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Chiral interactions between tropocollagen
molecules determine the collagen microfibril
structure

Art’'om Zolotarjov?, Roland Kréger®?, and Dmitri O. Pushkin®?

aDepartment of Mathematics, University of York, York
®School of PET, University of York, York

ABSTRACT

Collagen is the most abundant structural protein in animals, forming hierarchically organised
fibrils that provide mechanical support to tissues. Despite detailed structural studies, the physical
principles that govern the formation of the characteristic D-periodic collagen microfibril remain
poorly understood. Here, we present a theoretical framework that links the amino acid sequence
of tropocollagen to its supramolecular organisation. By combining statistical modeling of residue
geometry with sequence-informed interaction potentials, we show that the chiral arrangement
of outward-facing residues induces directional intermolecular interactions that drive molecular
supercoiling. These interactions favour the formation of right-handed, pentameric microfibrils with
a staggered axial periodicity of approximately 67 nm. Our simulations reveal that this structure
emerges across a wide range of mammalian collagen sequences as a global energy minimum
robust to biochemical noise. These findings provide a mechanistic explanation for collagen’s
supramolecular chirality and offer design principles for engineering synthetic collagen-mimetic
materials.

Keywords: chiral self-assembly, collagen microfibrils, elastic biomaterials, sequence-encoded
assembly

INTRODUCTION

Collagen is by far the most abundant protein in the extracellular matrix, connective tissues, skin,
and bones (1, 2). It provides the scaffold that enables the organisation of cells into tissues. As a key
structural biomaterial, it influences a multitude of multicellular processes, from bone mineralization
to invasions of cancer cells (2, 3) and has even been linked to the Cambrian explosion of multicellular
life (4, 5). Since collagen is essential for maintaining tissue structure and function, it is a key focus in
regenerative medicine, wound healing, orthopedics, dermatology, and cardiovascular health. Recent
advances in biochemical engineering have produced the amino acid sequences of thousands of
natural collagens (6) and have enabled the design of synthetic collagen mimetic peptides (CMPs)(7).
The biocompatibility of CMPs, their tunable properties, and their potential to replicate natural
collagen structures make them indispensable for tissue engineering (8).

At the physical level, the versatility of collagen as a structural protein arises from its propensity
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Figure 1. (A). TEM image of a negatively stained collagen fibril showing the D-banding pattern
(image obtained from (11)). (B). 2D representation of a collagen microfibril according to the
Hodge-Petruska scheme. (C). Schematic representations of the 3D microfibril models. Gap regions
are highlighted in yellow. (LEFT) Smith microfibril. (RIGHT) Compressed microfibril. (D). Orgel
model of the collagen unit cell (obtained from (10)).

to assemble into fibrils, bundles of fibrils, and intricate hierarchical fibrillar matrices. Despite
its importance, the physical principles of collagen self-assembly and their link to the amino acid
sequences remain poorly understood. Tropocollagen, the smallest unit in the fibrillar hierarchy, is a
semiflexible molecule approximately L ~ 300nm long (9) and 1.5nm in diameter. It is made up of
three polypeptide strands (o chains) wrapped around in a right-handed helix, see Fig. 2(A). In each
strand, about 1000 amino acids are arranged in a sequence with the regular motif of [Gly-X-Y],
where Gly is glycine, and X and Y may be various amino acids but most often proline (Pro) and
hydroxyproline (Hyp), respectively. Tropocollagen is classified into nearly thirty distinct types, each
varying in amino acid composition and the hierarchical structures they form (1). In this work, we
focus on the structures formed by fibrillar collagens, with type I collagen being the most abundant.
It has been extensively studied in experimental literature (10).

Tropocollagen readily assembles in vivo and in vitro in fibrils, with typical diameters between
10nm and 100nm (12). Their length is orders of magnitude larger than their diameters. One of their
salient features is the periodic axial density modulations, which appear as regular alternating light
and dark bands with period D ~ 67nm in negatively stained TEM samples, see Fig. 1A. D is often
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called the native collagen period. The period value, D, is highly conserved across different collagen
types, although notable variations occasionally occur, even within the same tissue (1, 13). The
regularity of the banding pattern is crucial for the mechanical strength of fibrils and collagen-rich
tissues (14).

A simplified and widely used explanation for the banding pattern, known as the Hodge-Petruska
scheme, was proposed in 1964 (see Fig. 1B) (15). It envisages a two-dimensional stack of aligned
straight molecules of length L, each shifted by the distance D relative to its neighbour. The
banding pattern is explained by the assumption that fibrils are composed of pentameric units. Since
L ~ 4.46D, five tropocollagen molecules staggered according to the Hodge-Petruska scheme create
alternating ‘overlap’ regions of length 0.46D that contain five molecules and ‘gap’ regions of length
0.54D that contain four molecules. The later Smith’s microfibril model expanded on this scheme by
positioning the five neighbouring molecules at the vertices of a regular pentagon in a plane normal
to the fibrillar axis (see Fig. 1C) (16). To further reconcile this model with the quasi-hexagonal
lateral packing of individual tropocollagen molecules observed in experiments, the compressed
Smith’s microfibril model was proposed (see Fig. 1C) (17).

Since 1964, the reality of microfibrils and their role as basic blocks of the fibril, have been
experimentally confirmed (10, 18). In a series of papers, Orgel and co-workers have resolved in
situ the molecular structure of the microfibril using multiple isomorphous replacement and X-ray
diffraction experiments. In particular, they showed that five neighbouring molecules are arranged
to form a supertwisted right-handed microfibril that interdigitates with neighbouring microfibrils,
see Fig. 1D. This interdigitation establishes the crystallographic superlattice, which is formed of
quasi-hexagonally packed collagen molecules.

Despite this progress, the theoretical foundations of these packing schemes remain unclear.
What physical interactions result in a pentameric microfibril? What determines the axial stagger
distance D? What governs the handedness of the microfibril? And how is this information encoded
within the amino acid sequence? While some of these questions have occasionally been addressed in
theoretical studies (19-24), to the best of the authors’ knowledge, the microfibrillar structure has not
been explained as an emergent phenomenon arising from the fundamental molecular interactions.

