
CHAPTER 7

A comparative electrophoretic analysis of
mammalian hair and avian feather proteins

7.1 INTRODUCTION
Hair S-carboxymethylated kerateines (SCMKs) constitute a heterogeneous mixture of

covalently modified proteins, whose components are distinguishable as distinct classes

of protein based on their content of a particular amino acid, cysteine, and their

molecular mass (Fraser et al., 1972; Gillespie, 1983).

The proteins of hair reside in the cortex, cuticle and medulla. Most of the

proteins solubilised and separated as SCMKs are derived from the cortex (Rogers,

1959 a, b; Fraser et al., 1972). Generally speaking, the microfibrils contain subunits of

the low sulphur proteins whereas the high sulphur and high-glycine/tyrosine proteins

are present in the inter-microfibrillar matrix.

Very harsh conditions are required to break disulphide bonds so that hair

proteins can be disaggregated and dissolved. Since different species show differential

solubilities, it is necessary to define conditions which, while they may not be optimal

for all species, at least provide a standard protocol suitable for comparative purposes.

Native keratins and SCMKs extracted from different sources have been

compared using polyacrylamide disc electrophoresis (Gillespie and Inglis, 1965). Such

comparisons, involving a range of animal species including primates and other

placental mammals, marsupial mammals and birds showed marked interspecies

differences in both the number of protein zones resolved and the pattern of such zones.

There are indeed not only differences between species but in some cases small

differences within a species (Gillespie, 1968; Woods and Orwin, 1987). Although most

of these intraspecies electrophoretic differences are thought to be genetically

determined (Gillespie, 1965), some non-genetic factors such as diet may affect the

chemical composition of keratins (Reis and Schinckel, 1964).

In a comprehensive study, Day (1972) examined the inter-specific variation in

twenty-two species of mammals and one bird and arranged the species on the basis of

electrophoretic pattern difference coefficient. The resulting classification was

compared to one based on morphological characteristics. The two classifications were

highly correlated even though the scope of the comparisons was somewhat limited by

the relatively poor electrophoretic resolution of the individual hair proteins.
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Hrdy and Baden (1973) investigated biochemical variation of hair keratins in

man and non-human primates using amino acid analysis, acrylamide gel

electrophoresis, X-ray diffraction studies and stress analysis.

More recent reports (Marshall et al., 1987) have demonstrated improved

electrophoretic resolution of a number of different mammalian species although, again,

the separations were not sufficiently informative to allow comprehensive comparisons.

Harrap and Woods (1967) studied the species differences in feather proteins

from six species of birds. Gel electrophoretic analysis of the soluble S-

carboxymethylated proteins of the parts of feathers from different species showed that

these are all heterogenous and marked differences were found both between species

and between the parts of the feathers of a given species.

Using electrophoretic techniques, Brush (1974) surveyed the SCMK-protein

patterns of ten bird orders superficially and waterfowl intensively. This study indicated

that the PAGE pattern is characteristic but unsuitable for the estimation of the

quantative difference among orders. This study concluded that 13-keratins in feathers

appeared to be a group of closely related proteins and each of the major SCMK-

subunits is probably the product of a single gene.

Knox (1980) examined reduced and carboxymethylated barbs from feathers of

a number of species and differences were found between all the species examined. The

study concluded that the SCMK patterns were found to be similar between closely

related species while these patterns were different between distantly related species.

Based on these results it was concluded that feather proteins have considerable

potential as a source of taxonomic information. In agreement with other authors, Knox

(1980) found all feather keratins to be composed of very low molecular mass (10-14

kDa) subunits.

The present study uses a rapid and simple 1D-SDS-PAGE separation which is

suitable for sequential protein staining followed by fluorography. I have recently shown

that in human head hair samples, more than 20 individual protein zones may be

separated and characterised according to their apparent molecular masses and relative

cysteine contents (Khawar et al., 1995). The suitability of this technique for the

simultaneous multiple comparison of mammalian and avian hair and feather proteins

with respect both to the apparent molecular mass and relative cysteine content of their

S-carboxymethylated derivatives is described in this Chapter.
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7.2 RESULTS
7.2.1 The electrophoresis of S-carboxymethylated kerateines from different

animals

Fig. 7.1(a) shows the electrophoretic patterns of SCMKs extracted from different

animals and stained for protein with Coomassie blue. From the left, protein profiles

shown are: goat, sheep, rabbit (Angora), rabbit (New Zealand white), rat, cat, dog and

two humans, respectively. Although the patterns show an overall degree of similarity,

clear differences exist between species in the intensity of stain and molecular mass

distribution of the major zones. Protein patterns of related animals like goat and sheep,

the two strains of rabbit and the two humans look very similar.

