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ABSTRACT 

Peptide-based drugs combine advantages of larger biological therapeutics with 

those of small molecule drugs, but they generally display poor permeability and metabolic 

stability. Recently, we introduced a new type of peptide bond isostere, in which the 

backbone carbonyl is replaced with a 3-amino oxetane heterocycle, into short linear 

peptides with the aim of improving their therapeutic potential. In this study, we have 

explored the impact of oxetane modification on -helical peptides to establish whether or 

not this modification is tolerated in this biologically important structural motif. The 

oxetane modification was introduced at two positions in a well-characterised helical 

peptide sequence, and circular dichroism and NMR spectroscopy were used to measure 

the resulting secondary structure content under different experimental conditions. Our 

data demonstrated that introduction of an oxetane into the peptide backbone results in a 

significant loss of helicity, regardless of where in the sequence the modification is placed. 

The molecular determinants of this destabilisation were then explored using steered 

molecular dynamics simulations, a computational method analogous to single molecule 

spectroscopy. Our simulations indicated that oxetane modification introduces a kink in 

the helical axis, alters the dihedral angles of residues up to three positions away from the 

modification, and disrupts the (i, i+4) hydrogen bonding pattern characteristic of -

helices in favour of new, short-range hydrogen bonds. The detailed structural 

understanding provided in this work can direct future design of chemically modified 

peptides.  
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INTRODUCTION 

Chemical modification of peptides for improved bioavailability and metabolic 

stability is a critical aspect of work in the development of peptide-based drugs.1 

Introduction of non-natural backbone linkages such as thioamides, azapeptides (where the 

Cα is replaced with a nitrogen) and poly-N-substituted glycines (peptoids), amongst 

others, has led to the increased stability or enhanced bioavailability of a wide range of 

peptides.2–6 However, backbone modification has also been shown to fundamentally 

change the structural properties of polypeptide chains, and no one modification has been 

shown to be universally tolerated. For this reason, an improved understanding of the 

impact of available modifications is of critical importance to future development of 

peptide-based medicines.   

Oxetanes are well-established bioisosteres in medicinal chemistry.7 Grafting the 

oxetane motif onto small molecules in place of carbonyl or gem-dimethyl groups can 

trigger profound changes in metabolic stability, lipophilicity, aqueous solubility and 

conformational preference without drastically changing hydrogen bonding capabilities or 

lone pair arrangement,8,9 despite the fact that the C…O distance in the oxetane ring is 

longer than in a carbonyl group (2.1 Å vs. 1.2 Å)7. Oxetanes have emerging applications 

in peptide science.10 For example, grafting of oxetanes onto cysteine side chains has been 

shown to significantly improve the stability and activity of proteins and antibodies.11,12  

Oxetanes have been grafted into the peptide backbone, where the backbone amide C=O 

of an amino acid is substituted with a four-membered oxetane ring.10,13–15 Oxetane 

incorporation into short peptides has previously been shown by us to lead to 

improvements in head-to-tail cyclisations in a range of tetra-, penta-, hexa- and 
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heptapeptides, in a superior manner to other common backbone modifications. This 

appears to be due to the formation of a turn in proximity to the modification, as evidenced 

by the presence of long-range NOEs.16 However, it remains unknown as to how well-

tolerated oxetane modifications are in other, more regular, structural motifs such as -

sheets and -helices.  

The α-helix is a ubiquitous secondary structure motif in peptides and proteins, and 

plays a multitude of biological roles including structural scaffold,17 cell signalling 

initiator,18 and membrane curvature sensor19 amongst others. Furthermore, the ability of 

α-helices to disrupt protein-protein interactions and to destroy the integrity of cell 

membranes makes them desirable drug candidates.20,21 α-Helical structures have a 

characteristic repeating hydrogen bond pattern, where each carbonyl oxygen forms a 

hydrogen bond with a backbone amide hydrogen four residues away. Although 

replacement of a carbonyl with an oxetane is a relatively conservative modification, as the 

two groups have similar hydrogen bonding capabilities, the difference in size and change 

in dihedral angles may substantially affect the i, i+4 hydrogen bonding pattern integral for 

helix stability. It is therefore of considerable interest to explore the impact of oxetane 

modification on the viability and stability of this biologically relevant structural element.  