Orthologous o chain sequences have been extensively documented for all known fibrillar
collagens (6). An important model predicting the axial stagger between pairs of tropocollagen
molecules comprising the microfibril using residue sequence data was recently suggested by
Puszkarska et al. (24). In this approach, the D-stagger emerges as the equilibrium microfibril
configuration corresponding to a local minimum of the free energy. The interaction potential
between pairs of collagen molecules is calculated using the Miyazawa-Jernigan approximation for
the contact interaction energy between amino acids, averaged over all possible inter-residue contacts.
The latter were determined based on the spatial proximity of residues, which is directly related to
the sequence proximity: two residues close in a sequence are necessarily close in space. Hence,
one can think of this algorithm as calculating interactions between linear sequences of residues.
Consequently, this algorithm ignores the angular dependence of the interaction potential between
two collagen molecules. This drawback, in particular, precludes explaining the emergent supertwist
and handedness of the microfibril.

In this article, we extend the approach of (24), combining empirical studies with theoretical argu-
ments to quantify the interaction potential between pairs of parallel tropocollagen molecules. Using
numerical simulations, we investigate which features of this potential, and under what conditions,
give rise to the microfibrillar structure. In particular, we demonstrate that the pairwise interactions
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between collagen molecules are chiral due to the chiral spatial arrangement of the outward-facing
residues of tropocollagen. This chirality is propagated to the level of the microfibrillar aggregate,
resulting in the right-handed supertwist of individual tropocollagen molecules. Furthermore, we
attribute the pentameric nature of the microfibril to the geometric arrangement of residues. Our
findings reveal that the optimal axial stagger, Az, can assume different values corresponding to
distinct local free energy minima, most notably Az =~ 0 and Az = nD, where n = 1,...,4. The local
minimum at Az =~ 0 has until now been largely overlooked in theoretical discussions of microfibrillar
structures despite experimental evidence for the existence of segment-long spacing (SLS) aggre-
gates both in vitro and in vivo (25, 26). We show that while the minimum at Az =~ 0 is generally
stronger than those at Az = nD, it is sensitive to noise in the residue-residue interaction energies.
Consequently, the axial staggers Az = nD emerge as robust global optima under most conditions.

To compare our predictions with the available experimental data, we analyze amino acid
sequences of more than 1000 known fibril-forming collagens of mammalian species. In the
absence of detailed studies of the microfibrillar structure for most of the collagens, we take the
experimentally observed D-banding pattern in macroscopic aggregates as a proxy for the formation
of the D-staggered microfibril. Under this assumption, we predict that all 176 analyzed sequences
of heterotrimeric type I collagen result in D-banding, in agreement with the general knowledge in
the field (27). This agreement validates our methods and lends credibility to our predictions for
other, less well-studied collagen types.

RESULTS

Chiral Interactions and Helical Strip Organisation in Tropocollagen

The observed molecular supertwist of tropocollagen molecules within the microfibril points to the
chiral nature of intermolecular interactions. We trace this chirality to the spatial arrangement of the
outward-facing residues of the tropocollagen molecule.

High-resolution data on the spatial organisation of collagen residues is currently unavailable,
and several distinct structural models attempt to describe it on average (28). To avoid choosing
between the models, we use a statistically-derived parametrisation of the triple helix based on the
analysis of multiple high-resolution structures of shorter peptides modeling sections of the triple
helix (29). This statistical model accounts for differences in the imino acid content, resulting in
two distinct triple helix parameterizations: Pro-rich and Pro-poor. These parametrisations can also
be viewed as limiting cases, representing the helical parameters of the average collagen structure
corresponding to triple-helix segments that are entirely saturated or completely free of Pro and/or
Hyp residues (28).

We now demonstrate that each of the parametrisations gives rise to a helical arrangement of the
outward-facing residues. Fig. 2A shows the positions of the residues projected on the cylindrical
surface of a molecule unwrapped on the (6, z)-plane, where 0 represents the azimuthal angle and z is
the axial position for each parametrisation. The position of each residue is indicated by the location
of its Cy atom. The outward-facing residues cluster into two families of equally spaced, right-
handed helical strips, as shown in Figures 2B and 2C. For the Pro-rich parametrisation, there are
seven helical strips, each separated azimuthally by 27 /7rad =~ 51.4°, with a pitch of approximately
200nm. For the Pro-poor parametrisation, there are ten helical strips, with an azimuthal separation
of 27 /10rad = 36° and a pitch of approximately 75 nm. These emergent helical strips are distinct
from the helices formed by the sequential positions of residues. The helical strips have a finite width
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Figure 2. (A). Segment of the collagen triple helix bounded by a cylindrical surface onto which
coordinates of each C, residue atom are projected. The Cy-atom positions are obtained using two
statistically derived parametrisations based on analysis of (B) Pro-rich and (C) Pro-poor model
peptides. Dotted lines connect the residues that belong to the same & chain. We conventionally
denote the most N-terminal & chain as trailing. Solid lines indicate imaginary connections between
residues that fall on the same spiral strip. The spiral strips are numbered in order of appearance
when moving counter-clockwise around the molecular z-axis and the most N-terminal residue is
assigned the azimuthal coordinate 6 = 7. The Pro-rich and Pro-poor parametrisations give rise to
the two families of right-handed helical strips of amino acids with 7 and 10 helices in each family,
respectively. (D). N-membered collagen microfibril model. An axially periodic microfibril is
comprised of aligned tropocollagen molecules placed at the vertices of a regular N-gon in the
azimuthal plane. The coloured segments on the molecular surfaces correspond to the Pro-rich strips
shown in (B).

of approximately 21° for the Pro-rich case and 16° for the Pro-poor case. This width arises from the
constant azimuthal coordinate difference between the left and right edges of each strip, which are
uniformly composed of X and Y residues, respectively. It is important to note that within a given
strip, the spatially nearest X and Y residues do not belong to the same [Gly-X-Y] triplet.

