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De novo design of discrete, stable 310-helix 
peptide assemblies

Prasun Kumar1 ✉, Neil G. Paterson2, Jonathan Clayden1 & Derek N. Woolfson1,3,4 ✉

The α-helix is pre-eminent in structural biology1 and widely exploited in protein 
folding2, design3 and engineering4. Although other helical peptide conformations do 
exist near to the α-helical region of conformational space—namely, 310-helices and 
π-helices5—these occur much less frequently in protein structures. Less favourable 
internal energies and reduced tendencies to pack into higher-order structures mean 
that 310-helices rarely exceed six residues in length in natural proteins, and that they 
tend not to form normal supersecondary, tertiary or quaternary interactions. Here we 
show that despite their absence in nature, synthetic peptide assemblies can be built 
from 310-helices. We report the rational design, solution-phase characterization and 
an X-ray crystal structure for water-soluble bundles of 310-helices with consolidated 
hydrophobic cores. The design uses six-residue repeats informed by analysing 
310-helical conformations in known protein structures, and incorporates 
α-aminoisobutyric acid residues. Design iterations reveal a tipping point between 
α-helical and 310-helical folding, and identify features required for stabilizing 
assemblies of 310-helices. This work provides principles and rules to open 
opportunities for designing into this hitherto unexplored region of protein- 
structure space.

The α-helix is one of the fundamental constants of biology: it is a cor-
nerstone of structural biology1, a model for protein-folding studies2,6, a 
workhorse in protein design3,7 and a scaffold for displaying functional 
moieties in protein engineering and biotechnology4,8. The α-helix is 
highly defined conformationally—it has a narrow range of backbone 
torsion or Ramachandran angles9, which leads to tight helical param-
eters (Fig. 1); and stabilizing intrahelical backbone hydrogen bonding 
between residues i and i + 4 along the polypeptide chain, COi → NHi+4. 
Put another way, energetically, the α-helix sits in a narrow and deep 
free-energy well10.

By contrast, 310- and π-helices have different helical parameters 
leading to tighter and looser helical structures with COi → NHi+3 and 
COi → NHi+5 hydrogen-bonding patterns, respectively. They lie on the 
rim of the α-helical free-energy well and are, thus, thermodynamically 
less stable. Consequently, it is not unexpected that these potentially 
accessible polypeptide conformations occur less commonly in natural 
proteins. Indeed, we surveyed a non-redundant set of protein structures 
from the Research Collaboratory for Structural Bioinformatics Protein 
Data Bank11 (PDB) and found that whereas 33% of the >2 million resi-
dues were located within α-helices, only 4% were within 310-helices, and 
0.5% within π-helices (Fig. 1 and Supplementary Table 7.1). The 310- and 
π-helices were also much shorter than the α-helices (Fig. 1a and Sup-
plementary Fig. 1.1). Furthermore, we found no examples of proteins 
in which consolidated packing arrangements—that is, supersecondary, 
tertiary or quaternary interactions—are formed exclusively by these 
alternative helices. In comparison, such structures based on α-helices 
are widely catalogued12,13. Evidently, nature seems not to use 310- or 

π-helices to construct higher-order peptide and protein assemblies 
in aqueous media. This raises the question of whether such objects 
can nonetheless exist, and the challenge of whether chemists might 
be able to make them.

One group of natural peptides do contain regions of 310-helical con-
formation; namely, the membrane-active fungal metabolites known as 
the peptaibols14,15. These short peptides are rich in α,α-disubstituted 
amino acids, in particular α-aminoisobutyric acid (Aib, U)16–21, which 
favour tighter helical turns characteristic of 310-helices22,23. However, 
the formation of 310-helices falls off at lengths >9 residues, and α-helix 
formation becomes favoured24. Nonetheless, long, synthetic polymers 
of Aib do form freestanding 310-helices17,18,25, and these have been used 
as functional synthetic models of membrane-penetrating proteins such 
as G-protein-coupled receptors26 and rhodopsin27. However, peptide 
solubility in water is lowered by increased content of hydrophobic Aib. 
Polar and charged groups can be added to increase water solubility of 
310-helical peptides, but atomistic structures of these remain elusive28,29.

Thus, although natural peptide and protein chains do access 
310-helical conformations, these tend not to propagate beyond short 
stretches, and they do not facilitate higher-order tertiary and quater-
nary interactions. Furthermore, the folding and assembly of 310-helices 
seems to be even more limited in aqueous solution. We reasoned that if 
we could design a synthetic (de novo) sequence to form an amphipathic 
310-helix of sufficient length—that is, one with distinct hydrophobic and 
polar faces—it could be stabilized by helix–helix interactions to form 
a 310-helical bundle. Here we present the design and high-resolution 
structure of such a bundle.
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Bioinformatics provides rules for designing 310-helices
We took a rational design approach to generate repeat sequences aimed 
at forming long 310-helices in aqueous solution. Our starting point was 
the set of protein structures collected from the PDB and analysed in 
Fig. 1. Although 310-helices are fewer in number and shorter in length 
than α-helices (Fig. 1a), the dataset contained sufficient examples to 
calculate propensities for each of the 20 proteinogenic residues to 
adopt this conformation compared with any other state (Fig. 1b and 
Supplementary Table 7.1). These data indicated that for 310-helices of 
≥6 residues, the residues with the strongest preferences for 310-helical 

secondary structures included glutamate (Glu, E), lysine (Lys, K),  
leucine (Leu, L) and tryptophan (Trp, W).