In this work we investigate the effects of replacing one of the alanine residues in a 

well-characterised α-helical peptide sequence22 with an oxetane-modified alanine (Aox) or 

glycine (Gox). Using nuclear magnetic resonance and circular dichroism (CD) 

spectroscopy, we explored the impact of incorporation of an oxetane-modified alanine at 

two different sites, and an oxetane-modified glycine at a single site, in an α-helical 

structure. These two sites represented a central modification (residue 8) and a 
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modification towards the N-terminus of the peptide (residue 3), and were selected based 

on previous research involving modifications of α-helical structures, which suggest that 

modifications are better tolerated in the terminal regions of α-helices due to their lower 

intrinsic helical content.22,23 We observe that the oxetane modification is very poorly 

tolerated in an -helix, regardless of where it is placed, and destabilizes helical regions up 

to four residues away depending on the solvent used. This destabilisation is not improved 

when the residue type is changed to a more conformationally flexible Gly. Using steered 

molecular dynamics (SMD) computer simulations, we reveal the molecular details of this 

effect in order to guide future design of chemically modified peptides.  

 

EXPERIMENTAL METHODS 

Circular Dichroism 

  CD experiments were performed on a Jasco model J-815 spectropolarimeter with 

temperature control. Samples for CD were prepared by dissolving peptides15 to a final 

concentration between 34-192 µM in either 10 mM potassium phosphate buffer with 1 M 

NaCl, pH 7.0, 80% MeOH, or 100% MeOH. Spectra were recorded in a 0.1 cm path 

length cuvette between 250 and 180 nm using a 1.0 nm pitch, 1.0 nm band width, a 1 s 

response time, and a scanning speed of 100 nm/min. Spectra were acquired at 

temperatures of either 5C  (10 mM KPi buffer and 80% MeOH) or 0C (100% MeOH), 

allowing 10 min equilibration time before CD spectra were recorded. Each spectrum 

represents the average of 10 scans. All CD data were converted to units of mean residue 
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ellipticity, and secondary structure content was estimated by fitting of the data using the 

DichroWeb software24 (Selcon3, reference sets 3 and 4). 

 

NMR Experiments  

 All NMR experiments were performed in 3 mm NMR tubes (Bruker, Germany) on 

an Avance 700 MHz spectrometer (Bruker Biospin, UK) equipped with a triple resonance 

inverse cryoprobe with Z-gradients. Data were processed using Topspin 4.0.7 (Bruker 

Biospin), and analysed using Sparky25. Peptides were prepared by dissolving the peptide 

to a final concentration of 2 mM in 80% MeOD-d4 + 20% H2O. 1H-1H TOCSY and 

NOESY NMR spectra were recorded with 4096  256 data points (zero-filled to 8192 x 

512 in procpars), 32 scans, a spectral width of 14 ppm in both dimensions at a 

temperature of 10C. TOCSY and NOESY mixing times ranged from 70-140 ms and 

100-200 ms, respectively.  

 

Molecular dynamics simulations 

Steered molecular dynamics (SMD) simulations were carried out on the four helical 

peptides in methanol. Starting coordinates of the peptides were generated using Avogadro,26 built 

assuming an ideal α-helical conformation with N-terminal acetyl and C-terminal amide caps. All 

simulations were performed using the Gromacs 5.1.4 simulation package27 using the 

CHARMM27 force field28 with modifications for the oxetane ring13 for the peptides and the 

CHARMM general force field for methanol.29 Each peptide was simulated ten times for 40 ns at 

300 K with different initial co-ordinates. The peptides were anchored at the N-terminal Cα with a 

dummy spring pulling the C-terminal Cα. The dummy spring was pulled with a constant velocity 
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of 0.00025 nm ps-1 and a force of 25 kJ mol-1 nm-2. Initial tests to determine the optimum choice 

of pulling velocity and spring constant are included in the Supplementary Information. Under 

these conditions, each peptide unwinds within ca. 20 ns. Full details of simulation parameters are 

provided in Supplementary Information. 

