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Abstract
Programming three-dimensional order in peptide-based materials requires lateral interactions that are
precise enough to propagate over hundreds of nanometres, yet robust enough to operate in water. Here,
we show that a rationally designed coiled-coil peptide meets both demands by assembling into a
hierarchical suprahelix that promotes spontaneous crystallisation under physiological buffer conditions.
Coiled-coil dimers wind around one another to generate the higher-order suprahelix. Subtle lysine-to-
arginine substitutions tune lateral cohesion, revealing a non-monotonic dependence on arginine density:
46-residue peptides with three or six arginine residues form ellipsoidal nanocrystals, whereas arginine-
free or arginine-rich variants form amorphous aggregates. Time-resolved spectroscopy and cryogenic
electron microscopy show that crystallisation proceeds by a non-classical pathway, in which condensed
protofibrils align before consolidating into an ordered lattice. Cryo-electron tomography supports the
single-domain nature of the resulting nanocrystals, and three-dimensional electron diffraction shows
that both crystalline variants adopt the same near hexagonal unit-cell metrics. These findings translate a
principle from protein crystallography, that arginine favours crystal contacts relative to lysine, into a
sequence-level design parameter for coiled-coil nanocrystallization, providing a route to programmable
three-dimensional order in soft molecular materials.

Introduction
Achieving rational control over three-dimensional (3D) order in molecular materials remains a central
challenge in chemistry and materials science.[1–6] In biological systems, this problem is solved through
sequence-encoded interactions: the primary structure of a protein specifies the geometry, strength and
periodicity of non-covalent forces that drive hierarchical self-assembly across multiple length scales.[3–8]

Cytoskeletal filaments, intracellular scaffolds and metabolic architectures exemplify how spatial order
can emerge directly from chemical information encoded at the molecular level.[4, 6, 9–14] These systems
highlight a key principle for biomolecular materials design: structure can be programmed by sequence
rather than arising as a passive consequence of bulk interactions.

In synthetic peptide systems, major advances have enabled the rational design of helices, oligomers,
fibres and dynamic supramolecular assemblies.[8, 12, 15–18] However, despite this progress, encoding

reproducible 3D crystalline order in short peptides remains exceptionally difficult.[2, 4, 11, 19–21] Lateral
packing requires highly specific and geometrically regular interactions that must propagate coherently
over hundreds of nanometres, such that even small deviations in side-chain orientation or charge
distribution can destabilise long-range order. As a result, many peptide assemblies adopt anisotropic
morphologies, such as fibres, tubes or sheets, while isotropic 3D crystals often require external triggers,
including metal coordination, confinement or slow annealing, and can proceed through non-classical
pathways involving condensed intermediates or protofibrillar alignment.[2, 11, 18, 21–27]

Insights from protein crystallography offer a compelling conceptual framework for addressing this
challenge. Surface-entropy reduction strategies have long shown that replacing flexible charged or polar
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surface residues can improve crystallisability.[20, 28–30] More recently, statistical analyses have revealed
that arginine residues are strongly enriched at protein crystal packing interfaces, and that Lys-to-Arg
substitutions can enhance crystallisation propensity with minimal impact on protein stability.[28] The
guanidinium group of arginine supports bidentate hydrogen bonding, cation–π interactions and highly
directional electrostatics, suggesting that arginine may promote sequence-dependent lateral cohesion in
ordered assemblies. However, whether such guanidinium-mediated interactions can be exploited to
promote crystallisation in short, de novo peptides, whose assembly rules differ fundamentally from
those of folded proteins, remains largely unexplored. Notably, isolated examples have shown that
arginine placement can influence order in supramolecular peptide nanotubes, but a predictive design
principle for metal-free 3D crystallization in short coiled-coil peptides is still lacking.[3, 4, 6, 12, 22]