It is well understood that amphipathic α-helical peptides can be 
stabilized by association into coiled-coil bundles, and design princi-
ples for these are well established3,7,30. Therefore, we began our design 
process with a control α-helical bundle using the above amino acid 
palette plus alanine (Ala, A). Amphipathic α-helices can be encoded 
by placing hydrophobic residues three and four residues apart, as the 
average 3.5-residue spacing closely matches the 3.6 residues per turn 
of the helix (Fig. 1f). On the basis of past experience31, we designed the 
seven-residue repeat, E-L-A-A-L-K-X, in which X can be any amino acid. 
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Fig. 1 | Analysis of the PDB and design principles for 310-helices. a–d, Helix 
length (a), rise per residue (b), residues per turn (c) and radius (d) for 310-helices 
(red) and α-helices (blue) calculated from the PDB. Mean values are marked 
with red and blue asterisks. The green asterisks show the mean values for the 
new quaternary structure of 310-helices reported here. For a, all α-helices  
over 29 residues long are plotted as a single bar at 30 residues; the longest 
α-helix found had 97 residues. e, Propensity values for the 20 standard amino 

acids in 310-helices, divided into two categories for helices shorter than six 
residues long (310 (<6); blue) or greater than five residues long (310 (≥6); orange).  
f,g, Helical-wheel diagrams for a de novo seven-residue sequence 
repeat (bracketed letters a–g) on an α-helix (f), and a de novo six-residue  
repeat (bracketed numbers 1–6) on a 310-helix (g). The crosses denote the 
centres of the helices. Standard amino acids are represented by their one-letter 
codes, and U denotes Aib.
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We repeated this four times to make the peptide PK-1 (systematically 
named CC-TypeN-LaLd; Table 1).

Iterative design delivers a soluble 310-helical assembly
Circular dichroism (CD) spectroscopy showed that PK-1 adopted a 
thermally stable α-helix in solution (Fig. 2a and Supplementary Fig. 3.1), 
and analytical ultracentrifugation (AUC) indicated that it formed a 
monodisperse trimeric species (Fig. 2a and Supplementary Fig. 4.1). We 
crystallized and determined an X-ray structure for PK-1, which revealed 
a parallel, trimeric, α-helical, coiled-coil bundle (Fig. 3a and Supple-
mentary Tables 7.2 and 7.3), consistent with the coiled-coil design30–32.

Next, as 310-helix conformations can be stabilized by including 
Aib residues, we replaced the two Ala residues in each seven-residue 
repeat of PK-1 to give PK-2 (Table 1). However, like its parent, PK-2 
remained a highly α-helical, thermally stable and monodisperse trimer 
in solution (Supplementary Figs. 3.2 and 4.2). Thus, simply placing 
310-helix-favouring Aib residues within seven-residue repeats does not 
override the propensity of these to form α-helical bundles. Presumably, 
this is because of the strong tendency of alternating 3,4-patterns of 
hydrophobic residues to direct amphipathic α-helix formation and 
tight coiled-coil packing33. Therefore, our next step was to break this 
pattern and find an alternative repeat to favour 310-helix conformations.

On average, the 310-helices of our dataset had 3.28 residues per turn 
(Fig. 1c); however, the ideal 310-helix parameter is often stated as 3 
residues per turn5. Therefore, we reasoned that 310-helical bundles 
might be stabilized by reducing the sequence repeat to 3 residues 
with a single hydrophobic residue per repeat. Our contention was that 
in an ideal 310-helix, these residues would form a continuous hydro-
phobic ‘seam’ of an amphipathic 310-helix to promote intermolecular 
association in water (Fig. 1g). Furthermore, by analogy with their use 
in designed coiled-coil bundles31, we reasoned that inter-chain salt 
bridges might stabilize bundles of such helices further. This led us to 
design two peptides, PK-3 and PK-4 (Table 1), with four repeats of six 
residues, E-L-Z-Z-L-K, with Z denoting all Ala (A) and all Aib (U) residues, 
respectively.

In aqueous buffer, by CD spectroscopy, PK-3 was largely α-helical 
with a broad thermal unfolding transition (Supplementary Fig. 3.3). 
These CD data did not show any dependence on peptide concentration. 