 

RESULTS AND DISCUSSION 

Oxetane substitution leads to long-range destabilization of -helices 

To investigate the impact of a single oxetane modification at various positions 

within an -helical region, we selected a well-characterised alanine-based model peptide, 

the sequence of which is given in Table 1 (1). This peptide is known to be monomeric,30 

~70% -helical,23,31 and has been shown to unfold in the presence of other peptide 

backbone substitutions such as a thioamide substitution.22 Site specific modifications 

were made to this Ala-rich model peptide through introduction of an oxetane-modified 

Ala residue (Aox) in the centre of the helical region at position 8 (Table 1 2a), or near the 

N-terminus at position 3 (Table 1 2b); or an oxetane-modified Gly residue (Gox) at 

position 3 (Table 1 2c). Substitution at these positions allowed direct comparison to the 

data reported by Reiner and coworkers22 for this same sequence, in which the identical 

positions were modified with thioamide. The solid-phase synthesis of these peptides has 

been described elsewhere.15 

The impact of oxetane modification on peptide fold was studied using circular 

dichroism (CD) spectroscopy in two different solvents (Figure 1). Initially, CD spectra 

were collected for peptides solubilised in potassium phosphate buffer (pH 7.0) at 5C in 



 

8 

order to directly compare the impact of oxetane modification to that observed for the 

thioamide-modified peptide (for which all CD data were collected at 5C).22 Secondary 

structure content was estimated by fitting of the data using the DichroWeb software,24 and 

the resulting values are given in Table 1. The helical content of the alanine-based model 

peptide in potassium phosphate buffer (58%) was slightly lower than that reported 

previously in the same buffer (68%),30 however this may reflect the uncertainties inherent 

in fitting of peptide data using reference sets predominantly composed of larger proteins. 

Regardless, the 10% difference we report here accounts for only 1–2 amino acid residues. 

Incorporation of an oxetane-modified alanine either at the centre or at the N-terminus of 

the model peptide (2a and 2b, respectively) lead to a pronounced reduction in helical 

content (Figure 1A) to between 4–9% helicity. Incorporation of a Gox at the N-terminus of 

the peptide (2c) resulted in a similar decrease in helicity. This estimate of helical content 

allowed us to compare the relative loss of helicity in terms of numbers of residues 

unfolded by each substitution, as summarized in Table 1. The CD data indicated that the 

parent peptide 1 contained approximately ten helical residues before modification, and the 

oxetane modification lead to unfolding of 8–9 helical residues, clearly demonstrating that 

the oxetane substitution has a highly destabilising and unexpectedly long-range effect 

when placed within an -helix.  

The data obtained in phosphate buffer yielded similar levels of helical unfolding 

regardless of where the oxetane was placed in the sequence. To explore the solvent-

sensitivity and the position-dependence of this effect, we sought a solvent that would 

stabilise the helical fold adequately to reveal any further differences. Given that methanol 

is known to induce helicity in peptides and proteins,32 the oxetane-modified peptides were 
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expected to show an increase in helical content in this solvent compared to the previous 

observations in buffer. Therefore, CD spectra were acquired for the parent and modified 

peptides in 80% MeOH at 5C, and the resulting data are shown in Figure 1B and Table 

1. While the helical content of the parent peptide 1 was very similar in 80% MeOH 

(56%), incorporation of the oxetane modification did not lead to complete unfolding in 

this solvent, but instead lead to partial unfolding that was dependent on the location of the 

modification (Figure 1B). Unfolding was less pronounced when the substitution was 

made near the N-terminus of the peptide (2b and 2c), with approximately 4–5 residues 

unfolded upon introduction of the oxetane. Incorporation of an oxetane at the centre of the 

helix (2a) “unfolds” approximately double the number of residues (8 residues). This same 

trend was observed for peptides dissolved in 100% MeOH at 0C (the temperature that 

yielded maximal helical content in this solvent) as shown in Table 1 and Figure 1C, 

revealing more clearly the position-dependence and range of the oxetane-mediated 

unfolding.   

