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S H R I N K A G E  OF C O L L A G E N  

by 

F. (;. LENNOX 

11iochemistry Section, Division of Industrial Chemistry, Council for Scientific and 
Industrial Research, Melbourne (Australia) 

X-ray diffraction patterns have shown that  heat shrinkage of native collagen 
involves conversion from a predominantly crystalline state to an amorphous state 
(ASTBORy1). I t  has been suggested that  this conversion ruptures the links between 
polypeptide chains, and the chains are then able to fold and assume a more stable 
configuration (MEYER 21 and BRAYBROOKS, McCANDLISH, AND ATKIN4). Thus re-examina- 
tion and extension of studies on collagen shrinkage should promote tmderstanding of 
structural changes in proteins of the type involved in denaturation. Moreover, such 
studies have a direct bearing on certain aspects of some important indhstries. 

METHODS 

Preparation o/tissues 
Sheepskin. The skin was placed in a refrigerator at 4 ° within I h of flaying and 

sampled as required. The wool was shorn close to the surface, and strips, measuring 
0. 5 cm + o.I cm by approximately 5 cm, were cut for testing. Samples of the same 
dimensions were cut for testing the collagen preparations. The mean skin thickness was 
o.2 cm and the cross-sectional area was therefore o.I cm 2. 

"Collagen" preparations ]rom sheepskin. Preliminary tests showed that digestion of 
certain components of the skin by partial or complete sweating at 25 ° , or by incubation 
for 17 h at 25 ° in 0.4% trypsin (Difco I : 25o), 0.4 % papain (Parke Davis), or in an aqueous 
extract  containing a mould protease did not affect the shrinkage temperature (s.t.) 
When heated in water or in the enzyme extracts. However, enzyme digestion alone is 
insufficient to remove all non-collagenous constituents and other methods were therefore 
applied. Liming, followed by neutralization with acetic acid, a t reatment normally 
recommended in the preparation of collagen from hide (HIGHBERGER t~) or from goat 
skin (THEIS AND JACOBY 24) lowered the s.t. Thus immersion of skin in saturated Ca(OH)z 
for 17 h at 20 °, deliming in dilute acetic acid at PH 4 .o for 2 h and washing in running 
water for 2 h reduced the s.t. from 67 ° to 61 °. 

In view of these findings a drastic procedure was adopted which, though certain 
to lower the s.t., should remove more of the non-collagenous components than other 
methods. A pickled pelt from a skin fellmongered by the painting process was used, arid 
the thermostat  layer, containing the sebaceous aLd suderiferous glands, and the fat ty  
layer were removed from the reticular layer of the dermis in a tannery shaving machine. 
I t  was washed in running water for 2o h, neutralized in o.4% NaHCO 3 for 4 h, washed 
in running water for 6 h, digested for I8 h in o.1% trypsin (Difco I:25o) containing 
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0.5% CaCOs and 0.5% toluene, washed in water for 3 h, dehydrated and degreased 
twice with ethanol for 2 h, then twice with acetone for 2 h, air-dried, digested with 
trypsin and dried with ethanol and acetone as before, soaked in benzol for 3 days to 
remove adhering fat, rinsed twice in acetone, and finally dried in the air. This prepara- 
tion, termed "Collagen A", had a s.t. of 55 °. Removal of traces of Ca by extraction three 
times in 24 h with I.O M CHsCOOH and neutralization by repeatedly adjusting the wash 
water to PH 7 yielded "Collagen AI" having a s.t. of 53 °. 

Rat  tail  tendon. Tendons were dissected from adult rats tails and held at 4 ° in water 
under toluene for periods ranging up to 4 days without change in the s.t. Fibres, approxi- 
mately o.04 cm in diameter, that is 0.00126 cm 2 in cross-sectional area, and 3 cm 
long, were pulled from the tendons for testing. 

Measuremen t  o / sh r inkage  temperature 

Thread was attached to the ends of each strip of skin or collagen, leaving 4 cm be- 
tween the points of attachment,  one end was attached to a wire projecting from the 
base of a 25 ° ml beaker containing 2oo ml of the liquid to be tested and the other to 
an aluminium lever which recorded contraction of the strip on the smoked drum of 
a kymograph. The lever applied a load of 5 g weight to the strip causing slight stretching. 
After completion of the soaking period the liquid covering the specimen was agitated 
continuously by a mechanical stirrer and heated to rais~ its temperature at the rate 
of IO ° per min, and the recording drum was rotated at I cm per rain. The temperature 
was marked on the curves at each successive 5 ° increase and at the s.t. The tendon 
fibres were tested similarly except that the cotton threads were attached to the fibres 
at points 2.5 cm apart. Both Collagen A and tendon fibres ruptured when heated in 
water beyond the s.t. 

To test organic compounds available only in small quantities, a micro method was 
employed which required only I ml ~ ' ~ - - - - - - - T - ~ T ~ T - - ~ U - ~ ~  
of solution. A small piece of skin or ~ 265 - -  . . . . .  

a thermometer and immersed in the ~ [ :,__ \ [ i - ~ [ ~  
solution to be tested in a test tube, ~ . 5 5 ~  x ~  ~ _ ~ _ _ _ ~  
I cm internal diameter. The tube was ~ | ~ \ ] ~ I ] I [ 
heated in a water bath at the same 5 ° ~ - - - - - - ~ ~  1 : 
rate as in the macro method and the ,51 ._ _ _  ~ I l 
temperature noted at which shrink- / ;  J [ ~ [  ~ , . !  [ I 
age became apparent. The results for * ° ~ - - t - - ' ~ - . ~ t - -  - -  
salicylic acid (PH 7 .o) in Fig. I, show 3 5 L - - - ~ !  I ~ 
that the s.t. at zero load was lower ] ] J i ] ] ~  ] } 
than the s.t. at 50 g weight per cm 2 3 0 ~ - - [ - - - - - ~ 1  - -  ~ 
and the difference increased with ] i ~ 
concentration. Similar results were o.1 02 o3 0.4 a5 0.6 a7 a8 o9 t.o 
obtained using NaCNS solutions. 
The three values obtained by the 
micro method were therefore cor- 
rected to the corresponding ap- 
proximate s.t.'s, at 50 g weight per 

Molar concentration neutralized salicylic acid 

Fig. I. ]~ffect of concentrat ion of salicylic acid (PH 7) 
on the s.t. of sheepskin 

o a t  a load of 5o g weight per  cmS-measured by  the 
s tandard  method.  

• a t  zero load-measured by the micro method.  

cm 2 by adding the appropriate differences from Fig. I. Some compounds, such as p- 
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phenylene-diamine and sodium dodecyl sulphate, which were incompletely soluble at 
room temperature, dissolved on warming at a temperature below the s.t. 

Preparation o~ solutions/or testing 

Unless otherwise stated, all the compounds examined were tested at I.O M cor, cen- 
tration and the solutions were adjusted to PH 7 .0 with HC1 or KOH before testing. The 
glass electrode was used in making all PH adjustments and measurements. PH 7.0 is 
probably close to the isoelectric point of unlimed collagen (HIGHBERGER13; BEEK ANI) 
SOOKNE*). When the PH shifted towards neutrality during the test, as it did in unbuffered 
solutions in the PH range 4 to :o, the values obtained subsequent to testing are reported 
since they represent more nearly the PH of the solution in equilibrium with the tissues 
during shrinkage. 

Time o/soaking 

A standard soaking period of 1. 5 h before measuring the s.t. was adopted, sir:ce 
this was found to be sufficient for the establishment of a constant s.t. In the highly 
concentrated solutions used in the elasticity experiments IO min soaking was sufficient 
to shrink the tissues. 

Elasticity o~ tissues 

The elasticity of shorn skin and collagen A was measured by cutting strips of these 
materials of the width and thickness used for s.t. measurement but 7 cm long, attaching 
threads 0. 5 cm from either end, tying one to a fixed wire at the base of a beaker and the 
other to the hook of a calibrated 50o g spring balance, and applying load by lifting the 
balance vertically by winding an attached cord on a drum. The length of the strip be- 
tween the two points of a t tachment  was measured to o.I cm for successive loads up to 
the elastic limit. At zero load the skin was slightly curled and its length could not be 
accurately measured. Extrapolation of the load-extension curve for several experiments 
in which the skin was immersed in water showed the lehgth at zero load to be 92.5% 
of the length at 5 g load. Since these results were reproducible the initial length of each 
strip could be calculated from the length at 5 g load, thereby obviating the necessity 
for determining the load-extension curve for each sample. 