Consistent with this, AUC experiments confirmed PK-3 as a monodis-
perse monomer (Supplementary Fig. 4.3). The peptide did not crys-
tallize. These data are indicative of single α-helical domains34; that 
is, α-helices that do not associate into higher-order structures. Thus, 
although the three-residue hydrophobic repeat removes the drive of the 
α-helix to assemble into bundles, alone it does not stabilize 310-helices 
or bundles thereof.

By contrast, PK-4 behaved completely differently. First, its CD spec-
trum was patently different from those of the three previous peptides 
(Fig. 2b) with a minimum at ≈205 nm characteristic of right-handed 
helices, and a maximum at ≈220 nm characteristic of right-handed 
310-helices in aqueous buffer35. The CD spectrum changed little on heat-
ing (Supplementary Fig. 3.4). However, in the presence of 3 M guani-
dinium chloride, we were able to obtain a thermal denaturation curve 
for PK-4 (Supplementary Fig. 3.14). This was reversible and sigmoidal, 
indicative of a unique, cooperatively folded species. Consistent with 
this, AUC measurements indicated that PK-4 associated into a monodis-
perse hexamer (Fig. 2b and Supplementary Fig. 4.4). De-novo-designed 
α-helical coiled coils of this size can form barrels36 with central lumens 
that bind the environment-sensitive dye 1,6-diphenylhexatriene 
(ref. 37). However, PK-4 did not bind 1,6-diphenylhexatriene in solution  
(Supplementary Fig. 5.1), suggesting a tightly packed structure with a 
consolidated hydrophobic core.

X-ray crystallography reveals a new 310-helix bundle
We made many attempts to crystallize and solve the X-ray structures of 
PK-4 and its derivatives. These included peptides with l- and d-amino 
acids, and racemic mixtures of these. Eventually, we crystallized and 
solved a 2.34-Å-resolution structure (Fig. 3b and Supplementary 
Tables 7.2 and 7.3) for a variant, PK-5, with d-Glu, d-Lys and d-Leu and 
a C-terminal d-4-bromophenylalanine (d-Br-Phe; Table 1, Fig. 3c,d 
and Supplementary Figs. 3.5 and 4.5). The structure revealed a paral-
lel bundle of eight left-handed 310-helices with otherwise canonical 
310-helix parameters (green asterisks, Fig. 1a–d). Left-handed helices 
are expected for d-peptide structures. Notably, however, the helices 
of PK-5 have ≈3.15 residues per turn, and nine contiguous turns (27 
residues) of COi → NHi+3 hydrogen bonding. As 3.15 is slightly greater 
than the three-residue spacing of the Leu residues, these hydrophobic 

Table 1 | De-novo-designed peptide sequences

Short name Systematic peptide name Sequence AUC XRD

SV SE

PK-1 CC-TypeN-LaLd G ELAALKQ ELAALKW ELAALKE ELAALKB G 3 3 1.41 Å, 7QDK

PK-2 Not given G ELUULKQ ELUULKW ELUULKE ELUULKY G 3 3 -

PK-3 Not given G ELAALK ELAALK ELAALK ELAALK WKG 1 1 -

PK-4 310HD G ELUULK ELUULK ELUULK ELUULK UUU WKG 6 6 -

PK-5 d-310HD G elUUlk elUUlk elUUlk elUUlk UUU bkG 8 7 2.34 Å, 7QDI

PK-6 Not given G EAUUAK EAUUAK EAUUAK EAUUAK UUU WKG 1 1 -

PK-7 Not given G EUUUUK EUUUUK EUUUUK EUUUUK UUU WKG 1 1 -

PK-8 Not given G EIUUIK EIUUIK EIUUIK EIUUIK UUU WKG 1 1 -

PK-9 Not given G EVUUVK EVUUVK EVUUVK EVUUVK UUU WKG 1 1 -

PK-10 Not given G ELUULK ELUULK UUU WKG 1 1
1.44 Å, 7QDJ

PK-11 Not given G elUUlk elUUlk UUU wkG 1 1

PK-12 Not given G ELUULK ELUULK ELUULK UUU WKG 4–6 4–6
-

PK-13 310HD-A G ELUULE ELUULE ELUULE ELUULE UUU WKG 1 1

PK-14 310HD-B G KLUULK KLUULK KLUULK KLUULK UUU WKG 1 1 -

Standard amino acids are represented by their one-letter codes, and U denotes Aib and B denotes 4-bromo-l-phenylalanine. d-Amino acids are in lowercase. For the AUC sedimentation velocity 
(SV) and sedimentation equilibrium (SE), the numbers indicate the oligomeric states determined from these experiments. Resolution (Å) and PDB identifiers are given for structures solved by 
X-ray diffraction (XRD). Peptides were made by solid-phase peptide synthesis and confirmed by mass spectrometry (see Supplementary Information for details).

https://doi.org/10.2210/pdb7QDK/pdb
https://doi.org/10.2210/pdb7QDI/pdb
https://doi.org/10.2210/pdb7QDJ/pdb
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residues track around the left-handed helices in a right-handed man-
ner. This allows the helices to pack in a right-handed supercoil with an 
extrapolated pitch of 93 residues or 177 Å. The rare examples of long 
310-helices in natural proteins tend to be irregular38. By contrast, those 
in the X-ray crystal structure of PK-5 curve smoothly39 (Supplementary 
Fig. 6.1).

