Chapter 7. Fibril alignment in liquid crystalline mesophases and extracellular matrices.

In general, biological molecules self-assemble via polar electrostatic interactions in an aqueous
environment. Filamentous molecules may be covered by a sheath of polar water molecules and aligned by
fluid shear. For example, silk fibroin is stored as a liquid crystalline mesophase, before the stress-alignment
of filaments during their extrusion !. Similarly, praying mantid oothecal proteins are stored in liquid
crystalline form before being secreted as a tanned foam around the egg cluster 2. The oothecal protein fibrils
are aligned in parallel, with a slight additional chiral torque, as a helicoidal liquid crystalline mesophase
(Fig. 9). Helicoidal rotation is retained within droplets of oothecal fluid suspended in aqueous phosphate
buffer. However, the pitch of the helicoidal laminae is constrained by the topography of the droplet/buffer
interface, with long-range fibril alignment, and liquid crystalline disclinations (Figs. 9, 10). In general, the
chiral (helicoidal) torque may result from dipole-dipole interactions between optically active molecules,
with induced (dipole-quadrupole) interactions through a superficial layer of polar water molecules *.

Fig. 9. Double-spiral pattern in helicoidal spheres. A. Section through spherical helicoidal domain in
fixed mantid oothecal protein showing electron-light fibrils, TEM, magnification 6500X, from Neville and
Luke, 1971. B. Diagram of double-spiral alignment of fibrils through the equatorial plane of an helicoidal
sphere. C. Spherical droplet of oothecal protein suspended in phosphate buffer, viewed between crossed
polaroid filters. The optically anisotropic fibrils block transmission of plane polarised light, such that rotated
protein filaments show a double-spiral configuration. D. Spherical helicoidal droplet of oothecal protein
between crossed polaroid filters showing unique radial stacking flaw (red arrow) D. Gubb, unpublished, as
predicted by Pryce and Frank, 1957.



Fig. 10. Mantis oothecal protein droplets. The liquid crystalline filaments are in alignment across
extended domains, white bar = 100 p. The pitch of the helicoidal laminae, and topological disclinations, may
be constrained by surface boundary effects at the oothecal protein/buffer interface. Protein droplets
suspended in phosphate buffer, between siliconised glass slide and coverslip; Axiophot light microscope
with crossed polaroid filters. D. Gubb, unpublished.

Rotated, helicoidal laminae of chitin fibrils form the major fibrillar component of arthropod cuticle 3 4 3

(Fig. 11).

Fig. 11. Helicoidal chitin laminae in crab cuticle. SEM of microtome cut sections of decalcified and
deproteinated cuticle. A. Section in laminar plane. B. Section tangential to laminar plane, the pore canals
trace arced trajectories through the shrunken, chitinous matrix. C. Wedge diagram of rotated helicoidal
laminae in tangential section. From Gubb, 1975.

Notably, the helicoidal chitin laminae in some metallic-coloured beetles reflects, left-circularly polarised
light, with a wavelength dependent on the pitch of the rotated fibrils, Fig.12.



Fig. 12. Optically active Scarabeid beetle exocuticle. Left circularly polarised light is reflected as it passes
through helicoidal chitin lamellae, with wavelengths dependent on the helicoidal pitch. The coloured
patterns are bilaterally symmetrical, although lamellar rotation is right-handed on both sides of the body.
From, Neville and Caveney, 1969.

The first layer of extracellular chitin fibrils is symmetrical around the L/R mid-line of the beetle, but this
bilateral symmetry is lost in subsequent rotated layers ¢ 7. By implication, both the laminar pitch and the
shape of the exoskeleton are dependent on self-assembling components secreted from the underlying
epithelium. Arthropod cuticle is acellular, but vertical pore canals traverse its thickness in an hexagonal
array of flat, twisted ribbons; with corkscrew trajectories through the rotated helicoidal laminae ¢ 5, (Fig.
11). The pore canals may contain filopodial extensions 4, which would allow the export of extracellular
matrix components from the underlying epithelium. Notably, the rotated helicoidal laminae show no
discontinuities above the lateral cytoplasmic interfaces of the epithelial cells.