Inter-specific differences are most dramatically illustrated in Fig. 7.1(b) where

different animal samples have been alternated with human hair samples derived from

different racial groups. From the left, samples presented are: human (Melanesian),

mountain pygmy possum, human (Australian Aboriginal), marsupial shrew, human

(Australian, Anglo-Celtic origin), rat, human (Australian, Anglo-Celtic origin), Eastern

grey kangaroo, human (Chinese), red-neck pademelon, human (Japanese), possum,

human (African) and koala. As shown in Fig. 7.1(a) all animals show a characteristic

pattern recognisably different from each other and from the benchmark human profile.

Even though differences exist between protein profiles within the major human racial

groupings (see Chapter 6) they were very minor by comparison with the inter-specific

variations.

In Fig. 7.1(c), protein profiles of placental mammals are alternated with those

of marsupial mammals. From the left, the protein profiles derived from goat, possum,

sheep, red-neck pademelon, rabbit and kangaroo are shown. The marsupials and the

placentals show a degree of class specific similarity.

Fig. 7.1(d) shows the hair proteins separated from human (lanes 1-9) and other

primates, gorilla (lane 10) and baboon (lane 11), as well as two birds, duckling (lane

12) and chicken (lane 13).

As expected, the protein patterns of the primates (lanes 10, 11) are very similar

to those of the humans (lanes 1-9), whereas birds (lanes 12, 13) show a very different

distribution of proteins to monkeys, humans and indeed all other mammals studied.

Fig. 2 shows the same samples as in Fig. 7.1(d) after the more sensitive method

of silver nitrate staining. The two extremes of comparison between the primates (most

similar to humans) and the birds (most different to humans) are again very clear.

7.2.2 Autoradiography of 14C S-carboxymethylated animal hair and feather

proteins

Fig. 7.3(a) and 3(b) show the SCMKs after incorporation of 14C-IAA. The

autoradiographs revealed much more detail than the relatively sensitive method of
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silver nitrate staining. Proteins having a very high relative cysteine content gave a very

strong signal following autoradiography. From the left (Fig. 7.3a) samples are: sheep,

goat, goat (Angora), human (Australian, Anglo-Celtic origin), koala, kangaroo,

possum, mountain pygmy possum, rat, marsupial shrew, human (African), cat, dog and

rabbit. The inter-specific variation is more apparent here than with the Coomassie

stained gels (for instance goat and sheep are easily distinguished). The fluorographic

pattern of S-carboxymethylated proteins differs quite remarkably between species but

only very small differences exist within a species. Notice again however, the similarity

between the primate patterns in Fig. 7.3(b) human (lane 1) and baboon (lane 2) and the

marked difference between the two bird feather patterns, duckling (lane 3) and chicken

(lane 4) and all other patterns studied.

7.2.3 Laser densitometry

Fig. 7.4(a-m) shows the comparative laser densitometer traces of Coomassie stained

gels (indicative of protein concentration) and 14C-fluorographs (indicative of cysteine

content) for hair or feather proteins from thirteen different species representing

primates (Fig. 7.4a), other placental mammals (Fig. 7.4b to g), marsupial mammals

(Fig. 7.4h to k) and birds (Fig. 7.41 and m). In each case the top panel (i) shows the

protein trace (Coomassie stain) whereas the lower panel (ii) shows the incorporation of

14C-label (relative cysteine content). Species specific differences are again highlighted.

The baboon profile is similar to but not identical with the human profile. It is

noteworthy that the profile for the chicken and duck were completely dissimilar to all

other profiles in that the great proportion of protein and radioactivity lie in the very

low molecular mass (10-15 kDa) region. While the very high cysteine zones occur

broadly in proteins of Mr 20-50 kDa in human hair, other animals are characterised by

widely divergent patterns.

Fig. 7.4(a) show the laser densitometer traces for baboon. It should be noted

that in panel (ii) for human (see Chapter 6) there are several very prominent peaks in

the 20-50 kDa region while, on the other hand, the Coomassie stained protein profile

shows two major sharp peaks at around 90 kDa. The laser densitometer traces for

human and baboon seem to be similar but not identical in the relative distribution of

Coomassie staining and radioactivity. Fig. 4(b to g) show the laser densitometer traces

of placental mammals including sheep, goat, rabbit, rat, cat and dog respectively.