Here, we show that a 46-residue homodimeric coiled-coil peptide assembles into a hierarchical
suprahelix that promotes the spontaneous formation of single-domain nanocrystals (CCNCs) under
physiological buffer conditions. Within this architecture, systematic Lys-to-Arg substitutions act as a
chemical tuning parameter, which we identify as a non-monotonic dependence on arginine density:
intermediate arginine contents favour crystallisation, whereas the arginine-free and arginine-rich limits
produce amorphous aggregates. Using time-resolved spectroscopy, cryogenic electron microscopy, cryo-
electron tomography and three-dimensional electron diffraction, we follow the assembly process from
early condensed intermediates to the crystalline lattice and delineate a non-classical pathway in which
condensed protofibrils align before consolidating into an ordered lattice. Together, these findings identify
arginine density as a sequence-level design parameter, operating through suprahelical coiled-coil
geometry, for programming three-dimensional order in soft peptide materials.

Results

Designing lateral interactions in homodimeric coiled-coil
peptides
We previously reported a self-assembling homodimeric coiled-coil peptide, DoNA-GN1, which forms
extended and flexible fibres in aqueous solution.[31] To test whether controlled lysine-to-arginine
substitutions can tune lateral interactions sufficiently to promote three-dimensional crystallisation, we
redesigned this scaffold to create well-defined and chemically differentiated interaction surfaces along
the coiled-coil helices (Fig. 1). The homodimeric architecture ensures that supramolecular assembly is
governed by sequence information rather than stoichiometric mixing, providing a direct link between
molecular design and higher-order structure.

The resulting peptide architecture comprises three negatively charged heptads linked via a short GN
spacer to three positively charged heptads (Table 1). This design follows established coiled-coil
principles: hydrophobic residues occupy the a (Ile) and d (Leu) positions to drive dimerisation; alanine
residues at the b and c positions promote helicity; and charged residues at the e and g positions
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modulate interhelical electrostatics.[12, 15] All N-terminal heptads contain glutamate residues, whereas
the C-terminal heptads carry lysine or arginine residues to promote offset assembly through electrostatic
complementarity.[12, 31] In addition, single asparagine residues are placed at central a positions within
each charged block to enforce slipped, parallel dimer formation between the oppositely charged
segments.

To systematically probe whether arginine side chains can promote the lateral cohesion associated with
crystallisation, we generated a series of peptides, CCNC-R0, CCNC-R3, CCNC-R6 and CCNC-R8,
containing 0, 3, 6 or 8 lysine-to-arginine substitutions within the positively charged domain (Table 1).
Substitutions were introduced at e, g and f positions, preserving the overall heptad architecture while
progressively increasing the density of guanidinium functionalities capable, in principle, of bidentate
hydrogen bonding, cation–π interactions and directional electrostatics. This design establishes a
controlled series of arginine contents while maintaining an otherwise constant coiled-coil scaffold,
allowing us to directly assess whether arginine density controls the emergence of single-domain peptide
nanocrystals.

Table 1
Amino-acid sequences of CCNC coiled-coil peptides. Sequences of the homodimeric

coiled-coil peptides CCNC-R0, CCNC-R3, CCNC-R6 and CCNC-R8, each comprising
three negatively charged heptads linked to three positively charged heptads via a short

GN spacer. Systematic lysine-to-arginine substitutions in the positively charged
segment generate defined arginine contents (0, 3, 6 or 8 residues). All peptides were C-