In more detail, the structure of PK-5 has C4 symmetry with pairs of 
adjacent helices contributing to an inner four-helix bundle and an 
outer four-helix ring (Fig. 3f). The packing of the side chains is inti-
mate and reminiscent of ‘knobs-into-holes’ packing in α-helical coiled 
coils33. The Leu residues of the inner helices point directly into a central 
core, similar to ‘x-layers’ in some α-helical coiled coils40, and those of 

the outer helices pack into constellations of Leu residues provided by 
the inner helices (Fig. 3g). The latter requires the outer helices to be 
slipped relative to the inner by ≈2 Å. The solvent-accessible surface 
of the assembly comprises entirely d-Glu and d-Lys polar residues. In 
accord with our design strategy, these form a network of salt bridges, 
with the closest pairs having glutamate-to-lysine (Cδ to Nε)distances 
of 3.8 ± 0.5 Å (N = 32). Together with the Aib residues, these shield the 
hydrophobic core from solvent (Fig. 3h).

Although both are discrete oligomers, the octameric structure of 
PK-5—which was confirmed in solution by AUC (Fig. 3c,d and Supple-
mentary Fig. 4.5)—differs in oligomeric state from the hexamer indi-
cated by the solution-phase data of the parent PK-4 (Fig. 2b), which has 
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Fig. 2 | Biophysical characterization of de-novo-designed peptides. a–c, CD 
spectra recorded at 5 °C (top), AUC SV sedimentation coefficient distributions 
(c(s))  (middle) and AUC SE plots (bottom) for the peptides PK-1 (a), PK-4 (310HD; 
b) and PK-12 (c). Conditions for CD experiments: PBS, pH 7.4, at peptide 
concentrations of 5 µM (black), 10 µM (red), 25 µM (green), 50 µM (magenta), 
100 µM (blue), 200 µM (orange), 500 µM (maroon), 1,000 µM (light green) and 
2,000 µM (lime; c alone). AUC conditions: 20 °C, PBS, pH 7.4, 100 µM peptide 
concentration. Rotor speeds for SV: 60,000 r.p.m.; rotor speed for SE in a and c: 
44,000 (blue), 48,000 (orange), 52,000 (green), 56,000 (red) and 60,000 
(purple) r.p.m.; rotor speed for SE in b: 15,000 (blue), 18,000 (orange), 

21,000 (green), 24,000 (red), 27,000 (purple), 30,000 (brown), 33,000 (pink) 
and 36,000 (grey) r.p.m. The inset in the top panel of c plots the change in the 
mean residue ellipticity at 222 nm (MRE222 nm) with peptide concentration.  
d, CD spectra at 5 °C and 100 µM peptide concentrations for the acidic (PK-13; 
red) and basic (PK-14; blue) peptides alone and in a mixture (green) (top), Job 
plot for the mixture of acidic and basic peptides (middle), and SE plots for the 
mixture (bottom), for the heteromeric 310 design (310HD-AB). Rotor speed for SE: 
18,000 (blue), 24,000 (orange), 30,000 (green), 36,000 (red), 42,000 (purple) 
and 48,000 (brown) r.p.m.
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Trp in place of p-Br-Phe. The extended crystal lattice of PK-5 reveals 
side-by-side and head-to-tail packing of octamers, with the d-p-Br-Phe 
residues packed in a layer and forming  many edge-to-face aromatic 
interactions41 (Supplementary Fig. 6.2). Modelling d-Trp residues 
into these sites revealed potential steric clashes between the octam-
ers, which may in part explain why PK-4 did not crystallize. Thus, the 

powerful tendency to assemble programmed into the amphipathic 
de novo 310-helical sequences can be modulated by subtleties in 
sequence leading to varying degrees of oligomerization.

Redesign uncovers principles for 310-helix formation
Thus, PK-4 and PK-5 form parallel bundles of six and eight 310-helices, 
respectively. Although thermostable, these both unfold cooperatively 
and reversibly with chemical denaturants (Supplementary Fig. 3.14). 
To our knowledge, such assemblies are unprecedented in both the 
length of the 310-helices involved and in being water-soluble, supramo-
lecular or quaternary assemblies of such helices. With our design goal 
achieved, we renamed PK-4 and PK-5 as 310HD and d-310HD (310-helical 
designs), respectively. This success raises further questions of why 
similar structures are not found in natural proteins, and which features 
of our de-novo-designed sequence make it so disposed to form stable 
310-helix-based quaternary structures. To address these questions, we 
made variants of 310HD.