Peptides 1 and 2c were also analysed using solution state nuclear magnetic 

resonance spectroscopy.  1H-1H TOCSY and NOESY data were acquired for samples in 

80% MeOD-d4, and assignment was attempted. The repetitive nature of the sequence 

precluded full sequential assignment, however all four Lys residues in the peptide were 

well-resolved and the unique Gly and Tyr residues were readily assigned, as was the 

oxetane-modified Gly in 2c. NOEs were used where possible to sequentially assign 

additional residues, but signals from the majority of the Ala residues were heavily 

overlapped and identification of unique i, i+4 NOE correlations (characteristic of -helix 

formation) was not possible.  NMR spectra for 1 and 2c are given in Figures S1-S4, and 
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resulting assignments for both peptides are shown in Table 2. The H chemical shifts 

were then used as chemical probes for changes in chemical environment at regular points 

along the length of the peptide chain. As described by the chemical shift index (CSI) 

method,33,34 it is well-known that the H chemical shift is very sensitive to changes in 

secondary structure.  The H chemical shifts of residues 15-18, distant from the oxetane 

modification, remained unchanged to within 0.01 ppm upon introduction of the oxetane.  

In contrast, a significant downfield shift of ≥ 0.21 ppm for the Lys 1 H peak was 

observed (from 4.02 - 4.05 ppm in 1 to 4.26 ppm in 2c) upon introduction of the oxetane 

modification at position 3.  A similar downfield shift of ≥ 0.17 ppm was also observed for 

one additional Lys residue (either Lys 6 or Lys 11) from 4.02 - 4.05 ppm in 1 to 4.22 ppm 

in 2c.  According to the CSI method, a downfield shift for an H proton signal of 0.1 ppm 

or more suggests a change in secondary structure from an -helix to an unstructured 

(random coil) chain, reflecting the differences in 1H chemical environment and hydrogen 

bonding patterns in regions of helical structure. This relationship, alongside our results 

from CD above, suggests that Lys 1, 6 and/or 11 are all in an -helical environment in 

peptide 1, whereas only one Lys (either Lys 6 or 11) is in an -helical environment in 

peptide 2c. 

  

Work required to unwind oxetane-modified helices reflects a weakening of the fold  

The stability of a protein fold is reflected in the energy that is required to unfold 

the protein. To assess the change in stability of the helical fold in the absence and 

presence of an oxetane modification, we have utilised a method called steered molecular 

dynamics (SMD). In SMD, a molecule is anchored at a fixed point, and pulled at another 

point via a dummy spring, in a manner analogous to single molecule spectroscopy. It has 
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previously been used to aid unwinding of helical structures,35,36 as it allows unwinding 

events to occur on computationally feasible timescales. Integration of the resulting force-

extension curves produced during the SMD simulations over a 20 ns period yields the 

work required to unwind each helix, which directly reflects the stability of the helical 

fold. 

We built models of peptides 1–2 restrained to an idealised α-helical conformation 

(φ of -60°, ψ of -40°), solvated in a pre-equilibrated box of methanol and counter-ions, 

and equilibrated in two stages using the NVT (constant number of particles, volume and 

temperature) and NPT (constant number of particles, pressure and temperature) 

ensembles. Unwinding was then initiated by releasing the position restraints, anchoring 

the N-terminus and pulling a dummy spring from the C-terminus at a speed of 0.00025 

nm ps-1 and a force of 25 kJ mol-1 nm-2 over 40 ns. These parameters were selected 

following a series of tests in which spring constants of 100 to 10 kJ mol-1 nm-2 and pull 

speeds of 0.02 to 0.00005 nm ps-1 were assessed (Figure S5). Further details of parameter 

optimisation are described in the Supplementary Information. Ten repeats were sufficient 

for the data to converge (see Figure S6). Figure 2 shows the amount of work required to 

unwind each helix five nm as derived from integration of force extension curves averaged 

over the ten repeats. The work required to unwind the helix in the parent peptide 1 was 

estimated at 127.2 kJ mol-1. Introduction of Aox near the N-terminus (at position 3, 

peptide 2b) decreased the amount of work required to unwind the helix five nm by 15.9 

kJ mol-1 (total work = 111.3 kJ mol-1). Similarly, introduction of Gox at position 3 (peptide 