Coomassie stained profiles for sheep and goat look similar to each other with a few

sharp peaks betwen 100-200 kDa representing high sulphur proteins. 14C

incorporation profiles show sharp peaks in the 20-50 kDa region confirming the

presence of very high sulphur proteins of lower molecular mass. Densitometer traces

for rabbit are shown in Fig. 4(d). Two prominent peaks can be seen in the 100-200

kDa region, while traces for radioactive proteins seem to be quite different from other
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placental mammals (Fig. 7.4b-g) as well as primates (Fig. 7.4a). Two sets of peaks can

also be seen at around 50 kDa (very high suphur) and around 200 kDa (low sulphur)).

The Coomassie stained profile for rat (Fig. 7.4e) shows two prominent peaks between

80-90 kDa similar to the human and baboon profiles. The radioactive profile (panel ii)

for rat shows few high peaks in the 80-90 kDa region (low sulphur) in addition to two

sets of peaks in the 20-50 kDa region (very high sulphur). Densitometer traces for cat

(Fig. 7.4f) and dog (Fig. 7.4g) show multiple peaks in the 100-200 kDa region for the

Coomassie stained profiles, with quite a few smaller peaks at lower molecular mass. A

notable feature of both the dog and cat profile is the very sharp prominent peak at

around 10 kDa. Fig. 7.4(h-k) show densitometer traces for marsupial mammals:

kangaroo, possum, mountain pygmy possum and marsupial shrew respectively.

Coomassie stained profiles for all of these four species seem to be similar showing

prominent sharp peaks in the 50-100 kDa region. 14C-incorporation profile are also

similar but again establish some differences from species to species. Note however that

the basic pattern of high abundance low sulphur proteins at around 100 kDa and low

abundance very high sulphur proteins at 20-50 kDa is conserved.

Densitometer traces for the two birds (chicken and duck) are shown in Fig.

7.41, m. It is clearly evident from these densitometer traces that the two birds are

completely different from other species including primates, placental and marsupial

mammals as the main peaks observed are in the low molecular mass region at around

10 kDa.

7.2.4 Two-dimensional electrophoresis of mammalian hair and avian feather

proteins

Two-dimensional electrophoretic separation of proteins stained with silver nitrate,

from sheep, dog, cat and human (Australian Aboriginal) respectively are shown in Fig.

7.5(a-d). Although the resolution of mid-range molecular mass zones is improved, by

and large, the separation of the other zones was not as informative as the 1D-

separation despite the added methodological difficulties of 2D-electrophoresis.

Note that, in general, the absolute molecular mass of the carboxymethylated

hair proteins may here be overestimated, since the standard proteins have not been

subjected to the same carboxymethylation protocol and, in any event, the varying

degrees of carboxymethylation preclude absolute estimates of molecular mass. In

addition some caution should be used when making species comparison with regard to

the relative absorbance of Coomassie stained bands at a particular apparent molecular

mass since the degree of uptake of Coomassie dye by substituted SCMKs has been

shown to vary markedly (Gillespie, 1991).
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Fig. 7.4(a) Laser densitometer traces of SDS-PAGE gels of S-

carboxymethylated hair proteins from baboon. (i) Densitometer scan of protein gel

stained with Coomassie blue. (ii) Densitometer scan of the same gel following

fluorography to detect proteins S-carboxymethylated with 14C-IAA.
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Fig. 7.4(b) Laser densitometer traces of SDS-PAGE gels of S-

carboxymethylated hair proteins from sheep. (1) and (ii) as in Fig. 7.4(a).
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Fig. 7.4(c) Laser densitometer traces of SDS-PAGE gels of S-

carboxymethylated hair proteins from goat. (i) and (ii) as in Fig. 7.4(a).
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Fig. 7.4(d) Laser densitometer traces of SDS-PAGE gels of S-

carboxymethylated hair proteins from rabbit. (i) and (ii) as in Fig. 7.4(a).
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Fig. 7.4(e) Laser densitometer traces of SDS-PAGE gels of S-

carboxymethylated hair proteins from rat. (i) and (ii) as in Fig. 7.4(a).
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Fig. 7.4(1) Laser densitometer traces of SDS-PAGE gels of S-

carboxymethylated hair proteins from cat. (i) and (ii) as in Fig. 7.4(a).
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Fig. 7.4(g) Laser densitometer traces of SDS-PAGE gels of S-

carboxymethylated hair proteins from dog. (i) and (ii) as in Fig. 7.4(a).
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Fig. 7.4(h) Laser densitometer traces of SDS-PAGE gels of S-

carboxymethylated hair proteins from kangaroo. (i) and (ii) as in Fig. 7.4(a).
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Fig. 7.4(i) Laser densitometer traces of SDS-PAGE gels of S-

carboxymethylated hair proteins from possum. (i) and (ii) as in Fig. 7.4(a).
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Fig. 7.4(j) Laser densitometer traces of SDS-PAGE gels of S-

carboxymethylated hair proteins from mountain pygmy possum. (i) and (ii) as in

Fig. 7.4(a).
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Fig. 7.4(k) Laser densitometer traces of SDS-PAGE gels of S-

carboxymethylated hair proteins from marsupial shrew. (i) and (ii) as in Fig.