To start, we tested the effect of hydrophobicity and steric size at the 
‘leucine sites’ of the six-residue repeats on the folding and assembly 
of 310HD. First, we replaced all of the Leu residues of 310HD with Ala 
to give PK-6 (Table 1). CD and AUC measurements showed that this 
peptide was a partially α-helical (≈50%) monomer in solution, (Sup-
plementary Figs. 3.6 and 4.6). Similarly, when the Leu residues were 
replaced by Aib in PK-7 (Table 1), the peptide remained monomeric 
but with an unusual CD spectrum (Supplementary Figs. 3.7 and 4.7). 
The β-branched hydrophobic residues, Ile and Val, have low propen-
sities for 310-helicity in natural structures (Fig. 1e). To examine this, 
we changed all of the Leu residues to Ile (PK-8) or Val (PK-9; Table 1). 
Neither peptide gave a CD spectrum consistent with 310-helicity (Sup-
plementary Figs. 3.8 and 3.9), and both were monomers in solution 
(Supplementary Figs. 4.8 and 4.9). Combined, these experiments 
indicate that, of the proteinogenic aliphatic hydrophobic side chains, 
Leu best promotes the supramolecular assembly and stabilization of 
310-helices in our system.

Next, we tested the effect of changing peptide length on the stability 
of the 310-helix bundle. We kept the overall sequence repeat, ELUULK, 
but systematically decreased the number of these from four to three 
and then to two repeats, giving PK-12 and PK-10, respectively (Table 1). 
The shortest peptide, PK-10, was a partly folded monomer in solution 
(Supplementary Figs. 3.10a and 4.10a), and a structure of a racemic 
mixture (PK-10 + PK-11) at 1.4 Å resolution revealed two antiparallel 
α-helices packed with knobs-into-holes interactions as observed in 
other heterochiral systems33,42 (Fig. 3e and Supplementary Figs. 3.10 
and 4.10). By contrast, and interestingly, CD spectra of PK-12 revealed a 
cooperative concentration-dependent switch from a partially α-helical 
to a 310-helical conformation (Fig. 2c and Supplementary Fig. 3.11): as 
the peptide concentration was increased from 5 µM to 2 mM, the nega-
tive maximum at 226 nm changed to a positive maximum at 220 nm. 
Concomitantly, the oligomeric state of the peptide changed from mul-
tiple low-order species at 25 µM to a hexamer at higher concentrations 
(Supplementary Figs. 4.11 and 4.12). Attempts to crystallize PK-12 failed. 
Nonetheless, the series PK-4 (310HD) → PK-12 → PK-10 shows that peptide 
length, and with it the length of the hydrophobic seam, is critical for 
the folding, assembly and stabilization of 310-helices.

Finally, exploiting the symmetry and salt bridging of the d-310HD 
structure, we designed a heteromeric system comprising acidic, (PK-13) 
and basic (PK-14) peptides (Table 1). In isolation in solution, the two pep-
tides were partially folded, α-helical monomers (Fig. 2d, top, and Sup-
plementary Figs. 4.13 and 4.14). However, when mixed, the CD spectrum 
switched to that of the parent homomeric assembly (Fig. 2b,d), indicat-
ing 310-helix formation. Moreover, a Job plot revealed a 1:1 stoichiometry 
for the complex (Fig. 2d, middle, and Supplementary Fig. 3.13). Finally, 
AUC measurements returned a monodisperse hexamer similar to the 
parent peptide, 310HD (Fig. 2b,d, bottom, and Supplementary Figs. 4.4 
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Fig. 3 | Crystal structures of de-novo-designed peptides. a,b, Backbone 
ribbon structures coloured blue to red from the N to C terminus for PK-1 
(CC-TypeN-LaLd; PDB ID 7QDK; a), and orthogonal views of PK-5 (d-310HD; 7QDI; 
b). c, AUC SV fit (top) with residuals (bottom) for PK-5 (v  = 0.7957 cm3 g−1). 
This continuous c(s) distribution was recorded at 60,000 r.p.m. and the fit gave 
the following parameters: s = 1.552 S, s20,w = 1.624 S, f/f0 = 1.49, Mw = 27,474 Da, 
8.1× monomer mass at a 95% confidence level. d, SE data and fitted curves (top) 
with residuals (bottom) for a single, ideal species model (Mw = 23,334.9 Da, 6.9× 
monomer mass, 95% confidence limits 21818.5–24789.9 Da). Conditions: 20 °C, 
PBS, pH 7.4 and rotor speeds of 15,000, 20,000, 30,000 and 40,000 r.p.m. SV 
and SE experiments were conducted at concentrations of 50 µM. e, Backbone 
ribbon structure of the PK-10 + PK-11 racemate (7QDJ). f–h, Further views of the 
PK-5 (d-310HD) structure. f, Orthogonal views showing the outer helices (grey 
cylinders) shifted with respect to the inner helices (red cylinders), with planes 
drawn from the centres of identical sequence repeats. g, Similar to f with Leu 
side chains shown in orange and green space-filling representation to highlight 
the intimate packing to form a consolidated hydrophobic core. h, Packing of 
d-Glu (magenta) and d-Lys (blue) residues, plus Aib (green) residues in 
space-filling representations. Note, most of the residues are resolved in the 
X-ray crystal structure of PK-5, but electron density for 10 out of 16 terminal Gly 
residues could not be located, which we attribute to helix fraying confined to 
those residues.