2c) decreased the amount of work required compared to the parent peptide 1 by 10.4 kJ 

mol-1 (total work = 116.8 kJ mol-1). The difference between the work required to unwind 
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peptides 2b and 2c five nm is statistically significant (p < 0.02, independent samples t-

test), suggesting that the fold of peptide 2c is moderately more stable. Oxetane 

incorporation at the central residue (position 8, peptide 2a) had the greatest impact, and 

further decreased the work required to unwind the helix by ~ 30 kJ mol-1 (total work = 

97.3 kJ mol-1).  

The SMD data agrees with the trend observed in the CD data, and indicates that 

the introduction of an oxetane into a highly helical region destabilizes the fold by up to 30 

kJ mol-1. For reference, the difference in energy between the native and unfolded state of 

a protein is typically in the region of 20–40 kJ mol-1.37 Therefore, oxetane is highly 

destabilising when inserted into a helical region, resulting in destabilisation several times 

higher than that caused by amino acid mutation,38 or corresponding to the loss of multiple 

strong hydrogen bonds.39 In comparison, thioamide introduction in the same position 

resulted in destabilisation of the fold by ~7 kJ mol-1,22 due to the longer C=S bond (1.56 

Å)40 and larger sulphur atom.  

The trend observed when comparing 2b and 2c is slightly unexpected, as glycine is 

considered disruptive in internal helical positions due to its high conformational 

flexibility, compared to alanine which is considered stabilising.41 It may be the case that 

glycine’s flexibility and lack of bulky sidechain allow it to slightly compensate for the 

oxetane behaving as a conformational lock. However any compensation effect is minor, 

as ultimately the differences in helicity between 2b and 2c as measured by CD, and the 

differences in work required to unwind the two peptides as calculated using SMD, are 

small. 
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Structural implications of oxetane modification in -helices 

The SMD results above demonstrate a large destabilisation of the helical fold by 

introduction of a single oxetane modification. To explore the molecular determinants for 

this instability, we examined the atomistic models of all three peptides over the course of 

the simulation. During the first 5 ns of the SMD simulations, the helices relaxed away 

from the ideal helical structure to which they were initially restrained, although peptide 1 

remained highly helical. Visual inspection of the trajectory during this initial stage of the 

simulation shows that oxetane modification has a clear impact on the structure and 

hydrogen-bonding pattern of the helical peptides. Figure 3 shows representative snapshots 

of peptide structures taken after 5 ns of simulation time. This time point was selected as 

the position restraints were removed, allowing the peptides to relax, but initial numbers of 

hydrogen bonds were maintained (suggesting pulling is not yet affecting the structure of 

the peptides). As seen in the structures, there is distortion of the helical axis near the 

oxetane modification in peptides 2a–2c, which appears to produce a kink in the helix thus 

changing the hydrogen-bonding pattern. This kinking effect may reflect the oxetane 

acting as a β-turn-inducing element, as we recently observed in short linear oxetane-

modified peptides.16 In 1, hydrogen bonds between the ith residue and residue i+4 

characteristic of an α-helix are maintained, while in the oxetane-modified peptides these 

hydrogen bonds are quickly lost. Instead, additional i, i+2 hydrogen bonds are formed in 

proximity to the modification.  

One of the characteristic properties of an α-helix is that all the amino acids have 

negative φ and ψ torsion angles, typically around -60° and -40° respectively. 