The elasticity of o.o4 cm diameter tendon fibres was measured similarly except 
that  the length of tendon between the points of a t tachment  was 2.6 cm. 

R E S U L T S  OF SOME PRELIMI:~ 'ARY E X P E R I M E N T S  

Influence o~ direction on s.t. o/skin 

Strips cut from a piece of sheepskin IO cm square at angles of o °, 45 °, 9 °0 and 135 ° 
to one edge all shrank at 67 ° temperature within zk 0.5 °. The orientation of the strip 
in the skin is therefore unimportant.  

Thermostat and reticular layers o/skin 

Dissection of strips of sheepskin along the fa t ty  layer yielded samples of the ther- 
mostat  and reticular layers poor and rich, respectively, in collagen bundles. Although 
both shrank at 67 ° , the extent of shrinkage of the reticular layer was approximately 
three times that  of the thermostat  layer. During shrinkage therefore, whole skin curls 
with the reticular layer innermost. 
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Effect o/tension applied during the shrinkage 

The influence of tension on the s.t. of skin and tendon was measured by applying 
known loads by the method employed for measurivg the elasticity of tissues, but using 
a m°re sensitive spring balance calibrated uP t° ~69t ~ ~ ! ~  ~ 
a l o a d w e i g h t o f l z g .  Thes.t .  was judged by ~r 0 ! :  1 i _ _ 1 ~ - ~ 7 ( ~ _  I I 
noting the temperature at which the specimen 
began to contract, movement being detected ~ ! - - - '  .... ' - - , -  . . . . . .  '. 
by sighting it against a millimeter scale. Fig. 2 ~-~e[ 
shows that the s.t. was elevated several degrees ~7 
by increasing the load from zero to 5 g but a m 
little beyond that weight. The curve for tendon 6, 4 / / i - i  :i - i  ! ..... [--! . . . . . . . .  i 
fibres continues to rise steeply at loads in excess /] i ] , i i I I J i 
of 3 gweight. It should be noted that the mean ~ /~--  t. i i --- i-] /-~__ I / , - ~ - -  --!-- i 
cross-sectional area was only o.ooI26cm 2, ' J - - ~ - - I  i i 1--.~---1--~--~ t--  
whereas that of the skin was o.I cmL Owing i 3' l, 5 6 r e 9 Io 
to the difficulty of detecting the onset of 
shrinkage visually, the apparent values under 
5 g load are higher than the correct values 
obtained for the same load from kymograph 
records. Although the s.t. at zero load for skin, 
shown in Fig. 2, was 64.5 ° , most samples of 
skin tested shrank at 63 ° . 

Effect o/moisture content 

L ood in gratns 
, ao 4,0 6,o ~ ~oo' 

i 
6romt per cm2-she#p~kin 

6rams per cm 2- fendon 

Fig. 2. Effect of load on shrinkage tempe-  
r a tu re  in wate r  

o sheepskin • t endon 

Skin was air-dried in one experiment for 3 days, and in another by holding in vacuo 
over HsSO 4 for 3 days. Samples were taken at intervals during immersion in water for 
estimation of moisture content by drying to constant weight at lO5 ° and for measure- 
ment of s.t. (Table I). The true moisture contents at the instant of shrinkage would be 
slightly higher than those reported, particularly after short periods, but this does not 
obscure the fall in s.t. with increase in moisture content. 

T A B L E  I 

RELATION BETWEEN TIME OF SOAKING DRY SKIN, MOISTURE CONTENT 

AND SHRINKAGE T E M P E R A T U R E  (s.t.) 

Air-dried skin Vacuum-dried skin 
Soaking period '" 

(h) Moisture content  Moisture content  (%) s.t. (%) s.t. 

Nil 
0.5 
I.O 

2.3 
24.o 

I 1 . 2  

46.2 
54.6 
7 2.o 

9 ° 

73 
7 ° 
67 
68 

I2.6 

43-4 
6o.6 
74.2 

9o 
8o 

73 
7 ° 
67 

A similar fall in the s.t. of collagen A during soaking is also evident from the fol- 
lowing figures: 

Time of soaking, in h: nil, o.5, z.o, 6.5 
S.t.: 65 60 57 55 
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In  spi te  of this  effect no difference was de tec ted  between the mois ture  contents  of 
unshrunk  and sh runk  samples  of collagen A in vapou r  phase equi l ibr ium with one 
another .  

E leva t ion  of s.t. of tendon fibres by  wi thdrawal  of mois ture  was also demons t ra t ed  
b y  hea t ing  them in concen t ra t ed  sucrose solutions.  In  I.O M sucrose the s.t. was e leva ted  
to 7 o°, and  in 2.0 M solut ion to 72°. S imi la r ly  in 8 M e thanol  the s.t. of tendon was 
e leva ted  to 7 °0 and  in 12 M ethar~ol to 81 °. 

Varying the concentration o~ the shrinkage reagent 

Progressive lowering of s.t. with increase in concent ra t ion  of severa l  shr inkage  
reagents  is shown in Fig. 3. The curve for KCNS resembles tha t  r epor ted  b y  KfJNTZEL ~c 

. . . . . . . . . .  I . . . . .  1 r l 

. . . . .  i . . . . . . .  ! - - , ; - - J  

! . . . . . . . . . .  

,, o . 

5 5  ¢ . . . .  ,.: • • . 

ii 
3 5  • • • " - ~  [ !\ 

05 1.0 ~5 20 2.5 
fooler concentration 

Fig. 3. Effect o[ concentration on shrinkage 
temperature, at PH 7 

• KCNS A NaCIO 4 • KI 
O salicylic acid, • guanidine, Lq urea 

e~ 

-~ 0.4 & 

g a6 

2 0  ° 3 0  ° 4 0  ° 5 0  ° 6 0  ° C 

i ; 

f f  

i i . i i 

hme(ldiv= lmiq) 

Fig. 4- Reduction in amount of skin 
shrinkage with increase in concentration 
of .~licylic acid. l~.eading from left to 
right along the abscissa, the curves are 
for the following concentrations of sali- 
cylic acid (adjusted to PH 7.o) : 1.6 M, 

I.O M, o.8 M. 0.2 M, nil. 

Reduc t ion  in the ra te  and  ex ten t  of shr inkage with  increase in the  concen t ra t ion  of 
sal icylic acid  (neutral ized to PH 7 .o) used for soaking a t  room t empera tu r e  is ev ident  
from Fig. 4, in which several  shr inkage  curves  are  super imposed.  Pa r t i a l  shr inkage had  
occurred at  room tempera tu re ,  the  a m o u n t  increasing with the  concen t ra t ion  of sali-  
cylic acid. Shr inkage  was comple ted  b y  hea t ing  in the same solutions.  

Shrinkage o~ skin after soaking in salicylic acid and washing in water 

In  Fig. 5 it  is shown tha t  when skin was soaked in z.o M sa l icy la te  for 20 h at  320 
and  well washed in running  water ,  the  s.t. lowering influence of the  sa l icyla te  was a lmos t  
en t i re ly  removed,  bu t  if app rec i ab ly  shrunk  b y  hea t ing  in the sa l icyla te  to 37 ° before 
washing,  shr inkage  recommenced  at  a t e m p e r a t u r e  in t e rmed ia te  between 4 o°, the  value  
expec ted  if none of the  reagent  was removed,  and  67 ° , the  value  expec ted  if r emova l  
was complete .  Compar ison of the sa l icy la te  curve with  t ha t  for skin, pa r t i a l l y  sh runk  
in wa te r  before washing and  reheat ing,  shows tha t  e levat ion  of the t empe ra tu r e  at  which 
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shrinkage recommenced was not attributable merely to the change in physical state of 
the skin, but  was apparently due to the use of salicylate to produce this change. Per- 
sistent effects of soaking in salicylic 
acid could be due to residual chemical 
or to a change in the structure or 
condition of the collagen. 