By contrast to the arthropods, the extracellular matrix fibrils of many multicellular organisms are
collagenous. The collagen fibrils in mammalian skin tend to be aligned with the epithelial surface, but with
random orientation in the surface plane. However, collagen fibrils are aligned preferentially along lines of
stress in tendons and bone; they form 2D orthogonal plies in fish scales and in 2D, or 3D, orthogonal lattices
in annelid cuticle 8° 1°. Collagen fibrils may reassemble from aqueous solution in vitro, with charged,
electropositive bands in register; and with parallel, or orthogonal, alignment !°. In the vertebrate cornea,
collagen fibrils form rotated laminae within in a deformable fluid matrix of the same refractive index. An
initial layer of one, or a few, parallel collagen fibrils is aligned against the surface of the primary corneal
epithelium ! 12, Subsequent layers remain one, or a few, collagen fibrils thick; with each layer aligned
orthogonally to the previous layer, but with a slight incremental rotation, Fig. 13 2 13, As in insect cuticle,
the fibril orientation of the initial layer is symmetrical around the body mid-line, with an anticlockwise
helicoidal rotation in both L and R corneas.




Fig. 13. Rotated collagen laminae in chick cornea. Collagen fibrils of primary corneal stroma, wax
microtome sections stained with Gomori silver stain A. Successive collagen filaments are close to
orthogonal, but slightly off-set from 90°. Towards the perimeter of the cornea, the knife section is tangential
to the fibril layers, showing curved arcs of rotated orthogonal collagen fibrils, curved red lines. Near the
centre of the section, the knife section is in the plane of the collagen fibrils, showing an orthogonal mesh,
crossed red lines. However, the collagen fibrils may remain slightly off-set from 90°. B. Enlargement of
central region of section. The occasional black dots at collagen lattice intersections, may correspond to
keratocytes. D. Gubb and J. Dodson, unpublished.

After formation of the primary stroma, keratocytes migrate within the matrix and secrete further pro-
collagen fibrils, which assemble in parallel to the template layers '4. This two-step mechanism allows the
rapid growth of mechanically and optically isotropic tissue. Additional collagen filaments pass vertically
through the rotated layers !? like the arthropod pore canals. The anticlockwise helicoidal rotation of the
chick corneal lens can be reversed, in both eyes, during secretion of the primary stromal layers by the chiral
glutamine analogue DON !°, The simplest hypothesis may be that the first layer of fibrils is aligned by
epithelial surface contours and non-Newtonian fluid shear. Subsequent, short bursts of pro-collagen
secretion may assemble fibrils with an orthogonal alignment to the previous template layer, with a slight
addition twist generated via polar, aqueous interactions. Thus, nascent fibrils may align in parallel with each
other; against the striated, charged bands of the mature, cross-linked collagen filaments '°.

The first stage of pro-collagen assembly takes place within the Golgi and rough ER 7. In these
intracellular compartments, the collagen pro-peptides form entwined, triple-helical coils, with each chain
staggered by one residue with respect to the next '® !°. The assembly of the triple-helical collagen fold is
driven by electrostatic interactions between proline and glycine residues, which lack peptide side chains.
Most pro-collagens carry additional disordered segments, with N and C-terminal extensions that are
proteolytically cleaved before fibril maturation. However, truncated human a1 and a2 collagens can
assemble when co-expressed (and secreted from) yeast cells, although their fibril diameter is irregular, with
only short lengths of polar residues in register 2°. A synthetic (Pro-Pro-Gly)io oligomer assembles as a triple
left-handed helix, with polar bonds between Gly and Pro residues in adjacent chains. In this 3X entwined
fold, the carbonyl groups of the polymer chains are solvent-exposed and hydrated; while their N and C
termini carry positive and negative charges, respectively. In consequence, the triple-helical, micro-filaments
assemble with alternating head-to-tail orientations 2!. In native collagen fibrils, the triplet repeats consist of
X-Y-Gly, with the X and Y residues being predominantly Pro. Every third residue is Gly, while one of the
two Pro residues may be hydroxylated, PrO!. Fibrils tend to be stabilised by Pr°" in the Y position and
destabilised by Pr°" in the X position 2. Thus, post-translational modification may be critical during fibril
assembly, although short lengths of disordered fibril may re-assemble in vitro in the absence of prolyl
hydroxylase 2° 23, In general, native triple-helical microfilaments consist of 20X stretches of the X-Y-Gly
repeat, interspersed with disorganised domains to which glycosylated side chains may be attached. The 20x
triplet repeats stack in register, to form a braided rope of cylindrical fibrils with orthogonal rings of charged
residues around their diameter. However, the triple helical braids assemble with interspersed disorganised
domains such that the succession of (X-Y-Gly)20 domains may not be co-linear with the primary peptide
sequence .

