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By a method of partial solubilization and end group analysis, the molar concentration of intermolecularly
crosslinked amino acids was determined for a wool sample. The results can be interpreted in two ways. If
the wool is assumed to behave homogeneously toward acid hydrolysis, then the crosslink theory
indicates that the molar concentration of intermolecular linkages is 7.5%, or that out of a total crosslink
concentration of 12.6%, about 40% of the crosslinks are intramolecular. Alternatively, the crosslinking
could be entirely intermolecular in a two component model provided the rate of hydrolysis and
solubilization of the lightly crosslinked (microfibrillar) component is much slower than that of the
densely crosslinked matrix. Partial solubilization was effected with a mixture of hydrochloric and formic
acids. The extent of solubilization was found by weighing, and the concentration of amine ends in the
soluble fraction determined spectrophotometrically by the absorption, at 422 nm, of the complex formed
between amines and trinitrobenzene sulphonic acid (TNBS). The experimental curve of end group
concentration versus solubility was used to estimate crosslink density by a previously derived theory for

both single and two component models.

INTRODUCTION

In Part I, a theoretical method is described for de-
termining the crosslink density of polymers sufficiently
crosslinked to be insoluble in solvents that would or-
dinarily dissolve them. The method involves partial
degradation of the polymer, preferably breaking main
chain linkages only, followed by leaching out of whatever
becomes soluble, with subsequent determination of the
number of single end groups appearing in the soluble
fraction. Examination of the theoretical relations revealed
that the correlation between the end group concentration
and the amount dissolved is essentially independent of
molecular weight except at very low crosslink densities
and/or chain lengths. Since this derived correlation is
strongly dependent on the original crosslink density
before degradation, the method lends itself to the de-
termination of an ‘absolute’ intermolecular crosslink
density in situations for which the molecular weight of the
crosslinked chains is unknown or uncertain. There are a
number of applications for more certain knowledge of
crosslink density in both synthetic and natural polymers.
Among the latter, for example, crosslinks are important in
the structure of keratin, collagen, elastin, and other
biopolymers. The effect of ageing on these structures is an
area of active interest, and considerable circumstantial
evidence has implicated crosslinks. The method described
in the present paper is simple to carry out, and should be
adaptable to routine use without difficulty.

To our knowledge, there is no other method in the
literature for the direct determination of intermolecular
crosslink density. Estimates are based on secondary
correlations of the effect of crosslinking on various
measurable physical properties, such as swelling or elastic
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modulus. In some cases, the total number of disulphide
crosslinks can be found with considerable accuracy by
chemical means. However, whether these crosslinks exist
as intermolecular or intramolecular linkages is uncertain;
the effect of such a difference on the interpretation of
structure and physical behaviour can be considerable.

As discussed in Part I, two assumptions are needed in
deriving theoretical relations sufficiently simple to permit
interpretation of partial solubilization data to yield
information on crosslink density. Firstly, the degradation
is assumed to be random—every linkage between mono-
mers is considered equally liable to attack. Secondly,
the crosslinks are assumed to be distributed randomly.
The effect on the theory of relaxing either of these
assumptions is unknown, although it seems unlikely that
deviations from either will be important.

The method of degradation needed to produce a
soluble fraction should be chosen carefully. Ideally, it
should cause progressive and random breakage of main
chain bonds only, with no effect on the crosslinks
themselves. Out of numerous methods that could be used
to degrade polymers, we can rank some of the more
common ones roughly in order of their decreasing
randomness of attack: ionizing radiation, heat, hydrolysis
or other solvolytic attack, ultrasonic irradiation, and
enzymatic attack. lonizing radiation and heat have the
disadvantage of producing new active species that can
lead to additional crosslinks. Although this complication
can be accommodated in principle by extrapolation of the
calculated crosslink density back to zero treatment time,
as described in Part I, the great increase in experimental
work needed would render these methods less desirable
than others. Other methods may not be wholly free from
some crosslink scission accompanying main chain clea-
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vage; if a significant amount is suspected, then the
extrapolation procedure should be applied for best
results.