The actual spatial distribution of outward-facing residues on the surface of the tropocollagen
molecule varies as a function of the amino acid composition (30). It is, clearly, chiral (non-
superimposable with its mirror image). This chirality generates a chiral interaction potential
between pairs of parallel tropocollagen molecules, leading to torques that can bend and twist them.
While the potential may exhibit complex dependencies on the relative orientation of the molecules,
we show that only certain features of this potential are essential for forming the axially periodic,
helical microfibril. This enables the development of a simplified model sufficient to predict the
microfibril structure. We assume that the outward-facing residues of a tropocollagen molecule can
be represented as a superposition of helical strip families with varying pitches (29, 30), such as the
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Pro-rich and Pro-poor families described in (29). When two parallel molecules are close enough for
their outward-facing residues to interact, strong interactions between the residues in their helical
strips generate torques that bend and twist the molecules to minimize interaction energy, aligning
the strips along a common axis. This process is analogous to molecular supercoiling observed in
coiled coils, which arises from chiral interactions between hydrophobic strips on a-helices (31, 32),
though collagen differs in having multiple helical strip families. For the interaction to dominate,
the energy gained must outweigh the bending energy cost. This condition is easily met for the
7-strip family but is highly restrictive for the 10-strip family due to their smaller pitch and a strong
dependence of the elastic deformation cost on the pitch (see Materials and Methods). Consequently,
interactions from the 7-strip family are energetically favoured.

Thus, we model the effective interaction potential between collagen molecules based on the 7
helical strips from the Pro-rich parameterization. This leads to the prediction that collagen molecules
in a microfibril form right-handed helices with a helical angle of approximately 5°, see Eq. [3] in
Materials and Methods, consistent with experimental observations in bone and tendon (33, 34).

Energetics of Strip-Strip Interactions

Based on this, we hypothesize that interactions between aligned collagen molecules in a microfibril
are primarily driven by opposing strip-strip interactions. With 7 strips, there are 28 potential strip-
strip interactions, denoted as E;_j(Az), where —L < Az < L is the axial stagger of strip j relative to
strip i. We calculate them using the empirically determined Miyazawa-Jernigan contact potentials
(MICP) for residue-residue interactions, see Materials and Methods.

Assuming that collagen molecules form axially periodic arrays separated by gaps of length g,
the interactions between opposing arrays are described by 28 (L + g)-periodic potentials: E‘Z j(Az) =
Ei.j(Az) +E; j(Az—g—L), where 0 < Az < L+ g. For consistency with the standard definitions, we
define D in terms of g such that 5D = L+ g. While this definition anticipates the value of D, it does
not constrain it. Deferring the discussion of how D is determined in simulations to the Appendix,
we find that the values of D that yield perfectly-staggered microfibrils fall within a narrow range,
approximately D ~ (67 £2)nm, see Fig. S2. Therefore, when we next discuss the minima of
Eff j (Az) over Az, we will use the corresponding values of D as relevant length scales.

Fig. 3B shows that the global minima of the strip-strip interaction potentials typically belong to
two classes: the minima at Az =~ 0 and the minima at Az ~ nD. Motivated by the experimentally
observed D-banded structures, previous studies have focused on local energy minima at positive
multiples of D overlooking the possibility of a global minimum at Az =~ 0 (19-22, 24). Our results
show that, unexpectedly, most, but not all, global minima fall into this class, see Figs. 3A, B.
This conclusion is surprising since the dominance of the minima at Az ~ 0 would lead to an ‘in-
register’ arrangement of the molecules in a microfibril, precluding the formation of the D-staggered
microfibril. This raises the question of what conditions warrant the formation of D-staggered
microfibrils.

To address this question, we note that the MJCP values used for calculating the interaction
energies are subject to significant uncertainties due to experimental errors and high variability in
biochemical environments. These uncertainties arise from neglecting the specifics of factors such
as electrostatics, solvent effects, molecular crowding, and post-translational modifications (e.g.,
hydroxylation of Pro/Lys and glycosylation), as well as assuming sequence-independent interactions.
Nevertheless, D-banded collagen fibrils do form under diverse conditions, including in in vitro
environments (which lack biological regulatory factors). This suggests that the emergent structures
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Figure 3. Global minima of the axially periodic strip-strip interaction energies and their sensitivity
to noise in contact potential values. The presented results are obtained numerically for

o (I) [ (1)]2 rat collagen. (A). Average values of the interaction energies at their global minima
due to random noise in contact potential values. Error bars indicate the standard deviation in the
noise-added energy values. (B). Locations of the global energy minima, Azg. (C) Noise sensitivity
of the global energy minima. The most pronounced minima belong to two classes: the minima at
Az =~ 0 and the minima at Az ~ D. In general, the former are stronger but more sensitive to noise
than the latter. See Materials and Methods for details of the procedures.

must be highly robust toward environmental variability.

To account for it, we add random noise to the MJCP values and analyze the sensitivity of
the intermolecular interactions and the emergent microfibrillar structures to this noise. We define
the noise sensitivity of the pairwise strip-strip interactions as the variance of the noisy potentials
&7 j(Az) normalised by their mean, i.e.

Var{gﬁj(AZ)} .
‘“{gij(M>H2,

where Var{---} and u{---} denote the variance and the mean, respectively. Fig. 3C shows that,
remarkably, the noise sensitivity turns out to be the smallest for the interaction potential minima at
Az =~ D. In contrast, the energy minima at Az ~ 0 are more sensitive to the noise.

Si.j(Az) =
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We use the linear decomposition of ;. j(Az) into contributions from interacting pairs of residues
(see Materials and Methods) to trace the high noise sensitivity of interactions at Az ~ 0 to only two
interacting pairs of highly abundant residues: Pro-Pro and Pro-Ala, see Fig. S1. The axial staggers
and strip combinations that achieve the strongest inter-molecular interactions and minimise the
number of interactions between abundant residues, end up being the least sensitive to the noise.

In the biological context, the noise sensitivity implies that the majority of strip-strip interaction
energies at Az ~ (0 may be strongly affected by such factors as variations in pH and temperature
or the post-translational hydroxylation of Pro residues (1). We hypothesize that this feature may
form the basis of a sensitive biochemical control over the emergent structures. It requires a separate
investigation in each biochemical context. For the present study, we simply assume that if the noise
sensitivity of a minimum turns out to be higher than a chosen threshold S., the minimum can be
disregarded from the microfibril energy calculation.

Emergence of D-periodic Microfibrils

14
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Figure 4. Equilibrium probabilities of different microfibrillar states as a function of noise
sensitivity threshold.

