
CHAPTER 6

Electrophoresis of S-carboxymethylated human head
hair proteins—partial characterisation and indication

of polymorphisms

6.1 INTRODUCTION
The major proteins of hair reside in the main histological components that constitute

hair, namely the cortex, the outer covering of the cuticle and, in most hairs, a central

core or medulla (Gillespie, 1991). The keratins are a group of proteins found in large

amounts in hair and nails. Despite the fact that human hair is an excellent source of

proteins, which are potentially informative with respect to racial and individual

variation (Gerhard, 1987), the presence of a large number of disulfide bonds between

polypeptide chains makes these proteins difficult to solubilize. The normal method for

their extraction is reduction followed by carboxymethylation and the derivatives thus

obtained are usually called S-carboxymethylkerateines (SCMKs) (Gillespie, 1991).

Although human hair proteins have been widely studied, major advances

concerning the study of keratin structure and function have largely come from studies

on wool proteins (Marshall, 1983; Marshall, 1985). However, information gained on

proteins of wool may not always be directly applicable to human hair. Wool and human

hair differ in the type and amount of their high-cysteine proteins and much care should

be taken in extrapolating data, particularly with regard to presumed homologies.

Budowle and Acton (1981) described an isoelectric focussing system which

they claimed allowed distinctions to be drawn between individual hair samples with

regard to human protein polymorphism. More recently, reports have appeared

describing SDS and SDS/urea electrophoretic techniques with the power to reasonably

resolve human hair proteins prior to (Gerhard, 1987; Marshall et al., 1987) and after

(Lee et al., 1978) carboxymethylation. Isoelectric focussing has recently been used to

demonstrate the effect of dyes and bleach on human hair proteins (Nagai et al., 1991).

In my hands, none of the previously published techniques offered the versatility,

rapidity, economy and resolving power I required for mass population screening. The

motivation for the present studies was to develop a method similar enough to previous

methods developed for the study of wool proteins to allow me to investigate inter-

specific protein homologies while providing the resolution I needed to investigate

possible phenotypic variation in a number of human populations around the world.
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Baden et al. (1975) and Lee et al. (1978) first reported the presence of variant

polypeptide species in the keratins (structural proteins) of hair using 17.5%

polyacrylamide gels. They examined the occurrence of extra protein bands as well as a

reduction in the relative amounts of polypeptide components of the hair matrix.

Gerhard (1987) developed a fast and simple procedure for routine typing of

human hair. He examined 445 different individuals and found eight characteristic

polypeptide patterns (phenotypes) and proposed electrophoretic keratin typing as a

promising tool for hair analysis in genetic and forensic investigation.

In the present study a method of one-dimensional polyacrylamide gel

electrophoresis in the presence of sodium dodecyl sulfate has been developed for the

analysis of the keratins of human head hair sampled from several hundred different

individuals representing several human racial groupings. I have confirmed polymorphic

variation in the mid-range low cysteine kerateine zones but in addition have seen

further variation in the high cysteine (30-40 kDa) zones which, though they are not

readily visualised with standard protein stains, are nonetheless prominent components

of the zones revealed by autoradiography of the 14C-labelled S-carboxymethylated

kerateines.
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6.2 RESULTS
6.2.1 SDS-PAGE separation of human hair proteins
Fig. 6.1 demonstrates the resolving power of the SDS-PAGE separation of human hair

proteins as stained with Coomassie blue. At least 6 separate components are seen in

the molecular mass (Mr) range 50-100 lcDa, with higher and lower molecular mass

components also visible.

The same gel can be stained first with Coomassie and then by silver for optimal

detection and sensitivity. Fig. 6.2 shows the same gel but silver stained. Using

Coomassie blue the high and middle molecular mass proteins stained well whereas the

low Mr (<45 kDa) proteins were barely detectable (Fig. 6.1). On the other hand, using

silver staining, the low Mr proteins can clearly be demonstrated while the high and

middle Mr proteins have been overstained. Note that the absolute molecular masses of

the carboxymethylated hair proteins may be here 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. Note that the silver stain reveals polymorphism not apparent in the

Coomassie stain in the 20-45 kDa range.