https://doi.org/10.2210/pdb7QDK/pdb
https://doi.org/10.2210/pdb7QDI/pdb
https://doi.org/10.2210/pdb7QDJ/pdb
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and 4.15). Retrospectively, we named this de -novo designed hetero-
meric quaternary complex of 310-helices 310HD-AB.

Conclusion
In conclusion, we have achieved the rational de  novo design of 
water-soluble supramolecular assemblies or quaternary structures con-
structed from 310-helical peptides. The designs incorporate: a bioinfor-
matically guided reduced amino acid alphabet; the non-proteinogenic 
α,α-disubstituted amino acid Aib; strict six-residue sequence repeats; 
and a minimum number of three such repeats. All but one of these 
features (that is, the second one) could be achieved through natural 
ribosomal protein synthesis, which raises the question of why nature 
has not found and exploited these or similar structures. Our success-
ful designs also require extended and amphipathic 310-helices, which 
are rare in nature. We suggest that these requirements are critical, 
otherwise polypeptide chains will adopt alternative α-helical conforma-
tions, which are nearby in conformational space and energetically more 
favourable. Indeed, it is noteworthy that even non-ribosomal peptide 
natural products rich in Aib, such as alamethicin and the cephaibols, 
crystallize in α-helical conformations43,44. Moreover, although Aib 
stabilizes 310-helices in short peptides15,16, and all-Aib polymers can 
adopt 310-helical conformations18, analysis of the PDB reveals that Aib is 
found predominantly in α-helical secondary structures (Supplementary 
Fig. 1.3). Nonetheless, we provide decisive proof that this preference 
can be overridden to achieve stabilized 310-helical conformations and 
assemblies. In future studies, it will be interesting to see what explo-
rations of new structural and functional peptide chemistry our route 
into a seemingly unexplored region of natural protein-structure space 
opens up. For instance, Aib and similar residues can be incorporated 
into engineered proteins45, the chemistry of α,α-disubstituted amino 
acids is being expanded46, and other foldamers are being developed 
as quaternary assemblies47,48 and exploited as functional frameworks 
for binding and catalysis49,50.
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Methods

Composition of the dataset
A precompiled list of 10,087 PDB IDs with 25% sequence similarity or 
less, resolution better than 2.0 Å and R-factor < 0.25 was obtained from 
the Pisces server51 and downloaded from PDB11 on 15 August 2020 for 
further analyses. A further dataset of 73 PDB files for all proteins with 
Aib residues as a part of the polymer sequence was downloaded on 
26 April 2021.

Programs used
In-house code was written in either Python or Perl. DSSP52 was used 
to identify secondary structures in proteins and HELANAL-Plus39 was 
used to analyse 310-helices. Matplotlib53 was used for plotting data. 
Protein-structure figures were generated using PyMol54. Figures were 
assembled in GIMP2. General information on identified α-, 310- and 
π-helices in the database of 10,087 protein structures is provided in 
Supplementary Table 7.1.

Peptide synthesis and purification
Peptides were synthesized by Fmoc methods on CEM Liberty Blue 
automated solid-phase peptide synthesis apparatus with inline ultra-
violet monitoring. Activation was achieved using diisopropylcarbodi-
imide/ethyl cyanohydroxyiminoacetate (Oxyma)29. All peptides were 
produced as the C-terminal amide on a Rink Amide MBHA solid sup-
port. N- and C-terminal capping were performed using 0.25 ml acetic 
anhydride and 0.3 ml DIPEA in 10 ml dimethylformamide (DMF) for 
30 min on a rotator followed by washes with DMF and dichlorometh-
ane. To cleave peptides from the solid support, a solution of 25 ml 
trifluoroacetic acid (TFA), 0.4 ml triisopropylsilane and 0.4 ml water 
was added to the resin, which was then left on a rotator for 3 h. These 
TFA solutions were reduced to 2 ml under a flow of nitrogen. Crude 
peptides were precipitated with diethyl ether (45 ml) at 4 °C. The solid 
was recovered by centrifugation and redissolved in 1:1 acetonitrile/
water before freeze-drying to yield crude peptides as white or pale 
yellow solids.