To determine whether the D-staggered microfibril emerges from the intermolecular interactions,
elucidate the role of the strip-strip interactions, and explain why the microfibril is composed of
N = 5 molecules, we turn to numerical modeling. To keep the problem tractable, we assume an
axially periodic microfibril comprised of aligned tropocollagen molecules placed at the vertices of a
regular N-gon in the azimuthal plane. Individual molecules may rotate by the angles 6,, around
their centerlines and be shifted along the microfibrillar axis by the distances z,,, see Fig. 2D. We
assume that the only interacting molecules are the nearest neighbours that share a polygon edge.
Any such pair of molecules is assumed to interact only via a single pair of strips at a time. The
microfibril energy Eyy is then given by the sum of N pairwise molecular interactions (see Materials
and Methods). The equilibrium microfibrillar structure results from minimising the free energy of
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the system. Since the microfibril entropy is sub-extensive in microfibril length, it can be ignored in
the present context and we can simply minimise Epyy (24).

For N = 5, we identify three types of emergent microfibrillar configurations: (1) four perfectly-
staggered ones, where each molecule is shifted relative to its right neighbour by the same value of
Az = nD forn=1,2,3 or 4, (2) in-register configurations with Az ~ 0 for all molecules, and (3)
mixed configurations, see Fig. 4. When the sensitivity to the contact potential noise is disregarded,
i.e. for high values of S, simulations predict that the equilibrium microfibrils adopt the ‘in-
register’ configuration, consistent with the energetical dominance of the interaction minima at
Az = 0. As the acceptable noise sensitivity threshold is lowered, one of the perfectly-staggered
configurations emerges at equilibrium, see Fig. 4 and Fig. S3. Perfectly-staggered microfibrils
forming enantiomeric pairs (Az = D and Az = 4D, Az = 2D and Az = 3D) have differing energies in
our model, so only one is selected at equilibrium. Without accounting for the chiral strip organisation
of interacting residues, they would be energetically indistinguishable, see Materials and Methods.

Aggregate Size Specificity
Next, we consider why a microfibril is comprised of five molecules. Fig. 5A shows the global
minimum of microfibrillar energy per molecule for varying N. Notably, N = 5 gives the lowest
energy, thus being selected at equilibrium. This fact has a simple geometrical explanation: for
strong interactions, the helical strips of the neighbouring molecules must face each another. When
molecules are positioned at the vertices of a regular N-gon, the interior polygon angle v(N) should
approximate ma, where oo = 360° /7 is the angle between the strips and m is an integer. It is easy
to see that v(5) = 108° closely approximates 2 ~ 103°, see Table 1. For other values of N, some
strips would always face away from their neighbours, reducing energetic gain.

This argument relies on the spatial organisation of the residues in seven spirals, independent

(A) (B)

min {Ey;} N7/ kT
min {Eg} Nt / kT
=
3

6 7 8

T

Figure 5. Global minimum of the microfibril energy per molecule as a function of cluster size N in
o (I) [ (I)]2 rat collagen. (A). Microfibril energy with empirically determined axial dependence.
(B). Microfibril energy with no axial dependence. Details of the global optimisation procedure can
be found in SI.
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of their specific sequences. To substantiate this hypothesis, we perform simulations using inter-
molecular potentials that maintain azimuthal dependence due to the 7 helical strips but ignore axial
dependence sensitive to sequence details. The results shown in Fig. 5B indicate that the pentameric
microfibril still has an energetic advantage over the trimeric aggregate, but this difference is reduced.
Thus, although the spatial organisation of tropocollagen residues alone can make a pentamer the
preferred microfibrillar configuration, specific residue interactions are essential for stabilising it. It
is also conceivable that some specific residue sequences might preferentially select for a trimeric
microfibril.

Table 1. Minimum difference between the internal angle of
N-membered microfibrils and the azimuthal inter-strip
spacings.

Minimum difference be-

Internal polygon angle v(N) tween
v(N) and ma. / deg

60 8.6
90 12.9
108 5.1
120 17.1
128.6 25.7
135 19.3

DISCUSSION

The exquisite, axially periodic and helically entwined arrangement of collagen molecules in self-
assembling fibrils and bundles of fibrils lies at the heart of collagen’s versatility as a structural
protein. This ordering emerges at the level of microfibrils — essential, if experimentally elusive,
structures (10). In microfibrils, five supercoiled molecules are staggered relative to their neighbours
by a fixed distance D, and stacked to form an axially periodic structure. In this work, we investigate
how amino acid sequences guide the formation of this structure.

Focusing on collagen I, we found that the outward-facing tropocollagen residues are arranged
in sevenfold helical strips. This arrangement emerges from the supercoiling of tropocollagen
a-chains and is reminiscent of the hydrophobic strip that emerges in coiled coils due to a regular
spatial arrangement of heptad repeats (31, 35). There are, however, important differences: there
are seven, rather than just one, interaction strips, the residues forming the strips are, in general,
not hydrophobic, and, most importantly, the seven-fold chiral arrangement emerges as a result
of energetic selection favouring the spatial arrangement of residues described by the Pro-rich
parametrisation of the tropocollagen triple helix.

We predict that strip handedness and chirality are transmitted to the level of molecular collagen
conformation through the torques that arise from pairwise intermolecular interactions. The resulting
equilibrium helical angle ¢* is described by Eq. [3], which was first empirically obtained by Fraser
and MacRae in the context of coiled coils (36).
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Table 2. Prediction of perfectly-staggered microfibrils in mammalian species for different
collagen types.

Type D-Banded Fibrils Ne Species Predicted FS Microfibrils? (%)

OCQ(I)[OCl (I)]z \/(33) 176 100
(a1 (D)]3 v (37) 186 25.27
[ (D)]3 unknownP 197 94.92

(o (ID)]3 v (38) 191 100

(o (TIT)]3 v (39, 40)¢ 185 3.78
(a1 (V)]3 X (41) 167 86.83

a1 (V) (V)oy (V) v (42) 151 78.81
(04] (V) (04] (V)OCQ(V) \/(42) 124 98.39
o (XT) 0 (XT) g (XT) v (43) 148 99.32
[o (XXTV)]3 unknown? 163 87.12
[a (XX VII]3 X (44)4 163 60.36

2 The model is said to predict a perfectly-staggered microfibril, if there exists some value of S,
below which the perfectly-staggered state probability is unity.