Elasticity be/ore and after shrinkage 
in hot water or in thiocyanate 

As shown in Fig. 6, sheepskin 
extended to 1.23 times its initial 
length at a load of 4500 g per cm z 
and contracted to 1.15 thnes on re- 
moving the load. Skin shrunk to 0.42 
times its original length by heating 
in water for IO min at 70 ° and 
cooling showed extension similar to 
that of unshrunk skin under the 
same load. However, while under 
the influence of either heat or con- 
centrated NaCNS the skin displayed 
long-range elasticity, extending in 

, t , l 

50 60 

do 
2~,70 ' Cb/7° 

Fig. 5. R e s u m p t i o n  of h e a t  sh r inkage  a f te r  pa r t i a l  
sh r inkage  and  cooling 

Curve  x. H e a t e d  in wa t e r  to 62 °, washed  for 20 h in 
wa t e r  and  hea t ed  again.  (Curve r ep re sen t s  con t rac -  
t ion  du r i ng  second heat ing) .  

Curve  2A. H e a t e d  ]n wa t e r  to 7 °0 
Curve  2B. Following t r e a t m e n t  2A, sample  washed  for 

2o h in r u n n i n g  wa t e r  and  hea t ed  in wa te r  
Curve  3. H e a t e d  in i .o M salicylic acid (PH 7 .o) to 37 °, 

washed  for 2o h in wa t e r  and  hea t ed  again.  (Curve 
r ep re sen t s  con t r ac t i on  du r ing  second heat ing) .  

Curve  4A. H e a t e d  in x.o M salicylic acid (PH 7 .o) a t  37 ° 
Curve  4B. Fol lowing t r e a t m e n t  4A, washed  for 2o h 

in r u n n i n g  wa te r  and  hea t ed  in wa t e r  

the NaCNS to more than four times its shrunk length. Skin which was stretched in 
water at 7 °0 ruptured when the load reached 3000 g per cm ~. 

Similar results were obtained in another experiment in which various strips, some 
shrunk in hot water and others in CNS-, were removed from these liquids before testing 
the elasticity. Washing one of these strips for 20 h in running water, following complete 
shrinkage in lO M KCNS, caused elongation of the strip to about half its original length. 
Some KCNS may have remained in the tissues, for on heating in wate r  contraction 

"~ ~ ~.0 

0.6 
0.5 
0.4 
03 

~ 7 !  , I 

~00 20o0 3ooo 4ooo 

J . ~  t / ¢ , " i  

400 800 f200 1600 400 8OO f200 1600 
Load i, gram, ~,ght per cruz 

Fig. 6. E las t i c i ty  cu rves  for sheepskin ,  collagen A and  t e n d o n  fibres 

/ , ] /  Inc reas ing  load / Decreas ing  load 

O U ~ h r u n k  and  t e s t ed  a t  x8 ° • S h r u n k  in wa t e r  a t  7 °0 and  t e s t ed  in wa te r  a t  x8 ° 
O S h r u n k  a n d  t e s ted  in  wa t e r  a t  7 °0 • S h r u n k  and  tes ted  in 1o M NaCNS a t  z8 ° 

occurred at 4 o°, but shrinkage was only half of that strip which was not shrunk in KCNS 
but which had been washed in water for the same period. By heating a strip to 7 °o in 
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water and cooling to room temperature while holding it at its original length, it was 
set in the extended state. 

The curves for collagen A and tendon fibres in Fig. 6 show that, like sheepskin, both 
tissues displayed restricted elasticity before shrinkage and long-range elasticity in 
NaCNS. However, they differed from sheepskin in showing greater elasticity when 
cooled after shrinking in water at 70 °. The extension of collagen A after heating and 
cooling almost equalled its extension in NaCNS solution. 

THE I'.'I:FECTS OF INORGANIC IONS AND Pfl 

Salts containing ions o~ the lyotropic series 

The s.t. values for the Na and K salts of a variety of inorganic acids tested at Pr~ 7 
and I.O M concentration are shown in Table II. The collagen shrinkage activity of these 
anions agrees with their generally accepted position in the lyotropic series and with 
their increasing order of hydration. 

TABLE lI 
S.t.'s OF SAMPLES IMMERSED IN I .O bl SOLUTIONS OF 

SALTS CONTAINING ANIONS OF THE LYOTROPIC SERIES,  

AT PH 7 .0. S.t. ~X V,'ATER: SKIN 67 °, TENDON 6 8  ° 

. . . . . . . .  -K s q i t  - - -  ~ -  '~q-;. l t  ,- 

CNS- 
I-  
C10 4- 
SO3- 
Br- 
NO.- 
CI- 
Fe(CN)~ 
H2PO 2- 
F-  
t ! PO 4--* 
SO 4- - 

47 
50** 

58 
60 
6.1 
66 
70 
72 
77 
78 

(79)** 

5 ° 
5o** 

65 
66 
64 
7 ° 
75 
7" 
8o 
8i 

(76)** 

5 ° 

-19 
-t9 
59 
59 
63 
65 

71 
72 
77 
77 

5 2 

5 ° 
5I 
65 
6" 
67 
65 

/D 

78 
S5 
83 

* At PH 7 the phosphate would form a mixture: HPO4-- and HIPO 4- 
"* Owing to low solubility, KCIO 4 was not tested and I~SOa was tested at 0. 4 M concentration. 

Of the cations tested (Table III), the alkaline earths were all equally effective and, 
as a class, they exhibited greater activity than the alkali metals. When tested at 0.5 M 
concentration, that is, at a concentration equivalent to that of the alkali metals, the 
alkaline earths were again the more effective. Each gave  a s.t. of 55 °. With the univalent 
alkali meta ls  however,  the shrinkage increased with increase of hydration.  

I t  will be observed that in both the anion and cation series some  of the ions raised 
the s.t.  while others lowered it. 

Molal solutions of certain oxidizing agents,  KC1Os, KBrO3 and  KIO3 gave s.t . 's 
with skin at 64 °, 64 ° and  66 °, respectively. Some heavy  meta l  protein precipitants gave  
the fol lowing s .t . 's  at the p~ values indicated:  CuSO4 (PH 4 .o) 58°, FeCls (PH 1.5) 6o °, 
AgNOs (PH 7 .°) 55 °, Pb(CHsCOO)z (PH 7 .°) 5 °0. Some compounds  containing N in the 
anion gave  the fol lowing values for skin and tendon respectively:  sodium nitroprusside 
Na2Fe(CN)6NO 4 °0 and  32°, sodium azide NaN3 58o and  57", KCNO 67 ° and  68 °. 
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T A B L E  I l I  

S. t . ' s  OF SAMPLES IMMERSED IN I ,O M SOLUTIONS OF SALTS CONTAINING CATIONS OF THE LYOTROPIC 

SERIES, AT P H  7 .0. S . t .  IN WATER:  SKIN 67 °, TENDON 68  ° 

Cat ion  

C a  ++ 
Sr ++ 
Ba ++ 
Mg ++ 
Li + 
N H4 + 
Na + 
K + 

Chloride 

Skin 1 T e n d o n  

5 ° 50 
5 ° 5 ° 
5 ° 5 ° 
52 56 
59 6x 
63 63 
66 65 
69 70 

Su lpha te  

Skin T e n d o n  

66 7 ° 
7 ° 78 
73 78 
7 7 .  83 

(79) (76 )" 

Re la t ive  h y d r a t i o n  
(WASHBURN AND MILLARD N) 

14 

8.4 
5.4 

" See second footnote  to Table  I I .  

Rupture* of tendon fibres sometimes occurred in salt solutions at PH 7 .0 without 
prior shrinkage, but in a series of experiments the temperature of rupture was close 
to the s.t. (usually a degree or two higher), and in some instances it is therefore reported 
in the tables instead of the s.t. Owing to greater variability in both the s.t. and rupture 
temperature of tendon fibres less reliance should be placed on these values than on the 
corresponding values for collagen or skin. 

Effect o/PH 
In the absence of salts the s.t. of sheepskin remained constant within the range 

PH 4 to zz, but fell sharply outside these limits 
(Fig. 7). At PH I3.4 the damage was such that, after 
contraction, the strip commenced to stretch prior 
to rupture and the shrinkage curve resembled those 
for collagen A and tendon. From Fig. 7 it will be 
noted that not only was the s.t. of the collagen pre- 
parations considerably lower than the s.t. of skin 
but the range of stability of collagen AI to PH was 
narrower. 

