming 

stability of 9 can only be estimated as >11 kJ/mol. With this somewhat more stable β cap, it 

was possible to extend the loop length to 16 and even 22 residues; although, at the 22-

residue length the fractional population of the folded state dropped below 0.5 even at 280K 

(χF = 0.29 at 300K). Peptide 12 represents the point at which the elongated loop has become 

larger than the structured region of the peptide, with 14 residues of β-structure and 16 

residues of unstructured loop. Surprisingly, 12 remains 71% folded at 280K, but drops to 

38% at 320K. Most of this loss in stability is from the excess motion caused by the large 

loop, evident from the loss in CSD at different 1H sites, upon loop elongation. Figure 5 

shows the change in CSD at the diagnostic Hζ3 site of the C-terminal Trp, and I7 HN for 

peptides 9, 11 and 12 (loop size = 2, 10 and 16 residues). It shows that although peptide 12 
still remains 82% folded at cap’ (Trp Hζ3), it only appears to be ~60% folded at an H-

bonded site next to the loop.

Adding a Loop Flanking Trp/Trp—Inserting an additional Trp/Trp EtF aromatic cluster 

at the loop flanking position proved to be the most effective method of preventing the 

segmental motion of the loop from pulling apart the strands. To maintain the register 

required for EtF cluster formation at both sites, a two-residue insertion was required. The 

added, loop-flanking Trp’s in entry 6 displayed all of the classic diagnostics of an EtF W/W. 

As in W/W flanked turns21, the indole of the Trp at the N-terminus of the loop was the 

“edge” aryl ring in an “edge-to-face” (EtF) interaction, in contrast to “face-to-edge” (FtE) 

geometry of the end-capping motif. This is also in analogy to observations for W/W-flanked 

turns in β-hairpins31. This addition seems to add an energetic barrier to β-strand fraying near 

the loop and it was possible to make systems with longer loops. The addition of the loop-

flanking aryl cluster (e.g., entry 5 versus 6 and entry 12 versus 16) resulted in a 5.2 – 6.5 

kJ/mol stabilization which is at least 1.5 kJ/mol greater than the stabilization observed for 

just a 2-residue strand extension, but the stabilization associated with the W/W pairing is 

significantly less than the 5 – 10 kJ/mol values observed for W/W-flanking turns in β-

hairpins21.

With both the improved Coulombic cap (ΔΔGU ≈ 3 kJ/mol) and chain extension with an 

additional loop-flanking W/W interaction, system C4, the 16 loop construct only shows (Fig. 

4) a slight amount of melting (280 – 320K), with χF dropping from ≥0.98 to 0.92. Figure 4 

shows this and the typical alternating pattern in the deshielding of Hα sites found in β-

sheets. The changes in melting behavior with loop size are shown in Figure 6.

Fold stability could also be modulated by manipulation of the loop-flanking aryl cluster. We 

recently reported21 ΔΔGF values for a W to Y mutation at the “edge” site of EtF W/W 

clusters: +3.6 and 2.1 kJ/mol, the smaller value applying to a turn-flanking location. A W8Y 

mutation was made to peptide 16, 16Y, resulting in only a +1.5 kJ/mol drop in stability at 

280K: another indication that a loop-flanking EtF interaction is not as favorable as the same 

interaction flanking a well-defined turn sequence.
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Although this system is dramatically more folded than the previous end-capped peptides, 

segmental motion of the loop is still seen at the Trp residues in the interior. When the CSDs 

of the aromatic protons on the edge Trp of these two aromatic clusters are compared, there is 

a different degree of folding at the two sites, as the loop is elongated. Between the end-

capping and loop-flanking sites there is a 13% decrease in the apparent extent of folding in 

the 10 residue loop species, 15, and a 20% in the 16-loop, 16, at 280K (Supporting Fig. S2).

