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THE CHAIN WEIGHT OF WOOL KERATIN* 

by 

W. R. MIDDLEBROOK**  

Department o/Textile Indust~'ies, University o] Leeds (England) 

INTRODUCTION 

It is well known that the wool fibre is constructed from at least two types of cell. 
The cuticle is made from a large number of fiat cells called scales which overlap each 
other and cover the exterior of the fibre. The interior or cortex consists of many long 
spindle-shaped cells, cemented together and totalling more than 98% by weight of the 
wool. Hence they are responsible for most of the chemical and physical properties, except 
those due to surface effects. Unlike the cuticular cells, the cortical cells exhibit a high 
degree of molecular orientation along the fibre axis. Recently, GRAL~-N, LINDBERG AND 
PHILIP 1 discovered a thin membrane which is believed to cover the scales and to amount 
to not more than o.x% of the total weight of the fibres. In coarse wool fibres, a medulla 
is found in the centre, consisting of amorphous material with large air spaces. However, 
the wool used in the present work was non-medullated. 

Accepting the conventional view that keratin is an association of a large number 
of protein chains, cross-linked by a series of cystine sulphur linkages~, s, it is possible 
for each chain to contain several half residues of cystine, linked with an equal number 
of half residues in many different chains, producing an extensive three-dimensional net- 
work. In this case, the use of the term 'molecular weight' in the usual sense is meaning- 
less, as the size of the cross-linked polymer is only limited by the dimensions of the 
individual piece of keratin. Evenso, this indefinite cross-linking of many chains might 
link together groups of chains, which are repeated throughout the polymer. Rather than 
referring to 'molecular weight', we might refer to 'repeat unit weight'. On the other 
hand, this cross-linking might be confined to a limited number of protein chains, pro- 
ducing a molecule of high molecular weight, constructed of chains of smaller 'molecular 
weight' or rather 'average chain weight'. It is this latter value which is of greater 
interest, and to that end the following work has been carried out. 

In view of the heterogeneous nature of the wool fibre, it might be thought that the 
determination of the molecular weight or repeat unit weight was well-nigh impossible. 
It should be realised, however, that the material from which the various parts of the 
fibre are constructed may be relatively homogeneous in the chemical sense. Again, lack 
of uniformity in chemical analysis of different samples of wool does not necessarily mean 
that they differ fundamentally from each other, because it is known that part of the 
cystine of wool can be converted into cysteic acid, owing to the action of sunlight and 

* Presented as a paper a t  the  i s t  In ternat ional  Congress of Biochemistry  (Cambridge, I949). 
** Present  address:  Depar tment  of Biomolecular Structure, Univers i ty  of Leeds. 
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a t m o s p h e r i c  o x y g e n .  S imi l a r ly ,  t h e  c y s t i n e  can  be  c o n v e r t e d  i n t o  l a n t h i o n i n e  b y  a lka l i  4, 

w i t h o u t  m a i n  c h a i n  h y d r o l y s i s .  

I t  m u s t  be  e m p h a s i s e d  h e r e  t h a t  t h e  e s t i m a t i o n  of  a v e r a g e  c h a i n  w e i g h t  is v a l i d  

w h e t h e r  all  t h e  c h a i n s  a r e  c h e m i c a l l y  i d e n t i c a l  a n d  of  t h e  s a m e  w e i g h t ,  or  are  of  d is -  

s im i l a r  c o n s t i t u t i o n  a n d  h a v e  a s t a t i s t i c a l  d i s t r i b u t i o n  of  c h a i n  w e i g h t s  a b o u t  a m e a n  

va lue .  H o w e v e r ,  a s s u m i n g  t h a t  wool  k e r a t i n  is a r e l a t i v e l y  p u r e  p r o t e i n ,  a va lue  for  t h e  

m o l e c u l a r  w e i g h t  or  r e p e a t  u n i t  w e i g h t  h a s  a lso  b e e n  o b t a i n e d .  

EXPERIMENTAL 

A s a m p l e  of  I - f l u o r o - 2 : 4 - d i n i t r o b e n z e n e  ( F D N B )  w a s  p r e p a r e d  f r o m  t h e  co r re -  

s p o n d i n g  c h l o r o - c o m p o u n d  b y  t h e  m e t h o d  of  GOTTLmB 5. B o t h  t h e s e  c o m p o u n d s  w e r e  

u s e d  to  p r e p a r e  2 : 4 - d i n i t r o p h e n y l  (DNP)  d e r i v a t i v e s  of  t h e  amino-ac idse ,~ ,  8. 

Chromatographic Technique 
The silica gel was prepared from a sodium silicate of low iron content (C. 14o. I.C.I.)9, x0. After 

standing overnight in a large volume of dilute hydrochloric acid, the gel was transferred to a large 
Biichner funnel and washed with distilled water until the filtrate was free from chloride. The gel 
was dried for four days at 11o% 

The columns were prepared from glass tubing of I cm internal diameter cut into 25 cm lengths. 
One end of these tubes was slightly constricted by rotating it for a short time in a bunsen flame. 
A disc of filter paper was inserted into the wide end of the tube and carefully pushed to the other 
end so as to lodge firmly against the constriction. Originally these discs were supported by perforated 
silver supports n, but they were found to be unnecessary. The paper discs, which were cut from filter 
paper with the appropriate size of cork borer, were boiled in dilute hydrochloric acid to remove any 
metallic contamination, washed several times with distilled water, and then dried. So that  they 
would not retain small amounts of DNP-acids, the discs were damped with 2 N HC1 and squeezed 
between filter paper immediately before use. 

In order to obtain good separation on the columns, it  was essential to have them evenly packed. 
Dry silica gel (i g) was weighed into a small beaker and o. 5 ml of the appropriate immobile phase 
added. After thoroughly mixing by grinding with the flat end of a specimen tube (the gel remaining 
a friable powder), a small volume.of the mobile phase was added and the whole poured into the glass 
tube. The gel remaining in the beaker was poured into the tube by the addition of more solvent. 
A flat-ended glass rod was introduced down the full length of the glass tube, rotated rapidly and 
at  the same time gradually withdrawn, so as to describe a flat spiral motion. The solvent was allowed 
to drain out and the gel was firmly packed down by means of a plunger consisting of a piece of 
'cotton-wool' fixed on to one end of a length of glass tubing. If a 2 g or 3 g column were desired, 
then the process was repeated by the addition of not more than i g of silica at a time, otherwise 
an uneven column often resulted. 