An experiment was carried out which showed 
that the use of acid tor deliming was primarily 
responsible for the low s.t. of the collagen prepara- 
tions used in the present studies, and likewise of 
those employed by previous workers. Strips of fresh 
skin were soaked for z 9 h in water adjusted to 
various PH values between z and z3, the PH being 
readjusted to the initial value after 2 h and 4 h. After 
washing in water, samples which had been soaked in 
acid solutions were neutralized in KHCOs solutions 
at PH 9, and those soaked in alkaline solutions were 
neutralized in acetate buffer at PH 5. After 27 h 

I 2 3 4 5 6 7 8 9 10f11213 
&vo~ 

Fig. 7. Effect  of  PH" va lue  on  sh r inkage  
t e m p e r a t u r e  of  sheepsk in  and  sk in  

collagen p r epa ra t i ons  
O sheepskin A collagen A 

• collagen AI 

in these solutions, indicators applied to the freshly cut edges showed that the PH values 

* W h e n  used  w i t h o u t  qual i f ica t ion  in th i s  pape r  t h e  t e r m  " r u p t u r e "  s ignif ies  " r u p t u r e  of 
t e n d o n  fibre w i t h o u t  pr ior  s h r i n k a g e " .  
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of all the  s t r ips  lay  wi th in  the  PH range 6 to 8. They  were finally washed for 4 h in running 
wa te r  to remove salts.  The  s . t . ' s  of these str ips,  l isted in Table  IV, show clear ly  tha t  a t  
20 °, immers ion in acid  solut ion a t  or below Pti 4 .0 weakened  skin collagen, but  alkali ,  
even at  PH 12.8, was wi thout  effect and  s a tu r a t ed  Ca(OH)2 e leva ted  it s l ightly.  When  
hea ted  in solut ions of s imilar  a lka l in i ty ,  however,  collagen is severely  damaged .  

TABI.I,; IV 
E F F E C T  OF I 0 h S O A K I N G  AT 2 0  c IN S O L U T I O N S  OF V A R I O U S  P H  

V A L U E S  ON S . t .  OF N E I J T R A L I Z E D  T I S S U E S  

] S . t .  
Reagent Final PH value ; 

. . . . . . . . . . . . . .  [ S ~ p l e  A -S,~mi;'~ J~ 

ltCl ~ 1.3 
,, 2.7 

4.0 
Ki;li 7._, 

9.4 
IO. 7 
X2.,q 

Ca(OH): I2.8 

I 
52 53 

' 57 56 i 02 6I 
66 06 
66 07 
66 60 
68 6~) 
7 ° 7 ° 

Varying the Pn o/ salt solutions 

Fig.  8 shows t ha t  0. 5 M solut ions of Na2SO 4, KCI, K I ,  NaCI04 and KCN exer ted  
a cons tan t  effect on the  s.t. a t  PH values between 4 and I I .  Their  curves are therefore 
paral le l  in this  range and ma in ta in  thei r  re la t ive  posi t ions  up to PH 14. In  general ,  
however,  the  re la t ive  posi t ions of the  curves  for all the sal ts  were reversed below PH 2.5. 

[.~,~ H ,  ! ' : [ i i 
I_ ,_,_ 4 _ _ a . l  ~ .: ~ . 

= - !  - - - "  ' - -  -,--i 
~ 6 5  . . . .  

6(; ! - -  

55 

,o i 
45 . . . . .  ! -  

• i , 
I 2 3 4 5 6 7 8 9 101112"13 ~ 

Pn VoI~ 
Fig. 8. PH curves for sheepskin inthepresence 
of 0. 5 M solutions of salts containing various 

anions 
0 No salt • KCNS /X NaC10~ • KI 

I-1 KCI • NaiSO 4 

~eo i - I' ._.!_ :, -- 

I 2 3 4 5 6 8 9 ~011 ~ 13 ~ 

Fig. 9. PH curves for sheepskin in the presence 
of 0. 5 M solutions of salts containing various 

cations 
0 No ~tlt • LiC1 /k NHiCI • NaCI 

[] KCI 

The ca t ions  all lowered the s.t. above  PH 3'5 and  d i sp layed  no reversal  of lowering below 
PH 2.5 (Fig. 9). Owing to serious loss of N H  3 on heat ing,  NH4C1 was not  tes ted  above  PH 7. 
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Salt at  
o.5Mconcn 

Nil 
KCI 
KI 
NaC104 
KCNS 

TABLE V 
S . t . * s  OF S K I N  A N D  T E N D O N ,  T E S T E D  I N  T H E  S A M E  S O L U T I O N S  

Skin Tendon Collagen A1 

PH x.o PH 2.0 PH I.O PH 2.0 PHI.O J PH 
m 

2.0 

42 46 38 3 ° 37 42 
47 48 54 52 37 37 
49 55 55 56 4 ° 4 I 

' 48 53 53 54 4 ° , 4 ° 
55 55 55 55 4 ° 4o 

I 

The s . t . ' s  for t endon  were more var iable  t han  those for skin,  and  i t  was therefore  
impossible to  represent  the  pn-s . t ,  re la t ionships  b y  smooth  curves.  F r o m  the  general  
t r e n d  of the  results  it  was ev ident  t ha t  the  effect of Pn 
and  the  effect of anions and  cat ions  on the s.t. resem- 
b led  those observed for skin. Reversa l  of the  order  of 
s.t. lowering below PH 2.5 was no t  observed,  however,  
and  this  is confirmed b y  the results  presented  in Table  
V. These values  were ob ta ined  on the same d a y  wi th  
the  same solut ions under  ident ica l  condit ions.  Many 
of the  tendons  tes ted  between Pa  I and  PH 7 bo th  
in the  presence and absence of sal ts  r up tu red  wi thout  
pr ior  shrinkage.  By  p lo t t ing  the  pe rcemage  rup tu red  
agains t  the  var ious  PH ranges, h i s tograms showing the  
d is t r ibut ion  were ob ta ined  (Fig. IO). The mean of the  
PH values,  a t  which rup tu re  occurred in the  s.t. ex-  
pe r imen t s  to  compare  var ious  anions, is 4.08 and  the 
s t a n d a r d  dev ia t ion  1.33 PH units.  The cat ion figures 
have  a mean  of PH 4.49 and  s t a n d a r d  devia t ion  of 
1.52 PH units.  E x a m i n a t i o n  of the indiv idual  shr inkage 
curves  for t endon  showed tha t  the  ex ten t  of shr inkage 
increased s tead i ly  from almost  nil  a t  about  PH 6 to a 
m a x i m u m  at  PH 9.5. There was also a t endency  for 
the  s.t.  to rise to  a m a x i m u m  at  about  this  value.  

~8o 

~6o 

~ o . . .  . 

~2o 

80 . . . . . . . . . . . . . . . .  
60 I ~ ~ '  . . . . . . . . . . .  

~o . . . .  

20 . . . .  - -~ 

f 2 3 t, 6 7 pu8Valuo 
Fig. Io. Histograms showing per- 
centage of tendon fibres ruptured 
in various PH ranges during deter- 
ruination of s.t. Lower curve cor- 
responds to data for anions. Upper 
curve corresponds to data for 

cations. 

In  the  absence of sal ts  the  percentage of t endons  which r u p t u r e d  in acid  solut ion 
was much higher.  The following figures were ob ta ined  b y  tes t ing IO fibres a t  each 
Pn va lue :  

Pn . . . . . . . . . . . . . . . . . . . . .  i . o  2.0 3.0 3-9 4 .6 5.7 6-7 
Percentage  r u p t u r e d  before hea t ing  . . . . .  nil 8o IOO 8o 3 ° IO ni l  
Percen tage  r u p t u r e d  before or dur ing  hea t ing  . 20 ioo  ioo  IOO 9 ° 3o IO 

The mean  deduced  from values  for rup tu re  before or dur ing  hea t ing  is PH 3.5, and  
the  s t a n d a r d  devia t ion  1.29 PH units .  