Fmoc-protected amino acids, DMF and activators were purchased 
from AGTC Bioproduct. All other solvents, Rink Amide ChemMatrix 
and Rink Amide MBHA solid support resin were purchased from Fisher 
Scientific, PCAS Biomatrix and Carbosynth, respectively.

Analytical high-pressure liquid chromatography
Analytical high-pressure liquid chromatography traces were obtained 
using a JASCO 2000 series system using a Phenomenex Kinetex 
5 µm particle size, 100 Å pore size and C18 column of dimensions 
100 × 4.6 mm. Chromatograms were monitored at 220 and 280 nm 
and with a gradient of 20 to 80% acetonitrile in water (each containing 
0.1% TFA) over 20 min.

Matrix-assisted laser desorption/ionization time-of-flight mass 
spectrometry
Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) 
mass spectra were collected on a Bruker UltraFlex MALDI-TOF mass 
spectrometer operating in negative- or positive-ion linear mode. Pep-
tides were spotted on a ground steel target plate using dihydroxyben-
zoic acid as the matrix. Masses quoted are for the monoisotopic mass 
as the singly protonated species. Calibration was achieved using the 
nearest-neighbour method, with Bruker Peptide Calibration Standard 
II as the reference masses.

CD spectroscopy
A JASCO J-810 spectropolarimeter fitted with a Peltier temperature con-
troller ( JASCO) was used for collecting CD data. Peptide samples were 
prepared as 5, 10, 25, 50, 100, 200, 300, 400, 500 and 1,000 µM solu-
tions in phosphate-buffered saline (8.2 mM sodium phosphate, 1.8 mM 

potassium phosphate, 137 mM sodium chloride, 2.7 mM potassium 
chloride at pH 7.4). CD spectra were recorded at 5 °C in quartz cuvettes 
of path lengths: 5 mm, for 5, 10 and 25 µM solutions; 1 mm for 50, 100 
and 200 µM solutions; and 0.1 mm for 500 and 1,000 µM solutions. CD 
spectra were recorded with a scan rate of 100 nm min−1, 1 nm interval, 
1 nm bandwidth and 1 s response time; and were an average of 8 scans 
recorded for the same sample. Single recordings of thermal denatura-
tion curves with the same settings and a ramping rate of 60 °C h−1 were 
acquired at 220 or 222 nm between 5 °C and 95 °C. Baselines recorded 
using the same buffer, cuvette and parameters were subtracted from 
each dataset. The spectra were converted from ellipticities (deg) to 
molar ellipticities (mean residue ellipticity (deg cm2 per dmol residue)) 
by normalizing for the concentration of peptide bonds and the cell 
path length using the formula:

Θ

μ n

(deg cm per dmol residue)

=
Ellipticity (mdeg) × 10

Path length(mm) × [peptide] ( M) ×

2

6

in which ellipticity is raw data obtained from the instrument and n is the 
number of peptide bonds in the peptide. The N-terminal acetyl bond 
was included as a residue contributing to the mean residue ellipticity 
but not the C-terminal amide.

The chemical denaturation of three peptides (PK-1, PK-4 and PK-5) 
at 5 µM concentrations was followed by recording CD spectra in the 
presence of 0–6 M guanidinium chloride, and thermal denaturation 
curves for these samples were obtained at either 3 M (PK-1 and PK-4) 
or 4 M (PK-5) concentration of guanidinium chloride by monitoring 
the CD signal at 222 nm.

AUC
AUC SV experiments were conducted at 20 °C in a Beckman Optima 
XL-A analytical ultracentrifuge using an An-60 Ti rotor. Solutions of 
310 µl volume were made up in PBS at 25, 50, 100 and 200 µM peptide 
concentration, and placed in an SV cell with an aluminium centrepiece 
and sapphire windows. The reference channel was loaded with 320 µl 
of buffer. The samples were centrifuged at 60,000 r.p.m., with absorb-
ance scans taken across a radial range of 5.8 to 7.3 cm at 5-min intervals 
to a total of 120 scans. Data were fitted to a continuous c(s) distribution 
model using Sedfit55, at the 95% confidence level. The baseline, menis-
cus, frictional coefficient (f/f0) and systematic time-invariant and 
radial-invariant noise were fitted. The peptide partial specific volume 
(v ), and the buffer density and viscosity were calculated using  
Sednterp56. However, Sednterp cannot recognize non-natural amino 
acids. Hence, for the calculations of v, pairs of Aib residues or Aib + Gly 
pairs of a peptide sequence were replaced by Ala + Val or 2 × Ala, 
respectively. For example, the PK-10 sequence was considered as 
GELAVLKELAVLKAVAWKA. Residuals for SV experiments are shown 
as a bitmap in which the greyscale shade indicates the difference 
between the fit and raw data. Scans are ordered vertically, with earlier 
scans at the top. The horizontal axis is the radial range over which the 
data were fitted.