As most of the solvents moved very slowly down the columu, they were accelerated by the 
application of a positive air pressure at the top of the column by means of a 'hand-bellows' fitted 
with a valve. Care had, however, to be exercised always to maintain a 'head' of solvent above the gel 
surface, so tha t  air was not forced into the silica, thereby ruining the column. I t  was ascertained 
that  the increased rate of flow had no perceptible effect on the R values. Before a column was ready 
for use it was 'consolidated' by the addition of a small amount of solvent and the application of air 
pressure until  the column ceased to contract in length. This could be observed easily because a thin 
ring of gel was always left on the glass surface at the original height of the column. This ring was 
finally pressed on to the gel surface by the 'cotton-wool' plunger. 

A small sample of the appropriate DNP-acid was dissolved in a minimal amount of solvent, 
then transferred to the top of the column by means of a pipette, the tip of which had been bent 
slightly sideways, so tha t  the jet of solution was projected on to the side of the glass tube, rather 
than on to the surface of the gel. The procedure followed, was that  devised by GORDON, MARTIN 
AND SYNGE for acetamido-acids n, and modified for DNP-acids by SANGER ~. As the R values varied 
with the temperature, sometimes it was found advisable to record the solvent temperature and to 
run the standards at the same time as the unknowns on duplicate columns, or immediately afterwards 
on the same column. For example, with DNP-glycine on an unbuffered chloroform column, R at  
15 ° = o.17, R at  20 ° = 0.24. Since the R values on unbuffered columns varied considerably, according 
to the amount of DNP-acid placed on the column, the amounts added were arbitrarily divided into 
three grades, lightly loaded (L.L.), medium loaded (M.L.), and heavily loaded (H.L.), by visual 
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e x a m i n a t i o n .  S t a n d a r d  D N P - a c i d s  were loaded s imi la r ly  t o  t h e  u n k n o w n s .  For  example ,  w i t h  D N P -  
leuc ine  o n  a n  unbuf fe red  ch lo roform co lumn,  R (L.L.) = o.59 a n d  R (H.L.) = o.87. Over load ing  of  
t h e  c o l u m n s  was  avoided,  as  t h e  b a n d s  t e n d  to  ' t a i l '  in to  one a n o t h e r .  

Determination o/ R Values 

(i) Unbuffered columns. 
As most of the solvents used, and R values obtained, were similar to those of 

SANGER v, the details are not given here, with the exception of the R values on chloroform 
columns, as these differed somewhat from SANGER'S. 

The chloroform was washed with a dilute solution of sodium bicarbonate, followed 
by  four lots of distilled water and stored in a dark bottle, otherwise the presence of 
small amounts of polar material caused the DNP-acids to move fast. 

T A B L E  I 

S t a t i o n a r y  phase  - -  W a t e r  : Mobi le  phase  - -  Chloroform 

Acid 

Din i t roan i l ine  
D N P - l e u c i n e  
D N P - v a l i n e  
D N P - p h e n y l a l a n i n e  

D N P - p r o l i n e  
D N P - a l a n i n e  

D N P - m e t h i o n i n e  
D N P - g l y c i n e  

Bis D N P - t y r o s i n e  
Bis D N P - l y s i n e  
D N P - t r y p t o p h a n  
D N P - t h r e o n i n e  
Bis D N P - c y s t i n e  

R va lues  

L.L.  

0.59 - 0.58* 

M.L.  

F a s t  
0.62 

0.64 - 0.54* 
o.61 - 0.49 (20 °) * 
0.48 - 0.45 (15 °) * 

0.57 
0.43 (20 ° ) 
0.35 (I5 °) 
0.35 
0.24 (20 ° ) 
0.20 (I7 °) 
o.17 (I5 °) 
o.41 
o.27 
o.18 
o.o5 
O.OO 

H.L.  

0.87 - 0.78* 
0.79 - 0.73* 
0.80 - 0.74 

0.58  (2o ° ) 

0 . I 0  

* W h e n  two va lue s  are  g iven,  t h e  first  refers  to  m e a s u r e m e n t s  t a k e n  nea r  t h e  top  of t h e  co lumn ,  
a n d  t h e  second  to  t hose  t a k e n  nea r  t h e  bo t t om.  

(if) Buffered columns. 
Considerable use was made of buffered columns in conjunction with several sol- 

vents 1.. When ether was used, it was first freed from peroxides by shaking with an 
acidified solution of ferrous ammonium sulphate, followed by several changes of distilled 
water, and stored in a dark bottle 

A Pa 6.0 sodium phosphate buffer was prepared by dissolving 14.32 g Na~HPO 4. 
I2I-I,O and 9.36 g NaI-I, P04-2I~O in water and making up to xoo ml. For every I g  silica 
gel used, o.5 ml buffer solution was added. Care was taken not to dilute this solution, 
as this resulted in a considerable change in PH- 

A PH 7.2 buffer was prepared by  dissolving 14.32 g Na~HPO,.I2I-~O and 1.56 g 
NaI-I~PO4.2I-I,O in water and making up to 1oo ml. For every I g silica gel used, 0.5 ml 
this solution was added. 

