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I.

INTRODUCTION

Dtntmo studies made in this laboratory on the effect of alkali on collagen,
ir was found that the treated fibres showed, in addition to the coUagen wide
angle pattern, a large number of reflexions arranged along layer Unes. A
similar observation had been made by Clark and Schaad (1936) who
supposed that these reflexions were produced by addition compounds of
collagen with alkali. While the photographs reportcd by Clark and Schaad
contained only a few spots in addition to those of collagen, the patterns
obtained by the author contained a series of them extending over the whole
range- of 2 O.
A careful study of the photograph revealed the remarkable fact that
the extra reflexions were caused by sodium carbonate monohydrate
(NasCO3, H20) rotated about its b-axis. Thus it appeared that the phenomenon was not one of addition compound formation but of oriented crystallisation on collagen. The study was therefore extended to various other
soluble salts. A number of salts were found to crystallise weLl in the fibre
even though the solutions employed were lar from being saturated and there
was no crystallisation in the mother liquor itself. On the other hand, some
salts failed to crystaUise inside the coUagen. The nature (phase) of the
deposited crystallites was also found to vary considerably with the pH of the
solution employed. The study was later extended to feather keratin, another
¡
protein believed to possess structural similarity with collagen. In
this case also, oriented crystsllisation was found to occur. This paper deals
with the experimental study made on collagen.t
* A pordon of this paper has bccn taken from the thesisacccptcd by thc Univcrsity of Madras
for M.Sc. Dcgrc~.
t A part of the work was actually completcd in 1954 anda preliminary note was published
in 1955 CRamachandran and Ambady, E.xpcrientia, 1955, 11, 343). Rcccntly it has ccmr to the
uotico of the author that similar studics werc carricd out by Zaidcs (1950), who had also attributc4
tho ob~'v 9 elongated ~cs to the adsorbed crystaILitesof the salt uscd in solution,

136

Studies on Collagen--llI

137

2. EXPERIMENTALDETAmS
The investigation may be divided into two parts. During the first stage,
experiments were performed with solutions of sodium and potassium
hydroxide of strength about 0 . 2 5 N . The results obtained from these
experirnents led to the establishment of the phenomenon occurring as
oriented crystallisation. In the second stage, alka[ine, neutral and acidic
solutions of a la~ge number of simple inorgar~c salts were employed.
Fibres of knagaroo rail tendon and " tendo achilles" of horse were used
throughout. The solutions were kept in open dishes and the fibres were
soaked in them for periods ranging from 16-20 hours. The treated fibres did
not exhibit any external change.
However, when viewed under the polarising microscope, the specimens
in which oriented crystallisation had taken place were found to possess strong
biref¡
The X-ray pattems of the dried specimcns were recorded as
usual in eonventional cylindrical and flat plate cameras, using Cu K~ radiation.
3. RESULTS