Ramachandran plots were prepared for the time period corresponding to 2–5 ns of the 
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trajectory. These time points were selected using the rationale that, during the first 2 ns of 

the simulation, peptides were relaxing from their position-restrained ideal -helix starting 

configurations, while after 5 ns the structures would be strongly affected by the pulling. 

Figure 4A compares the Ramachandran plots of peptides 1, 2b and 2c, and Figure 4B 

compares the Ramachandran plots of peptides 1 and 2a. While residues 3 to 11 of the 

parent peptide 1 correspond to the characteristic φ and ψ angles expected for an α-helix, 

in the presence of the oxetane modification there is a clear distortion in dihedral angles 

that extends for two to three residues in either direction from the site of modification.  

We compared the sampling of φ/ψ space in a Gox residue between peptide 2c and a 

short linear pentapeptide LAGoxAY-OMe previously characterised by us.16 Although it is 

difficult to directly compare the dihedral angles observed in peptides 2b-c to those in 

LAGoxAY-OMe due to differences in solvent, methodology and starting structures, there 

are some similarities in the Ramachandran plots (Figures 4 and S7). Introduction of an 

oxetane modification in all cases results in a splitting of the φ/ψ space sampled, with two 

populations appearing: one with a negative φ/negative ψ, and the second with a φ of -120 

to -180° and a positive ψ angle. Interestingly, the sampling of the φ/ψ space in the Gox 

residue of LAGoxAY-OMe appears more similar to that of the Aox in 2b than to the Gox in 

2c, however these differences may be arising due to fundamental differences in the 

systems as previously described. 

For the four helical peptides, the number of hydrogen bonds per residue was also 

calculated and plotted as a function of time for the entire 20 ns SMD simulation. 

Representative plots are shown in Figure 5 (plots for repeat simulations are shown in 

Figure S8). In the parent peptide 1, most residues form on average 1 hydrogen bond per 
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residue. At the start of the simulation, there is evidence of unwinding of the helix at the 

N-terminus, and as pulling proceeds the peptide predominantly unwinds from its C-

terminus. 

Oxetane modification at position 3 (2b and 2c) causes a disruption in the formation 

hydrogen bonds four residues away (i.e. up to residue 7) as shown in Figure 5. In the case 

of peptide 2c, the hydrogen bonds appear to be maintained for longer compared to 2b, 

although there is a clear disruption in i, i+4 hydrogen bonds downstream of the 

modification. For peptide 2b, the disruption of the hydrogen bonding network is also 

visible in the snapshots taken at 5 ns (Figure 3) and later in the trajectory, as shown in 

Figure 6B, where the N-terminus of the peptide adopts a largely extended conformation. 

As pulling proceeds, unwinding again occurs from the C-terminus. In the centrally 

modified peptide 2a (modification at residue 8), the hydrogen bonding patterns in the 

middle of the peptide are disrupted (Figure 5), and there is a kinking effect in the helix, 

particularly obvious after 10 ns (Figure 6C). Like 1, 2a tends to unwind slightly at the N-

terminus, and then predominantly from the C-terminus, although it appears that oxetane 

modification promotes unwinding of the central region of the peptide, as this region 

unwinds more readily in 2a than in 1.  

The disruption in hydrogen bonding described by both the number of hydrogen-

bonds per residue and the key unwinding events are consistent with the experimental data 

and suggest that the oxetane modification destabilizes -helicity by preventing the 

formation of the i, i+4 hydrogen bonds characteristic of an α-helix, as evidenced by their 

noticeable absence in proximity to the modification in the SMD structures.  
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CONCLUSIONS 