A PH 1o.7 buffer was prepared by dissolving 7.16 g Na~HP04.I2I-I~O and 7.60 g 
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TABLE II 
S~tionary phase: PH 6.0 buffer 
Mobile phase: 
5% propanol/cyclohexane (a) 
33% ether/ligroin (b) 

Acid 

DNP-leucine 
DNP-valine 
DNP-phenylalanine 
DNP-methionine 

R values 
a b 

- -  0.32 
o.3o o.21 
0.25 o.i i  
O.I 5 

TABLE III  
Stationary phase : PH 6.o buffer 
Mobile phase: 
1% butanol/chloroform (a), ether (b) 

Acid 

Dinitroaniline 
DNP-leucine 
DNP-valine 
DNP-phenylalanine 
DNP-methionine 
DNP-tryptophan 
DNP-proline 
DNP-alanine 
Bis DNP-tyrosine 
Bis DNP-lysine 
DNP-glycine 
DNP-threonine 
DNP-serine 
DNP-hydroxyproline 
DNP-glutamic acid 
DNP-aspartic acid 
Bis DNP-cystine 

R values 
a b 

1.3 fast 
0.90 fast 
o.64 fast 
0.50 fast 
0.65 fast 
0.39 fast 
- -  fast 

0.22 o.95 
0.70 0.9 ° 
0.60 0.65 
0.03 o.51 
-- 0.32 
- -  O.16 
- -  o.16 
-- 0.07 
-- 0.02 

0.00 0.02 

TABLE IV 

Stationary phase: PH 7 .2 buffer 
Mobile phase: ether 

Acid R values 

Dinitroaniline 
Dinitrophenol 
DNP-leucine 
DNP-valine 
DNP-phenylalanine 
DNP-methionine 
DNP-proline 
DNP-alanine 
DNP-tryptophan 
Bis DNP-tyrosine 
Bis DNP-lysine 
DNP-glycine 

fast 
fast 
fast 
fast 
fast 
0.65 
0.35 
0.33 
0.90 
0.75 
0.55 
o.16 

TABLE V 

Stationary phase: PH lO.7 buffer 
Mobile phase: ether 

Acid R values 

Dinitroaniline 
Dinitrophenol 
DNP-leucine 
DNP-valine 
DNP-phenylalanine 
DNP-methionine 
DNP-tryptophan 
DNP-alanine 
Bis DNP-tyrosine 
Bis DNP-lysine 

fast 
0.62 
0.70 
0.50 
0.54 
0.32 
0.44 
o.12 
o.41 
o.16 

NasP04. I2H20 in  water  and  mak ing  up  to 100 ml. As the buffering capaci ty was poor 
and  the silica gel was believed to conta in  s t rongly adsorbed acid which could not  be 
removed on washing, the effective PH of the aqueous phase was probably  considerably 

less t han  10. 7 . 

Treatment  o / W o o l  

Several locks of wool, from which I ~ :  at  the t ip  ends were removed and  rejected, 
were t aken  from a Lincoln Hog fleece still  in  the grease. The wool was extracted with 
ether  in  a Soxhlet appara tus  for approximate ly  2 4 hours, followed by  a similar extract ion 
with ethanol.  After washing in several changes of distil led water  to free the wool from 
sand and  other insoluble mat ter ,  as well as water-soluble mater ia l  tha t  was also present,  
the washing was cont inued  with N/ Iooo  HC1 un t i l  the Pn  no longer al tered on indefinite 
immersion.  Washing  was repeated in distilled water  (PI~ 4.5) un t i l  the Pa  remained at  
this  value on indefinite immersion.  The wool was b lo t ted  between filter papers and  dried 
in  the labora tory  at  room temperature ,  then  stored in  a humid i ty  room at  65 % relat ive 
h u m i d i t y  and  22.2 ° , after which, the moisture conten t  was determined on samples b y  
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CHIBNALL'S method 13, except tha t  the oven temperature  was Io5 ° instead of lO2 °. By 
this method it was possible to determine the dry  weight of the bulk of the wool without 
actually subjecting it to a high temperature.  

Samples of wool, each 0.2 g, were thoroughly wetted out in a solution of 0.2 g 
sodium bicarbonate in 5 ml water  and o.2 ml (0.35 g) FDNB in xo ml ethanol was added. 
The samples were thoroughlymixed  in stoppered flasks and the reaction was allowed 
to proceed for varying lengths of time. The samples were then washed in several changes 
of water, followed by  ethanol, and finally left overnight in a litre of distilled water. 
After drying, the increases in weight were determined. On treating wool samples with 
the above solutions containing no FDNB, it was noticed that  their Pi~ was 8. 4 owing 
to the presence of a small amount  of sodium carbonate in the bicarbonate. In the first 
series the PH was 7.0, as presumably the carbonate was decomposed by  the H F  liberated. 
On carrying out this t reatment  at 22.2 ° , the reaction was not complete after 9 ° hours, 
as judged by  the increase in weight of the samples. A second series was treated at 4 o°, 
and as there was no further increase in weight after 48 hours, this was selected as the 
most suitable condition for t reatment  of a 20 g lot of wool used for most of the experi- 
menta l  work. 

As the t reatment  at  4 °0 and PH 7 .0 took place under conditions similar to those in a 
physiological environment, there was little danger of main chain hydrolysis. To meet 
any  possible objections, however, one sample of wool was treated for 48 hours at  4 °0 
and another for 12o hours at  22.2 °. Both samples were hydrolysed in 5.7 N HC1 and (by a 
method to be explained later) their ether-soluble fractions were separated and estimated 
colorimetricaUy. The colour intensities were within 5 % of each other, therefore the concen- 
trations of the DNP-acids in both cases were assumed to be the same, owing to an equal 
number  of end-groups. This would not be the case if main chain hydrolysis took place. 

Extent o/Reaction 
Before a t tempting to determine the end-groups, it was necessary to ascertain that  

the FDNB had penetrated the wool fibres and reacted with all available reactive groups. 
The extent of reaction of the s-amino-groups of the lysine side-chains was taken to be 
an indication of the penetration. Accordingly, a o.6 g sample of FDNB treated wool 
was hydrolysed in 5.7 N HC1 under reflux for 24 hours, extracted by  five lots of ether 
and the residue made up  to IOO ml. A I ml portion was then evaporated in vacuo, the 
residue was taken up  in a minimal amount of 3o% butanol/chloroform and run on a 
silica gel column with water as the immobile phase. A strong band R = o.18 was 
obtained, and on running this substance with 66% methylethylketone/ether on a silica 
gel column with water as the immobile phase, a band was obtained R = o.27, corre- 
sponding to an authentic sample of eN-DNPdysine. The substance was made up to 
volume in N HC1 and estimated colorimetrically. A sample of untreated wool was 
hydrolysed for 24 hours and the lysine content determined 14 by  a modification of PORTER 
AND SANGER'S copper complex technique for the preparation of eN-DNP-lysine 8. By 
this method, it was found that  97.2 % of the eamino-groups of the lysine in the wool 
had reacted with the FDNB, and. thus it was reasonable to assume that  it had diffused 
right into the wool fibres and combined with all available amino-groups. 