7.4(a).
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Fig. 7.4(1) Laser densitometer traces of SDS-PAGE gels of S-

carboxymethylated feather proteins from chicken. (i) and (ii) as in Fig. 7.4(a).
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Fig. 7.4(m) Laser densitometer traces of SDS-PAGE gels of S-

carboxymethylated feather proteins from duck. (i) and (ii) as in Fig. 7.4(a).
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7.3 DISCUSSION
Alpha keratin is the main fibrous protein constituent of hair, nail and the epidermis

(Hrdy and Baden, 1973). Keratins are generally rich in cysteine residues but one of the

most striking features of these proteins is their heterogeneity (Darskus, 1972). Keratins

are most conveniently studied as their S-carboxymethylated derivatives (Gillespie,

1991). If radioactive 14C-iodoacetic acid is used for S-carboxymethylation a

reasonable estimate may be made of the relative cysteine content of the keratins. The

keratins examined in this study contained proteins which could then be arbitrarily

grouped as high cysteine proteins, low cysteine proteins, very high cysteine proteins

and very low cysteine proteins (Gillespie, 1991; Khawar et al., 1995).

Gillespie and Inglis (1965) showed that protein fractions of the high sulphur

type are electrophoretically heterogenous. Indeed, sufficient differences exist between

the mobilities of components even within the one species to provide a means of

distinguishing, for example, the wool proteins of one breed of sheep from another. In

the present study the improved electrophoretic resolution has allowed the separation of

a substantial number of components from the hairs of many different animals. Clearly

our results yield heterogeneity of an order of that previously revealed only in sheep

(Woods and Orwin, 1987) and therefore our separation techniques should provide the

basis for finer discrimination between closely related species.

O'Donnell (1973) observed that electrophoretic patterns of SCM-proteins

which have been extracted from the 0-keratins of birds feather and beak are simpler

than those of proteins extracted from the a-keratins of wool (O'Donnell and

Thompson, 1964; Darskus and Gillespie, 1971; Sparrow and Crewther, 1972;

Gillespie, 1983). The a-keratins showed heterogeneity of different proteins which were

not shown by f3-keratins. This study further emphasised that despite some similarities

the autoradiographs of peptides having radioactively labelled cysteine residues showed

some differences in amino acid sequence indicating that they are the product of many

different genes.

Several mouse monoclonal antibodies that can recognise different classes of

human hair proteins were prepared by Lynch et al. (1986). The AE14 antibody could

recognise a 10-25 kDa group of hair proteins which corresponded to the high sulphur

proteins of human hair. AE12 and AE13 antibodies on the other hand recognised a

doublet of 44 kDa/46 kDa proteins which was acidic in nature and related to type I

low sulphur keratins. AE3 antibody recognised a triplet of 56 kDa/59 kDa/60 kDa,

which were basic in nature and related to type II low sulphur keratins. On the basis of

these results, this particular study concluded that although extreme complexity of hair

proteins causes difficulties in the study of hair follicle differentiation, the use of
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monoclonal antibodies may be helpful in immunologically recognising several classes of

hair-specific markers and correlate them with stages of histological differentiation.

Heid et al. (1986) examined a subset of eight polypeptides of hair-forming cells

that differ from epithelial cytokeratins and claimed that their study provided the first

analysis of the native unmodified a-keratin polypeptides of trichocytes (living hair-

forming cells) and hairs. In this way a direct comparison may be made between these

and the epithelial cytokeratins and other IF proteins from the same species.

In the present study it was evident from the SDS-PAGE profiles (Fig. 7.1a-d,

Fig. 7.2) that each animal showed a characteristic protein pattern. Nonetheless, it was

also noteworthy that some intra-group similarities between the protein patterns were

most clearly revealed. As expected, all primate patterns (human, gorilla, and baboon)

were very similar while goat and sheep were closely related. The marsupial patterns

also resemble each other to a greater degree than they do any of the placental

mammalian patterns.