In this work we sought to establish whether the oxetane modification was tolerated 

in an -helix, one of the most important and therapeutically relevant structural motifs in 

biology. Using circular dichroism and NMR spectroscopy, we have shown experimentally 

that the oxetane modification is highly disruptive to the helical fold and poorly tolerated 

in an -helical structure. We were able to replicate the observed experimental trend using 

steered molecular dynamics to calculate the amount of work required to unwind each 

peptide, and analysis of the simulations suggests that the disruption to helicity is caused 

by changes in dihedral angles and hydrogen bonding patterns in proximity to the 

modification, due to the identity and size of the hydrogen bonding groups involved. While 

the α-helical structure is well-adapted to amide and carbonyl groups, backbone 

modification of an -helix is not necessarily always disruptive—in fact, some backbone 

modifications have been shown to increase or induce helicity. For example, introduction 

of lactam bridges between i, i+4 amino acids has been shown to improve helix stability 

and bioactivity of human parathyroid hormone.42 A more drastic backbone substitution, 

the replacing of a dipeptide in an α-helix with a leucine-derived 1,2,3-triazole ε2-amino 

acid, results in the modified peptides retaining much of the helical structure of the parent 

sequence.43 Therefore, it would appear that as long as a modification is able to maintain i, 

i+4 hydrogen bonds, helix disruption is minimal, suggesting that helix modifications 

should be considered from a hydrogen bonding perspective, rather than how structurally 

conservative they may first appear. 

Our data suggest that oxetane substitution disrupts helicity by changing the 

dihedral angles of the peptide backbone in the vicinity of the modified residue, such that 
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they tend towards a β-turn and therefore disrupt the i, i+4 hydrogen bonds known to be 

vital for helix stability. This is consistent with our previous work, which suggests that in 

short linear peptides, the oxetane modification acts as a β-turn-inducer.13,16 Other factors 

associated with the modified residue such as its increased molecular volume and different 

orientation of the oxygen lone pairs likely contribute to these distortions seen in the 

peptide backbone.  

The work presented here demonstrates, for the first time, that oxetanes are not a 

useful modification for helical structures. To date, this modification remains best-

tolerated in peptides containing secondary structure involving turns, such as α-hairpins or 

β-turns, where we have demonstrated that the oxetane can enhance cyclisation efficiency 

and stabilise turn elements in peptides.13,16  A particularly promising direction is the use 

of oxetane modification to stabilise or mimic -turn structures. -turn structural motifs 

are widespread in proteins, have been implicated in molecular recognition and protein-

protein interactions for proteins including GPCRs44 and amyloid-,45 and are of 

considerable interest in the field of peptidomimetics for therapeutic use.  
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TABLES 

Table 1. Amino acid sequences of peptides used in this work, where Aox indicates the 

presence of an oxetane-modified alanine residue and Gox indicates the presence of an 

oxetane-modified glycine residue. Measurements were made in three different solvents: 

10 mM potassium phosphate, pH 7.0 + 1M NaCl (5C); 80% MeOH (5C); 100% MeOH 

(0C). Percentage helical content was obtained from fitting of the data using 

DichroWeb24, and these values were used to estimate the number of helical residues in the 

18-residue peptide. Numbers in brackets represent the number of residues that are 

“unfolded” by the incorporation of an oxetane at a single position. 

 
Peptide Sequence 

1 Ac-KAAAAKAAAAKAAAAKGY-NH2 

2a Ac-KAAAAKAAoxAAKAAAAKGY-NH2 

2b Ac-KAAoxAAKAAAAKAAAAKGY-NH2 

2c Ac-KAGoxAAKAAAAKAAAAKGY-NH2 

 

 KPi (pH 7.0, (5C) 80% MeOH (5C) 100% MeOH (0C) 

Peptide []222 % 

Helix 

Helical 

res. 

[]222 % 

Helix 

Helical 

res. 

[]222 % 

Helix 

Helical 

res. 

1 -20655 58  10 -19239 56 10 -19861 57  10 

2a 487 4  1 (-9) -2483 12 2 (-8) -4394 15  3 (-7) 

2b -1443 9  2 (-8) -10813 34  6 (-4) -10496 34  6 (-4) 

2c -1170 9 2 (-8) -8262 27 5 (-5) -10902 37 7 (-3) 
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Table 2. Partial 1H chemical shift assignments for peptides 1 and 2c solubilised in 80% MeOD-

d4 + 20% H2O to a final peptide concentration of 2 mM. Due to the repetitive nature of the 

sequence, sequential assignment was not possible for the majority of residues.  Unique residues 

were readily identified and sequentially assigned, and NOE data was used where possible to 

sequentially assign additional residues.  Lys residues followed by multiple sequence positions 

have been assigned by residue type, but not by position, so all possible sequence positions are 

noted.  