Identification o] the End-Groups 
This was accomplished by  separation and identification of the DNP-acids liberated 
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after hydrolysis for ~4 hours in 5-7 N HCI under reflux. Several methods of separation 
were used, but  the following was considered to be the most satisfactory. The hydrolysate 
from a I g sample of treated wool was five times extracted with an equal volume of 
ether. After evaporation of the ether, a yellow residue was obtained and referred to, 
as the ether-soluble fraction. The ether-insoluble fraction was only found to contain 
eN-DNP-lysine as well as free amino-acids. The ether-soluble fraction was run on a 2 g 
Pn 6.o column using aqueous ether as the solvent. A strong fast band was obtained, 
followed by  a band R = o. 9 and these were collected together. Further bands R = o.5I, 
o.32, o.I6, o.o7, o.o2 were obtained, and identified by running on at least three different 
columns with various solvents in parallel with authentic samples of DNP-acids. The 
bands were found to be due to DNP-glycine, -threonine, -serine, -glutamic acid, -aspartic 
acid. 

The mixture containing the two fast bands was run on a Pn 7 .2 column with 
chloroform as the mobile solvent. A fast band was collected and subsequently shown 
to consist of dinitroaniline, dinitrophenol and a decomposition product. The remaining 
coloured material at the top of the column was developed by  the use of aqueous ether 
as the mobile solvent. A fast band was obtained and shown to be DNP-valine, by  run- 
ning on a PH 10.7 column with ether. This band was followed on the Pn 7.2 column by  
a faint band R ----- 0.50 due to a decomposition product. A slower band R ----- 0.33 was 
found to be DNP-alanine after running on several other columns. 

Thus valine, alanine, glycine, threonine, serine, glutamic acid, and aspartic acid 
were identified as the amino-acids having free a-amino groups. 

Standardisation Curves 

Standard solutions of the synthetic DNP-acids were prepared by  dissolving them 
in 1% sodium bicarbonate solution (o.5-15 mg DNP-acid/Ioo ml solution). These were 
used to calibrate a photoelectric absorptiometer, using Ilford filters No. 6Ol. 

Breakdown o[ DNP-Aeids on Hydrolysis 

Weighed samples of treated wool (o.5 g) were hydrolysed for 24 hours under reflux 
in 5o ml 5.7 N HC1 and the DNP-acids separated and estimated quantitatively. Further 
samples were hydrolysed for 36 hours and 48 hours, and again the DNP-acids were 
estimated. By this means, rates of decomposition were determined under the actual 
conditions of hydrolysis of the wool used for the estimation of the end-groups. However, 
SANGER ~ has pointed out that  the rates of decomposition of DNP-acids in peptide form 
may  be different from those of the free DNP-acids. The amounts of DNP-acids present 
after 24 hours were taken as standards and the amounts present after a further 12 and 
24 hours'  hydrolysis were expressed as percentages of the standards. This method was 
considered to be the most satisfactory, as it was subsequently found that  the stabili ty 
of the DNP-acids was considerably less in the absence of the hydrolysis products of 
wool*. This was most pronounced for DNP-threonine and DNP-serine, as also found by  
DESNUELLE 15, and is probably due to catalytic decomposition by traces of heavy metals. 
As traces of DNP-valylpeptides were still present after 24 hours' hydrolysis, the value 
for DNP-valine was rejected and redetermined by  the following method. 

A sample of treated wool was hydrolysed for 24 hours, the DNP-valine being 
separated and estimated quantitatively. Approximately I mg DNP-valine was weighed 

* In contrast to lysozyme (A. R. THOMPSON, Nature, 168 (I951) 39o). 
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out, as well as 0.3 g treated wool and hydrolysed under reflux with 5.7 N HC1 for 24 
hours. The DNP-valine was separated chromatographically and estimated quantitati-  
vely. From this value was subtracted the amount of DNP-valine due to the end-groups, 
known to be present in the solution after 24 hours' hydrolysis, as a result of the first 
estimation. The fact that  DNP-valyl peptides are still present after 24 hours' hydrolysis, 
would not invalidate the method. 

As the stability of DNP-glycine was considerably less than that  of the other DNP- 
acids, the following method of estimation was used. A sample of treated wool was 
hydrolysed under reflux in 5.7 N HC1 for 48 hours, after which, it was confirmed by  
chromatography that  all the DNP-glycine had decomposed. A weighed sample of DNP- 
glycine was introduced and the hydrolysis continued for a further 4 hours, after which 
the DNP-glycine was separated and estimated. This was repeated with another sample 
after 8 hours' hydrolysis. 

TABLE VI 
Time of hydrolysis in hours 

4 8 x2 24 
DNP-acid 

% of DNP-acid remaining 

Valine 
Alanine 
Glycine 
Threonine 
Serine 
Glutamic acid 
Aspartic acid 

90 
90 
56 
96 
94 
90 
9 x 

82 
8z 
3 6 
9~ 
89 
8z 
8~ 

74 
73 

89 
84 
74 
75 

57 
55 

8x 
7x 
56 
58 

The italicized values are interpolated. 

Quantitative Est imation o[ End-Groups 

Samples of treated wool weighing approximately I g were hydrolysed for various 
lengths of time, under reflux in 5-7 N HCI and the DNP-acids separated by the method 
previously described. The DNP-valine, DNP-alanine and DNP-glycine were then run 
separately on unbnffered colunms with chloroform, DNP-threonine, DNP-serine and 
DNP-glutamic acid with x% butanol/chloroform, and DNP-aspartic acid with 3% 
butanol/chloroform. The DNP-acids were made up to IO ml with x % sodium bicarbonate 
solution and estimated colorimetricaUy. Peptides of all the DNP-acids, with the ex- 
ception of DNP-serine, were found to be present after 4 and 8 hours' hydrolysis, as 
additional quantities of DNP-acids were separated on a further x2 hours' hydrolysis. 
Although the presence of the peptides robs the values of any real significance, they are 
given for purposes of comparison with later values, after correcting for decomposition. 