The C4 system was also employed for the longest 22 and 28 residue loops (entries 17 and 

18), but many of the 1H NMR probes required for fold population analysis are broadened 

past visibility. As a result, peptide fold stability was primarily monitored using circular 

dichroism (CD). An advantage of the CD method, monitoring the Trp/Trp exciton couplet (at 

228 nm, 5–95 °C), is that the entire melting range can be seen for each peptide. Figure 7 

compares exciton melts for C2 and C4 series. For hairpin forms (the smallest loop size), the 

exciton couplet maximum for C4 is close to twice that of C2, reflecting the additional W/W 

interaction flanking the turn. It is apparent, given that the exciton couplet of C2 (reflecting 

only the β-cap) does not decrease on going from the hairpin to the 10-loop, we conclude that 

the loss of ellipticity observed for C4 with the same change reflect a greatly diminished 

exciton couplet magnitude for a loop-flanking versus turn-flanking W/W unit.

When there is only an end-capping Trp/Trp pair (8–11), a very small initial decrease in the 

intensity is found (2–10 loop) followed by a large decrease from 10–16 residues. The drop in 

the low temperature [θ]228-value reflects a lower population of the folded state (consistent 

with the NMR CSDs). The rapid loss of fold stability on further loop lengthening is also 

reflected in the Tm significantly decreasing, with an 85 °C drop from 2–16 residues 

(peptides 9–12).

In the spectra of the C4 peptide series (14–18), a major drop is only seen between the 2 and 

10 residue loops. From 10 to 22 residues, minor changes in the melting temperature is 

observe. This is most likely due to a larger increase in flexibility of the loop flanking 

Trp/Trp EtF interaction from a 2–10 residue loop increase than from 10–22 residues. Since 

the increase between 2–10 residues includes this turn to loop transition, it can be thought of 

as a change from structured to random coil. In contrast, the 10 – 28 residue loop lengthening 

is already in the unstructured loop realm. It is assumed that peptide 18 is >80% folded at ≤ 

25 °C, based on the trend of the CD melting curve (Fig 7). Some of the changes in the low 

temperature maximum are likely due to impurities from the synthesis, it was found to be 

difficult to purify peptides with so many repeating glycines and lysines. The 28 residue loop 

was at the limit of our purification capability. By comparing the CD spectra of peptides with 

similar sized loops, the drastic effect this additional Trp/Trp pair has on the thermostability 

of each peptide is evident. At the 16 residue loop size, a Tm increase of 55 °C was found 

(systems C2 to C4, peptides 12 to 16).

In order to verify that the spectroscopic results seen in these experiments are not due to a 

higher order assembly of the peptides, CD spectra at various concentrations were taken of 

the C4 22 loop, peptide 15. With the maximum, at 25 °C, remaining at an average [θ] = 

+252,000 ± 17,000° at maximum of the exciton couplet from 6.5 – 100 μM (Supporting Fig. 

S3) confirming the absence of dimers or higher order oligomers. As a further confirmation 
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of the absence of aggregation effects, 1D 1H spectra were taken at 30 μM and 700 μM, with 

the spectra showing the same peak positions throughout (aromatic and shifted HN regions 

shown in supporting Figure S4).

Loop Composition Effects on Stability—Loops contained in the peptides mentioned 

thus far were designed to be as flexible as possible, this exaggerates the effects of natural 

loops. It is assumed that the effects of the loop are created by the motion caused by the large 

conformational entropy of each residue within a flexible loop34. If this intrinsic entropy is 

changed, the effects are found to be perpetuated throughout the system. This was probed by 

placing a turn-forming sequence at the center of the loop. Ile-(D-Pro)-Gly-Lys (IpGK) is a 

known turn nucleating sequence35, and was placed into the middle of three different-sized 

loops (6, 10 and 16 residues). A proline addition introduces “stiffness” to the loop 

independent of any specific local structuring effect, changing the folding landscape by 

decreasing the entropy of the unfolded state34,36.

The flexible nature of the loops discussed so far evolves from the conformational openness 

of the glycine residues in the loop. This leads to segmental motion, which in turn pulls the β-

strands apart. Addition of a local area of stiffness, reduces this segmental motion thus 

creating a more stable system. It was found that in both the B2 and C2 systems there is a 

larger gain in stability in the smaller loops, and that this stability is more exaggerated at 

higher temperatures. Insertion of this IpGK segment into a 6 residue loop, 20 and 24, results 

in a ΔΔGU increase of 4.7 and 3.5 kJ/mol for the B2 and C2 systems respectively, at 300K. 