6.2.2 Autoradiography of 14C-S-carboxymethylated human hair proteins

Fig. 6.3 shows an autoradiograph of the proteins of human hair after S-

carboxymethylation with 14C-IAA. The autoradiograph revealed more detail, showing

numerous discrete bands, than the relatively sensitive method of silver staining. The

autoradiograph gave strong bands for both high (50-100 kDa) and low (25-45 kDa)

molecular mass proteins. These latter proteins, which were moderately stained with

silver and very little, if at all, with Coomassie blue, must therefore have a high relative

cysteine content. Polymorphism in the 20-45 kDa bands (11-19 in Fig. 6.3) is again

evident.

6.2.3 Laser densitometry
To discriminate further betweeen the electrophoretically separated proteins of human

hair on the basis of their cysteine content, Fig. 6.4 shows a laser densitometer trace of

the same sample stained for protein with Coomassie stain (Fig. 6.4a) and then

autoradiographed for relative cysteine content after 14C-S-carboxymethylation (Fig.

6.4b). Peaks are labelled from Ito XV according to the apparent molecular mass of the

major peaks. In most, but not all cases, it was possible to assign correspondence

between the bands observed in Fig. 6.3 and the peaks labelled I to XV in Fig. 6.4. A

clear distinction could be drawn between the various zones in respect of their relative

content of cysteine and this is plotted in the inset to Fig. 6.4 as the ratio of absorbance

of the autoradiograph (proportional to cysteine content) to the absorbance of the same

zone after Coomassie staining which provides a comparative indication of protein

118



content although any strict internal proportionality would have to allow for the

apparent variation in uptake of the dye between the different carboxymethylated

protein zones (Gillespie, 1991). The two major Coomassie staining bands in the mid-

range (Mr 85-95 kDa) clearly have a much lower cysteine content than the very high

molecular mass zones (high cysteine) or lower molecular mass zones (M r 25-55 kDa,

very high cysteine). The very low molecular mass proteins ( �_16 kDa) are cysteine

poor and probably represent the so-called high tyrosine/glycine proteins (Lee et al.,

1978). We present this new notional classification of the proteins of human hair in

Table 6.1. Due to deviation from the semilogarithmic relationship between Rf and

molecular mass the apparent molecular masses indicated in Table 6.1 should be seen

as a guide only and not be interpreted in an absolute sense.

Fig. 6.5(a) shows the Coomassie stained profile for 10 different individuals

representing some of the major variations I have observed in my survey of over 300

individual samples. Lanes 1-3 show hair proteins from Africans; lanes 4-5 from

Chinese; lanes 6-7 from Australians of European origin and lanes 8-10 from

Australian Aboriginals.

Fig. 6.5(b) shows a gel with mostly the same individuals represented: lanes 1-3

Australian Aboriginals; lanes 4-7 Australian European; lanes 8-9 Chinese; lanes 10-12

Africans. Note that samples 6 and 7 in Fig 6.5 (b) are not included in Fig. 6.5(a). Fig.

6.5(b) was stained with silver stain and demonstrates the variation particularly

obvious in the high cysteine (30-45 kDa) zones.

Fig. 6.5(c) shows a diagram of the putative electromorphs represented in Fig. 6.5(b).

The distribution of the putative homozygotes, A and B and the putative heterozygote

AB in the populations studied is shown in Table 6.2. Note that bands in this area of

the gel show much higher frequency of apparent population variation than the

previously described zones Kl-K8 in the low cysteine region (Gerhard, 1987).

Table 6.2 shows the distribution of putative SCMK polymorphism in the high

cysteine (30-40 kDa) region.

In my survey we also observed variation in the banding pattern in the low cysteine

(45-80 kDa) area of the gel. Of particular interest is the pattern shown in Fig. 6.6(a)

with a clear extra band at about 60 kDa indicated by an arrow in the Coomassie

stained gel. This band is also clearly visible (arrowed) in the fluorograph Fig. 6.6(b).

The relative abundance of radioactivity compared with the extent of Coomassie

staining shows the band to clearly belong to the low cysteine group. The distribution

of this band is much more restricted in the population studied than the previously

mentioned high cysteine polymorphisms (shown in Table 6.2) and is shown in Table

6.3.
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6.2.4 2D electrophoresis of human hair proteins

Fig. 6.7 shows the separation of human hair proteins by 2D electrophoresis followed

by silver staining. Although the resolution of the major low cysteine bands (a, b, c) is

improved (with each apparently homologous molecular mass band showing numerous

electrophoretically separate charge variants), by and large, the separation of the other

zones is not as informative as the 1D separation despite the added methodological

difficulties of 2D electrophoresis.