> An o (I) homotrimer is not observed in-vivo. This homotrimer has been however observed in
in-vitro refolding experiments (45). Propensity of [ (I)]3 to undergo self-assembly into fibrils has
not been investigated to our knowledge.

¢ The D-banding length scale of reprecipitated type III collagen fibrils has been reported as
(66.7 £0.2)nm and (25 + 10) nm.

d Developmental collagens are characterised by presence of highly-conserved sequence interruptions.
In this work, we do not account for their effect.

The stagger distance, D ~ 67 nm, is encoded in local energy minima for the strip-strip interaction
potentials, which occur at relative molecular stagger Az~ nD, n=1,...,4 and at Az~ 0. While
the minima at Az = 0 are typically the strongest, they are sensitive to noise in the residue-residue
interaction energies. This sensitivity is transmitted to the aggregate level. Upon introducing a noise
sensitivity threshold that filters out noise-labile microfibrils, we find that the perfectly-staggered
D-periodic microfibrils are the robust global minimisers of the microfibrillar free energy.

In the biophysical context, noise sensitivity points to a sensitive control that may be exerted
on aggregates by local biochemical environments. For example, transitions between perfectly-
staggered microfibrils and SLS aggregates (corresponding to the dominant minima at Az /= 0) can be
induced by varying the interactions between charged residues (46). Residue interactions may also
be affected through post-translational enzymatic modification, such as hydroxylation of Pro and
Lys residues. Post-translational hydroxylation is known to significantly affect the temperature and
ionic conditions required for D-banded fibril formation (47). This observation aligns with our noise
sensitivity analysis, which indicates that Pro-containing residue interactions, specifically Pro-Pro
and Pro-Ala, have the largest effect on pairwise molecular energy.

It has been understood at least since the work of Hodge and Petruska (15) and Smith (16), that to
conform to the regular axial D-banded pattern, collagen aggregates must be composed of pentamers.
However, to the best of our knowledge, the physical interactions that could warrant this have not
been discussed. We find a strong energetic minimum at N = 5 for an axially periodic N-membered
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microfibril. We show that for typical intermolecular interactions, the geometric condition that
the strips of neighbour molecules face each other alone may select a pentameric microfibril. Yet,
specific residue sequences are required for stabilising it and ensuring D-banding.

Our analysis relies on many assumptions and simplifications: we assume that the microfibril is a
regular N-gon, that tropocollagen molecules are perfectly aligned, neglect the influence of collagen
molecules external to the microfibril, and assume the validity of the contact potentials approach.
Furthermore, we disregard the role of post-translational modifications, collagen telopeptide domains,
and biological regulation among other factors. To validate our model, we have tested its predictions
for all known mammalian sequences of fibril-forming collagens documented in the NCBI RefSeq
database, see Table 2.

High resolution in situ studies of microfibrillar structures have only been performed for
o (I)[oy (I)]o collagen originating from rat tail tendon (10). Due to the limited availability of
such detailed structural data for other collagen types, we use the available measurements of D-
banding in different collagen types as a proxy for the emergence of the D-staggered microfibrils. Our
analysis predicts that for all sequences of o (I)[; (I)]2 collagen examined, a perfectly-staggered
microfibril is the most stable aggregate below some noise sensitivity threshold S.. This finding
agrees with experimental observations of D-banding in collagens of this type. Similarly, our
model indicates that over 99% of the tested sequences for collagens [0 (IT)]3, ot (V) oz (V)0 (V)
and o3 (XT) o (XTI) oy (XI) favour the formation of perfectly-staggered microfibrils under the same
conditions.

However, our model’s results for some homotrimeric collagens [ (I)]3, [o (IIT)]3, [a (V)]3 and
[o) (XXVII)]3 seem to be at odds with the available experimental data. These discrepancies point to
the limitations of the model assumptions used in this study and require future studies. For now, we
note the possible sources of these discrepancies. First, in our model, pairwise molecular interactions
between homotrimertic collagens of types I, III, and V are particularly strong, consistent with
previous studies (24). This presents the tantalizing possibility that interactions of Pro-poor rather
than Pro-rich strips might be selected despite the associated higher cost of elastic deformation. In
addition to the selection of a different chiral symmetry, it is plausible that the molecular organisation
or indeed the number of molecules comprising the microfibril may vary across different collagen
types. In particular, specific residue sequences could in principle favour alternative microfibril
configurations, such as a three-membered microfibril. In such cases, D-banding may first appear
at the level of supramicrofibrillar structures, like pentameric aggregates composed of trimeric
microfibrils.

In our analysis of developmental collagens XXIV and XXVII, we did not account for sequence
interruptions within their triple-helical domains. Studies using model peptides have demonstrated
that deviations from the typical [Gly-X-Y] motif can cause localised unwinding or overwinding of
the triple helix at the interruption site (28). These structural perturbations can significantly alter
the amino acid composition of the helical strips following the interruption, thereby influencing the
interaction potentials between these strips. Consequently, sequence interruptions can markedly
affect the stability and assembly of collagen microfibrils (48). To our knowledge, the details of the
structural impact of sequence interruptions present in collagens XXIV and XXVII remain to be
elucidated (28, 49, 50). This calls for future research into the effect of sequence interruptions in
developmental collagens on spatial residue organisation and microfibril self-assembly.

Finally, it should be noted that explicit measurements of D-banding have only been performed
in a handful of commonly studied mammalian species. This raises the question of whether in certain
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species fibrillar collagens may aggregate into structures that lack D-banding.

Understanding the differences in the self-assembly of heterotrimeric and homotrimeric collagens
is crucial for uncovering the fundamental principles that underlie certain medical conditions.
Deleterious mutations in the COL1A?2 gene are known to lead to the production of homotrimeric
type I collagen instead of the normal heterotrimeric form. Clinically, this mutation manifests
itself as the Ehlers-Danlos syndrome, which is characterised by altered mechanical properties of
collagen-contaning tissues, leading to joint hypermobility and cardiac valve abnormalities (51).