Most noticeably, there is a large decrease in melting; peptide 24 remaining fully folded at 

320K. In the middle of the 10 and 16 residue loops there is still a large effect, with a free 

energy gain of 2.9 and 3.5 kJ/mol for the B2 and C2 systems with 10 residue loops, and a 

2.4 kJ/mol stability gain in the 16 residue looped C2, 29 (all at 300K). It was also found that 

another turn sequence, NPATGK, which has a somewhat smaller “turn propensity” in hairpin 

contexts, has a similar effect. Within the 16 residue loop, 31 remains 63% folded at 320K. 

Table 2 collects the data for “turn” insertions in flexible loops.

This increase in ΔGU for systems with loops containing an IpGK unit, is not just from a 

reduction in the conformational entropy of the four residues. There is also a gain in 

stabilization of the folded state by the turn propensity of IpGK to reverse the strands. This 

was tested using an I(L-Pro)GK turn within the loops (entries 25, 28 and 30). IPGK is, 

compared to IpGK, significantly less well folded as a turn, although the individual residues 

have the same conformational space restriction. From the data in Table 2 it is apparent that 

IPGK addition to loops has a less dramatic stabilizing effect. While insertion of IpGK into a 

16 residue loop results in a 2.4 kJ/mol gain in stability, only a 1.4 kJ/mol gain is observed 

for the corresponding IPGK turn insertion (peptides 29 and 30 respectively, at 300K). While 

IPGK should yield the same increase in driving force for folding due to decreasing the 

conformational entropy of the unfolded state, IpGK has an added effect: stabilizing the 

folded state by ~1–2 kJ/mol.

In hairpin contexts the structuring of the IpGK β-turn is evidenced by the diagnostic HN 

chemical shifts within the turn, a downfield shifted Ile (S-1 position) and an upfield shifted 

Lys (T2 position). Smaller but still significant CSDs are observed for position I14 and K16 
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in peptide 19, 0.23 and −0.42 ppm respectively, even though the turn has 6 glycines on each 

side. In the L-Pro equivalent (peptide 30) these CSDs are reduced to 0.03 and −0.16 ppm. 

Additional data appears in Supporting Fig. S5. Based on this chemical shift analysis, these 

IpGK turns are 30–40% folded, and the extent of β-turn formation appears to be 

independent of the extent of β-strand association (the ΔGU of the folded state).

Discussion

The stability of a β-sheet is clearly related to the strength of cross-strand H-bonding and 

hydrophobic interactions, but the loops that connect the strands and the termini are also a 

consideration. Flexible loops are found to fray the strands internally as the loop size is 

increased due to the segmental motion of the longer loops. It was found that the addition of 

Trp/Trp cross-strand aromatic clusters were useful in preventing this motion from 

propagating into the strands. Using this, small stable β-hairpin-like systems could be created 

containing long loops. Two main β-capping styles were compared, one using hydrophobic 

Ac-W, WTG-NH2 (systems B2 and B4) termini18 and a hydrophilic RW, WE termini with 

additional coulombic interactions23 (systems C2 and C4). It was found that the coulombic 

capping system had a broader range of use, especially as the loop length increased. With 

peptides containing 10 residue flexible loops, system B2 (peptide 5) had a χF of 0.57 at 

300K, while system C2 had a χF = 0.84 at 300K. Using the C2 system the loop could be 

elongated to 22 residues before the χF dropped off to a range below 50% folded. In order to 

remedy this, two methods were found to increase the ΔGU of folded states containing long 

loops. Surprisingly, insertion of a turn nucleating sequence into the middle of the 16 residue 

looped C2 system had a substantial effect on stability, ΔΔGU = 3.8 kJ/mol. This is a result of 

increased chain stiffness and reversal of the backbone direction associated with turns.

The most effective way to stabilize a loop containing system of any size was found to be the 

inserting of an additional Trp/Trp aromatic cluster at the loop flanking positions (Figure 7). 

This was found to decrease the effect of the segmental motion of the loop, keeping the β-

strands associated all the way to the loop junctions. With the addition of this, both the 

hydrophobic and Coulombic systems (B4 and C4) became more stable, allowing the study to 

be extended to a peptide with an equal number of amino acids within the β-strands and in 

the loop attached to it. Regardless of size, near fully folded stability was observed by CD 

(Figure 6).