As the minimal molecular weight or repeat unit weight was not already known, it 
was necessary to fix an arbitrary standard. This was obtained from the minimal weight 
of original wool calculated to contain two equivalents of end-amino serine. I t  might be 
thought  more appropriate to have taken one equivalent of end-amino aspartic acid, but  
as DNP-serine is easily hydrolysed to the free DNP-acid from peptides, is easily separated 
and undergoes little decomposition under these conditions, it was felt to be a more 
suitable standard than DNP-aspartic acid, which is also found in a resistant peptide form. 
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DNP-acid 

Valine 
Alanine 
Glycine 
Threonine 
Serine 
Glutamic acid 
Aspartic acid 

TABLE VII 

Repeat Unit Weight 
1.59. io 6 1.64. lO 6 

Time of hydrolysis in hours 

4 8 

Moles of DNP-acid/Repeat Unit Weight 

1.9 + 
2 . 2 +  
6.2+ 
7.3+ 
2.0 
1 . 2 +  
I .O + 

2.4 + 
2 . I +  

8.7 
7 . I+  
2.0 

1.4 + 
o.9 + 

+ denotes the presence of peptides 

A further four samples of treated 
as previously. 

DNP-acid 

Valine 
Alanine 
Glycine 
Threonine 
Serine 
Glutamic acid 
Aspartic acid 

wool were hydrolysed for 2 4 hours and separated 

TABLE VIII 

Repeat Unit Weight 

1.62" IO e 1 . 5 7 .  lO  6 1 . 6 2 - 1 o  8 1 . 6 2 . 1 o  e 

Moles of DNP-acid/Repeat Unit Weight 

4 . I+  
2.1 

7-9 
2.0 

1.7 
1.0 

3.5+ 
1.8 

7.7 
2.0 
1.8 
1.2 

4.1+ 
1.9 

7.6 
2.0 
2.2 
I .O 

3"5+ 
:2.1 

7.5 
:2.0 

2.3 
I .O 

+ denotes the presence of peptides 

The values for DNP-glycine were rejected as the correction factor for decomposition 
during hydrolysis, was too great. 

A further method was developed to ~ keep the correction factor for decomposition 
as low as possible. A sample of treated wool was hydrolysed for 4 hours, the free DNP- 
acids were separated and estimated, and all peptides were returned to the original 
hydrolysate, which was evaporated to dryness over phosphorus pentoxide in a vacuum 
desiccator containing a small beaker of sodium hydroxide to absorb hydrochloric acid. 
The residue was redissolved in 5-7 N HC1 and rehydrolysed for a further 8 hours. The 
separation was again repeated and corrections made for breakdown of the DNP-acids. 

The DNP-glutamyl and -aspartyl peptides were lost. 
I t  is probable that small amounts of DNP-peptides were present after the second 

hydrolysis, as these were detected on I2 hours' hydrolysis of a sample of treated wool. 
In an early attempt to avoid a large correction factor for the decomposition of 

DNP-glycine, a sample of treated wool was hydrolysed under reflux in 5.7 N HC1 for 

Relerences p. 56~. 
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TABLE I X  

Repeat  Uni t  Weight  
1.56.IO s 

Total  Time of Hydrolysis  in Hours 

, I i2 I 
Moles of DNP-acid/Repeat  Uni t  Weight  

DNP-acid F rom DNP-acids From DNP-peptides 
A B A + B  

galine 
Manine 
~lycine 
rhreonine  
~erine 
~lutamic acid 

Aspartic acid 

1.9 + 
1 . 6 +  
6.I --~ 
6.2 + 
2 . 0  

1.3 + 
0 .8+  

0.8 + 
0.5 
1.8 
0.5 
o.o 

2 . 7 +  

7.9 
6.7 
2 . 0  

+ denotes the  presence of peptides 

hours. The DNP-glycine was separated 9 
chromatographically and estimated colori- 
metrically. As the DNP-serine was not es- 
timated, a repeat unit  weight of 1.6o-Io 6 
was taken as the standard for calculating 
moles of DNP-glycine. On further hy- 
drolysis of the remaining material, it was 
evident that  considerable amounts of 
DNP-glycyl peptides were present after 2 
hours' hydrolysis. 

Moles of DNP-glycine/Repeat Unit 
Weight = 4.2. 

The values obtained from previous ex- 
periments for DNP-glycine have been 
plotted against the time of hydrolysis, to 
illustrate the rate of liberation of DNP- 
glycine from the protein and DNP-glycyl 
peptides (Fig. I). A similar curve has been 
drawn for valine (Fig. 2). 3 

As already stated, the values for valine 
may be a little low, owing to the presence 
of peptides. PORTER AND SANGER s found 
in globulin that  lO% of DNP-valine was 
still in peptide form after I6 hours' hy- 
drolysis. 

The Effect o/Urea on the Chain Length o/ 
Wool Keratin 

Untreated wool was cut into short 
lengths and immersed for 24 hours at 4 °0 in 

Re]erences p. 562. 
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Fig. I. Rate  of l iberation of DNP-glycine 
on hydrolysis of t reated wool. Moles of DNP- 
glycine per  repeat  un i t  weight, plot ted against  

t ime of hydrolysis in boiling 5.7 N HC1 
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Fig. 2. Rate  of l iberat ion of DNP-val ine on 
hydrolysis of t reated wool. Moles of DNP- 
valine per  repeat  un i t  weight, plot ted against  

t ime of hydrolysis in boiling 5.7 N HC1 
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No. of free a - A m i n o  Nea re s t  Acid  
Groups  per  R e p e a t  U n i t  Vghole No. 