The  influence of PH on the  swelling of t endon  fibres was s tud ied  b y  de te rmin ing  the  
ra t io  of thei r  d i ame te r  af ter  immers ion in wa te r  ad jus t ed  to  var ious  PH values  to  the  
ini t ia l  d iameter .  The mean  of five measurements  of d i ame te r  a long each fibre was ob- 
t a i ned  wi th  the  a id  of a microscope and  an eyepiece micrometer .  The  rat ios ,  r epo r t ed  

R e f e r e n c e s  p .  x87 .  
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in Fig. I I ,  reached a max imum at PH 3 .0 in HC1 , -20  I ~ - - - ~ - ~  + - - 4 - - I  ! J i U_~-  ...... ]---_4 
solutions and at p .  3 6  in oxalic acid solutions. The i - - - - i -  

• . ~  ~8 I - - - - ~ - I - - - - I - -  . ~ - - i  . . . . . . . .  PH values were checked before and after use. At-  ~7~ [ I [ ]l o | / I i , : 
t empts  were made also to determine the PH of~!~te~--~--i  t ~ l - - ~ - - Z - ~ - - 7 - - : - - ~  
max imum swelling in acetic acid'  but  the high c°n-  ~ " [ - - - ( - - i - J ! t - !  ~ .... i . . . . . . . .  i 
centrat ion of acid required produced complete ge- ~2~.~---~-~-{-~-4,  .... l - .  V- : . . . . . .  

latinization at PH 2.0 and PH 2.5. ~o - - Z -  v-  ' -  . . . . . .  i 

8t ...... /--4~ ....... i .... ~-.--' ....... 

THE EFFECT OF ORGANIC IONS 6i  _ ~ t ~ l _  ~ ~{___1___! . . . . . . .  
• / 

Fatty acids and aliphatic primary amines ' ~ - ~ - - i - ,  ; { 
i 

After an initial rise in thes . t ,  of skin and tendon t 2 3 5 6 7 e 
fibres from 67 ° to 720 with I.O M formic acid and pnv,,tu~ 

to 74 ° with 1.o M acetic acid, a mean reduction Fig. If .  Swelling of tendon fibres after 
of about  5.5 ° was observed per C a tom increment in 15 rain at the PH values indicated 
the length of the chain in the following series of O PH adjusted with HCI 
normal  fa t ty  acids: acetic acid, propionic acid, . pHadjus ted  with oxalic acid 

butyr ic  acid, valeric acid, and capr0ic acid, tha t  is up to the Cn member  of the series. 
Some addit ional reduction in s.t. p robab ly  occurred with lengthening of the chain up 
to the C9 member  of the series but,  owing to the variabil i ty of the results, the position 
of the curve is uncertain (Fig. 12). 

A s teady fall in s.t. with increase in length of the C chain was also observed in the 
following series of normal  aliphatic p r imary  amines;  methylamine,  ethylamine,  propyl-  

.... . . , ,  ,, ...-.!_:! :-_I-: 7 
i . . . . . . . .  " - - ;  . . . . .  t ! .... t- 

e~" . . . . .  r . . . . . . . . .  I _  I I ' - I ; - .  

. . . .  ! ....... I r ...... ~ . . . . . . .  

1 2 3 4 5 6 ~ .0 
Nwr~e ot C afoms tn mo~cu~ 

Fig. i2. Progressive lowering of s.t. with increase 
in length of carbon chain in the fatty acids and 
aliphatic primary amines, tested at I.o M con- 

centration and neutralized to Pn 7 
O fatty acids acting on sheepskin 
• fatty acids acting on tendon fibres 
D aliphatic primary amines acting on sheepskin 
• aliphatic primary amines acting on tendon 

fibres 

amine, butylamine and amylamine (Fig. 
12). Unlike the first and second members  
of the fa t ty  acid series, all the amines 
reduced the s.t. Moreover, increase in the 
length of the C chain beyond the C 5 member 
produced no further  appreciable reduction 
in the s.t., and the mean ' reduct ion in s.t., 
approximate ly  3.8 ° per C a tom increment 
in the length of chain, was less than that  
observed for the fa t ty  acids. I t  will also 
be noted tha t  individual amines produced 
lower s.t. 's than fa t ty  acids having the 
same length of C chain. 

Miscel laneous aliphatic acids, bases and 

un-ionized compounds  

One of the most  striking observations 
was tha t  all the aliphatic dicarboxylic acids 
examined, and also citric acid, elevated the 
s.t. (Table VI). The elevation was more 
pronounced with tendon fibres than with 
skin. Among the amines it should be noted 
tha t  s.t. 's produced by diethylamine and 
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dipropylamine were close to those produced by the corresponding primary mines,  
ethylamine and propylamine. The water-soluble un-ionizable organic compounds 
examined exerted little, if any, effect on the s.t. at I.O M concentration. HCHO, which 
elevated the s.t. very considerably, is a widely used tanning agent. 

T A B L E  V I  

EFFECT OF I.O M SOLUTIONS OF SOME ALIPHATIC ACIDS, BASES AND 
UNIONIZED COMPOUNDS, NEUTRALIZED TO PH 7, ON THE s.t. OF 

COLLAGEN. S.t. IN WATER: SKIN 67  °, TENDON 68  ° 

C o m p o u n d s  

Dicarboxylic Acids 
M a l e i c  a c i d  . . . . . . . . . .  
F u m a r i c  a c i d  . . . . . . . . .  
S e b a c i c  a c i d  (PH 8.4) . . . . . .  
A d i p i c  a c i d  . . . . . . . . . .  

• S u c c i n i c  a c i d  . . . . . . . . . .  
M a l o n i c  a c i d  . . . . . . . . . .  
O x a l i c  a c i d  . . . . . . . . . .  
T a r t a r i c  a c i d  . . . . . . . . . .  

Miscellaneous Acids 
T r i c h l o r a c e t i c  a c i d  . . . . . . .  
H y d r o g e n  d o d e c y l  s u l p h a t e  "m . . 
I o d o a c e t i c  a c i d  . . . . . . . .  
Bromobutyric a c i d  . . . . . . .  
M e t h y l a m y l  s u l p h o s u c c i n i c  a c i d "  . 
B r o m o a c e t i c  a c i d  . . . . . . . .  
A s c o r b i c  a c i d  . . . . . . . . .  
B r o m o p r o p i o n i c  a c i d  . . . . . .  
C h l o r o a c e t i c  a c i d  . . . . . . . .  
G l u c o n i c  a c i d  . . . . . . . . . .  
G l y c o l l i c  a c i d  . . . . . . . . .  
T h i o g l y c o l l i c  a c i d  . . . . . . . .  
L a c t i c  a c i d  . . . . . . . . . .  
C i t r i c  a c i d  . . . . . . . . . . .  

Secondary Amines 
D i p r o p y l a m i n e  . . . . . . . . .  
D i e t h y l a m i n e  . . . . . . . . .  

Miscellaneous Nitrogen Compounds 
G u a n i d i n e  . . . . . . . . . .  
A l l y l a m i n e  . . . . . . . . . .  
F o r m a m i d e  . . . . . . . . . .  
T r i e t h a n o I a m i n e  (PH 8) . . . . .  
A c e t a m i d i n e  . . . . . . . . . .  
E t h y l e n e  d i a m i n e  . . . . . .  " .  
T h i o u r e a  . . . . . . . . . . .  
M a l o n a m i d e  . . . . . . . . . .  
U r e a  . . . . . . . . . . . . .  
A c e t a m i d e  . . . . . . . . . . .  
G I y c i n e  . . . . . . . . . . . .  

S h e e p s k i n  

82 
80  

73 
78 
76  
78 
78 
79 

38 

47  
53  
58  
59  
64 
64 
67  
67  
68  
68  
69 
7 I 
79 

55 
60  

48 
57  
57 
58  
59  
59  
60  
6 r  
64 
65 
68  

S.t. 

Tendon 

82 

79  
75 
76 
82 
83 
78 
85 

36 
43 
5 I  
6 z  
58  
64 
7 I 
63 
67 
7 ° 
71 
7 ° 
68  
8o  

55 
I 60  

43 
54  
60  

54 
59  
62 

57 
58  
65  

t 60  

74 

* P u r e  s o d i u m  s a l t s  o f  t h e s e  d e t e r g e n t s  w e r e  u s e d .  
m T e s t e d  b y  t h e  m i c r o  m e t h o d  a n d  c o r r e c t e d .  
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T A B L E  V I  ( c o n t i n u e d )  

S.t .  
C o m p o u n d  

S h e e p s k i n  T e n d o n  

Non-ionized Compounds 
2 : 3  B u t a n e  diol . . . . . . . .  
l ) i o x a n  . . . . . . . . . . . .  
B u t y l  a lcohol  . . . . . . . . .  
A c e t o n e  . . . . . . . . . . . .  
Suc rose  . . . . . . . . . . . .  
I s o p r o p y l  a lcohol  . . . . . . . .  
E t h y l  a l coho l  . . . . . . . . .  
M e t h y l  a lcohol  . . . . . . . . .  
F o r m a M e h y d e  . . . . . . . . .  