terminally amidated and flanked by glycine residues.
Peptide Sequence

- gabcdef gabcdef gabcdef -- gabcdef gabcdef gabcdef -

CCNC-R0 G EIAALEK ENAALEW EIAALEQ GN KIAALKY KNAALKK KIAALKK G

CCNC-R3 G EIAALEK ENAALEW EIAALEQ GN KIAALKY KNAALKK R IAAL RR G

CCNC-R6 G EIAALEK ENAALEW EIAALEQ GN KIAALKY R NAAL RR R IAAL RR G

CCNC-R8 G EIAALEK ENAALEW EIAALEQ GN R IAAL R Y R NAAL RR R IAAL RR G

Homodimeric peptides are helical and exhibit sequence-dependent
supramolecular order
All peptides were synthesised by Fmoc solid-phase peptide synthesis, purified by reverse-phase HPLC
and characterised by high-resolution electrospray ionization mass spectrometry (Supplementary
Figs. 1–4). Upon dissolution in Milli-Q water and dilution into DPBS (25 µM), all four peptides adopted α-
helical secondary structures, as evidenced by characteristic minima at 208 nm and 222 nm in circular
dichroism (CD) spectra (Fig. 2a). Thermal denaturation monitored at 222 nm yielded comparable melting
temperatures across the series (35–42°C; Supplementary Fig. 6), indicating that lysine-to-arginine
substitutions do not strongly perturb α-helicity or thermal stability under these conditions.
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Despite these similar secondary structures, the peptides displayed markedly different supramolecular
assembly behaviour. Cryogenic electron microscopy (cryo-EM) after 24 h incubation revealed that CCNC-
R3 and CCNC-R6 formed well-defined, ellipsoidal nanocrystals, whereas CCNC-R0 and CCNC-R8
assembled into disordered aggregates lacking detectable crystalline order (Fig. 2d–f and Supplementary
Figs. 11 and 12). Quantitative image analysis showed that CCNC-R3 nanocrystals had a median length
of 265 nm (median absolute deviation, MAD, 175 nm) and a median width of 125 nm (MAD 75 nm).
CCNC-R6 crystals were larger and more regular by this analysis, with median dimensions of 395 nm
(MAD 170 nm) in length and 170 nm (MAD 60 nm) in width (Fig. 2b,c). In both cases, the nanocrystals
displayed elongated morphologies with aspect ratios of approximately 2:1.

Cryo-electron tomography supported a single particle morphology for CCNC-R3 and CCNC-R6
assemblies, showing smooth, continuous particles without obvious grain boundaries or domain fusion
(Supplementary Figs. 14 and 15). Dynamic light scattering (DLS) measurements further revealed a
strong dependence of early-stage condensation on arginine content. CCNC-R3 had an apparent critical
assembly concentration, or apparent CAC, of approximately 120 nM, whereas CCNC-R6 assembled at
substantially lower concentrations (apparent CAC ≈ 46 nM; Supplementary Figs. 9 and 10), consistent
with greater condensation propensity in the more arginine-rich crystallising variant.

Together, these observations reveal a non-monotonic dependence of crystallisability on arginine density.
Peptides lacking arginine (CCNC-R0) did not form detectable ordered assemblies under these
conditions, while excessive guanidinium content (CCNC-R8) could disrupt productive lateral packing,
likely through electrostatic frustration or stabilisation of disordered intermediates. Only intermediate
arginine contents (CCNC-R3 and CCNC-R6) support supramolecular ordering into single-domain peptide
nanocrystals.

(a) Circular dichroism spectra of CCNC-R0, CCNC-R3, CCNC-R6 and CCNC-R8 measured at 25 µM in
DPBS, showing comparable α-helical secondary structures. (b,c) Width (b) and length (c) distributions of
CCNC-R3 and CCNC-R6 nanocrystals after 24 h incubation (n = 200 particles per condition, from cryo-EM
image analysis). (d,e) Representative cryo-EM micrographs of CCNC-R3 (d) and CCNC-R6 (e)
nanocrystals after 24 h, showing ellipsoidal morphologies. Scale bar 200 nm. (f) Additional
morphologies observed for CCNC-R3, including fragmented sheet-like assemblies. Scale bar 1 µm.