In this paper, we present our first results using wool as
an exemplary crosslinked polymer. Since wool is essen-
tially 1009, protein, acid hydrolysis was chosen as the
degradation method. The hydrolysis rate constants for
various amino acid pairs are not equal; however, the
degradation can be assumed to proceed randomly be-
cause the various pairs appear pseudorandomly along the
protein chain?. Furthermore, under relatively mild con-
ditions of acid hydrolysis, it is known that the disulphide
crosslinks in keratins are not particularly labile. After
solubilization of the degraded protein in formic acid, the
concentration of chain ends in the soluble fraction was
found by a modified method using trinitrobenzene sul-
phonic acid to combine with free amine groups, followed by
spectrophotometric estimation of the concentration of the
adduct. Consistency of the calculated crosslink density
over a wide range of soluble fractions gave us confidence
that the crosslinks themselves were not appreciably
diminished in number during the hydrolysis procedure.
Because of the lack of a primary verification of this
method for determining crosslink density, it is hoped that
future work can be directed toward its use on a cross-
linked polymer of known structure, such as a crosslinked
insulin. Such a study would be useful in estimating errors
that may enter through the degradation procedure or
incomplete leaching.

EXPERIMENTAL

Materials

About 30 g of Dubois fine wool top was extracted for 24
h with a 3:2 mixture of benzene and methanol. After air
drying, half the wool was ground in a Wiley mill to pass a
20 mesh (1.3 mm) screen, and the other half chopped into
pieces approximately 3 mm. To remove any soluble
protein initially present or resulting from mechanical
degradation, both fractions were soaked for 18 h in a 409,
formic acid solution, with occasional stirring. Formic acid
is a keratin swelling solvent that has previously been
shown? to cause only negligible hydrolysis under these
conditions. The wool was collected on a filter, rinsed
several times with distilled water, and then dialysed
against distilled water for 24 h to remove traces of formic
acid. After final filtering and rinsing, the wool was dried
for 3 h under vacuum at 100°C, and then conditioned for
several days at 21°C and 659 relative humidity. The
moisture content of the prepared wool was 13.75% by
weight.

Formic acid, hydrochloric acid, sodium borate, and
sodium hydroxide were standard reagent grades, used as
obtained. TNBS (2,4,6-trinitrobenzene sulphonic acid) was
used as received from Eastman Chemicals.

Partial hydrolysis

A known weight (~0.5 g) of conditioned wool was
mixed with 25 ml of the hydrolysis medium in a stoppered
flask. This medium was a solution of equal volumes of 12
M HCI and 88% formic acid, chosen to give reasonably
slow rates with enough swelling to facilitate leaching out
of solubilized protein fragments. Depending on the extent
of partial hydrolysis or solubilization wanted, the flask
was shaken at 30°C for 2, 4, 6, 8, 16, 24, or 30 h. Total
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hydrolysis, to determine the average extinction coefficient
and amino acid composition, was done at an elevated
temperature with 6 M HCI following the method of
Friedman and Noma*.

To recover the soluble protein released by partial
hydrolysis, the contents of the flask were centrifuged for 5
min at maximum speed in a Clay-Adams Safety Head
centrifuge. Gel particles resuspended during decanting
were filtered out through sintered glass. To estimate how
much soluble protein may remain trapped in the un-
dissolved wool, the residues from one series of hydrolyses
were additionally treated with 4 ml of 88%; formic acid,
stirred and ultrasonicated for 1 min. After centrifuging as
before, the additional formic acid wash was added to the
original supernate, which had been kept cold in an ice
bath to prevent further hydrolysis of the solubilized
protein. Results indicated no significant amount of pro-
tein was released by the additional treatment.

As indicated above, several variations in experimental
procedure were used in these runs to reveal any parti-
cularly sensitive steps. The variations are:

(1) Chopped fibres, rinsed with formic acid after
hydrolysis

{(2) Chopped fibres, no rinse

(3) Chopped fibres, ultrasonicated with formic acid

(4) Milled fibres, no rinse

(5) Milled fibres, ultrasonicated with formic acid

To obtain the dry weight of soluble protein per unit
volume of supernate, a 10-20 ml aliquot (depending on
the estimated amount of protein present) was dried on a
rotary evaporator, vacuum dried for 2 h at 100°C, and
weighed in a closed container.

End group determination

The number of new amine end groups appearing in the
soluble fraction after partial hydrolysis was estimated for
an aliquot of the supernate by using the TNBS complex-
ing method of Snyder and Sobocinski®, modified slightly
to use 0.025 M sodium borate, 0.0375 M TNBS, and a
reaction time of one hour. Absorption spectra were
measured with a Cary 14 recording spectrophotometer,
compared with a blank of 0.2 ml of 0.0375 M TNBS in 10
ml of 0.025 M Na,B,O,. The absorption maximum of the
complex was found at 422 nm.