Our findings indicate that microfibrillar structural features are not uniform across all fibril-
forming collagens. This is in good agreement with established knowledge in the field. For instance,
corneal collagen fibrils exhibit a helical angle of approximately 15°, significantly larger than
that observed in bone or tendon tissues (34). Additionally, the characteristic periodic banding
pattern can manifest at the fibrillar level with periodicities less than the typical D-spacing in type
I and III collagens (39, 52). Recent advances in the synthesis of collagen-mimetic peptides also
suggest the possibility of microfibril aggregate sizes differing from N =5 (53). We hypothesize
that the nonuniformity of structural features among supramolecular collagen aggregates is a crucial
characteristic that ensures collagen’s structural versatility across diverse biological environments.
Studying these diverse self-assembly scenarios offers valuable opportunities for applying our
theoretical methods to understand collagen structures.

CONCLUSIONS

This study identifies chiral intermolecular interactions, rooted in the spatial arrangement of outward-
facing residues, as a fundamental mechanism driving the self-assembly of collagen into its char-
acteristic D-periodic, supercoiled, pentameric microfibrils. By integrating residue-level sequence
data with a physically motivated interaction model, we demonstrate that molecular chirality and
microfibrillar architecture are intrinsically linked. The predicted right-handed supercoiling and
staggered configuration are not only energetically favoured but also robust to biochemical noise
across diverse mammalian collagen sequences. These insights bridge molecular sequence with
mesoscale structure, offering a quantitative framework to understand fibrillar collagen assembly. Be-
yond elucidating a long-standing biophysical question, our approach provides guiding principles for
the rational design of collagen mimetic materials, with potential applications in tissue engineering
and synthetic extracellular matrices.

MATERIALS AND METHODS

Mechanism of Molecular Supercoiling and Energy-Driven Strip Selection

We model the semi-flexible collagen molecule as an inextensible circular elastic rod, with residues
organised on its surface in a family of helical strips with a pitch 4. For a pair of molecules interacting
via these helical strips, each molecule bends and twists into a (super)helical shape with the radius R
and a helical angle ¢ of the filament centreline. This configuration aligns the residue strips of the
interacting molecules to face toward other, incurring the elastic energy

L (Bsin*¢ C [sin2¢  2m\*
Eel_/o (5 R +§( 2R _7‘7) ds. (2]
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Here s is the arclength, B and C are the effective bending and twisting rigidities, respectively, ¥ = 1
for a right-handed strip while ¥y = —1 for a left-handed strip (31). Taking R to be fixed, for a
sufficiently small ratio € = 27R/h < 1 and a finite ratio B/C (see Appendix for the derivation),
leads to the equilibrium helical angle ¢* given by the asymptotic expression

27R
¢*%13:%T~ (3]

This is the classical Fraser and MacRae formula widely used to analyse the triple-helical
structure of tropocollagen (36). Neukirch et al. later extended it to include coiled-coil proteins
under non-zero external forces and torques (31), albeit deriving it in a more restrictive limit where
bending rigidity is much smaller than twisting rigidity B/C < 1, as opposed to a finite ratio of the
two.

Furthermore, we show that if, additionally,

B/C < e, [4]

the elastic equilibrium energy becomes dominated by the bending deformation component and is
given by

4BR’L - ER’L

A h*
where &, is the bending persistence length. Condition [4] is easily satisfied in practice. The
expression [5] shows that the energetic cost of the elastic deformation increases steeply as the
helical pitch 4 decreases.

We estimate the molecular length as L ~ 300nm, the microfibril radius as R ~ 3nm, and the
persistence length as &, ~ 120nm at neutral pH and physiological salt concentration (9). For the
Pro-rich strips with 4 ~ 200nm, the corresponding elastic energy cost is E; ~ 0.16 kg7T. This
value is significantly smaller than the characteristic interaction energy of two D-staggered collagen
molecules, approximately 10 kg7 . In contrast, for the Pro-poor strips with 7 ~ 75nm, the elastic
energy cost is much higher at E}; ~ 8 kgT', approximately 50 times higher than that of the Pro-rich
strips.

Thus, the interactions between outward-lying residues that cluster along spirals with the larger
pitch £ are energetically strongly favoured. Therefore, it is sufficient to account only for the inter-
actions between the seven right-handed helical strips originating from the Pro-rich tropocollagen
parametrisation when modelling the effective interaction potential collagen molecules. The equilib-
rium coiling angle for the corresponding helical pitch £ is estimated as ¢* ~ 5°, which aligns well
with the experimental observation in bone and tendon (33, 34).

E}| ~ 87 kgT, [5]

Axial Dependence of Pairwise Molecular Interactions

In calculating pairwise molecular interactions, we will disregard the interactions involving the
N/C-telopeptides, which whilst kinetically important, are not necessary for collagen self-assembly
into D-banded fibrils (54). Denote a pair of interacting strips as i-j, wherein i, j = 1,2,...,7. Let
{ep,eq,e;} be the set of cylindrical basis vectors in the triple helix coordinate system. Let Ix;
to be the position vector of the residues along strip j that are labeled in ascending order of axial
coordinate by q € Z". The staggered coordinates of 9x; are defined as

IX(Az) = 9x; +27h ™" (Az+c;—c;) eg + Aze,, [6]
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where Az is the axial stagger of strip j relative to strip i and ¢; are the constants that define the
centerline equations of the strips z = % +¢y, forl € {1,2,...,7}. The pairwise interaction energy
for a staggered strip pair i-j is then

Eij(Az) = Zgg(p)g(q) [® (pqrij) -0 (pqu,j - lC)} ) [7]
p.q

where Pdr;; = |Px; — qX/j|, O is the Heaviside step function, /. is the interaction length scale and
g:Z" —{1,2,...,20} maps the sequential residue position along a strip onto its integer designation.

The matrix € € R?9%?0 represents the energies of the residue-residue interactions. We follow the
method of Puszkarska et al. and take the values of € to be the empirically determined Miyazawa-
Jernigan contact potentials, namely the entries MI'YS850103, MIYS960102, MIYS990107 in the
AAlndex database (55). We take /. = 0.75nm, which is typically assumed to be the representative
length scale at which a pair of residues is in contact (24).