Sequence-dependent access to non-classical crystallisation
pathways
To elucidate how arginine content affects the temporal evolution of supramolecular order, we monitored
assembly kinetics using CD spectroscopy, DLS, and time-resolved cryo-EM. CD spectra recorded over 24
h (DPBS, 25 µM) remained unchanged for CCNC-R0, CCNC-R6 and CCNC-R8, indicating that α-helical
secondary structure is established rapidly after dilution (Fig. 3a and Supplementary Fig. 7). In contrast,
CCNC-R3 exhibited a progressive decrease in ellipticity at 222 nm, consistent with depletion of soluble
material due to rapid crystallisation and sedimentation.
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DLS measurements revealed pronounced sequence-dependent differences in assembly kinetics
(Fig. 3b,c). CCNC-R3 formed assemblies with apparent hydrodynamic radii of approximately 100 nm
immediately after dilution, followed by discontinuous growth to apparent radii of ~ 300 nm, consistent
with rapid nucleation and consolidation. At higher concentrations (50 µM), this process manifested as an
accelerated increase in apparent hydrodynamic radius after approximately 90 min, consistent with the
dense, grid-spanning crystalline material observed by cryo-EM. By contrast, CCNC-R6 exhibited slower,
nearly linear growth with minimal concentration dependence without abrupt kinetic transitions,
suggesting a gradual pathway in which protofibrils condense, align, and subsequently reorganise into a
crystalline lattice. This behaviour is consistent with the higher arginine content of CCNC-R6 stabilising
long-lived intermediates that require extended realignment prior to lattice consolidation.

Time-resolved cryo-EM captured snapshots consistent with these non-classical assembly pathways
(Fig. 3e,f). Both CCNC-R3 and CCNC-R6 rapidly formed dense, condensed intermediates populated by
short protofibrils at the earliest observed timepoints. For CCNC-R6, these protofibrils appeared
disordered at early time points (0–15 min) before progressively aligning and transforming into ellipsoidal
crystalline particles in representative fields by approximately 1 h. In contrast, CCNC-R3 displayed
nascent crystalline domains at the earliest recorded time point, with well-formed crystals emerging
within 5 min and approaching mature morphology within 2 h. Low-magnification cryo-EM supported
these kinetics: CCNC-R3 showed extensive crystal coverage within 15 min, whereas CCNC-R6 samples
remained largely devoid of crystals until longer incubation times (~ 4 h; Supplementary Figs. 16 and 17).

Together, these results reveal two distinct sequence-dependent routes through a non-classical
crystallisation pathway. Intermediate arginine content (CCNC-R3) promotes rapid nucleation and
comparatively polydisperse growth, whereas higher arginine content (CCNC-R6) slows lattice
consolidation, enabling extended rearrangement and the formation of larger, more regular particles with
single-domain crystallinity (Supplementary Fig. 18).

(a) Time-resolved CD spectra of CCNC-R3 showing progressive loss of soluble α-helical signal consistent
with depletion of soluble material during crystallisation. (b,c) DLS kinetics of CCNC-R3 (b) and CCNC-R6
(c) at peptide concentrations of 10, 25 and 50 µM, reported as apparent hydrodynamic radius (AHR). (d)
Schematic illustration of the proposed non-classical assembly pathway, shown in full for CCNC-R6,
involving condensation, protofibril formation, alignment and lattice consolidation. CCNC-R3 likely follows
the same sequence of steps but traverses the intermediates on a much shorter timescale, so that
aligned protofibrils and nascent crystals are observed near-simultaneously. (e,f) Time-resolved cryo-EM
images of CCNC-R3 (e) and CCNC-R6 (f) showing sequence-dependent differences in crystallisation
kinetics. Scale bars, 1 µm.

Hierarchical ordering from molecular to mesoscale length scales
To determine how sequence-dependent interactions are associated with propagation into long-range
order, we analysed individual CCNC-R3 and CCNC-R6 nanocrystals using cryo-electron tomography (cryo-
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ET) and three-dimensional electron diffraction (3D ED). Cryo-ET reconstructions showed elongated
individual particles (Supplementary Fig. 14 and Supplementary Video 1). Gold colloids used as fiducials
adhered to the peptide surfaces, enabling tilt-series alignment and robust three-dimensional
reconstruction. In the analysed tomograms, the particles showed smooth, continuous surfaces without
obvious grain boundaries, domain fusion or fragmentation.