65 
65 
06 
67 
7o 
67 
7o 
QO 

65 
¢)7 
7 ° 

67 

7 ° 

T A B L E  V I I  

E F F E C T  OF I . O  M S O L U T I O N S  OF S O M E  A R O M A T I C  A N D  H E T E R O C Y C L I C  

C O M P O U N D S  AT PH 7. S.t. I N  W A T E R  

C o m p o u n d  

P h e n y l p r o p i o l i c  ac id  . . . . . . . . .  
o - H y d r o x y  benzo ic  ac id  (sal icyl ic  ac id)  
C i n n a m i c  ac id  (PH 8.6) . . . . . . . .  
Ga l l i c  ac id  . . . . . . . . . . . . .  
o - A m i n o  benzo ic  ac id  ( a n t h r a n i l i c  ac id)  
D i t h i o sa l i c y l i c  ac id  . . . . . . . . .  
p - H y d r o x y b e n z o i c  ac id  . . . . . . .  
p - A m i n o b e n z o i c  ac id  . . . . . . . .  
B e n z o i c  ac id  . . . . . . . . . . . .  
P h e n y l p r o p i o n i c  ac id  . . . . . . . . .  
A c e t y l s a l i c y l i c  ac id  . . . . . . . . .  
B e n z e n e  s u l p h o n i c  ac id  . . . . . . .  
B e n z y l a m i n e  . . . . . . . . . . . .  
o -To lu ic  ac id  . . . . . . . . . . . .  
m - P h e n y l e n e - b i s - g u a n y l  g u a n i d i n e  m . . 
P h e n y l a c e t i c  ac id  . . . . . . . . . .  
M a n d e l i c  ac id  . . . . . . . . . . .  
p - P h e n y l e n e  d i a m i n e  . . . . . . . .  
N i c o t i n i c  ac id  . . . . . . . . . . .  
P y r i d i n e  . . . . . . . . . . . . . .  
A n i l i ne  (PH 4.5) . . . . . . . . . . .  
P i p e r i d i n e  . . . . . . . . . . . . .  
B e n z e n e  d i s u l p h o n i c  ac id  . . . . . .  
P y r o g a l l o l  . . . . . . . . . . . . .  
R e s o r c i n o l  . . . . . . . . . . . . .  
I s o p h t h a l i c  ac id  . . . . . . . . . .  
N a p h t h a l e n e  i :5 d i s u l p h o n i c  ac id  m . . 
S a l i c y l s u l p h o n i c  ac id  . . . . . . . .  
o - P h t h a l i c  ac id  . . . . . . . . . . .  

S K I N  67 ° , T E N D O N  6 8  ° 

S.t.  

Sheepsk in  

,3 ° 

.33 
35 
35 
39 
.39 
4 ° 
4o 

4 ° 
4 o 
4 l 
42 
42 
43 
43 
43 
45 
46 
52 
52 

53 
55 
57 
62 
65 
63 
66 
07 
67 

T e n d o n  

2 0  
. 

2 0  

.35 
36 
3o 

33 
3.3 
41 

33 
38 
35 
43 
46 
45 
.I 2 
,13 
5 !  
52 
53 
6o 

55 
6[ 
65 
63 
65 
7 ° 

* T h e  t e n d o n  f ib res  r u p t u r e d  wh i l e  a t t e m p t i n g  to  a t t a c h  t h e m  to t h e  l e v e r  of  t h e  r e c o r d i n g  
a p p a r a t u s ,  m T e s t e d  by  t he  m i c r o - t e c h n i q u e  ar/d c o r r e c t e d .  

Aromatic heterocyclic compounds 
The well-known anionic denaturant, salicylic acid, lowered the s.t. more than did 

any other compound with the exception of phenyl propiolic acid, but it was only slightly 
more effective than cinnamic acid and gallic acid (Table VII). Benzylaxnine was the 
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most effective of the aromatic cationic compounds tested and it is interesting that  its 
s.t. is close to that  produced by guanidine, the best of the aliphatic cationic compounds. 
Most of the aromatic compounds produced s.t.'s below 45 °. Least effective were the 
heterocyclic compounds, the dibasic aromatic acids, and the poorly ionized aromatic 
compounds. All the acids which produced average s.t.'s below 53 ° have pKa values of 
less than 5"- They would therefore be more than 99% ionized at PH 7. 

Variation in degree o/ionization o/ organic compounds 

By increasing the PH of I.O M benzylamine in four steps from 4.3 to 9.7 the s.t. 
was steadily elevated from 37 ° to 45 °, and by increasing the PH of I.O M aniline in three 
steps from 4.1 to 6.3 there was a similar elevation of s.t. from 4 °0 to 61 °. Since in the 
absence of salt such changes in PH would not affect the s.t., it appears that decrease in 
the ionization of the bases is responsible for the rise observed. The pKa values for benzyl- 
amine and aniline are 9.38 and 4.66 respectively at 25 ° , and they would not differ from 
these values by more than a fraction of a PH unit at the s.t. 

DISCUSSION 

The influence of compounds on the s.t. of collagenous tissues probably depends 
largely on their degree of adsorption at the collagen-water interface. DOCKING AND 
HEYMANN 7 have shown that the adsorption of inorganic ions on gelatin conforms with 
their position in the lyotropic series, and the same order would be expected to hold for 
their adsorption on the gelatin precursor, collagen. Substances which are strongly ad- 
sorbed by gelatin lower the s.t. considerably. If adsorbed only slightly the s.t. may be 
elevated, particularly if the ion is sufficiently hydrated to withdraw water from the 
collagen, for drying in air or in vacuo produced a considerable rise in s.t. KATZ AND 
DERKSEN 18 and ASTBURY l have shown by X-ray measurements that the side chain 
spacing in the direction of the salt links increases with hydration from approximately 
io  A to 16 A for gelatin and to 11.5 A for collagen. Thus dehydration would bring the 
adjacent polypeptide chains closer together and increase the opportunity for additional 

• cross linkage between them. Elevation of the s.t. by drying collagen is analogous to the 
protection against denaturation of globular proteins observed by BEILINSSON s when 
sucrose was incorporated in the denaturant solution. 

Amongst the inorganic anions, s.t. lowering varied inversely with hydration. 
Amongst the fat ty  acid anions, with the exception of formic acid and acetic acid, s.t. 
lowering, and presumably adsorption, became more pronounced with increase in the 
length of the carbon chain. This would be predicted from knowledge that the mutual 
attraction between organic compounds in solution increases almost linearly with increase 
in the length of the carbon chain (DUNKELS). The marked influence of many aromatic 
ions on the s.t. suggests that the possession of a benzene ring is very favourable to ad- 
sorption on collagen. Moreover, the introduction of hydrophilic groups, such as OH or 
NH 2, into the ring of benzoic acid, and preferably in the ortho position, as in salicylic 
acid and anthranilic acid, promoted s.t. lowering. The favourable influence of such 
groups on the adsorption of dyestuffs has led to their classification as "auxochrome" 

* Dissociation constants of most of the compounds tested are published in "LANDOLT-B6RN- 
STgXN, Physikalisch-Chemische Tabellen" 5th edit., Julius Springer, Berlin. The others were determined 
by electrometric titration in the author's Iaboratory. 
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groups. Presumably they promote the s.t. lowering action of ions also by favouring 
adsorption. The greater effectiveness of amino- and hydroxy-substituted acids than 
benzoic acid, and the lesser effectiveness of those containing additional saturated 
hydrocarbon groups, points to the existence of an optimum polar-apolar balance l×,- 
tween the head and the tail of the aromatic ion for maximum s.t. lowering. 