Nonetheless a clear difference is shown between individual patterns resolved in Fig.

6.7(b) and (c). Note the extra band seen in Fig. 6.6(b) at 60 kDa has now resolved into

two diffuse zones, d and e in Fig. 6.7(c).
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Fig. 6.4 Laser densitometer traces of protein gels stained with Coomassie

blue and following fluorography from human (Chinese). Proteins were extracted

and S-carboxymethylated with 14C-IAA and separated by S DS-PAGE. (i) Laser

densitometer trace of gel stained with Coomassie blue and (ii) Laser densitometer

trace of gel following fluorography. The inset shows the variation of the ratio of the

absorbance in (ii) to the absorbance in (i), according to the apparent molecular mass.

Roman numerals indicate the major protein peaks.
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High Cysteine Variant

45

Example no. 9 Example no. 2 	 Example no. 12  

31	 A	 B	 AB

No. 5 on Table 6.2 No. 3 on Table 6.2 No. 4 on Table 6.2

Fig. 6.5(c) Schematic representation of putative electromorphs of lanes 2, 9

and 12 from Fig. 6.5(b).

The regions depicted are taken from Fig. 6.5(b) in the molecular mass region 31-45

kDa. Presumptive genotypes, A, B and presumptive heterozygote AB are indicated as

is the reference to Table 6.2.
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Table 6.1

Major SCMK zones identified by laser densitometry of SDS-PAGE after

Coomassie (protein) stain and fluorography (cysteine content)

Zones from Fig. 6.4 Apparent

molecular mass

(kDa)

Cysteine/protein

ratio

Notional

classification

I 220 1.08 high cysteine

II 200 1.12 (HC)

III 140 1.30

IV 95 0.63 low cysteine

V 85 0.42 (LC)

VI 70 1.48 high cysteine

(HC)

VII 55 2.54

VIII 45 2.32

IX 35 3.20 very high cysteine

X 32 3.14 (VHC)

XI 25 3.08

XII 16 0.74 low cysteine

XIII 14 0.82 (LC)

XIV 12 0.24 very low cysteine

XV 6 0.19 (VLC)
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Table 6.2

Distribution of putative SCMK polymorphism in the high cysteine (30-40 kDa) region

Racial Group Sample Size

(Individuals)

Putative Genotype Allele Frequency

AA BB AB A B

Aust. European 29 21 2 6* 0.78 0.22+

Aust. Aboriginal 21 4 11 6* 0.26 0.74*•

Melanesian 20 14 2 4* 0.75 0.25

Chinese 12 5 3 4 0.5 0.5

African 11 7 1 3* 0.70 0.30

Significantly different to all others (0.05< p > 0.02)
Significantly different to all others (p > 0.001)

•	 Significantly different to Australian Europeans (p > 0.001)
Not in equilibrium according to Hardy-Weinberg criterion



Table 6.3

Distribution of variant SCMK in the low cysteine (45-60 kDa)

region

Group Total Tested Variant

Aust European 29 4

Aust. Aboriginal 21 1

Melanesian 20 —

Chinese 12

African 11 —
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6.3 DISCUSSION
During the past 20 years the proteins of human hair have been extensively analysed by

gel electrophoresis. Although various electrophoretic techniques have shown their own

particular advantages in terms of separation and characterisation of the main proteins

found in hair (Marshall, 1983; Marshall et al., 1987; Gerhard, 1987; Gillespie, 1991),

most authors acknowledge that 1D methods lack the resolving power required and

therefore have turned to 2D separation following S-carboxymethylation (Gillespie,

1991).