Val ine  
Alan ine  
Glycine  
T h r e o n i n e  
Serine 
G l u t a m i c  ac id  
Aspa r t i c  ac id  

4.I 
2.I 
8. 7 
7-9 
2 .O 

1.7 
I . O  

3-5 4 .I 
1 . 8  1.9 
7.9 
7"7 7 .6 
2 . 0  2 . 0  

1,8 2.2 
1 . 2  I . O  

M e a n  * 

3.5 3 .8 
2.1 2.0 

8.3 
7.5 (6.7) 7.7 (7.5) 
2 . 0  2 .O 
2. 3 2.o 
I . O  I . O  

Tota l  = 26.8 

4 
2 

8 
8 
2 

2 

x 

27 

]Repeat U n i t  W e i g h t  
(1.62 1.59 1.62 1 . 5 7 ) . I O e =  1 .6o- Io  e 

Average  Cha in  W e i g h t  = 6o,ooo 

* These  va lue s  were g iven  in  t h e  pape r  del ivered to  t h e  i s t ,  I n t e r n a t i o n a l  Congress  of Bio- 
c h e m i s t r y  1949, b u t  t h e  va lues  in  t h e  A b s t r a c t  are  incorrect .  

a saturated solution of urea containing 1% (W/V) sodium bisulphite at PH 516- The 
solution was filtered from the insoluble residue and precipitated by the addition of 
acetic acid. This precipitate was washed free from sodium bisulphite and urea, then 
dried over phosphorus pentoxide. The insoluble residue was again treated with a similar 
solution, only a trace of soluble material being removed. The residue was immersed in 
dilute acetic acid, then thoroughly washed with water. Both these products gave 
negative nitroprnsside reactions for thiol groups. Samples were treated by FDNB and 
the end-groups determined. 

All the end-groups which were present in the original wool were found in both 
fractions in the same ratio, with the exception of threonine, which had halved in value. 
The repeat unit weights were also approximately half the original value. This could be 
explained if the treatment with urea and bisulphite had halved the chains in length, 
with the liberation of identical end-groups, the threonine-ended chains remaining un- 
changed. 

D I S C U S S I O N  

If wool keratin substantially consists of a single protein, or stoichiometric associ- 
ation of proteins, and the chains are associated in a regular order, then the most satis- 
factory arrangement is found to be a hexagonal close-packed system with the chain 
ending in aspartic acid at the centre (Fig. 3) surrounded by six chains ending in alanine, 
serine, glutamic acid, alanine, serine, glutamic acid. In turn, this series is surrounded 
by twelve chains ending in valine, glycine, glycine, repeated four times. For reasons to 
be mentioned later, the chains ending in threonine have not been included. It is not 
suggested that this is the only possible arrangement; for instance, the four chains ending 
in valine could be exchanged for two ending in alanine and two in serine, but at least 
it has the merit of being highly symmetrical. In Fig. 3, the free-amino ends of the chains 
are represented as occurring in the same plane, but this is not really necessary, because 
the chains may be related to each other much as fibres in a yarn, with the difference 
that the chains are firmly linked to each other by means of cystine disulphide linkages. 
Re/erences p. 56~. 



For the sake of simplicity, in this discussion the end-groups are assumed to be in one 

Valine - V 
Alonine - A I  
6tycine -- 6)' 
$ePine - -  $ 
Olutomic ocid--  5u 
Aspo~ic o c i d - -  As 
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Fig. 3- A cross-section, illustrating the 
close-packing of the protein chains. The 
end-groups are shown together with a -~- 
and - -  sign, which signifies tha t  the chains 

are arranged in opposite directions 

plane. Again, the chains may be aligned aRer- 
nately in opposite directions, so that there are 
approximately an equal number of ~-amino and 
a-carboxyl groups at each end of the repeat 
unit, represented in the diagram by a positive 
and negative sign. 

The role of the chains ending in threonine 
was not immediately apparent, but it was felt 
that it might be somewhat different from the 
others, in view of the behaviour of the threonine 
chains in urea/sodium bisulphite solution. If 
these chains were packed completely round each 
group of z 9 chains as shown in Fig. 4, so as to 
be shared by neighbouring groups, then the 
ratio of chains ending in aspartic acid to those 
ending in threonine would extend from zS:z 
with one group of z 9 chains, to 8: z for an infinite 
number of groups of z 9 chains. Rough calcula- 
tions show that the ratio would be 8.2: z for the 
microfibrils of wool, assuming that these are 
completely covered by a layer of threonine-ended 
chains. The chains at the corners are shared by 

three hexagons each, and those along the sides by two hexagons (Fig. 4). 

6 x ~ / 3 ÷ z 2 × ~ / s = 8  

Fig. 4. Illustrating the role of the threonine-ended chains, which act as a cementing material between 
the groups of chains shown in Fig. 3 

Relevences  p.  562. 
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Assuming then, that  the repeat unit consists of a close-packed arrangement of 
twenty-seven protein chains each having a chain weight of approximately 6o,ooo, then 
from the X-ray work of ASTBURY AND WOODS 1~, approximate dimensions of the repeat 
unit can be calculated. An average residue weight of lO 7 for keratin enables the number 
of residues per chain to be calculated: 

60,000 
-- 56o residues. 

lO7 

In a-keratin three residues occupy a length of 5.1 A, so that  the total length of 
a chain would be: 

5.1 
560 × - -  = 9 5  oA.  

3 

This would also be the length of the repeat unit. 
In the regions of high cystine concentration, however, the length of the disulphide 

cross-linkage would severely restrict the folding of the chains, so that  in these regions 
the chains might be in the B-form. The proportion of the/~-form must be comparatively 
small, if an unduly strong B-photograph is not to be superimposed on the usual a-photo- 
graph obtained from normal wool keratin. However, these photographs contain fairly 
strong haloes which might obscure a weak/~-diagram, but not the strong spots due to 
the a-fold. A simple calculation shows that  the overall length of these chains and repeat 
unit will be approximately 12oo A, if the proportion of the chain in the/~-form is between 
1/4 and 1Is of the total number of residues. 

Total number of residues = 56o. 

8/4 in a-form = 71o A 7/s in ~-form = 91o A 
1/4 in fl-form ----- 480 A 1/s in ~-form = 240 A 

Total length = I19o A Total length = I15o A 
Repeat unit length = I2oo A (approximately). 

