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Abstract

Samples of wool, wool pretreated with formic acid, and cortical cells produced
by mechanical agitation in formic acid have been digested by trypsin. The evidence
shows that the formic acid treatment is not degradative. It is found by electron
microscopy that trypsin digests the endocuticle, part of the cell membrane complex,
and the nuclear remnants and intermacrofibrillar material of the.cortex. These
digested components amount to about 3-6, 1-8, and 12-69, by weight of the fibre
respectively.

All available evidence indicates that the amount of keratin dissolved by the
enzyme treatment is small or negligible. Thus, as a first approximation the trypsin
digest from the cortical cells corresponds to the nuclear remnants and intermacro-
fibrillar material. Its amino acid analysis is very similar to that of the trypsin digest
of wool but differs somewhat from the analysis of endocuticle. Compared with wool
the nuclear remnants and intermacrofibrillar material contain approximately twice as
much lysine, three times as much methionine, and one-third as much cystine.
There are also other smaller differences between the amino acid analyses.

I. INTRODUCTION

Prolonged treatment of wool with enzymes has resulted in the dissolution of
10-209, of the material of the fibres. Elod and Zahn (1946) dissolved 149, with
pancreatin in 11 days; Crewther (1956) dissolved up to a maximum of 17%, with
trypsin depending on conditions of pretreatment of the fibres and the time of digestion;;
Springell (1963) dissolved 10-209, with pronase; and Leeder (1969) and Bradbury,
Leeder, and Watt (1971) dissolved a maximum of 129, after 6 weeks treatment with
pronase. During a sustained enzyme treatment cuticle and cortical cells are also
released (Burgess 1934; El6d and Zahn 1943; Mercer and Rees 1946; Springell 1963 ;
Kulkarni, Robson, and Robson 1971) and their amount is increased by mechanical
agitation.

This observation led Burgess (1934) to suggest that the enzyme dissolved an
“intercellular cement”’ of low sulphur content; the latter point was confirmed
analytically by Elod and Zahn (1943). This early evidence indicates attack on the cell
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membrane complex, but it is found that enzymes also attack the other non-keratinous
material of the fibre, viz. endocuticle (Birbeck and Mercer 1957; Bradbury and Ley
1972) and the nuclear remnants and the intermacrofibrillar material within the cortical
cells (Mercer, Farrant, and Rees 1956; Anderson and Lipson 1970; Kulkarni, Robson,
and Robson 1971). In this paper we report an investigation by electron microscopy
of the sites of removal of material by trypsin digestion of wool fibres and separated
cortical cells and the amino acid analyses of this material. A further publication
(Bradbury and Ley 1972) will describe similar studies on separated cuticle cells.

II. EXPERIMENTAL

Merino 64’s virgin wool (Fleece No. 3716 from Division of Animal Physiology, CSIRO,
Prospect, N.S.W.) was cleaned as described by Bradbury et al. (1966) and cut into 0-5-cm
lengths. In some cases the fibres were immersed for 2 hr in redistilled formic acid at room
temperature to remove a small amount of material which originates from the cell membrane
complex (Bradbury, Chapman, and King 1965a; Peters 1971). They were then washed for
24 hr in deionized water and air dried. Cortical cells were prepared by exposure of the keratin
to formic acid for 1 hr at room temperature, which included dispersion by a Polytron stirrer
for 10 min and subjection to ultrasonic disintegration for 50 min (Bradbury and Peters 1972).
The trypsin used was a twice-recrystallised sample obtained from Worthington Biochemicals.

(a) Enzymic Digestions

Weighed keratin samples (wool, 1 g, or cortical cells) were treated with trypsin in water
(water : keratin : trypsin ratio of 10,000 : 100 : 1) at pH 8-5, controlled by the addition of
1M ammonium hydroxide by a Pye Autotitrator Controller connected to a Beckman Research
pH-meter, which acted as a pH-stat. The digestions were made in a closed flask with mechanical
stirring in an atmosphere of nitrogen at a temperature of 37°C. The amount of protein dissolved
was sometimes checked during a digestion by measurements of the absorbance at 280 nm on a
small sample of the solution, which was centrifuged before measurement in order to obtain a clear
solution. At the end of the digestion the pH was reduced to 4 with HCI, the mixture centrifuged
at 45000 g, and the solid material washed with water. The supernatant liquids were combined,
concentrated to about 25 ml at the rotary evaporator, and then lyophilized. The small amount
of ammonium chloride produced during the digestion was removed by the evaporation and
lyophilization. The material was weighed and the amount of trypsin used was subtracted from
this weight before the calculation of the percentage of material digested by the enzyme.

