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The epidermal appendages of birds and reptiles (the sauropsids) include claws, scales, and feathers. Each has

specialized physical properties that facilitate movement, thermal insulation, defence mechanisms, and/or the catching of

prey. The mechanical attributes of each of these appendages originate from its fibril-matrix texture, where the two

filamentous structures present, i.e., the corneous ß-proteins (CBP or ß-keratins) that form 3.4 nm diameter filaments and

the α-fibrous molecules that form the 7–10 nm diameter keratin intermediate filaments (KIF), provide much of the required

tensile properties. The matrix, which is composed of the terminal domains of the KIF molecules and the proteins of the

epidermal differentiation complex (EDC) (and which include the terminal domains of the CBP), provides the appendages,

with their ability to resist compression and torsion. 
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1. Introduction

Many techniques have been employed in an effort to gain a deeper understanding of the structures of the constituent CBP

molecules, their assembly into filaments and the lateral assembly of those filaments with respect to one another. Such

techniques include electron microscopy, fiber X-ray diffraction, infrared spectroscopy, protein chemistry, sequences

analyses, and model building. The 3.4 nm diameter filaments are a major constituent of all of the epidermal appendages

present in the sauropsids and, as such, it is important to understand their detailed structures if we are to understand their

mechanical attributes. It is noted, of course, that although these filaments are but one component in the tissue as a whole,

their contribution is clearly a major one and well worthy of detailed study.

2. Structure of the Corneous ß-Protein Molecules and Their Assembly into
Filaments

Early X-ray diffraction patterns using specimens of well-orientated feather rachis revealed a highly regular structure that

was believed to originate from the filamentous component of the rachis . Since this was generally similar to the pattern

obtained from stretched α-keratin, it was suggested that the conformation of the molecules in the 3.4 nm diameter

filaments of avian and reptilian keratins was based on the ß-sheet conformation, rather than that of the α-helix . More

detailed research showed that the filaments consisted of a helical arrangement of small ß-crystallites with four-fold screw

symmetry . The pitch length (P) of the helix in feather keratin was 9.6 nm and the axial rise (h) per repeating unit

was 2.4 nm. Small changes in P have been observed in some tissues (9.2 nm in chicken scale ; 9.28 nm in snake scale

; 9.85 nm in lizard claw ) but the four-fold screw symmetry is maintained. It would seem probable, therefore, that the

basic helical framework of the filaments is conserved across all of the sauropsids.

The first sequence determined for any CBP was that from emu feather . One enzymatically-derived fragment was shown

by infrared spectroscopy to have a high ß-sheet content with the chain looped back and forth in an antiparallel

conformation . A subsequent analysis of the whole sequence revealed that the ß- and turn-favoring residues were

confined to a central portion of the chain and that these residue groupings had out-of-phase periodicities of about eight

residues  (Figure 1). The predicted length of the ß-strands was thus about 2.4 nm, a value that corresponded precisely

to the meridional repeat derived from the X-ray diffraction patterns. Sequence analyses by Sawyer et al.  recognized

the high degree of homology across the avian CBPs and also noted that a 20 residue segment existed in the bird

sequences that was homologous to that in alligator claw. This same region was seen in the archosaurs and squamates 

and it was, therefore, suggested  that this region played a role in assembly. A sequence homologous to that recognized

earlier in emu feather with the postulated ß-conformation was subsequently observed in a reptilian claw , and since

that time it has been shown that a ß-containing central domain 34-residue long that encompasses the former 20 residue

region is highly conserved in the CBPs across all species and appendages . Imediately N-and C-terminal to

the 34-residue sequence there are short pieces of sequence about 7–11 residues long that are also largely conserved
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and it has been speculated that 142 these are likely to be involved in some way in filament assembly . From model

building, it can be deduced that the ß-crystallites will form the framework of the filaments. Using the quantitative fit to the

X-ray diffraction patterns as a criterion for the model building it was further shown that the crystallites must be formed from

a pair of antiparallel ß-sheets—a ß-sandwich —and that these sheets will be related to one another by a

perpendicular dyad axis of rotation. Further, the X-ray data demanded that the sheets could not be planar but must be

twisted in what is now believed to be a right-handed manner .