Conclusions

With relatively unstructured loops so pervasive in protein structures, binding motifs, gating 

of active sites, and at protein-protein interfaces, there is a need for research into their effects 

on the protein folding landscape. This and their use in protein design has been limited by a 

lack of smaller peptide systems that isolate and stabilize such loops. We have demonstrated 

the ability to created stable systems containing a variety of loop lengths. It was found that β-

strands connected to these flexible chains were subjected to the segmental motion caused by 

the loops unstructured nature. To combat this, the strands can be stabilized by the addition of 

a loop flanking Trp/Trp aromatic cluster. With both a Trp/Trp β-cap and a loop flanking 
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Trp/Trp cluster, a stable (χF = 0.77 at 300K from CD) system containing 28 residues of loop 

and only 16 residues of β-strand could be realized.

It was also found that the flexibility of the loop could also be reduced by the addition of 

structured turn regions ( -IpGK- or -NPATGK- sequences) into the middle of the loop. A 2.1 

kJ/mol stability gain was possible by this strategy within a loop of 16 residues (peptide 12 
verses 29 or 31). Native loops commonly have residues to promote a turn, but also may have 

specific hydrophobic and H-bonding contacts that would influence folding. Using a 

combination of loop size, composition and modulation of aromatic clusters, the extent and 

rigidity of the folding of regions in these small folded peptide motifs can be tuned. This 

offers a vast amount of control in the rational design of models of important loops within 

proteins.

Protein engineering has led to great advances, with loops playing an essential role in many 

functions. As the drive to produce smaller antibody and vaccine biologics increases, an 

ability to create small stable looped structures can serve as another answer. In addition to the 

direct benefits towards binding motifs, these systems will provide a way to model how 

protein loops effect the folding landscape of proteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) Example of a Trp/Trp edge-to-face (EtF) aromatic cluster. (B) The protons of the 

Tryptophan sidechain.
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Figure 2. 
Structural Comparisons: (A) Wild-type Pin1 WW domain (from x-ray structure 3TCZ37. (B) 

Circular permutant cpPin1(−1)v3 made using a RW/WD β-cap (shown in purple and green, 

from NMR structure 2MDU22 ).
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Figure 3. 
Each peptide’s sequence can be broken down into cap (purple) - β-strand (grey) - loop (red) 

– β-strand (grey) – cap’ (green).
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Figure 4. 
Thermal stability of the β-sheet at the ends of a 16-residue flexible loop as evident in an 

NMR structuring shift melt. The backbone Hα shifts of peptide 16 are shown as CSDs.
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Figure 5. 
Graph of CSD change of End capping position vs. loop flanking position. Calculated site 

specific χF are shown as percentages above each bar.
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Figure 6. 
CSDs at 280 and 320K for system C4 loop sized 2/4, 10, and 16 residues (entries 14, 15, and 

16 respectively).
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Figure 7. 
CD maximum at 228nm recorded from 5–95 °C. System C2 peptides 9, 10, 11, 12 and 13 
(loop size 2, 4, 10, 16 and 22 residues). System C4 peptides 14, 15, 16, 17 and 18 (loop size 

2(4), 10, 16, 22 and 28).
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Figure 8. 
Example of the minimal effects of loop elongation on system C4.
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Table 1.

The β-cap optimization process as it applies to loop closure.

Entry # System Loop Length Sequence cap – β-strand – loop – β-strand – cap’
ΔGU (kJ/mol) Fraction Folded (χF)