(b) Electron Microscopy

This was carried out as described by Bradbury and Chapman (1964) except that sections
were cut with an L.K.B. Ultrotome I and these were post-stained with lead citrate (Reynolds
1963). The electron microscope was a Hitachi model HU-IIC-S.

(¢) Amano Acid Analysis

Amino acid analyses were carried out using a two-column Technicon amino acid analyser
essentially as described by Bradbury, Chapman, and King (1965b). Recorded analyses are the
mean of duplicate runs and are corrected for the (small) amount of trypsin in the digest.

ITII. REsuLTs

The amount of material digested from wool and cortical cells is given in Table 1.
It is noted that there is an initial rapid removal of material from virgin wool and to a
lesser extent from wool pretreated by formic acid. This effect is shown in greater detail
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by the absorbance measurements given in Figure 1. It was shown in a separate control
experiment that the concentration of dissolved material is proportional to the
absorbance at 280 nm.

TaBLE 1

AMOUNT OF MATERIAL DIGESTED BY TRYPSIN FROM WOOL AND CORTICAL CELLS

Time of digestion Yield of digest
Substrate

(hr) (%)

Virgin wool 1-67 1-4
21-5 2-0

42-5 2-9

Wool pretreated by immersion 1-67 1-0
in formic acid for 2 hr 30 -3
84 6-9

Cortical cells 36 15-1
84 14-0

Electron micrographs of fibres and paracortical and orthocortical cells after
digestion with formic acid are shown in Figures 2—4. The black spots and the black
material localized in the cell membrane complex of Figure 2 are artifacts of the staining
procedure. Electron micrographs of stained cortical cells produced by the normal formic
acid treatment nearly always show the nuclear remnants to be full of material, but it is
clear from Figures 3 and 4 that trypsin digests this material (see also Kulkarni, Robson,
and Robson 1971).

0:18

Fig. 1.—Graph of
absorbance at 280 nm
(corrected for trypsin
present) against time of
digestion by trypsin for:
4, wool immersed in
formic acid for 2 hr
prior to treatment;

B, virgin wool.
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Amino acid analyses were carried out on trypsin digests from virgin wool after
1-67, 215, 42-5, and 44-5 hr of digestion and on wool pretreated with formic acid,
after 1-67, 24, 30, and 84 hr of digestion with trypsin. It was found that the analyses
obtained after treatment for 1-67 hr were somewhat different from those obtained
after 20-84 hr digestion. The latter were all very similar in analysis and hence were
averaged as shown in Table 2 separately for the virgin wool and formic acid-treated
wool. Included in the table are the amino acid analyses of the 15-1%, of material
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Fig. 2.—Electron micrograph of cross-section of a wool fibre pretreated with formic acid and
digested with trypsin for 84 hr (6-99%, material extracted). Note the removal of the endocuticle
at E, and of material from the cell membrane complex (CM), and the nuclear remnants (NM).
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4

Fig. 3.—Cross-section of a paracortical cell after digestion with trypsin for 36 hr. The dark
lines across the micrograph are due to folds in the supporting film. Note the centrally placed
holes in the structure due to the digestion by trypsin of the nuclear remnant of the cell.

Fig. 4.—Cross-section of an orthocortical cell after digestion with trypsin for 86 hr. The holes
are due to the digestion by trypsin of the nuclear remnants and intermacrofibrillar material of
the cell.



1230 D. E. PETERS AND J. H. BRADBURY

extracted from cortical cells by digestion with trypsin and of endocuticle (Bradbury
and Ley 1972).