The orange colour indicating complexing between
TNBS and amine groups develops above pH 9. Since the
initial pH of the solution of dissolved protein is quite low,
owing to the remaining HCl and formic acid, it was first
brought to about pH 6 with 6 M NaOH. A quantity of this
neutralized solution, ranging from 0.1 ml to 3.5 ml,
depending on the estimated amount of protein present,
was diluted to 10 ml with 0.025 sodium borate and 0.2 ml
of 0.0375 M TNBS added.

The use of 0.025 M sodium borate instead of the 0.1 M
recommended by Snyder and Sobocinski was necessitated
by precipitation of borate from the neutralized solution at
the higher level. No precipitate formed with the more
dilute borate buffer. A comparison of spectra for 0.1 ml of
neutralized solution showed identical absorbance at 422
nm when diluted with either 0.1 M or 0.025 M sodium
borate.

To determine when the reaction between TNBS and the
hydrolysates should be terminated, the absorbance of 422
nm was followed for at least 3 h with the 2 h and the 24 h
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Figure 1T Mole fraction of broken chain ends appearing in the
soluble portion, u, versus the total solubility, S. Dashed lines are
calculated for a one component model with U = «, at three levels
of crosslink density, Q@ = 0.2, 0.1, and 0.05. Experimental points
from the partial hydrolysis of wool include five variations in pro-
cedure, identified by number in the text: O (1), ® (2}, & (3),V (4),
0 (5). The solid line is calculated for the average experimental
value of Q = 0.075

hydrolysates. Since in all cases the absorbance reached at
least 90%, of its final value after one hour, this time was
chosen for all subsequent runs to expedite the de-
terminations. Errors in end group concentrations caused
by using this shorter reaction time should be of second
order magnitude.

A known concentration of totally hydrolysed wool was
used to determine the average molar extinction coefficient
¢ at 422 nm. Even though the amino acid composition of
partial hydrolysates changes somewhat with the extent of
solubilization, calculations of the expected average extinc-
tion coefficient from those of the individual amino acids
showed that the error caused by using an extinction
coefficient from the total hydrolysate was negligible.
Because all portions of the hydrolysing chains are not freed
with equal probability, the composition of the soluble
fraction varies with extent of hydrolysis. Also, lysine and
arginine can contribute an extra amine group that would
appear as a free end, so the calculation included a
correction for the extinction coefficient consisting of
taking ¢, and ,,, to be 2e,, where ¢, is the average molar
extinction coefficient of the other amino acids, computed
from measured amino acid compositions. Although these
compositions showed some change as a function of
hydrolysis time, in no instance did the average extinction
coefficient need more than 0.9%, correction, a variation
considered to be entirely negligible.

RESULTS AND DISCUSSION

The observed variation in the number of end groups in the
soluble fraction with the amount of wool solubilized can

be interpreted in two ways, the choice depending on how
the structure of wool is introduced. Together, these
approaches illustrate the main ways in which the theory of
Part I can be applied. Although wool is a good example of
a highly crosslinked protein, it has a complex structure,
containing over a hundred different proteins in a few
fractions that are fairly distinct chemically and mor-
phologically?. The two principal morphological entities
are the osmiophobic microfibrils and the osmiophilic
matrix. In addition, wool can be fractionated chemically
into two portions containing relatively low and high
contents of sulphur or cystine. The low sulphur fraction
has been associated with the microfibrils, and the high
sulphur fraction with the matrix. The kind and nature of
interactions between these structural elements is un-
certain. though most evidence indicates that at least part
of the protein contains low and high sulphur regions on
the same molecule, and that there 1s likely 1o be consider-
able intercrosslinking joining the mass into a mechani-
cally interacting whole.

Because of the interrelation among protein chains, the
simplest interpretation of the experimental results is a
direct application of the equations of Part 1 to the
solubilization data. considering the wool to be homo-
geneous, with random crosslinking and random chain
attack. Results for the acid hydrolysis of the Dubois wool
sample are shown in Figure I, where the amine end group
concentration in the soluble fraction, 4, is plotted against
the amount of solubilization, S. The end group con-
centration is expressed as the ratio of the number of moles
of single ends to the number of moles of amino acid
residues in the original sample.

The average crosslink density, Q. can be calculated
using the following expressions from Part I:

and Q=10 (2)

In these expressions, the sterile coefficient S, (essentially a
dummy variable) is first calculated from the experimental
values of S and g, and then Q is calculated from equation
2. Even though these equations were derived for infinite
chain lengths, they are applicable to wool because its
proteins average 100 or more amino acid residues. For all
the samples taken, the average Q was 0.075, with a
standard deviation of 0.003 for the average.