The observed morphological uniformity is consistent with a non-classical crystallisation pathway in
which ordered nanocrystals emerge from a single condensed precursor rather than by extensive
coalescence of preformed crystallites. This pathway, comprising condensation, protofibril formation and
alignment prior to lattice consolidation, is consistent with the kinetic signatures observed by
spectroscopy and cryo-EM provides a plausible route to the formation of single-domain crystalline
particles across hundreds of nanometres.

Suprahelical organisation and lattice metrics of coiled-coil
nanocrystals
Fourier transforms of cryo-EM projection images showed a dominant layer line at 175 Å, corresponding
to a suprahelical pitch of 350 Å (Fig. 4a,e). The CCNC peptide designs contain two α-helical segments
separated by a short GN linker and capped by terminal glycine residues. The N- and C-terminal helices
are designed to interact heterotypically through electrostatic interactions to favour a slipped assembly
(Fig. 1 and Table 1). Structural modelling of this architecture yields an overall length of approximately 85
Å for each folded monomer. This corresponds to roughly four coiled-coil dimers per suprahelical pitch
(Fig. 4b). As a consequence, surface charge motifs, such as the arginine-rich C-terminal regions in
CCNC-R6, are presented around the suprahelix at approximately 90° intervals. In combination with
complementary acidic patches on the N-terminal segment, this geometry is compatible with lateral
packing in a near-hexagonal lattice that could also be described by a pseudo-orthorhombic cell.

Fourier filtering of cryo-EM images enhanced signal-to-noise and indicated both the suprahelical pitch
and a lateral spacing of ~ 42 Å between adjacent coiled-coil dimers, consistent with established coiled-
coil dimensions (Fig. 4d).[32] Using these parameters, we constructed a structural model comprising a 6
× 6 array of suprahelical coiled coils (Fig. 4c). Simulated projection images of this model reproduced the
principal periodic features of the experimentally filtered data, supporting the proposed packing geometry
(Fig. 4f).

(a) Representation of a single suprahelical repeat showing alternating coiled-coil strands (blue and
magenta). (b) Molecular architecture from peptide chain to suprahelical coiled-coil assembly. A single
peptide chain is shown in yellow, which dimerises to form a homodimeric coiled coil in magenta. (c)
structural model of the assembled crystal, illustrating the lateral packing of strands into a higher-order
suprahelical architecture. (d) Experimental projection cryo-EM image showing periodic density
consistent with the filament structure (e) Fourier-filtered cryo-EM projection image. (f) Simulated
projection image of the structural model.
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3D ED-based lattice metrics

To determine unit-cell metrics and assess crystalline coherence, we collected 3D ED datasets from
multiple individual nanocrystals of CCNC-R3 and CCNC-R6 (Supplementary Figs. 19–21; Supplementary
Tables S1 and S2). Merging of multiple tilt-series datasets yielded substantial 3D reciprocal-space
coverage for both samples, supporting unit-cell determination despite a moderate resolution limit of
approximately 12.5 Å (Table 2). Indexing revealed two geometrically consistent descriptions: a
hexagonal primitive lattice (a ≈ 51 Å, c ≈ 168 Å) and a pseudo-orthorhombic C-centred cell (a ≈ 88 Å, b ≈ 
50 Å, c ≈ 169 Å). These two descriptions are geometrically equivalent, representing the same near-
hexagonal lattice indexed in different cells; the hexagonal solution provides the more natural physical
description. The 3D ED parameters agree well with the cryo-EM measurements: the ~ 50 Å lattice
spacing is broadly consistent with the ~ 42 Å row-to-row distance observed by Fourier filtering, and the
~ 168 Å repeat along the filament axis corresponds to half the 350 Å suprahelical pitch, as expected for
a half-turn repeat of the two equivalent strands.