ASTBURY t8 has shown that  the average distance between the chains of a-keratin in 
the side-chain direction is 9.8 A; but no value was given for the backbone spacing. If, 
therefore, the cross-section of a protein chain is assumed to be about IO A, then it is 
possible to calculate the approximate diameter of a repeat unit. Since the repeat unit 
is seven chains in thickness, the overall diameter will be 7 ° A. 

MERCER AND REES 19 treated wool for several days in a solution of trypsin at PH 8 
and 4O °. Owing to the slow hydrolysis by the enzyme, the fibres broke down, and the 
resulting material was examined under the electron microscope. Two main types of 
material were found (i) amorphous material, consisting of a mass of uniform particles 
about IOO A in diameter, (ii) fibrous material, consisting of a series of particles of about 
IOO A in diameter and joined together like a string of beads. Mercer regarded these 
particles as wool molecules, with a molecular weight of about 3oo,ooo, but it should be 
emphasised that  the method of preparation might have caused considerable breakdown 
of the original molecule, with particles as end-products. Furthermore, the xoo A particle 
may also be an artifact since the method of preparation might have caused the material 
to supercontract 2° to 50% of its original length. If this were the case, then the funda- 
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mental unit (rather than the molecule) might have an overall length of about 200 A 
and a diameter of 8o A. This at least would explain the long spacing of I98 A along 
the fibre axis, found by BEAR 2x and MACARTHUR 2z. However, as will be shown, neither 
view seriously conflicts with the suggested molecular structure. 

BERNAL 23, us ing  X - r a y  diffraction methods, determined the length of a cystine 
residue, and PETERS ~4 calculated the length of an S-S linkage from carbon atom to 
carbon atom, obtaining a value of 8.I A. As this value is considerably less than the 
side-chain spacing (9.8 A) the chains must necessarily be brought closer to eacl~ other 
to accommodate the large amount of cystine known to be present in wool keratin. 

By hydrolysing insulin (a protein with a high cystine content) with chymotrypsin, 
BUTLER, PHILLIPS AND STEPHEN 25 showed that the cystine was concentrated in a central 
"core" of about one third the total weight of the molecule. LINDLEY ~6 treated wool with 
cetylsulphonic acid at 65 ° for several days, obtaining a resistant residue of high cystine 
and proline content. STEINHARDT AND FUGITr ~ had previously shown that cetyl- 
sulphonic acid combined stoichiometficaUy with the basic side chains of wool keratin, 
and under suitable conditions catalysed the hydrolysis of amide, and to a lesser extent, 
peptide linkages. Similarly, SANGER 28 found that -SO3H groups in protein chains 
catalysed the hydrolysis of peptide linkages in the same chains. PARTRIDGE AND DAV~S ~ 
have also suggested that the free carboxyl groups of aspartic and giutamic acids promote 
the hydrolysis of adjacent peptide bonds by weak acids. As these systems are a source 
of protons, their resulting high concentration probably causes the hydrolysis of peptide 
linkages in the immediate neighbourhood. Therefore, under weakly acid conditions, 
peptide linkages of basic amino-acids are more likely to be hydrolysed than those of 
the neutral amino-acids in the presence of cetylsulphonic acid. If cystine were uniformly 
distributed throughout the protein chains, it is difficult to see how treatment of wool 
with cetylsulphonic acid would result in an insoluble residue of high cystine content. 
Thus Lindley's treatment probably severed peptide bonds in the regions of high concen- 
tration of basic amino-acid residues, leaving insoluble "cores" of high cystine content 
(for details see Fig. 5, which is discussed later). 

Assuming that there are regions of high cystine concentration at frequent intervals 
along the repeat unit, and that within these regions all the chains are linked by cystine 
cross-linkages to all neighbouring chains, then since the repeat unit is seven chains in 
thickness, the cross-section would be approximately 7 × 8.I = 57 A in these regions. 
With five of these regions, the repeat unit would be divided into six "beads"'of greater 
width, each with an approximate length of I2oo: 6 = 200 A or with eleven narrow re- 
gions, the length of each "bead" would be I2OO: 12 = ioo A. For purposes of illustra- 
tion, the repeat unit with six "beads" has been chosen. Since the value of IO A for the 
side-chain spacing is an average value, it would be somewhat greater than IO A inside 
the "beads", making the overall cross-section of the "beads" considerably greater than 
7 ° A as shown in Fig. 5. 

COLEMAN AND HOWlTr S° pointed out that the axis of a peptide chain would change 
direction at a proline residue. As LINDLEY 26 found a large amount of proline associated 
with cystine in the insoluble residue, and CONSDEN AND GORDON 8x suggested that 
"proline residues occur near to, if not next to cystine residues", it is possible that they 
occur in the outer layers of chains at the junction of the wide portions of the repeat 
unit with the narrow portions, where the change in direction of the outer chains is 
considerable. 
Re/erences p. 56~. 
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It  will be noticed that  the end amino-acids have small side-chains compared with 
the other residues present in wool keratin, and as a result their cross-sectional area will 
be smaller than the average. Together with the fact that  CONSDF-S AND GORDON 3z were 
only able to identify cystine dipeptides of the neutral and acidic amino-acids, in which 
the amino-group of the cystine was combined, it is probable that  the end-groups are 
immediately followed by  a zone of high cystine content. With the exception of the 
threonine-ended chains, t reatment of wool keratin in urea/sodium bisulphite solution 
divided the chains into two equal portions with the liberation of similar end-groups. 
I t  is suggested therefore, that  all the end amino-acid residues are present at the centre 
of the regions of high cystine content, and that one section of the latter is broken in 
ureafoisulphite, converting these residues into end-amino groups with the liberation of 
chains having a molecular weight of 3o,ooo. 

O. Repeat Unit 

14, 1200 A ~,, 
I I 
I [ F---200 A -"'-7 Split by ul~,o/bisulphite{ $pfit:Yl cetylsulphonic~ It acid ~ III 

g Er~u~ ~ -- i i I ~A I "" 
. . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . .  . . . . . . . .  . . . . . .  

Spli, by u~,~s o.d ClO~ 

b. Two Fundamenlol OnitJ. 