In this context, the braided microfilaments of bovine corneal collagen form extended, cylindrical
rods packed within a right-handed supercoiled cylinder, with a pitch of about 15° and an axial repeat of 67
nm. The surface-bound components include Leucine Rich Repeat (LRR) proteo-glycans, which may bind to
N- and C-terminal collagen peptides °. The periodic attachment of bulky LLR sidechains to the mature
collagen fibril may block the subsequent parallel alignment of nascent fibrils, while leaving exposed charged
bands around the braided triple-helical repeats. Thus, orthogonal fibrils may be nucleated, and aligned,
between the LLR sidechains of mature, cross-linked, collagen fibrils. Notably, denatured collagen tends to
re-assemble as parallel filaments in the absence proteoglycans 26. An additional chiral, helical twist may be
generated between the polar H>O sheath of the triple-helical collagen domains and other matrix components,
as in cholesteric mesophases. In this context, during cooling of cholesteryl benzoate, liquid crystalline phase
transitions take place from parallel (nematic) alignment to rotated (helicoidal) to “blue phase”, Reiner 1888,
see 27. This blue phase consists of helicoidally-wound tubular rods of indefinite length, with orthogonal
intersections within a 3D lattice ?®. Similar 3D lattice intersections might link braided collagen microfibrils



at a much larger scale, with swapping of triple helical domains between microfibrils at lattice intersections.
Such a mechanism would allow the assembly of an orthogonal fibrillar mesh, with interchanged 3X collagen
domains without lattice disclinations. Strikingly, the collagen fibrils in annelid cuticle can form helicoidal
laminae, or a 3D “blue phase” lattice of braided helicoidal fibrils ® 1°, Similarly, the radial collagen fibrils
that transverse the depth of vertebrate corneal lens may trace a twisted, corkscrew pitch through the rotated
helicoidal layers, as in arthropod cuticle. Such blue phase architecture might facilitate the uniform
distribution of keratocytes through the secondary corneal stroma, see Fig.11C, 12 2, In this respect, the
migrating keratocytes are essentially apolar, with the matrix components that they secrete being aligned
against the primary template layers.

The alignment of an initial layer of collagen filaments may template extracellular matrix assembly,
and other filamentous molecules. Thus, collagen fibrils may regulate the fine-scale topography of epithelial
surfaces and constrain the assembly of extra-cellular matrix components. Uniform, parallel undulae run
across the epithelial supported by straight microtubule bundles during embryonic cuticle secretion in
Drosophila ?°. The chiral twist between the chitin fibrils in arthropod cuticle may be driven by polar aqueous
interactions. However, the pitch of the helicoidal laminae is controlled from the underlying epithelium,
together with secreted glycosaminoglycans and additional protein components. In this context, the cognate
viking (vkg) and Col4a genes mediate exocytosis, via Dpp (Decapentaplegic, aka: TGFo, Bone
Morphogenetic Protein) 3° 3! 32, In particular, the phenotypes associated with Col4a mutants in Drosophila
resemble human collagen-disease syndromes, including a LOF collagen myopathy 3 34, By these criteria,
collagen-dependent morphogenetic functions are strongly conserved during the secretion and self-assembly
of extracellular matrices.

Summary:

The fibrils of extracellular matrices tend to be aligned with the surface plane of underlying epithelial
layers. Fibrils of the initial layer may be aligned against the epithelial surface contours, without
discontinuities at lateral cell boundaries, but with mirror symmetric orientations around the L/R
midline. Subsequent layers assemble against the initial template, with fibril alignment via polar
electrostatic interactions and non-Newtonian fluid shear. Collagen fibrils can re-assemble in either
parallel or orthogonal arrays in vitro and may have a critical template function for other matrix
components in vivo. In arthropod cuticle and vertebrate corneas, a slight chiral rotation may drive the
assembly of rotated laminae, with the loss of bilaterally symmetrical fibril orientations in subsequent
layers. The initial assembly of pro-collagen takes place within the Golgi apparatus. Alignment of the
collagen triple-helical fold is driven by electrostatic charge asymmetry, transmitted through a polar
sheath of water molecules. The pro-collagen sub-units assemble into braided collagen filaments, with
charged cylindrical bands, against which additional parallel, or orthogonal, filaments, may align. In
arthropods, collagen scaffolds may template the assembly of chitin fibrils, with an additional chiral
rotation in the epithelial plane. Vertical pore canals penetrate the rotated laminae, with filopodial
extensions through which matrix components may be exported. An analogous mechanism may form
the rotated, orthogonal plies in the vertebrate cornea; with motile, apolar cells able to migrate along
the collagen scaffold. These more complex fibrillar architectures may be dependent on hexagonal
tessellation of the underlying epithelial layer, with 3D scaffolds resembling blue-phase cholesteric
mesophases. Thus, the collagen triple-helical fold may drive assembly of uniform, parallel filaments,
or orthogonal arrays, at epithelial/matrix interfaces.
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