Importantly, CCNC-R3 and CCNC-R6 have the same unit-cell metrics within experimental uncertainty,
indicating that arginine content modulates crystallisation kinetics, but does not appreciably alter the final
lattice geometry. Diffraction patterns from individual nanocrystals display single, unsplit sets of Bragg
reflections, supporting their single-crystal nature. Peak broadening is consistent with the mosaicity
typical of soft-matter crystals, and we did not detect clear reflection splitting, twinning or polycrystallinity
within the collected datasets.[25, 33] Together, these results show that modest arginine enrichment not
only promotes crystallisation but enables the formation of structurally coherent, single-domain peptide
nanocrystals with well-defined unit-cell metrics.

Table 2
Unit-cell parameters of CCNC-R3 and CCNC-R6 nanocrystals determined by three-dimensional

electron diffraction. - Merged 3D ED datasets were indexed using both a hexagonal primitive cell and
a pseudo-orthorhombic C-centred cell. Data extend to approximately 12.5 Å resolution.

Crystal Cell Type a (Å) b (Å) c (Å) Laue Class

CCNC-R3 Hexagonal Primitive 50.8 ± 0.2 50.8 ± 0.2 168.7 ± 0.7 6/m or 6/mmm

Orthorhombic C-Centred 88.2 ± 0.4 50.1 ± 0.1 169.1 ± 0.7 mmm

CCNC-R6 Hexagonal Primitive 51.3 ± 0.1 51.3 ± 0.1 168.0 ± 0.4 6/m or 6/mmm

Orthorhombic C-Centred 88.6 ± 0.1 50.5 ± 0.1 168.8 ± 0.4 mmm

Discussion
The data presented here show that subtle lysine-to-arginine substitutions in a de novo designed coiled-
coil peptide tune a robust and reproducible pathway towards three-dimensional crystallisation. Such
behaviour is notable because relatively short de novo peptides, particularly those lacking metal-binding
motifs or extended β-structured backbones, more commonly form fibres, tubes, sheets or amorphous
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aggregates than single-domain crystalline particles under aqueous conditions.[20, 28, 29, 34–37] By showing
how arginine density tunes crystallisation through a hierarchical suprahelical architecture, this work
identifies a sequence-level design parameter that connects concepts from protein crystallography with
de novo peptide materials design.

The non-monotonic dependence of crystallisability on arginine density reveals that guanidinium-
mediated interactions can impose both enabling and limiting constraints on assembly. In the absence of
arginine, early-stage condensation appears to be insufficient to direct lateral order, whereas excessive
guanidinium content may disrupt productive packing through electrostatic frustration or stabilisation of
disordered intermediates. Only intermediate arginine contents appear to provide the balance of
directional hydrogen bonding, multivalent electrostatics and packing flexibility needed for protofibrils to
align and anneal into single-domain crystals. This non-monotonic arginine-density regime underscores
the importance of tuning sequence-level interaction strengths to influence the free-energy landscape of
soft-matter crystallisation.

The combination of time-resolved spectroscopy, cryogenic electron microscopy, tomography and
electron diffraction supports a non-classical crystallisation pathway involving condensation, fibrillar
alignment and lattice consolidation. Such pathways are increasingly recognised in soft and biomolecular
materials, but are less often followed across length scales, from the nanometre-scale organisation of
coiled-coil dimers to the hundreds-of-nanometres dimensions of the mature nanocrystals. The ability of
CCNC assemblies to reorganise into single-domain nanocrystals from disordered protofibrillar
intermediates suggests an annealing capacity of the suprahelical coiled-coil scaffold, likely enabled by
the mobility of these intermediates and the angular periodicity of surface charge motifs presented by the
suprahelix.