Peptide 1 H H H H H NH 
Lys (Lys 1, 6, 11) 4.05 1.86 1.73 2.97 1.50 8.70 

Lys' (Lys 1, 6, 11) 4.02 2.00 1.70 2.92  8.24 

Lys'' (Lys 1, 6, 11) 4.03 1.99 1.70 2.92  8.19 

Ala15 4.18 1.55    8.10 

Lys16 4.26 1.96 1.68 2.95 1.53 7.66 

Gly17 4.00     7.99 

Tyr18 4.52 2.85/3.11    7.96 

       

Peptide 2c H H H H H NH 

Lys1 4.26 1.84 1.71 2.97 1.49 8.40 

Ala2 4.30 1.42    8.46 

Gly-ox3 3.65 4.12    8.22 

Ala4 4.25 1.49    8.72 

Lys (Lys 6, 11) 4.14 1.88 1.73 2.96 1.57 8.78 

Lys'' (Lys 6, 11) 4.22 1.97 1.70 2.94  8.14 

Ala15 4.19 1.55    8.09 

Lys16 4.26 1.95 1.69 2.94 1.50 7.68 

Gly17 4.00     8.01 

Tyr18 4.53 2.85/3.12    7.97 
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FIGURE LEGENDS 

 

Figure 1. Circular dichroism spectra acquired for 0.1 mg/mL solutions of each peptide shown in 

Table 1 in (A) 10 mM potassium phosphate buffer (pH 7.0) with 1M NaCl at 5C, (B) 80% 

methanol / 20% water at 5C, and (C) 100% methanol at 0C. Negative peaks at 208 and 222 nm 

indicate the presence of -helical protein structure.  

 
Figure 2. Work required to pull parent and oxetane-modified helices by 5 nm (20 ns) of 

simulation. The parent peptide (1) requires the most work to unwind and the centrally modified 

peptide (2a) requires the least work to unwind. The N-terminally modified peptides (2b and 2c) 

require similar amounts of work to unwind, although the Aox modification (2b) requires slightly 

less than the Gox peptide (2c) (p<0.02 when compared using independent samples t-test). Error 

bars represent standard error between 10 repeats, difference between all four data sets p<0.0001 

when compared using One-Way ANOVA. 

 
Figure 3. Snapshots of representative helical peptides taken at 5 ns, close to the start of the 

simulation. Helical structures for 1 (purple), 2a (green), 2b (cyan) and 2c (pink) show clear 

kinking in proximity to the oxetane modification, as well as changes in the hydrogen bonding 

(represented with dashed lines) patterns about and downstream of the modification. 

 

Figure 4. Ramachandran plots for residues affected by the introduction of oxetane for (A) 

modification of peptides 2b and 2c at residue 3, and (B) modification of peptide 2a at residue 8. 

ϕ and ψ angles were plotted for each residue from 2 to 5 ns. Each plot contains data from 10 

repeats. The position of the oxetane modification is indicated with an asterisk. 
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Figure 5. Representative plots indicating number of hydrogen bonds per residue over 20 ns. 

Modified sites are indicated with an arrow. There is distortion up to four residues away from the 

site of modification. 

 

Figure 6.  

Snapshots of (A) 1 (purple), (B) 2a (green), (C) 2b (cyan) and (D) 2c (pink) helical peptides 

taken at 5 ns intervals, highlighting the key unwinding events. In all cases, helicity is completely 

lost after 25 ns of simulation. Each peptide was anchored at by the Cα atom of Lys1, and pulled 

by the Cα atom of Tyr18, as indicated by arrows on the left-hand side. 
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Figure 2. 
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