A second property which largely determines the effect of a compound on the s.t. 
of collagen, perhaps by influencing its adsorption, is the extent to which it is ionized 
at the p~ of the experiment (PH 7.o) • Compounds, such as the alcohols, which neither 
ionize nor react chemically with collagen, had little effect on the s.t. at I.O M concen- 
tration, and compounds such as urea and formamide, which are only feebly ionized 
at PH 7, were less effective than well-ionized compounds. But all compounds which 
lowered the s.t. by IO ° or more are completely ionized at PH 7 and, if anionic in character, 
they carry only one negative charge. They probably lower the thermal stability of 
collagen mainly by competitive adsorption at the salt links. Some polyvalent inorganic 
or organic anions, such as SO4 -2, P04 -3, citrate, al,d those liberated by dicarboxylic 
acids, elevated the s.t., and amongst the aromatic compounds the divalent anions 
produced less s.t. lowering than the corresponding univalent anions. 

Phthalic acid, for example, produced a higher s.t. than benzoic acid. Possession 
of more than one negative charge may prevent adsorption at the salt link by reducing 
the polar-apolar balance, or the divalent anions may elevate the s.t. by forming cross 
links between the negatively charged groups contributed by the lysine and arginine 
residues in adjacent polypeptide chains. However, if such cross links were formed the 
s.t. elevation produced by the various divalent aliphatic anions would not be expected 
to be so alike regardless of the distance separating the two negative charges on the 
ions. Moreover, DOCKING AND HEYMANN 7 showed that polyvalent anions were only 
slightly adsorbed on gelatin. Withdrawal of approximately the same amount of water 
from collagen by the unadsorbed ions, due to the possession of two negatively charged 
groups which are equally ~hydrated regardless of the distance between them, is an alter- 
native explapation. Possession of more than one positive charge on the cation did not 
render it any less effective ii~ lowering the s.t. than the corresponding univalent cation. 
Thus, m-phenylene-bis-guanyl guanidine lowered the s.t. to about the same extent as 
guanidine, and Ca, Sr and Ba produced lower s.t.'s than Na, K and Li. 

A third property which can make an important contribution to the s.t. lowering 
activity of an ion is resonance. The lowering of s.t. upon introduction of a double or 
triple bond into the side chain of an aromatic onion, as in cinnamic acid and phenyl 
propiolic acid, is probably the result of increased resonance in the ion, thereby enhancing 
its reactivity with hydrogen bonds between the CO and NH groups of adjacent polypep- 
tide chains in collagen. Such ions could lower the s.t. by breaking both salt links and 
hydrogen bonds. GREENSTEIN 11 attributed the greater denaturing activity of urea and 
guanidine on egg white than of certain related compounds to their ability to resonate 
in aqueous solution. The introduction of halogen atoms into the fatty acid anions, as 
in bromobutyric acid, iodoaeetic and especially in trichloracetic acid, promoted s.t. 
lowering, yet if the hydrophobie nature of the uncharged portions of the ion were the 
only consideration the halogenated ions should have lowered the s.t. less than the un- 
substituted ions. By attracting electrons within the ion, halogen atoms may increase 
reactivity with resonating systems in the protein, such as that involving the hydrogen 
bond. In fact, the hydrogen bond may be the most important site of action for some 
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ions. However, saturated and unsubstituted ions such as the higher fa t ty  acid anions, 
would not be expected to react in this way, and for them competitive adsorption at the 
salt link is probably the only mechanism. 

The greater s.t. lowering of anions, in general, than cations may be due to the excess 
of lysine and arginine residues, as may be seen from published amino acid analyses of 
collagen and gelatin (ASTBURY 1) or alternatively, to the number of amide groups, 
judging by the liberation of ammonia during the conversion of collagen to gelatin and 
the accompanying fall in isoelectric point from PH 7.0 or 7.8 for collagen (HIGHBERGER 13, 
BEEK AND SOOKNE 2) to 4.8 for gelatin (HITCHCOCKI4). An excess of basic groups in 
collagen would allow penetration of anions into the structure more readily than cations. 
The explanation of the difference between anions and cations in respect of the influence 
cf their valency on the s.t. will, no doubt, become apparent whelx more is known of 
the structure of collagen. 

It  is difficult to account for the reversal in the relative order of s.t. lowering of skin 
by inorganic anions with reduction in PH value below 2.5. Conversion of the skin collagen 
to the cationic state may be partly responsible, or there may be association of H+ions 
with the anions being tested within the skin, thereby lowering the local concentration 
of both ions. Similar reversal in effectiveness of ions with reduction in PH value has 
been demonstrated for other colloidal systems (see, for example, JORDAN LLOYD AND 
SHORE~V). Failure to confirm reversal of the lyotropic series when using tendon cannot 
be explained. 

Maximum swelling of tendon fibres and maximum tendency to rupture at about 
PH 3.5 suggests that these two effects are related. Both probably depend on the weakening 
or breaking of entirely different bonds from those which must be broken in order to 
lower the s.t. It appears that, if the longitudinal strength of the tendon has been weak- 
ened by osmotic or other forces, the fibres rupture instead of shrinking when the lateral 
hydrogen bonds or salt links are broken by heatihg to the s.t. The greater cross-sectional 
area and the woven structure of the collagen fibres in the skin specimens would explain 
their failure to rupture in acid solution. 

Long-range elasticity of collagenous tissues was demonstrated in water or in aqueous 
solution at temperatures above the s.t. The unstabilizing action of IO M NaCNS on 
collagen was so pronounced that the s.t. was lowered below 18 ° and heating was un- 
necessary. The greater elasticity of the collagen preparation and tendon fibres than skin 
after heat-shrinking and cooling to 18 ° suggests that some thermoelastic component 
was removed from skin during the preparation of collagen, and tendon contains in- 
sufficient of such substance to affect its elasticity appreciably. Epidermal keratin was 
probably the component which restricted the elasticity of skin after cooling. 

The influence of ions on physical changes in collagen and gelatin has been the subject 
of several papers. KATZ AND \,VEIDINGER 19, for example, showed that the effect of an 
anion on the s.t. of collagen depends on its position in the lyotropic series, but the effect 
of cations was not reported. BRAYBROOKS, MCCANDLISH AND ATKIN 4 and THEIS AND 
STEINHARDT 23 restricted their s.t. studies on cations to Ca, Mg, Na and K. Similar inves- 
tigations, but dealing with the relationship between the position of an ion in the lyotropic 
series and the digestion of collagen in salt solutions, were reported by THOMAS AND 
FORSTER 25, and the importance of the series with respect to the swelling, viscosity, setting 
and precipitation of gelatin was demonstrated by HOFMEISTER I~, PASCHELES ~2, FREUND- 
LICH AND SEAL 10 and BV3CHNER s. BURK e drew attention to the lyotropic series of nations 
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in relation to the denaturation of globular proteins, as measured by the nitroprusside 
test for - S H  groups. 

Studies of the influence of ions on the excitability of muscle (H/)BEI05), have sho~l,, 
as in the present paper, that the effectiveness of inorganic ions is related to their position 
in the lyotropic series and the action of organic ions depends on their hydrophobic- 
hydrophilic properties. Moreover, like collagen, myosin is converted by guanidine from 
a fibrous state to one approaching that  of the native globular proteins, as evidenced by 
reduction in viscosity and in double refractim, of flow (EDSALL ANI) MEHLg). The mecha- 
nism whereby myosin contracts may, therefore, be similar to that suggested for the 
shrinkage of collagen. 

The work described in this paper was carried out as part of the research programme 
of the Division of Industrial Chemistry, Council for Scientific and Industrial Research, 
Australia. 
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University of Sydney and to Dr E. HEY.~ANX of the University of Melbourne for their 
helpful comments on early drafts of this paper. Thanks are due also to Miss I). P. DOUI.L 
and Mr G. F.. ROGERS for technical assistance. 

SU3[:MAI{Y 

The  sh r i nkage  t e m p e r a t u r e  (s.t.) ot col lagenous tis.sucs, such  as  sheepsk in  and  r a t  tail  t endon ,  
increases  w i th  t he  load appl ied  and  wi th  decrease in the  mois tu re  con t en t  of the  t issues .  I t  falls 
s h a r p l y  wi th  r educ t i on  in PH va lue  below 4 and  wi th  increase beyond  I i and  is affected by  ions in 
accordance  wi th  the i r  pos i t ion  in the  lyot ropic  series,  I -  and  C N S -  p roduc ing  the  lowest  values." 