More broadly, this work shows that principles governing the crystallisation of folded proteins can inform
the design of short synthetic peptides by introducing appropriate interaction motifs at controlled
densities. This study focuses on a single coiled-coil architecture, and the atomistic basis of the arginine
effect has not been resolved here and extending this design principle to other scaffolds and confirming
the underlying interactions are natural next steps. The modular heptad-repeat architecture of coiled coils
provides a versatile platform for exploring how periodic charge patterns, hydrophobic spacing and
superhelical geometry can be exploited to programme three-dimensional order in soft molecular
materials. The sequence-encoded crystallisation strategy described here offers a route towards peptide-
based nanocrystals and establishes a foundation for designing ordered soft-matter architectures with
tuneable structure and function.
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Sequence design and conceptual framework for arginine-tuned peptide crystallisation.(a) Helical wheel
representation of the homodimeric coiled-coil heptad repeats (gbcdefa), highlighting hydrophobic
a/dpositions (pink), alanine-rich b/c positions (light grey), and charged e/g positions (blue for Glu, green
for Lys/Arg). (b) Ball-stick representation of a negatively charged heptad (blue, right) interacting with a
positively charged heptad (green, left) via knob-into-hole interactions (pink) and salt bridges. (c)
Conceptual illustration of the differences between a Lys and Arg-containing basic site, highlighting the
greater potential of arginine for multidentate hydrogen bonding and electrostatic interactions within a
heptad. (d) Schematic representation of the CCNC architecture, comprising three negatively charged
heptads (blue) linked to three positively charged heptads (green) via a GN linker (grey). Positions
subjected to Lys to Arg mutation are highlighted in orange. (e) Illustration of the proposed assembly
pathway from a peptide monomer via coiled-coil protofibrils into a crystal.

Figure 2

Solution-phase characterisation and crystallisation of CCNC coiled-coil assemblies.

(a) Circular dichroism spectra of CCNC-R0, CCNC-R3, CCNC-R6 and CCNC-R8 measured at 25 µM in
DPBS, showing comparable α-helical secondary structures. (b,c) Width (b) and length (c) distributions of
CCNC-R3 and CCNC-R6 nanocrystals after 24 h incubation (n = 200 particles per condition, from cryo-EM
image analysis). (d,e) Representative cryo-EM micrographs of CCNC-R3 (d) and CCNC-R6 (e)
nanocrystals after 24 h, showing ellipsoidal morphologies. Scale bar 200 nm. (f) Additional
morphologies observed for CCNC-R3, including fragmented sheet-like assemblies. Scale bar 1 µm.
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Figure 3

Sequence-dependent assembly kinetics and non-classical crystallisation pathways.

(a) Time-resolved CD spectra of CCNC-R3 showing progressive loss of soluble α-helical signal consistent
with depletion of soluble material during crystallisation. (b,c) DLS kinetics of CCNC-R3 (b)and CCNC-R6
(c) at peptide concentrations of 10, 25 and 50 µM, reported as apparent hydrodynamic radius (AHR). (d)
Schematic illustration of the proposed non-classical assembly pathway, shown in full for CCNC-R6,
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involving condensation, protofibril formation, alignment and lattice consolidation. CCNC-R3 likely follows
the same sequence of steps but traverses the intermediates on a much shorter timescale, so that
aligned protofibrils and nascent crystals are observed near-simultaneously. (e,f) Time-resolved cryo-EM
images of CCNC-R3 (e) and CCNC-R6 (f) showing sequence-dependent differences in crystallisation
kinetics. Scale bars, 1 µm.

Figure 4

Hierarchical structural organisation and lattice metrics of CCNC nanocrystals.
(a) Representation of a single suprahelical repeat showing alternating coiled-coil strands (blue and
magenta). (b) Molecular architecture from peptide chain to suprahelical coiled-coil assembly. A single
peptide chain is shown in yellow, which dimerises to form a homodimeric coiled coil in magenta. (c)
structural model of the assembled crystal, illustrating the lateral packing of strands into a higher-order
suprahelical architecture. (d)Experimental projection cryo-EM image showing periodic density consistent
with the filament structure (e) Fourier-filtered cryo-EM projection image. (f) Simulated projection image
of the structural model.
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