Figure 1. Sequence comparisons of the CBPs from the sauropsids reveal that the N-terminal domain is comprised of

subdomain A in the archelosaurs, but subdomains A and B in the squamates and rhynchocephalia. The C-terminal

domain, however, comprises subdomains C and D in all of the sauropsids. The sequence characteristics of each

subdomain are listed in the text. The approximate size ranges of the subdomains are listed. The central 34-residue

domain adopts a twisted ß-sheet structure with three inner strands and two partial outer ones that assembles in an

antiparallel manner with a similar sheet from a different chain to form a ß-sandwich. In turn, these assemble axially with a

four-fold screw symmetry to form a filamentous structure of diameter 3.4 nm. Figure reproduced from  with permission

of Springer.

A number of other, key observations provided support for these conclusions. Firstly, one face of the ß-sheet in the 34-

residue repeat was shown to be largely composed of apolar residues (amphipathic), thereby providing a ready and simple

means by which a pair of these sheets could assemble via their apolar faces to form a ß-sandwich . The amphipathic

nature of one face of the ß-sheet was independently confirmed  using a molecular mechanics and Poisson Boltzmann

approach. Secondly, the sequences of the central turns 2 and 3 in the ß-crystallites (consensus sequences Q/R-P-P/S-P

and L/I-P-G-P, respectively) were strongly conserved across all chains implying that the axial assembly of the ß-

crystallites will be dependent on the strong apolar interactions that these residues would provide (Figure 2; ).
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Figure 2. Schematic diagram of the ß-sandwich formed from the conserved 34-residue stretch of sequence in each of two

CBP chains. Each sandwich is comprised of a pair of right-handed twisted antiparallel ß-sheets (one is drawn blue and

the other is yellow) and these are related to one another by a perpendicular dyad axis of rotation (marked alternatively by

red circles and red lines). Axial assembly of the ß-sandwiches through the application of a left-handed four-fold screw axis

generates a 3.4 nm diameter filament of pitch length 9.6 nm and axial rise 2.4 nm. Figure reproduced from  with

permission of Springer.

Modeling of the ß-sandwich with a perpendicular dyad axis relating the two constituent ß-sheets indicates that the latter

will contain three central ß-strands and two partial outer ones. This, naturally, leads to close packing between the sheets

of the residues in the inner strands and occurs in layers perpendicular to the fiber axis . In an alternative model ,

each ß-sheet would contain four central ß-strands and the two sheets would be related to one another by a parallel dyad

axis of rotation. However, close packing of residues between the sheets would be compromised and, furthermore, parts of

the X-ray diffraction pattern (even layer lines in the 0.3 nm region and odd layer lines in the 0.6 nm region) would be less

compatible with such a model .

The terminal domains of the CBP, i.e., those sequences immediately N- and C-terminal to the conserved 34-residue

region show considerable substructure but one that differs between the archelosaurs and the lepidosaurs (Figure 1; ).

In the former case (birds, crocodiles, and turtles), the N-terminal domain is comprised of a single domain (subdomain A),

whereas in the latter (tuatara, snakes, and lizards) there are two subdomains, A and B. Subdomain A is typically about 25

residue long and is cysteine- and proline-rich, and subdomain B is variable in length (20–76 residues) and contains

multiple sequence repeats based on glycine, serine, alanine, leucine, and the aromatic residues. In tuatara, three types of

N-terminal domains have been recognized but with this exception the pattern discussed above is maintained . The C-

terminal domain of all the sauropsids comprises two subdomains, C and D. Subdomain C, like subdomain B, is variable in

length (20–128 residues) but, unlike subdomain B, is essentially rich in just glycine and tyrosine residues, often in

repeating sequences. Subdomain D is short (9–18 residues), cysteine-, arginine- and lysine-rich, and occurs at the C-

terminal end of the chain. It will be indicated in Section 2.3 that the terminal domains are important in specifying the

physical attributes of the epidermal appendages and that an appropriate mix of family members might have the capability

of fine-tuning these properties.
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