Interactions between axially periodic arrays of parallel collagen molecules separated by gaps of
length g are described by the 28 T'-periodic potentials, where T = L+ g:

Ef (A7) = Bpj(Az) +Eji(T — Az), [8]
where 0 < Az < T. When i = j, the sequences of the opposing strips are identical and
Ef-il-(Az) = Eﬁi(T —Az), [9]

i.e. the functions E; possess a reflection symmetry with respect to Az = T /2. Since previous studies
(24) did not differentiate between residue strips, their interaction potentials inherently exhibit this
property. In particular, this means that such physical interactions do not distinguish between the
enantiomeric pairs corresponding to Az and 7 — Az. This property might lead to a degenerate ground
state, precluding formation of a well-defined axially periodic (D-banding) structure. In particular,
perfectly-staggered right-handed and left-handed microfibrils corresponding to the symmetric values
of Az could not be differentiated. This symmetry is broken for interactions of different strips,

EL;(A9) # BT —A2), i, [10]
lifting the degeneracy.

Noise Sensitivity of Pairwise Interactions
To account for uncertainty in the elements of €, consider a noise-added residue interaction matrix
with elements &/, = €, + uy,,. We choose u;,,, ~ U(a,b), where U (a,b) is the continuous uniform
distribution on the interval (a,b). The noise-added pairwise interaction energy Sl.’_’ ; is then calculated
according to Eq. [7] and Eq. [8] using the matrix €*.

The noise sensitivity parameter can be analytically evaluated for &7 j using the following
expression

1<1<m<20

Si—j(AZ) = 7 [11]

Ei.j(Az) + 5 (@ +b) . Ny
1<I<m<20

127 a—bP L N2,

15/27



where N, is the number of interacting residues with integer designations / and m at a given Az.
Importantly, Eq. [11] is a linear combination of the contributions due to pairs of interacting residues
proportional to lem.

In addition to the analytical expression in Eq. [11], the noise sensitivity parameter can be
computed numerically. The results presented in Fig. 3 were performed numerically by constructing
K = 50 noise-added interaction energy curves, with noise sampled from U (—0.1kgT,0.1kgT). The
value of the noise amplitude |a| (= |b|) is unknown, as such for convenience we chose it to be ~ 10%
of the maximum value of the matrix elements in |€|. Importantly, the relative noise sensitivity of the
energies and, hence, all of our physical conclusions are independent of the chosen value.

Model of a Microfibril
We parametrise the azimuthal component of pairwise molecular energy by

w( )

where the parameters 6y, 64, a, b are chosen to produce 7 equally-spaced maxima for 6,, € [0,27)
with the same width as the Pro-rich strips (further details can be found in SI). The pairwise molecular
energy can be written as

D(6,) = {1 +exp (a

Pry = @(6,)® (61 —V)Elg |6 (AZm), [13]

where 1(6),) = nint [(6,, — 69) 6, '] mod 7+ 1, nint[-- -] rounds its argument to the nearest integer
and v is the internal angle of the N-gon. The energy of the whole microfibril is then simply

N—1
En= ) Pu+®(60)P(6; — v)Eg(eN)_n(el_v) (Azn). [14]
m=1
Cyclical connectivity of the N-gon constrains Azy =271 — 2N = — ZZ':II Az, where Az, = Zir1 — Zm

1s the relative axial translation between two molecules.
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APPENDIX

Detailed Parametrisation of the Azimuthal Energy Component
Parameters a and b that are used in the definition of the azimuthal energy component & are
parametrised as follows:

_ log(g—1)f(6) —log(p—1)f(8w) ~ _ loglg—1)+b o (m
"= f(6w) — f(6f) ’ o £(6y) ;o f()= (29d). [15]

Parameters (0y, 6, p,q) are defined via

P(Omax+6) =p ', P(Omax£6w) =¢q ', [16]
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where 6« maximises ®(6,,) for 6,, € [0,27). In all calculations we set

2
(60, 64, O, 61, ) = (0.5,7”, g,o.%, 1.0004, 100) . [17]

Global Optimisation of Microfibrillar Energy & Calculation of Equilibrium Statistics
In this section we outline the algorithm for global optimisation of the microfibril energy and
subsequent calculation of equilibrium microfibril statistics.

Selection of the D-banding Lengthscale

The first step in calculating the possible values of the microfibril energy is deciding on the value of
the D-banding lengthscale. This then allows for construction of axially-periodic pairwise potentials
Ef’ i which determine the value of the microfibril energy - see equation [15] of the main text. A
priori we do not know the exact value of the parameter D. We start by constraining D € [620,700]A,
based on the experimental measurements of D-banding (1, 14). Next, for each amino acid sequence,
we construct a set of candidate values for the D-banding lengthscale, based on the axial stagger of
the interaction energy minima of non-periodic pairwise potentials E;_;. The set of candidate values
for D is defined as

Sp = {&e (620,720]A ‘ A7 = argmin{E; ;(Az)}, Si-;(A7) < Sthr} : [18]
Az

where Sy = 0.49 is the threshold value of noise sensitivity, below which the minimum is considered
a candidate value. Sy, serves as means of roughly filtering out candidate values of D that are unlikely
to give rise to interactions with low noise sensitivity. For practical calculations, we restrict the
number of elements in Sp by further requiring that Az only correspond to global, secondary or
tertiary minima of the pairwise potentials E;_;.

We can now construct a numerical grid of candidate D values to be used for further calculations.
The grid points are sampled from

b= | [AZ- 5245184, [19]
AZESD

where we pick 6z = 3 A. We sample candidate values of D by first discretising each closed interval
comprising I into a uniformly-spaced grid with spacing of 0.5 A. If we have an overlap between
intervals, we pick the grid points for the discretisation that are associated with the least noise
sensitive Az. We now construct axially-periodic pairwise potentials Ef j using a candidate D value
that is generated from Az with the lowest noise sensitivity.

Construction of Near-Equilibrium States

The next step is constructing an approximation to the spectrum of the microfibril. Studying the
predictions of our model at thermal equilibrium necessitates performing global optimisation of the
microfibril energy Ey. An N-membered collagen microfibril has 2N — 1 degrees of freedom in
our model. To aid us in finding the global minimum of Ey;, we construct near-equilibrium states
(NEqS) which will give the largest energy contributions to the spectrum. NEqS are members of the
set Seq = {(0°9,Az°9)}, in which the pair of state vectors (6°4, Az°9) specifies the microscopic state
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Table 3. Definitions of microfibril categories, based on the pattern of axial staggers.