Birds (chicken and duck) showed protein zones which, while very different

from all other animals studied, presented close internal similarities. All of these

relationships were consistent with the established phylogenetic connections that exist

between the animals studied. In particular, the extraordinarily different patterns for

birds are consistent with the proposition that bird feathers are derived through a

completely different lineage to mammalian hair. Our observation that the great bulk of

protein and radioactivity for feather keratins from chicken and duck lies in the low

molecular mass region (mol. mass 10-15 kDa) supports previous estimations of the

subunit molecular mass of a range of feather keratins (Harrap and Woods, 1967;

Brush, 1974; Knox, 1980). Immunological studies support the notion that feather

keratins are genetically much simpler than mammalian keratins (Brush, 1974).

It is evident from the comparison of the densitometer traces that there is close

relatedness between the multiplicity of polypeptides in the high molecular mass region

of human and baboon hair proteins strengthening the notion that these proteins are the

product of single gene and are of recent evolutionary origin (see Chapter 8). While

there is only a low degree of apparent relatedness between other placental mammals

and primates as shown by densitometer traces, marsupial mammals like kangaroo,

possum, mountain pygmy possum and marsupial mouse seem to be more similar to

each other in their densitometer traces than they are to the other placental mammals.

By contrast, the pattern for feather keratins from chicken and duck are found to be

completely different to any of the mammalian hair keratins pattern confirming previous

reports on avian feather proteins using different techniques (Brush, 1974; Knox, 1980).

Although these 1D separations were an improvement on previous studies both

in terms of resolution and reproducibility I was concerned to further extend the
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established bases for comparison of hair and feather proteins. Accordingly, I used 14C-

iodoacetic acid to carboxymethylate the hair and feather proteins. Previous studies

using radiolabelling have focussed mainly on sheep (Woods and Orwin, 1987;

Gillespie, 1991). The autoradiographic patterns shown in Fig. 7.3a, b demonstrated a

variety of protein zones with varying degrees of incorporation of label and therefore,

presumptively, varying content of cysteine. In fact, the autoradiograms reveal more

differences than the simple protein stained gels even using the sensitive silver nitrate

stain. It should be stressed here that the two methods of protein stain give very similar

relative proportions of protein within a species and reassure us that the intensity of

stain is a fair indication of relative protein concentration despite the previously

mentioned caveat regarding differential uptake of Coomassie dye by variously

substituted SCMKs (Gillespie, 1991).

Although previous workers have investigated the multiplicity of radiolabelled

keratins after 2D separation in a very limited range of mammalian species (Marshall et

al., 1985), I believe that this more comprehensive survey using an improved,

reproducible and cost-effective 1D separation, should facilitate the use of hair samples

in both taxonomic and forensic contexts (Lindley et al., 1971; Hrdy and Baden, 1973;

Simonson, 1976; Marshall and Gillespie, 1977; Marshall, 1985). Indeed, given the

current interest in "archeo-biochemistry" and the long persistence of hair after death,

these techniques may have value in examining human and animal remains from both

historic and prehistoric epochs.

In an attempt, therefore, to provide a reproducible hair protein signature

against which unknown samples may be judged, I submitted both Coomassie blue

stained protein profiles and the corresponding 14C-fluorograms to laser densitometry.

Profiles representing primates, other placentals, marsupials and birds showing both

Coomassie stain and corresponding 14C-fluorography against apparent molecular mass

were presented in Fig. 4(a to m). Clearly the distribution of protein zones, high or low

in relative cysteine content, showed considerable species specific variation.

As can be seen, there were considerable deviations from the human benchmark

profile (see Chapter 6, Fig. 6.4) suggesting that future studies should address

presumed inter-specific homologies both in respect of cysteine content and functional

significance. In this regard, future studies in our laboratory will focus on the degree of

evolutionary conservation or otherwise of cysteine-rich domains in mammalian

keratins. Furthermore, finer details of the relationships between feather keratins and

mammalian and/or reptilian keratins in respect of the cysteine-rich domains may cast

some light on the contentious questions still arising concerning the phylogeny of the

class Ayes.
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Although two-dimensional electrophoretic separation (Fig. 5a-d) reveals some

additional charge heterogeneity, especially in the middle of the apparent molecular

mass range, I believe that this 1D technique coupled with the analyses presented here

provides generally more information at a reasonable cost for any particular separation.

In short, I conclude that the electrophoretic resolution demonstrated herein

coupled with the relative methodological ease, reproducibility and cost-effectiveness of

1D separation and laser densitometry provides the basis for the ongoing involvement

of hair protein analysis in addressing a range of phylogenetic and forensic issues.
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