Unionized  organ ic  c o m p o u n d s  have  l i t t le  influence on the  s.t.,  bu t  the  va lues  p roduced  by  the  
ca t ions  of p r i m a r y  a l ipha t ic  amines ,  and  by the  an ions  of f a t t y  acids  h igher  in the  series t h a n  acetic 
acid, decrease  wi th  increase  in the  l eng th  of the  C cha in  w h e n  tes ted  a t  PH 7. The  a r o m a t i c  an ions  
of phenylpropio l ic  acid, salicylic acid, c innamic  acid, gallic acid and  an th r an i l i c  acid lower the  s.t.  
more  t h a n  a n y  o the r  organic  ions tes ted .  I n t r o d u c t i o n  of a second ionized an ionic  g roup  into an  an ion  
represses  i ts  s.t .  lowering ac t iv i ty ,  bu t  the  i n t roduc t ion  of a second ionized cat ionic g roup  into a 
ca t ion  has  no effect. 

R~SU.m~" 

La t e m p 6 r a t u r e  de r 6 t r & i s s e m e n t  (shr inkage t~ m p e r a t u r e  ou s.t.) des  t i ssus  collag6nes, c o m m e  
la peau  de m o u t o n  e t  le t e n d o n  de la queue  du ra t ,  a u g m e n t e  avec  I ' a u g m e n t a t i o n  de la charge  et  
avec  la d i m i n u t i o n  du degr6 d ' h u m i d i t 6  des t issus.  

La chu t e  de la t e m p 6 r a t u r e  ~st r e m a r q u a b l e ,  q u a n d  la va leur  du  Ptt t ombe  au-dessous  de 4 
on m o n t e  au -des sus  de I I ; elle es t  influencc~e en ou t r e  pa r  les ions en conformi t6  avec  leur  posi t ion 
dans  Ia s~rie lyo t ropique ,  I -  et  C N S -  p r o d u i s a n t  I ts  w d e u r s  les p lus  basses.  

Les  combina i sons  c h i m i q u e s  non-ionis6es n ' in f luencen t  que Mg~rement  la s.t. ,  t and i s  que  lt:s 
va l eu r s  p rodu i t e s  pa r  les ca t ions  des  a m i n e s  a l i pha t iques  p r ima i r e s  et  pa r  lcs an ions  des  acides gras.  
p lus  h a u t s  dans  la s~rie que  l 'acide ac6t ique,  d i m i n u e n t  avec l ' a u g m e n t a t i o n  de Ia longueur  de la 
cha~ne C, q u a n d  ~prouv~es  ~ PH 7- Les  an ions  a r o m a t i q u e s  de l 'acide ph6nylpropio l ique ,  de l 'acide 
sal icyl ique,  de l 'acide c i nnami que ,  de l 'acide gal l ique e t  de l 'acide a n t h r a n i l i q u e  r6du i sen t  la va leur  
de la s.t.  p lus  que  t o u s l e s  a u t r e s  ions o rgan iques  ~prouv~s.  L ' i n t r o d u c t i o n  dans  un  an ion  d ' u n  second 
groupe  ionis(~ d ' a n i o n s  r+pr ime son  influence r~du i san te  su r  la s.t. ,  t and i s  que  l ' i n t roduc t ion  dans  un  
ca t ion  d ' u n  second g roupe  ionis~ de ca t ions  n ' a  pas  d'effet.  

Z U S A M M E N F A S S U N G  

Die S c h r u m p f u n g s t e m p e r a t u r  (S.t.) kol lagener  Gewebe,  wie Scha f shau t  und  R a t t e n s c h w a n z -  
sehne ,  n i m m t  m i t  de r  a n g e w a n d t e n  B e l a s t ung  und  m i t  der  Ve r r inge rung  des  Fcucht igkei tsgehal te ."  
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tier Gewebe zu. Bei Verminderung  des pH-Wertes  un te r  4 und Erh6hung  fiber 11 fiillt sie scharI  ab;  
durch Ionen wird sie in 0 b e r e i n s t i m m u n g  mi t  deren  Pla tz  in der  lyotropen Reihe beeinflusst, wobei 
I -  und CNS-  die n iedr igs ten  Wer te  verursachen.  

Nicht  ionisierte organische Verbindungen beeinflussen die S.t. nu t  in ger ingem Masse, aber  die 
Werte ,  die durch die Ka t ionen  prim/irer  a l iphat ischer  Amine und durch die Anionen yon Fettsii.uren, 
die in der  Reihe h6her  s tehen  als Essigs/iure, en ts tehen,  n e h m e n  bei Zunahme der  L~.nge tier Kohlen-  
s tof lket te  at), wenn sie bei PH 7 bes t immt  werden.  Die a romat i schen  Anionen yon Phenylpropion-  
siiure, Salicylsiiure, Zimts~.ure, Galluss~ture und Anthranilsi iure verr ingern  die S.t. mehr  als alle 
anderen  un te r such ten  organischen Ionen. Einff ihrung einer  zweiten ionisierten Aniongruppe in ein 
Anion unterdr i ick t  seine S. t . -erniedrigende Aktivit~.t, w/ihrend die Einf i ihrung einer  zwciten ioni- 
s ier ten Kationgruppe in ein Kat ion  keinen Effekt  hat.  

R E F E R E N C E S  

x W. T. ASTBURY, J. Intern. Soc. Leather Trades' Chemists, 24 (i94 o) 69. 
2 j .  BEEK AND A. M. SOOKNE, J. Am. Leather Chemists' Assoc., 34 (1939) 641. 

A. BEILINSSON, Biochem. Z., 213 (I929) 399. 
4 W .  E .  BRAY'BROOKS, O. McCANDLISH, AND W. R. ATKIN, J. Intern. Soc. Leather Trades' Chemists, 

23 (1939) 111, I35. 
s E.  H. B0CltNER, Kolloid-Z., 75 (I936) 1. 
S N. F. BURK, J. Phys. Chem., 47 (1943) IO4. 
7 A. R. DOCKING AND E. HEYMm~N, J. Phys. Chem., 43 (1939) 513. 
s M. DONK~L, Z. phys. Chem., (A), 138 (I928) 42. 
g J. T. EDSALL AND J. W. MErtL, f .  Biol. Chem., 133 (I94o) 4o9 . 

lo H. FREUNDLICH AND A. N. SEAL, Kollold-Z., 11 (1912) 257. 
11 j .  p.  GREEUSTEIN, f .  Biol. Chem., 125 (1938) 5o1. 
II j .  H. HIGrmERGER, J. Am. Leather Chemists' Assoc., 31 (1936) 93. 
18 j .  H. HIGrmERGER, J. Am. Chem. Soc., 61 (1939) 2302. 
a4 D. I. HIT(;ItCOCK, J. Gen. Physiol., 14 (i931) 685. 
16 R. H6BER, Physical Chemistry of Cells and Tissues, Phi ladelphia ,  1945. 
18 F.  HOFMElSTER, Arch. exptl. Path. Pharmakol., 28 (1891) 2io.  
17 D. JORDAN LLOYD AtCD A. SHOEE, Chemistry of the Proteins, 2nd ed. London,  1938. 
18 j .  R. KATZ AND J. C. DERKSEN, Rec. tray. cairn., 51 (1932) 513. 
at j .  R. KATZ AND A. WEIDINGER, Biochem. Z., 259 (1933) I91. 
to  A. KONTZgL, Stiasny Festschrift, Darms tad t ,  1937. 
81 K. H. MEYER, Biochem. Z., 21, t (1929) 253. 
t~ W. PASCrtELES, Pfl~lgers Arch. ges. Physiol., 71 (1898) 333. 
ts  E. R. THglS AND R. G. STEtNHARDT, J. Am. Leather Chemists' Assoc., 37 (1942) 433. 

E.  R. THI~IS AND T. F. JACOBY, J. Biol. Chem., 146 (1942) 163. 
16 A. W. THOMAS AND S. B. FOSTER, Ind. Eng. Chem., 17 (1925) I162. 
m E. W. WASHBURN AND E. ]3. MILLARD, J .  Am. Chem. Soc., 37 (1915) 694. 

Received March 3oth, 1948 