R ~  ~ R~io. of 

~ spot bj, 
E~l- ~ o x i d i s i n g  a n d  

Fig. 5 

PARTRIDGE AND DAVIS ~ hydrolysed proteins with dilute acetic or oxalic acid at 
zoo ° and showed that  polypeptides of high molecular weight together with neutral and 
acidic amino-acids were obtained, with no trace of basic amino-acids. Conversely, 
peptide linkages incorporating these acids might be regarded as a source of weakness 
in a protein chain. 

DA@ ~ oxidised wool keratin with chlorine dioxide to break the disulphide linkages, 
and dissolved this material in cupriethylene diamine. He estimated the average mole- 
cular weight to be approximately TO,O00, and isolated a fraction with a molecular weight 
of about 30,000. GRAL~N AND OLOFSSON ~ dissolved keratin in alkaline (PH zz) sodium 
sulphide and obtained a molecular weight of about IO,OOO and an axial ratio of T:20. 
This solution was unstable as further degradation took place on standing. It  is suggested 
that  these methods of dispersion, which are relatively more severe than urea/bisulphite 
treatment,  have again broken the chains into small sub-units with liberation of similar 
end-groups, identical with the short chains obtained from a single "bead".  Assuming 
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the cross-section of a single chain to be xo A, then these values are in fairly good agree- 
ment. Length of chain = 200 A. Chain weight = 6o,ooo: 6 = IO,OOO. This is tantamount  
to assuming that  each molecule or repeat unit  of wool keratin is made up of several 
identical "beads" or sub-units, and that  the size of the repeat unit is limited by  the 
increased strain placed upon the weakest peptide bond in a given environment. A chain 
of weight 6o,ooo, when stabilised by association with other chains through hydrogen 
bonds and disulphide linkages, is strong enough to survive the conditions likely to be 
encountered while on the sheep, but  dissolution in urea/bisulphite solution at pa  5 and 
4 °o breaks most of the stabilising linkages and the chain is subject to greater flexional 
strain; consequently, irreversible breakage takes place, resulting in two equal units, 
each with a chain weight of 3o,ooo. With alkaline sodium sulphide, the chains are again 
freed from each other, but  are also subject to alkaline hydrolysis which would attack 
the weakest peptide bonds first. Chlorine dioxide would convert the cystine to cysteic 
acid and the proximity of -S08H groups might still further weaken the peptide bonds 
of neutral and acidic amino-acid residues ~. 

I t  is interesting to compare the hypothetical structure of wool keratin with that  of 
the globular protein edestin. SANGE~ 34 has shown that  the edestin molecule consists of 
seven chains, one ending in leucine and six ending in glycine. These may be associated 
in a hexagonal close-packed system with the leucine chain at the centre, surrounded by  
the six glycine chains. SVEDBERG AND PEDERSEN a5 found the molecular weight to be 
309,000 from sedimentation velocity and diffusion measurements, and BURK AND 
GREENBERG 8s observed an apparent molecular weight of 49,ooo in 6. 7 M urea. The latter 
value is quite close to the average chain weight, 309,00o: 7 ----- 44, ooo, if it is assumed that  
urea dissociates the molecule into its individual chains. On acidification of edestin, its 
physical properties change and it is converted into edestan. ADAIR AND ADAIR 3~ esti- 
mated the molecular weight of this material and obtained a value of I7,ooo. BAILEY ~ 
showed that  this material was monodisperse and resulted from an irreversible break- 
down of the sub-molecule into three equal units. This is very similar to the breakdown 
believed to take place when wool keratin is treated with sodium sulphide. Since, however, 
edestin is believed to contain cystine as well as cysteine, it is not clear how urea can 
dissociate the molecule into individual chains, in the absence of a reducing agent, unless 
the disulphide linkages are of an intrachain form. I t  should be recorded that  edestin 
has the characteristic side-chain spacing of IO A and it was the first globular protein 
known to be converted into a fibrous form on denaturation. 

Lastly, an examination of some other proteins of the KMEF group, suggests that  
this type of association of end-groups and chains may be characteristic of KMEF protein 
complexes contained in certain biological materials. 

Thanks are due to Prof. J. B. SPEAKMAN for his hospitality and continued interest, 
and to the International Wool Secretariat for financial assistance. 

SUMMARY 

I. A method is described for the separation of DNP-amino-acids, using buffered silica gel 
columns. 

2. By t reatment  with FDNB, and separation of the DNP-amino-acids after hydrolysis, wool 
is shown to contain seven different amino-acid residues having free a-amino groups i.e. valine, alanine, 
glycine, threonine, serine, glutamic acid and aspartic acid. 

3. The end-groupshave been quanti tat ively estimated and the average chain weight determined. 
4. A molecular model is proposed which is in accordance with these values. 

References p. 56~. 
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R~SUM~ 

x. L 'auteur  ddcrit une mdthode pour la sdpaxation des DNP-acides aminds par moyen des colon- 
nes de gel de silice tamponnd. 

2. Le t ra i tement  par le FDNB et la sdpaxation des DNP-acides m i n d s  aprAs hydrolyse, montre 
que la lainc contient sept restes d'acides aminds diffdrents qui possbdent des groupements a-amino 
libres: valine, alanine, glycine, thrdonine, sdrine, acide glutamique et acide aspartique. 

3- Les groupements terminaux ont dtd ddterminds quanti tat ivement et le poids moyen des 
chaines dvalud. 

4. L 'auteur propose un modAle moldculaire qui est en accord avec ces valeurs. 

ZUSAMMENFASSUNG 

1. Eine Methode zur Trennung yon DNP-Aminosiiuren mit  Hilfe yon gepufferten Silicagels~uren 
wurde beschrieben. 

2. Durch Behandeln mit  FDNP und Trennung der gebildeten DNP-Aminosiiuren nach Hydro- 
lyse wurde gezeigt, dass die Wolle smben verschiedene AminosAure-Reste mit freien a-Aminogruppen 
enthAlt, nAmlich Valin, Alanin, Glycin, Threonin, Serin, GlutaminmXure und AsparagiusAure. 

3. Die Endgruppen wurden quant i ta t iv  best immt und das durchschnittliche Kettengewicht be- 
rechnet.  

4. Ein Molekiil-Modell wird vorgeschlagen, welches mit  diesen Werten in 0bereinst immung ist. 
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