IV. DiscussioN
(@) The Digestion Process

The digestion of wool by trypsin at pH 8-5 and 37°C involves an initial rapid
process as shown in Figure 1, followed by a much slower process in which the rate of
digestion of material is constant over the 42-5 hr of the experiment. This zero-order
kinetics is not unexpected because after 42-5 hr only 2-99%, of material is extracted
from the fibre (Table 1) and the total amount which is available for digestion by
enzymes is 10-20%,. However, after much longer times of digestion the graph should
level off as has been observed by Leeder (1969) for pronase digestion of wool, where no
further extraction occurs between 4-5 and 6 weeks. A similar result is shown in Table 1
for digestion of cortical cells where the trypsin treatment is complete after 36 hr, and
for cuticle where pronase digestion is complete after about 7 days and there is no further
digestion after the addition of a second amount of enzyme (Bradbury and Ley 1972).
This result is in contrast to the very slow attack of keratin by formic acid at room
temperature (Bradbury and King 1967) and shows that the enzymatic attack is limited
to certain components of the fibre.

In Figure 1 and Table 1 it is noted that the ¢nitial rate of digestion is faster from
virgin wool than from formic acid-pretreated wool. This is probably because the
formic acid pretreatment removes some lipid and protein material from the fibres
(Bradbury, Chapman, and King 1965¢; Bradbury and King 1967; Bradbury, Leeder,
and Watt 1971), which would normally be extracted by the enzymatic treatment.
The low recovery of anhydroamino acids in Table 2 for material obtained after digestion
for 1-67 hr indicates the likelihood of a considerable amount of lipid being extracted in
the early stages of the digestion.

The graphs in Figure 1 cross over, which shows that further digestion of formic
acid-pretreated wool is faster than for virgin wool. This probably results simply from an
increase in the rates of diffusion of enzyme and products of reaction through the fibre
which is brought about by the opening up of the structure due to the formic acid pre-
treatment (Bradbury and Chapman 1963; Bradbury, Leeder, and Watt 1971). If this
is the case the formic acid pretreatment should not increase the limiting amount of
material obtained by enzyme treatment. Unfortunately we were unable to check this
point because of experimental difficulties in keeping the pH-stat stable for long periods
of time. An alternative explanation is that formic acid treatment for 2 hr at room
temperature has an appreciable degradative chemical effect. We believe this to be
unlikely since it has been shown that only 79, of wool is dissolved after immersion in
formic acid for 20 weeks (Bradbury and King 1967). Furthermore, treatment of the
low-sulphur and high-sulphur proteins from wool with formic acid for 4 hr at room
temperature causes no change in their gel-filtration chromatograms, thus showing the
absence of an appreciable amount of peptide bond fission (Bradbury and O’Shea 1972).

(b) Limiting Amount of Material Digested from Wool

The total amount of material which can be dissolved by enzyme treatments on
wool has been variously estimated as 149, with pancreatin (Eléd and Zahn 1946),



1231

CHEMICAL COMPOSITION OF WOOL. X

*(gL61 Lo pus Linqpeig ees) o[o1ryno jo uonsedrp eseuoad woy peureiqQ
I $8 PUB ‘0¢ ‘§g I0J JUSUIBOI} I93JB POUIe}qO §98031p U0 sesA[eur ojeordnp 00Iy] JO UBOUI ST [OOM POJBOIY-PIOB-OTULIOF
J0J eyl Iy g-FF PUe ‘C.gP ‘Q-Ig JIOJ JUSWIIBOI} I9IJe Pourelqo s9s03p uo sesA[eur ejeordnp ooryj Jo ueew oy} SI [0OM JOJ Jnse |
*s98031p ur quesead oseuoad 10 ursdA1) J0J Po1oaIIOod SOSATEUR [V 4