c

280 K 300K 320K

1 10 Ac-WVTI - G3GKKGG3 - KKIWTG-NH2 − 2.2 -- <0.10

2 10 + 3.2 -- 0.49

3 B2 2 Ac-WITVTI - GG - KKIRVWTG-NH2 + 9.0 0.96 0.91

4 B2 4 Ac-WITVTI – GGGG - KKIRVWTG-NH2 + 2.9 0.72 0.58

5 B2 10 Ac-WITVTI - G3GKKGG3 - KKIRVWTG-NH2 + 2.1 0.57 0.35

6 B4 10 Ac-WITVRIW-G3GKKGG3-WKTIRVWTG-NH2 + 7.3 0.93 0.85

7 B4 4
a Ac-WITVRIW - SNGK - WKTIRVWTG-NH2 > 10 0.99 0.99

8 C2 R1H 10 HWITVTI - G3GKKGG3 – KKIRVWE + 3.8 0.75 0.57

9 C2 2 RWITVTI - GG - KKIRVWE > 11 0.99 0.99

10 C2 4 RWITVTI - GGGG - KKIRVWE + 5.8 0.88 0.74

11 C2 10 RWITVTI - (G3GKK)GG3 - KKIRVWE + 5.0 0.84 0.59

12 C2 16 RWITVTI - (G3GKK)2GG3 - KKIRVWE + 2.1 0.56 0.38

13 C2 22 RWITVTI - (G3GKK)3GG3 - KKIRVWE − 1.7 0.29 0.25

14 C4 4
a RWITVRIW - IGGK - WKTIRVWE > 11 0.99 0.99

15 C4 10 RWITVRIW - G3GKKGG3 - WKTIRVWE > 10 0.98 0.95

16 C4 16 RWITVRIW- (G3GKK)2GG3 -WKTIRVWE + 8.6 0.97 0.92

16Y 16 RWITVRIY- (G3GKK)2GG3 -WKTIRVWE + 7.1 0.96 0.89

17 C4 22 RWITVRIW- (G3GKK)3GG3 -WKTIRVWE + 5.5b 0.84b 0.61b

18 C4 28 RWITVRIW- (G3GKK)4GG3 -WKTIRVWE + 4.0b 0.77b 0.45b

a
Loop size could be considered 4 or 2 residues since the outer residues of a turn are part of the β-strand.

b
Fraction folded values estimated by CD, values by NMR not possible due to line broadening.

c
Fraction folded values represent an average of multiple CSDs (further explained in the Supporting Information) the agreement of these values 

provides an error of ~0.04 when the mole fraction-folded was in the χF = 0.90 range. In the χF = 0.35 – 0.90 range, the agreement over the 

multiple probes provides an error of ~0.08.
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Table 2:

Turn insertion into unstructured loops.

Entry # System Loop Length Sequence cap – β-strand – loop – β-strand – cap’
ΔGU (kJ/mol) Fraction Folded (χF)

a

280 K 300K 320K

19 B2 6 Ac-WITVTI-GGGGGG-KKIRVWTG-NH2 + 1.6 0.64 0.50

20 B2 6 Ac-WITVTI-(GIpGKG)-KKIRVWTG-NH2 + 7.3 0.92 0.86

21 B2 8 Ac-WITVTI-(GNPATGKG)-KKIRVWTG-NH2 + 2.2 0.71 0.54

5 B2 10 Ac-WITVTI-(G3GKK)GG3-KKIRVWTG-NH2 + 2.1 0.57 0.35

22 B2 10 Ac-WITVTI-(G3IpGKG3)-KKIRVWTG-NH2 + 4.7 0.81 0.63

23 C2 6 RWITVTI-GGGGGG-KKIRVWE + 5.8 0.88 0.77

24 C2 6 RWITVTI - GIpGKG – KKIRVWE + 6.9 0.97 0.98

25 C2 6 RWITVTI - GIPGKG – KKIRVWE + 5.9 0.92 0.85

26 C2 8 RWITVTI - GNPATGKG – KKIRVWE + 5.7 0.90 0.80

11 C2 10 RWITVTI-(G3GKK)GG3-KKIRVWE + 5.0 0.84 0.59

27 C2 10 RWITVTI - G3IpGKG3 – KKIRVWE + 6.4 0.93 0.86

28 C2 10 RWITVTI - G3IPGKG3 – KKIRVWE + 5.1 0.90 0.72

12 C2 16 RWITVTI-(G3GKK)2GG3-KKIRVWE + 2.1 0.56 0.38

29 C2 16 RWITVTI - G6IpGKG6 – KKIRVWE + 4.2 0.77 0.57

30 C2 16 RWITVTI - G6IPGKG6 – KKIRVWE + 3.4 0.69 0.45

31 C2 16 RWITVTI – G5NPATGKG5 – KKIRVWE + 4.2 0.79 0.63

a
Fraction folded values represent an average of multiple CSDs (further explained in Supporting Information). Uncertainty in the fully-folded CSD 

values represents a circa 0.03 fraction-folded error in the χF = 0.90 range. In the χF = 0.35 – 0.90 range, the agreement over the multiple probes 

provides an error of ~0.09.
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