(a) Sodium and potassium hydroxide.--Fibres treated with sodium
hydroxide yielded two types of X-ray patterns. They are reproduced in
Figs. 1 and 2 and wilt hereafter be called NaOH-I and NaOH-II respectively.
Even on a cursory inspection, ir was evident that the pattern of NaOH-I
and that of the sodium addition compound reported by Clark and Schaad
were caused by one and the same substance. According to these authors
the substance belonged to the orthorhombic system with the cell dimensions
a = 5 . 3 2 A , b(fibre a x i s ) = 6 . 5 0 A and c = l l - 9 0 A .
From measurements made on the X-ray diagram of this compound (NaOH-I), the ~-values
of all the extra refiections were calculated. By trial ir was found that the
calculated values of ~~ fitted into an orthorhombic cell of dimensions,
a = 10-lA, b(fibre a x i s ) = 6 . 4 5 A and c = 5 . 3 0 A .
It may be noticed
that two of the parameters ate practically same as those calculated by Clark
and Schaad for their addition compound, while the third is definitely digeren~
The cause of the discrepancy is due to the fact that the above authors have
also taken into consideration the equatorial reflexions of the wide angle
pattern of cotlagen. The ceI1 dimensions calculated for NaOH-I ruled out
sodium hydroxide as the substance causing the extra reflexions, as they did
not agree with the reported data on any of the forros of sohd NaOH. It
then occurred to the author that the deposit could possibly be a carbonate
of sodium formed by the action of atmospherie carbon dioxide on the alkali.
A survey of the knowa structures of various sodium carbonates revealed
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that the cell dimensions of Na,COs, H,O were very nearly equal to abovr
calculated values (orthorhombic, a = 10.72A, b = 6.44A and c = 5.24;
Wyckoff, 1951). Moreover the ~*-values obtained from NaOH-I photograph
and those calculated from the data given by Harper (1936) agreed very well.
This proved beyond doubt that the extra reflexions were due to the crystalline
modifieation Na,CO3, H20.
Shace both NaOH-I and NaOH-II were prepared under identical conditions, it was reasonable to assume that the deposited substance in the latter
case also was some other carbonate of sodium. This was further strengthened by the fact that the layer spacing along fibre axis measured 3.48 A - a value very close to the b-parameter of sodium sesquicarbonate (Na2COs,
NaHCO3, 2 H 2 0 ; monoclinic, a = 2 0 . 4 1 A ,
b=3.49A,
c = 10.33A
and q = 106~ 20'). Making use of the data given in the original papes,
(Brown, Pieser and Turner Jones, 1949) ~~-values of strong reflexions were
calculated and were compared with the experimental values obtained from
the NaOH-H photograph. The two sets of values were found to agree
remarkably well.
As in the case of sodium hydroxide, two diŸ
X-ray diagrams
(referred to hereafter as KOH-I and KOH-II) were recorded with fibres
treated in potassium hydroxide also. The deposit in KOH-I was identified
as potassium bicarbonate. The crystallites were found to be oriented with
their c-axis (3.71 A), lying along the fibre axis. It may be noted that Clark
and Schaad had wrongly ascribed to the same substance (which they called
potassium addition compound) a monoclinic ceil of dimensions a = 4.28 A,
b (fibre axis) -----3.78 A, c = 14-1 A and r = 59 ~ 45'. Those for KHCO3
(Nitta, Tomie and Koo, 1952) ale a = 15.11 A, 5-67 A, c ---- 3.71 A and
= 103 ~ 45' of which the spacing along the fibre axis alone agrees with the
parameter given by the authors.
In the case of KOH4I, the orŸ
was poor, as indicated by powder
rings. The substance was identiIied to be 2 KzCO3, 3 H20 from the A.S.T.M.
eards. Some of the strong lines observed in the X-ray diagram were found
to be common to both potassium carbonate hydrate as well as to potassium
hydroxide. It was possible that the deposit contained KOH also, in addition to 2 K2CO,, 3 HaO, though ir is difticult to explain how KOH could
have existed in a pare forro in the fibre even after severa! days of exposure
to the atmosphere.
Fibres treated with freshly prepared solutions of the two hydroxides
kept in ~aled vessels failed to cxhibit any oriented crystalli~~ation. This
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result clearly showed that the crystallising compound, namely the carbonate,
was formed in the solution and not in the fibre by ehemical action.
(b) Reactions with other salts.--Fibres treated with a saturated solution
of copper sulphate gave only the wide angle pattern. However, the X-ray
diagram of a fibre treated in alkaline solution exhibited a large number of
extra reflexions arranged along regular layer lines (Fig. 3). The layer line
spacing measured 7.0 A, a value close to the c-spacing of sodium sulphate-III
(orthorhombic, a = 5.59A ; b = 8.93 A and c = 6.98 A). Knowing the cell
parameters and the space group of this substance (Frevel, 1940) ~2-values
of the permitted reflexions were calculated. The identi.fication was now
carried out as in the previous cases, by comparing the observed and calculated U-values.
However, experiments performed with neutral solutions of sodium sulphate failed to give any oriented crystallisation of the salt. So also, neutral
solutions of sodium tartrate and sodium carbonate gave negativo results.
Experiments were now conducted with alkaline solutions of a number
of inorganic salts (Table I). The X-ray diagrams recorded with the fibres
treated with sodium ¡
sodium bicarbonate and sodium tartrate ate
given in Figs. 4, 5 and 6.
Ah attempt was then made to understand why some salts crystallised
readily in collagen while others failed to do so. When the value of the parameter (p) of the crystallising Salts which was paraUel to fibre axis was carefully examined in the successful cases, a remarkable discovery was made
namely that the product of this parameter with a simple integer (N) always
took a value between 27.5 A and 29- 5 A. In fact, when the value of product
(Np) exceeded 29 A, the meridional spaci¡ of the collagen was found to
increase from the normal value of 2.88 A to as much as 2.95 A in certain
cases. These considerations indicated that the mechanism attending o¡
crystallisation was essentially one of epitaxial growth, in which one of the
crystal axes gets oriented parallel to the fibre axis. Then it is understandable
that the lattice of the substrate would extend slightly to accommodate crystallites of a larger parameter. [It was incorrectly stated in the earlier note
(Ramachandran and Ambady, 1955) that the cell parameter concerned always
assumed a value between 3.2 and 3.75 A or a multiple of this.] In the case
of salts which gave negative results, it was found that the value of the product Np, with the exception of potassium iodide, potassium sulphate, potassium chlorate and potassiurn chloride, always lay beyond the two limits.
Th e powdr rings observcd in the X-ray diagram recorded with tendon treated
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with potassium iodide did not fit in with known compounds of potassium.
The iodide itself did not crystallise, but it may be mentioned that this compound has a tyotropic action of collagen, leading to a breakdown of its structure.