— $6 8L €8 GL 0g 69 splo® ourwreorpAyue

Jo Axonooox Y,
Ly L eg-9 69-9 $¢-9 a8-9 ¥6-9 89-9 oureA
8G-¢ 11-¢ 98-8 81-§¢ G-¢ 66-¢ 89-¢ oursoIf,
¥g-g 8 ¥ 8L % ¥¢-Q £¢-¥ 28-¢ ¢8-¢ QUIUOSIYT,
0L-01 gl-L G9-L 18-9 6%-8 L8-L 16-6 QuLIoY
16-8 SL-¥ gI-g y1-g 11-¢ ¥9-¢ 60-9 ourord
g8-8 86-C LL G 8¢-¢ 91-¢ 6L T L8-1 ouruee[Ausyg
18-0 8v-1 ¢9-1 18-1 -1 T10-1 LO-1 QUIUOTYJOIA
13- 1¢-9 GL-9 68-9 19-9 ¥8-9 18-¢ outsAry
1€-6 69-8 8%-8 L8-6 09-L L9 L 8L-9 ouroney
$6-¢ 09-¢ LG-¢ ¥0-9 01-9 919 LG-9 QuUTONS[OST
L0-1 L9-1 89-1 L8-1 8% 1 L9-1 18-1 QUIPIYSTH
Ce1-8 ev-6 8L-01 G0-6 0¢-31 $¢-G1 LEg- €1 ounArH
1¢-01 €G- 11 16-01 9¢- 11 9%-6 9L-8 ¥8-8 proe orwrein)
01-¢ 90-¢ 8L-1 C 140 ¥L-G or-¥% 8L-¥ ounsfof-+ prow oregsLp
0%-3 63 G $9-1 96-0 16-¢ 36-¢ ¥1-% ounsAng
06-0 18-0 61-0 ¢1-0 €2-0 81-0 ¥9-0 proe o1gsh)
¥-L 68-6 9201 996 g8-01 10-11 88-01 proe oiaedsy
86 % 61-9 86-¥ 8¢-9 8G-¢ 98-¢ 6G-C ourudry
g9-9 9¥- L 9¢-L LG L 91 L €8-L 91-L suruery

J1o0m pogeary [00M pojeaI}
fo STe2 18013100 LRy -proe-o1uIo g +oom -PIoR-OTULIO Y oom
[o1INO0PUH Jo 1y 9g aoj «_ g S R — 5 Py ourry

uoryseBtp ursdAa,

Jo 19 $8-0g 0§ wonseSrp ursdLiy,

Jo Oy 191 103 uoryseSrp ursdAif,

+*STTAO TVOILIOO ANV TOOM IO SISEDIA NISIAYL 0 (9, TTIOW) SESATVNV QIOV ONINV

g @Igv]y,



1232 D. E. PETERS AND J. H. BRADBURY

10-179%, with trypsin (Crewther 1956), 10-20%, (Springell 1963), and 12%, (Leeder 1969)
with pronase. The general semiquantitative agreement between these results indicates
that these three enzymes, with markedly different specificities, probably extract
essentially the same material from the fibre.

Another estimate can be made of the total amount of the enzymically digestible
(non-keratinous) material from wool. We assume that it originates from the endocuticle,
the nuclear remnants, and intermacrofibrillar material of the cortex and the cell
membrane complex. The endocuticle accounts for 36 x10/100 = 3-6%, of the fibre
(Bradbury and Ley 1972), the nuclear remnants and intermacrofibrillar cement
14-6x86-5/100 = 12-69, of the fibre (Table 1), and the non-keratinous material of
the cell membrane complex 1-89%, of the fibre (Bradbury, Leeder, and Watt 1971).
A total value of 189, is obtained, which is slightly greater than most of the direct
measurements, but shows that the whole scheme appears to be reasonable.

(c) Site of Non-keratinous Material

By comparison with electron micrographs of stained cross-sections of untreated
wool (Birbeck and Mercer 1957; Rogers 1959a, 1959b) the electron micrograph in
Figure 2 shows removal of material from the endocuticle, the cell membrane complex,
and the nuclear remnants of the cortex. Not all material has been extracted from these
componentsin this treatment since the extraction amounts to 6 -9%,. Virtually complete
extraction has been achieved with cortical cells after digestion for 36 hr with trypsin,
since no further extraction occurs with prolonged treatment (Table 1) and also there is
no evidence of retention of nuclear remnants or intermacrofibrillar material in Figures 3
and 4. Kulkarni, Robson, and Robson (1971) have previously obtained similar results
on prolonged treatment of wool with trypsin, which they used in the separation of
orthocortical and paracortical cells.* Similarly prolonged pronase extraction of
separated cuticle cells removes the endocuticle cleanly (Bradbury and Ley 1972).

(d) Amano Acid Analyses

The amino acid analyses of the material removed by trypsin digestion for 1-67 hr
of virgin wool and formic acid pretreated wool shown in Table 2 are very similar. In
each case there is about 509, of non-protein material obtained in this early, rapid stage
of the digestion of about 1-1-49%, of material from the fibre. As digestion is continued
the protein content of the digest increases to about 809, and there are some changes in
the composition of the protein particularly a decrease in the content of cysteic acid -
1cystine and increases in arginine, methionine, phenylalanine, and possibly threonine.
Differences also appear between the amino acid analyses of the digests from virgin
wool and formic acid pretreated wool, particularly in }cystine- cysteic acid.