The lines in Figure 1 were calculated by methods in Part
I. Fora given Q.a value of Pis assumed, and S, calculated
iteratively from the relation:

P 2
So=<1_&> 3)

where a=(1 ~ P)1~Q+QS,). When S, has been found, S
is calculated from

S:So(l ”Q+QS()) (4)

and u by the relation
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pu=S(1—a) (5

The solid line in Figure 1 is calculated for the average Q of
0.075.

Taking the sulphur content of Dubois wool to be 3.7%,7,
and using 109 as the average molecular weight of the
amino acid residues in wool, the mole fraction of residues
containing a crosslink is 12.6%,. By the above calculation,
the mole fraction of intermolecularly crosslinked residues
is 7.5%,. These results suggest that 409, of the disulphide
crosslinks may be intramolecular, an estimate that agrees
with a previous figure for wool arrived at by indirect
arguments®. The presence of a substantial proportion of
juxtaposed cysteine residues (—CYS-CYS-) in the high
sulphur fraction? suggests that these pairs may be in-
volved in intramolecular loops. These loops would most
likely be small, although longer loops may occur by
analogy to other globular proteins. In addition, if the
cysteine pair on one chain is intermolecularly linked to a
similar pair on another chain, it is possible that the double
crosslink so formed would appear in the solubility
analysis (as well as in its mechanical contribution) as a
single link. Even though the probability of occurrence of
such double crosslinks may be extremely low, they should
not be ruled out entirely. Also, other non-hydrolysable
crosslinks of origins other than cysteine may exist, though
there is no evidence for a significant number of such
crosslinks in untreated wool.

Because wool has more than one component, the
results may be due to differential hydrolysis rates of two or
more components, rather than to intramolecular cross-
linking. However, because of certain restrictions on such a
model, this interpretation is by no means strong. It is
apparent that if the sample had two components with
nearly the same crosslink densities, these would solubilize
much like a single component, even if the two components
differed in their hydrolysis rates. If the component
crosslink densities differ greatly, but have the same rate of
main chain degradation, then the p versus S curves of
Figure I would show a jog to the higher crosslink level at
some point. As seen in Figure I, this shift does not occur
during wool degradation. Hence, if two components of
widely differing crosslink density are present, the rate of
dissolution of the fraction of lower crosslink density must
be considerably lower than that for the highly crosslinked
component, so that comparable amounts of each com-
ponent will appear in the soluble fraction at any given
time.

The two component model was examined by methods
described in Part I. Fractions X, and X, or the two
components were taken as 0.5. The component crosslink
densities, Q, and Q,, are subject to the constraint X,Q,
+ X ,0Q,=0.126, the overall mole fraction of crosslinked
residues. The fraction of main chain bonds broken for
each component was assumed to follow first order
kinetics:

P, =1-—explk,t) (6)
P, =1—exp(k,t) (7N
For a given ratio k,/k,, an assumed value of P,
determines P,. The actual values of k, and k, are not
important, since P, and P, do not enter into the results.

When a ratio is chosen, a series of values of Q, and Q, are
assumed (subject to the above constraint), and the
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Figure 2 Mole fraction of broken chain ends appearing in the
soluble portion, u, versus the total solubility, S. The line is calcu-
lated with U = «, for a model containing equal weight fractions of
two components, Parameters were varied to give the best fit, giving
Q, = 0.227, Q, = 0.025, and a ratio of first order hvdrolysis rate
constants of k;/ky = 5. Experimental points include five variations
in procedure, identified by number in the text: O {1), ® (2), 4 (3),

¥ (4), 0 (5}

solubilities S, and S, and end group concentrations p,
and p, calculated by the same procedures as applied to a
single component. The overall S and y are obtained from
the relations:

$=8,X,4+5,X, (8)
and: p=m X+ pX, 9)

For assumed ratios k, /k, between 2 and 10, the best fit
to the experimental S, 4 points was found with k,/k, =35,
0,=0227, and @,=0.025. These parameters gave the
solid curve shown in Figure 2. Crosslink densities of the
two fractions are in fair agreement with experimental
values for the two major fractions of wool?. The relatively
slow rate of hydrolysis of the low sulphur fraction may be
accounted for by its more organized alpha helical struc-
ture, in keeping with the usual behaviour of crystalline
phases, though this interpretation needs further exam-
ination. It is to be hoped that future hydrolysis experi-
ments with wool will yield less scattered results, which can
be subjected to a sufficiently detailed mathematical
analysis to help decide some of the questions of structure
raised in this paper®.
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