Microfibril Category Category Index 2Condition on Axial Staggers
Perfectly-staggered A Azpd =nD, forall m=1,... N—1
In-register B m € [=Ag,Ag) forall m=1,... N—1
Mixed C Any other Az, that are not perfectly-staggered or in-register

2 We set the parameter Ao = Snm and n =1,2,3 or 4

of a microfibril. The components of azimuthal state vector maximise the strip overlap in a given
N-gon:
6,9 € argmax{®(0)®(0 —v)}, [=1,...,N. [20]
6<[0,27)

The axial state vector contains N — 1 components which correspond to the staggers that minimise
the axial energy component for a given pair of strips in a microfibril. The total number of NEqS is
7NMN-! where M is the number of minimisers for each interaction curve Ef ;- Tokeep the problem
tractable, we choose M = 3.

In a given microfibril the axial energy components of P, in general will not be the same.
To account for this, we relax the azimuthal degrees of freedom using the sequential quadratic
programming algorithm over the domain [0 — 860,61+ 86] x --- x [0 — 860, 6! + 56] with
06 =0.15.

Calculation of Equilibrium Probabilities with Noise Sensitivity

Finally, we calculate the equilibrium statistics of the collagen microfibril. We group the microscopic
microfibril states into 3 categories based on the components of Az°4. The definitions of the microfibril
categories are shown in Table 3 and Fig. 4 of the main text. Let s; denote the k™ microfibril in one
of these three categories, which we will denote by s € {A, B,C}. The equilibrium probability in the
canonical ensemble formalism for perfectly-staggered microfibrils (category A) is then

§exp<—ﬁ‘*’<E§2>

= Skeqy [21]
LXexp(—p “Eyp)

Pa

where ** Ef(/c[‘ is the microfibrillar energy of the k™ perfectly-staggered microfibril and B~! = kpT.
Analogous formulae define the equilibrium probabilities of mixed and in-register states.

For a given noise sensitivity threshold S, we include a NEqgS in calculation of Pj if for a given
0°4, the components of the stagger vector satisfy

Sij(Azj1) < S, forall [ =1,...,N, [22]

N-—1
where Azn = <— Y Azf,?) mod 5D. We note that Eq. [22] must hold for all strip pairs i-j which
m=1

interact in a microfibril specified by the azimuthal state vector 6.
If we find that there exists a value of S, such that P4 — 1, we say that our model predicts
perfectly-staggered microfibrils at thermal equilibrium. If such a value of S, does not exist, we
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repeat our calculations with a different candidate value for the D-banding lengthscale. If all such
candidate values are exhausted, we conclude that perfectly-staggered microfibrils are not expected
at equilibrium within our modelling framework.

Derivation of the Asymptotic Expression for Equilibrium Helical Angle ¢*

Let us assume that the supercoiling radius R has a fixed value and the helical angle ¢ is independent
of the arcelength s in Eq. [2] of the main text. Then, the elastic energy of deformation is minimised
for an equilibrium helical angle @ = ¢* which satisfies

2ysin’ ¢* cos p* + (sin@* cos ¢* — y€) cos2¢* = 0, [23]

where we have defined y = B/C and € = 27R/h.

Our goal is to construct an asymptotic series for the equilibrium helical angle ¢* as a function
of € < 1 and finite 7. To that end, we note that we can write € as a function of ¢* in Eq. [23],
obtaining

€=(1—7)sing+ytang = f (9), [24]

where for convenience we have defined ¢ = 2¢* and € = 2y¢. The desired asymptotic expression
for ¢* is therefore equivalent to finding the series expansion of the inverse function g = f —1. Noting
that f is analytic at ¢ = 0 and that f'(0) = 1, we can apply the Lagrange inversion formula (56) to
obtain

0=g(&) =) g.g" [25]
n=1

where the expansion coefficients are given by

a1 —_f(9)
gn = ;%IL%W (W) , where A (¢) = : [26]

We note that for ¢ < 1 we can expand h (6) =1+ %52 +0 <$4

equilibrium helical angle is then asymptotically found to be

2(1-3y)
3

Using Eq. [26], the

N———

0" = ye+ (xe)*+0 <s5> . [27]

With the aid of the asymptotic expression in Eq. [27], we can estimate the equilibrium bend and
twist energy contributions per unit length as

(28]

. _ Bsin*¢*  Be! g C (sin29 2 _Cpe
bend D) R2 2R27 twist 2R2 D) 2R2 .

We therefore conclude that in the limit €72 >> 7, the bend contribution to the total equilibrium
elastic deformation energy is dominant over the twist contribution.
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Figure S1. The largest contributions to the noise sensitivity of the global minima of the strip-strip
energy Eff j (Azg) from the pairs of interacting residues. The black markers show the total noise
sensitivity of each minimum. All residue pairs which contribute less than 20% to the total noise
sensitivity, are categorised as ‘other residue pairs’ (see Materials and Methods for details).
Typically, the highest contributions to the noise sensitivity come from two pairs of interacting
residues, Pro-Pro and Pro-Ala.
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Figure S2. Box plot of the D-banding lengthscales across different mammalian species that give
rise to stable perfectly-staggered microfibrils. The whiskers are drawn up to the largest/smallest
data point that is within 1.5 -IQR (inter-quartile range) of the upper/lower quartile, indicated by the
top/bottom edges of each box respectively. D-banding lengthscales that are a distance more than
1.5 -IQR from the top/bottom of a box are labelled as outliers and plotted as individual points. To
each box, we associate an ordered pair (Nout, Niot), Where Ny denotes the number of outliers and
Niot denotes the total number of species for which stable perfectly-staggered microfibrils were
found.
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the top of each bar. A microfibril is deemed perfectly-staggered, provided that each axial stagger is
within 5% of the same integer multiple of the D-banding lengthscale (values used are those shown
in Figure S2).
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Figure S4. Schematic representation of pairwise, ND axially periodic tropocollagen interactions
showing: (A). Equivalence of interactions at Az = nD and Az = (N —n)D for each molecule
contributing an identical set of residues. (B). Non-equivalence of interactions at Az = nD and

Az = (N —n)D when each molecule contributes a distinct set of residues. Different colours
represent distinct residue contributions.
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