AUC SE experiments were conducted at 20 °C in a Beckman Optima 
XL-I or XL-A analytical ultracentrifuge using an An-50 Ti or An-60 Ti 
rotor (Beckman-Coulter), respectively. Solutions were made up in 
PBS at 25, 50, 100 and 200 µM peptide concentration, and the pH was 
adjusted to 7.4 using 0.1 M NaOH. The samples were centrifuged at 
speeds in the range 15,000–36,000 r.p.m. or 44,000–60,000 r.p.m. 
Data were fitted to single, ideal species models using Sedphat57. The 
95% confidence limits were achieved through Monte Carlo analyses 
of the obtained fits.

1,6-Diphenylhexatriene-binding assay
An epMotion 5070 liquid handler (Eppendorf) was used to generate 
samples for 1,6-diphenylhexatriene (DPH) binding experiments. The 
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total concentration of the 310 assembly was varied between 0 and 
50 µM, while the concentration of DPH was kept constant at 0.1 µM, 
which was introduced in DMSO to a final concentration of 5% v/v. Data 
were collected on a Clariostar plate reader (BMG Labtech) using an 
excitation wavelength of 350 nm and emission monitored at 450 nm. 
Binding constants were extracted by fitting Equation 1 to the data in 
SigmaPlot13.0.

y B
c x K c x K cx

c
=

( + + ) − ( + + ) − 4
2max

D D
2

Where c is the total concentration of the constant component (for 
example, DPH), x is the concentration of 310 helix assembly, Bmax is the 
fluorescence signal when all of the constant component is bound, and y 
is the fraction of bound component being monitored via fluorescence 
signal.

X-ray crystal structure determination
Diffraction-quality peptide crystals were grown using a sitting-drop 
vapour-diffusion method. Freeze-dried PK-1 (CC-TypeN-LaLd) was resus-
pended in ultrapure water to ≈10 mg ml−1. As all attempts to crystallize 
the peptide PK-10 were unsuccessful, racemic crystallography was tried. 
Equal concentrations of PK-10 and PK-11 were mixed and resuspended in 
ultrapure water to an approximate concentration of 10 mg ml−1. Numer-
ous attempts to crystallize PK-4 (310HD) were unsuccessful. Multiple 
datasets were collected for a racemic mixture, but these could not be 
solved. Last, PK-5 (d-310HD) was resuspended in 25 µM sodium acetate 
to 4 mg ml−1, which produced spherulites that were used as seed to get 
crystals in various conditions.

Commercially available sparse matrix screens from Molecular Dimen-
sions (Morpheus, JCSG plus, Structure Screen 1+2, Pact Premier, Pro-
Plex) were used, and the drops were dispensed using a robot (Oryx8, 
Douglas Instruments). For each well of an MRC2 drop plate, 0.3 µl of 
peptide solution and 0.3 µl of reservoir solution were mixed and the 
plate was incubated at 4 or 20 °C. To improve the crystal quality for 
PK-10 and d-310HD, microseeding was performed. Final crystallization 
conditions for all peptides are provided in Supplementary Table 7.2.

Except for d-310HD, crystals were observed within two weeks. Crystal-
lization of d-310HD produced spherulites in the B1 condition of JCSG plus 
(0.2 M sodium thiocyanate, 20% w/v PEG3350) that was further used 
for microseeding to get crystals in multiple conditions. While loop-
ing, crystals were soaked in the mixture of their respective reservoir 
solutions and cryoprotectants such 25% glycerol, ethylene glycol and 
PEG500MME. X-ray diffraction data were collected at the Diamond 
Light Source (Didcot, UK) on beamlines I03, I04-1 and I24. For specific 
wavelengths, see Supplementary Table 7.3.

Diffraction images were processed using either an automated pipe-
line (xia2)58 or manually (Imosflm)59. For the latter, data were reduced 
using POINTLESS60, AIMLESS61 and CTRUNCATE62. Diffraction images 
of the racemic mixture of PK-10 and PK-11 were processed using XDS63. 
Shelxt64 in Olex2 (ref. 65) was used to get the initial structure. The PK-1 
(CC-TypeN-LaLd) structure was determined using ARCIMBOLDO Lite66 
in the coiled-coil mode67, using a single, ideal polyalanine helix as a 
search model. Final structures were obtained after iterative rounds of 
model building with COOT68 and refinement with Phenix.refine69 or 
REFMAC5 (ref. 70) available in PHENIX71 and CCP4 (ref. 72), respectively. 
Late-stage models of all structures were submitted to PDB_REDO73 
and further refined with REFMAC5 (ref. 70). Solvent-exposed atoms 
lacking map density were either deleted or left at full occupancy. Data 
collection and refinement statistics are provided in Supplementary  
Table 7.3.
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