Fig 6.1 shows that high resolution electrophoretic patterns can be routinely

obtained by 1D-SDS-PAGE instead of using the more technically demanding and time

consuming 2D gel electrophoresis. We have successfully used the 1D technique

described here for the resolution of hair proteins of either human or animal origin. As

demonstrated in Fig 6.1, 2 and 3 our technique was suitable for consecutive Coomassie

and silver staining as well as fluorography. For human hair proteins we can separate

about 20 components according to their molecular mass (Fig. 6.3). In addition, as Fig

6.4 shows, we were able to estimate the relative cysteine content of each zone by

comparison of the densitometer traces for protein stained gels with corresponding

autoradiographs. Such comparison is useful but may be limited by the apparent

variation in uptake of Coomassie dye by the S-carboxymethylated kerateines (Gillespie,

1991). With this caveat in mind the ratio of cysteine content to protein as shown in the

inset to Fig 6.4 varied according to apparent molecular mass in a fashion characteristic

of a given species (Khawar et al., submitted for publication). This technique provides

maximum information for a modest experimental input as well as being relatively cost

effective in that it minimises the use of electrophoretic reagents and radioactive label. It

may therefore be suitable for mass population screening both in a genetic and a

forensic context.

The classification of the major protein zones of human hair presented in Table

6.1 supports, in general, the previous classification into ultra high, very high and low

cysteine proteins (Lee et al., 1978; Marshall and Gillespie, 1982; Marshall, 1983;

Gillespie, 1991) although, with the added sensitivity of our methods, we can be more

discriminating in the assignment of relative molecular mass. In this respect we propose

the following classification to best describe our data: very high cysteine (VHC), high

cysteine (HC), low cysteine (LC) and very low cysteine (VLC). It remains to be seen

whether the zones we have labelled as very low cysteine correspond to the low

molecular mass high tyrosine/glycine proteins previously described (Lee et al., 1978).

While the apparent molecular masses of each zone were somewhat higher than those

previously published, the improved resolution reported herein allows a close

examination of the molecular diversity in each group. The low cysteine, low molecular
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cysteine, low molecular mass zones, labelled XII-XV in Table 6.1, are presumed to

correspond with the low molecular mass high tyrosine/glycine proteins previously

reported (Gillespie, 1991).

The laser densitometry traces shown in Fig. 6.4 demonstrate the resolution of

our 12.5% SDS-PAGE separation. The demarcation between high and low cysteine

zones is more apparent than previously reported separations, especially as illustrated

by the inset to Fig. 6.4.

Fig 6.5(a) shows the Coomassie blue stained protein patterns for 10 different

individuals representing five major racial groupings i.e. Africans, Chinese,

Melanesians Australian Europeans and Australian Aboriginals. Some variations (20-

40 kDa) can be seen but not very clearly as Coomassie blue stain is not very sensitive

and proteins do not readily take up the dye. Three different protein profiles have been

observed in this region in the silver stained gel [Fig. 6.5(b)], characterised as 'A'

[represented by No. 9 (Fig. 5b)], 'B' [represented by No. 2 (Fig. 6.5b)] and 'AB' the

presumed heterozygote [represented by No. 12 (Fig. 6.5b)]. These are the most

obvious variations that have been observed in the high cysteine region. Although we

observed other variants in the high cysteine region it was not possible to assign

reproducible putative genotypes to individual gel patterns. It should be noted that the

patterns demonstrated in Fig. 6.5(b) were reproduced three times over a year.

In the case of the patterns presented diagrammatically in Fig. 6.5(c) we were

able to assign putative genotypes for a range of individuals from each of the major

racial groupings studied. It should be stressed here that we have not established that

these patterns are, in fact, genetically determined and family studies with Australian

Europeans and Australian Aboriginals are currently underway. Nonetheless, assuming

a simple Mendelian two allele model for expression of the putative genotypes

presented in Fig. 6.5(c) I was able to calculate allele frequencies for the various racial

groups and these are presented in Table 6.2. Clearly, the Australian Aboriginal group

displays an allele frequency that is very different to the Australian European group in

particular and to all other groups combined (p > 0.001-contingency Chi square test). I

was somewhat concerned that the distribution of genotypes conformed with the

Hardy-Weinberg equilibrium in the case of the Chinese population only. I am aware

of the limitation imposed by small sample size and intend to continue studies by using

large sample sizes and samples for which family relationships are known. Using 2D

electrophoresis following partial proteolysis (Chapter 8) I also intend to establish the

structural relatedness of the widespread putative hair protein polymorphism.