(c) Studie~ at dtfferent pH's.--It was not clear at this stage why some
salts failed to exhibit oriented crystaUisation, in spite of the excellent geometric fit available. Since the solutions used in this set of experiments were
fai~ly conccntrated, the only other factor which could have inhibited crystal
growth was probably the pH of the solution. Detailed experiments conducted with sodium sulphate, potassium sulphate and potassium chlorate
showed t¡
o¡
crystaUisation occurred when the pH of the solution
was between 2"2 and 2.4 and between 12 and 13. The X-ray diagrams
obtained with fibres treated in acid solutions of potassium sulphate and
sodium sulphate aze reproduced in Figs. 7, 8 and 9 respeetively. Ir may be
observed that the misorientation as well as the particle size of the deposit
increases as the pH goes above 2" 3 (Figs. 8 and 9). In the alkaline solution
of low pH the deposit gave only powder lines. In alkaline pH, another forro
of sodium sutphate namely thenardite (A.S.T.M. card No. 5-0631) was also
found to occur. In the case of potassium sulphate, the crystal[ites were
deposited with both b and c pazameters lying along fibre axis. The X-ray
d i a ~ a m presented here shows the c orientation. Potassium chlorate was
deposited on the fibre from alkal;ne solutions with its a-axis (4.65 A) parallel
to the fibre axis. Deposition of the salt occurred also in solutions of pH 2.4,
but due to extreme miso¡
no definite layer line could be observed.
In general, it was found that the orientation of potassium satts was considerably lower than that of sodium salts.
As a.ll the salts used in this study were highly soluble, washing the libres
with distilled water even f o r a short time completely removed the deposited
crystatlites. However, it must be mentioned that in experiments c£
on deposition of calcium phosphates on collagen the deposit could n o t be
removed by washing. Stretching the fibre before treatment with various
solutions produced marked improvement in the ofientation of the deposited
crystaUites.
4.