In general, the close similarity between these values and those for the trypsin
digest of cortical cells and the pronase digest of cuticle (i.e. endocuticle) encourage
us to average the results as shown in Table 2 and obtain a mean value for the trypsin
extract from whole wool. This should lie intermediate between the values obtained
for the enzymatic digestion from cortical cells and cuticle and this occurs for most
of the amino acids. Those amino acids for which this is not the case are particularly

* Their published amino acid analyses are therefore those for the keratin of these cells, and
do not include the non-keratinous material, as was obtained by Chapman and Bradbury (1968).
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cysteic acid +cystine, methionine, and to a much lesser extent aspartic acid, glycine,
lysine, and phenylalanine. Furthermore the analysis of the trypsin digest from
wool is very similar to that of the trypsin digest from cortical cells (important
deviations occurring only with arginine and cysteic acid-}cystine) since the latter
makesup 126 x 100/18 = 709, [see Section IV(b)] of the former. However, the analysis
of endocuticle shows much greater deviations from that of the trypsin extract of wool
for aspartic acid, glycine, histidine, isoleucine, lysine, methionine, proline, serine, and
threonine. There is a close parallel between this situation and the amino acid analyses
of wool and cortical cells which are virtually the same and cuticle which is appreciably
different (Bradbury, Chapman, and King 19656; Bradbury ef al. 1970).

(e) Degradative Effect of Formic Acid and of Trypsin

As already discussed in Section IV () it is unlikely that the formic acid treatment
of keratin, which is required to produce separated cortical and cuticle cells (Bradbury
and Ley 1972) for enzymatic digestion, causes main chain fission or other chemical
reactions other than formylation, which is probably reversible (Bradbury, Chapman,
and King 19650). This conclusion also stems from the general consistency of the whole
picture with regard to both the total amount of material extracted by enzymes from
wool and its various components and the amino acid analyses of these digests.

However, a more difficult question to answer is whether the enzymic treatment
removes only the endocuticle, the non-keratinous part of the cell membrane complex,
and the nuclear remnants and intermacrofibrillar material of the cortex or whether it
is also capable of digesting part of the keratin. It is clear that the enzymic attack of
the keratin must be small or negligible because (1) there is no visual evidence of digestion
of keratin in electron micrographs (see Figs. 2 4); (2) there is a limiting amount of
material digested by enzymes from wool (Leeder 1969), cortical cells (Table 1), and
cuticle (Bradbury and Ley 1972); and (3) Kulkarni, Robson, and Robson (1971) find
no increase in N-terminal residues after prolonged trypsin treatment of wool to produce
orthocortical and paracortical cells.

Attack of the keratin by the enzyme is probably limited to amorphous regions,
since ordered regions are much more resistant to digestion (Harrington, von Hippel,
and Milhalyi 1959; Crewther and Harrap 1967). Dissolution of peptides will be limited
by the disulphide cross-links which occur on the average every tenth residue over the
whole fibre and about every fifth residue in the amorphous region, if we assume that the
latter consists of the high sulphur protein from wool (Crewther et al. 1965). However,
there is still the likelihood of some peptide-bond fission within the three dimensional
network (Gillespie 1970), even though dissolution of peptides from the keratin is
probably slight.

(f) Analysis of Nuclear Remnanis and Intermacrofibrillar Material

Allavailable evidence points to the likelihood of, at the most, only a small amount
of contamination of the trypsin digest with material dissolved from the keratin itself.
Thus, the analysis of the trypsin digest from cortical cells in Table 2 is to a first
approximation that of the nuclear remnants and intermacrofibrillar material of the
cortex. Compared with wool the nuclear remnants contain more aspartic acid, histidine,
isoleucine, valine, twice as much lysine, almost three times as much methionine, only
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one-third as much cysteic acid+j}cystine, and less proline, serine, threonine, and
tyrosine.

It is clear that enzymic digestion is a very useful procedure for separating the
non-keratinous part of the fibre from the keratin itself, to allow amino acid analysis of
the former. However, the method would be useless for studies on soluble proteins from
the non-keratinous region, because of the extensive peptide bond hydrolysis which
oceurs.
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