Gerhard (1987) has developed a fast and simple method for routine typing of

human head hair and 8 characteristic polypeptide patterns named K1 to Kg have been

observed. In these studies only the variations of high molecular mass proteins (60-90
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considerable individual variation in the banding pattern in the low cysteine (60-90 kDa)

range for the hair proteins in our study. Indeed, we have observed apparent phenotypes

corresponding with the reported patterns K1 to Kg (Gerhard, 1987). Unlike the

variants we observed in the high cysteine region (discussed previously) we were unable

to show variant reproducibility for most of these low cysteine patterns. We did,

however, observe several instances of a reproducible low cysteine pattern very similar

to that called Kg by Gerhard (1987) and K3/K3m by Schimkat et al. (1990).

Fig. 6.6(a) shows a protein profile for an Australian European individual with a

clear extra band arrowed at about 60 kDa in a Coomassie stained gel. Fig. 6(b) shows

a fluorogram of the same two samples with the extra band at 60 kDa arrowed. The

band clearly belongs to the low cysteine SCMK family. Schimkat et al. (1990) have

published pedigrees demonstrating the inheritance of what appears to be the same

phenotype through four generations of five German families.

Hrdy et al. (1977) demonstrated a similar electrophoretic variant in six out of

150 Caucasian individuals although they did not observe the variant at all in 46

Japanese, 134 Melanesians, 61 Polynesians and 21 Africans. These workers did

observe one each of the variant keratin in 100 American blacks and 60 New Mexico

Indians where they claimed Caucasian admixture was likely.

Table 6.3 shows the racial distribution of the variant keratin we have observed

(shown arrowed in Fig. 6(a) and (b)). This distribution agrees relatively well with the

previous report (Hrdy et al., 1977). Again, given the possibility of Caucasian

admixture in the Australian Aboriginal group it may well be that the variant I and

others have observed is a peculiarly Caucasian marker. In any event, I intend to

establish pedigrees of this variant at the same time as establishing pedigrees of the high

cysteine variant already mentioned (Fig. 6.5b).

In a comprehensive study by Miyake and Seta (1990), hair protein

polymorphism and its application to forensic science hair comparison was reviewed in

detail. According to this particular study the term polymorphism differs from variation

as polymorphism should have genetic background which is not always necessary for

variation.

Lee et al. (1978) demonstrated that in 7% PAGE the high sulphur proteins

migrated as a single band but was further resolved into several bands by using higher

concentrations of PAGE. These authors attempted to compare variants similar enough

to the variant noticed by Marshall (1980) in human nail but failed to reproduce that

variant. In our survey we have shown that a high sulphur variant can be reproducibly

demonstrated in several racial groupings. Given the limited data available it is likely

that this is the same variant previously observed. Clearly though more genetic studies

are required, to confirm the inheritance of this variant in different racial groups and this
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is now underway. Interestingly, the distribution of apparent electrophoretic phenotype

in the Australian Aboriginal is very different to the other racial groups.

Fig. 6.7(a) shows that, while our 2D separation of human (African) hair

proteins is at least as good as those 2D separations previously reported (Marshall and

Gillespie, 1982), nonetheless only the-mid range (low cysteine) bands are detected.

Each of these apparently homogeneous molecular mass bands (upon 1D-SDS-PAGE)

demonstrates (using the 2D protocol) a great charge diversity in the first (urea gel)

dimension, presumably as a result of differential S-carboxymethylation. Fig. 6.7(b)

shows the 2D profile for another human (Australian European) sample. There is not

much difference in the protein profile for these two different human samples even after

the more sophisticated separation by 2D electrophoresis. Fig. 6.7(c) shows the 2D

separation of the same sample shown in 1D separation as in Fig. 6.6(a) with the extra

band at about 60 kDa. The same extra band has been resolved into two different zones

(d and e). As previously mentioned, I suspect that this variant corresponds with that

previously described by Gerhard (1987) and Schimkat et al. (1990).

The 1D 12.5% SDS-PAGE separation of S-carboxymethylated human hair

proteins presented here represents an improvement on previously reported 1D

separations of human hair proteins. The procedure can be adapted to sequential

detection using Coomassie stain, silver stain and fluorography of the same gel. A single

1D separation yields more information about the variety of human hair proteins than a

combination of several 2D separations and can clearly be used to demonstrate

phenotypic variation in various human populations.
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