DISCUSSlON

Epitaxis is a weU-known aspect of crystal growtb. Though considerable
reseaxches have been carried out on the phenomenon, most of it is confined
to two-dLmensional overgrowth on crystaltine substrates. Exhaustive
accounts on the subject ate given by Van Der Merwe (1949) and Buckley
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(1951). On examining the experimental results obtained with collagen, one
finds that in almost all cases there exists a geometric fit between the axial
repeat of collagen and the overlapping parameter of the deposited salt.
Now the axial repeat of the collagen is believed to be 28'6 A (Ramachandmn and Kartha, 1955). In the helical structure of coI[agen the only
repeating unir is the axial repeat. Hencc the molecule may be considered
as a one-dime~sional .substrate, on which paralM growth can occur only
along the fibre axis. Since a crystallite can get attached to any point on the
surface of the protofibril, there wi[1 be complete random orientation among
the deposited crystalhtes in directions at right angles to the fibre axis. Therefore the X-ray diagram of the treated fibre would resemble a single crystal
rotation photograph of the particular substance, taken about the axis which
is aligned paralM to fibre axis. An examination of column 5 of Table I
revcals that in atl cases the value of Np is in complete agrecment with the
repcat of collagen, namely 28.6 A. However, in a few cases, as for example
KC1 (Np = 28-2 A), negative results were obtained. Such negative results
are reported in the literature on epitaxŸ They have bcen asc¡
to the
failure to form chemical bonds between cor~csponding umts on the substrate
and deposits.
In collagen, ehaxged centres ate available in the forro of basic and acidic
amino acid side groups which project outwards from the back bones of the
polypeptide chains. Thesv ~ o u p s a.re helieved to occu.r at definite levels
along the fibre axŸ though the actual distribution is not known. In acid
and alkaline s0lutions, the intermolecular bonds of collagen are weakened
or even ruptured giving risc to swelling of the fibre. The degree of sweUing
is found to vary with the pH of the solution used. This is clearly indicated
by the titration curve for collagen (Bowes and Kenton, 1948) which shows
a pcak at about pH 2.2. SweUing is minimum in neutral pH while in
alkaline solutions, it recreases rapidly above pH 10. Hence whcn coIlagen.
fibres ate placed in salt solutions whose pH is adjusted to that corrc~ponding
to a large sweUing, the solutions enter hato the fibre. When the specimen is
removed from the s~lution, water evaporates off and the dissolvexi salt crystalhses in the interstices between the fibrils in the specimcn. I t i s rcasonable to
suppose that the charged groups on the molecule which projcct out of the
surface of the fibrJls must be playing ah important part in determining the
orientation of the crystalª
along the fibre axis.
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SUM3IARY
When collagen fibres are treated with acidic and alkaline solutions of
inorganic salts, oriented crystallisation of the salts takes place inside the
protein fibre. The treated fibres give X-ray diagrams which closely resemble
single crystal rotation photo~aphs. A direct relationship has been established between the crystal parameters lying parallel to the fibre axis and the
axial repeat of collagen. Oriented crystallisation does not occur in neutral
solutions. In both acidic and alkaline solutions the o¡
improves
with swelling. The chemical treatment is found to have lŸ
effect on
collagen itself in most of the salts.
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DESCRIPTION OF PLATES
(AII photographs exccpt Figs. 8 and 9 wr taken in cylindrical camera of radius 3 cm.).
P t ~ ~ IV
FIG. 1. Sodium carbonate, monohydrate.
FxG. 2. Sodium sesquicarbonate.
Flo. 3. Sodium sulphate-IIl.
PLAaX V
F1o. 4. Sodium fluoridc.
FIG. 5. Sodium bicarbonate.
Fzo. 6. Sodium tartrate.
F:o. 7. Potass/um sulphate.
Fio, 8. Sodium sulphate (Flat plate, D----3 cm.) at pH 2-3.
Fin. 9. Sodium sulphatc (Flat plate, D ---- 3 cm.) at pH about 3-0.
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