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Chromium-induced molecular assemblies and long range
ordering in collagenous tissues: A conceptual insight into
chromium tanning
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Abstract. A molecular insight into the mechanism of stabilisation of collagen
against the action of collagenase and wet heat leading to tanning has been gained. The
variations in the extent of stabilisation of collagen with the nature of the molecular
species of chromium(Ill) have been demonstrated experimentally. A case has been
made to conceive tanning as emerging from an increase in long-range order and
chromium(III)-induced molecular assembly of collagen.
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1. Introduction

Leather is a stabilized form of collagenous matrix. It is known that some chromium(III)
salts stabilize skin and afford leather 1,2. Metal ions are capable of participating in a wide
variety of interactions with proteins in general, and collagen in particular 3. Among the
great variety of collagen-metal interactions, the particular types which lead to the stability
of the protein are of interest to leather chemists. A high level of molecular organization of
collagen in connective tissue proteins has been reported previously 4. In spite of structural
integrity, the protein is susceptible to enzymatic attack by collagenase 5. The stabilization
of skin against the degradation by microorganisms is the most fundamental process in
tanning. Apart from resistance against putrefaction, tanning of skins and hides with
chromium leads also to the hydrothermal stability of the matrix 6.
The stabilization of skin by chromium(III) is traced to the formation of metal ionmediated coordinate crosslinks in the protein involving side-chain carboxyl sites in
collagen 7,s. Inferences on the mechanism of chrome tanning have been made from
indirect studies 9 Basic chromium sulphate (BCS) is the most commonly used salt for
chrome tanning 10. Previous studies have proved that there are more than 15 structurally
different species in BCS salts 11-17. BCS has been shown to contain monomeric, dimeric,
trimeric, tetrameric and other higher oligomeric species 18'19. A recent study has
demonstrated that the degree of stabilization of collagen may vary with the nature of the
bound chromium(III) species 20.
The conventional treatment of the. mechanism of chromium tanning does not provide
molecular insight into the primary elementary steps leading to stability. The ternary
system of chrome-collagen-collagenase needs to be investigated further to gain insights
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into the molecular events in tanning. Tanning as a process is easily described but
molecular definitions have not been forthcoming.
The need for better understanding of the structural changes involved in chrome tanning
has already been identified 21,22. Molecular-level definitions are necessary to understand
more quantitatively, (a) the stability of collagen elicited by various chromium(III) species
against the action of collagenase, (b) the observed increase in the stability of leather
against wet heat, and (c) the changes in the long-range order of collagen brought about by
the metal ion. Attempts have now been made in this work to address some of these
fundamental issues. Arguments have been advanced that chromium tanning may involve
significant increases in long range order and influence on the quaternary and tertiary
structures of collagen.

2. Experimental details
Tendons from six-week-old Sprague-Dawley rats were teased out and treated with the
major Cr(III) species of interest to tanning viz. dimer 23, la, trimer 24, l b and tetramer 18,
le, simulating conditions of tanning (figure 1). The isolation of the different species was
carried out according to standard procedures i8. The Cr(III) tanned rat-tail tendon (RTT)
collagen fibres were then investigated for their hydrothermal stability and resistance to
enzymatic degradation. Small strips of the fibres were cut and placed on microscopic
slides mounted on a holder carrying a thermometer and could be heated. The shrinkage of
the collagen fibres was observed by viewing under a microscope placed above the holder.
The shrinkage temperature data were collected using standard methods 25.
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Figure 1. van tier Waals surfaces of polymeric complexes of chromium(III) of
relevance to tanning dimer (la), trimer (lb) and tetramer (lc).
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The effect of denaturing agents like urea on chromium-treated RTT collagen was also
investigated. The collagen fibres treated with different Cr(III) species were subjected to
increasing concentrations (2M, 4M and 6M) of urea. After 24 h, the shrinkage
temperature of the urea-treated fibres were determined employing standard procedures.
Collagenase (2 rag, sourced from Sigma) dispersed in buffer (1 ml) was added at 37°C
to the RTT collagen fibres (20 mg) which had been crushed in sample buffer 26 so as to
give a final collagenase concentration of 0.2 mg. Both native and chromium-treated rat
tail tendon fibres were subjected to the degradation by collagenase. The percentage of
hydroxyproline in the collagenase hydrolysates withdrawn at different time intervals was
determined by the method of Woessner 27 after acid hydrolysis of the samples. Samples
for SDS-PAGE were prepared by the method of Berry and Shuttleworth 28. SDS-PAGE
was carried out on the samples withdrawn at different time intervals on a 10% gel by the
method of Laemmli 29. The gels were then stained with Coomassie Blue, destained and
stored for documentation.
The amount of chromium present in the various tanned fibres was determined using
standard procedures and employing inductively coupled plasma techniques. The collagen
fibres were digested in acid mixture (H2SO4 and HNO3) and analysed for chromium
content using ICP.
The topological distribution of chromium in tanned collagen extracted from RTT was
investigated using standard Transmission Electron Microscopic methods. Collagen
extracted from RTT by standard procedure 30 was reconstituted by dialysis against water 31
and treated with various Cr(III) species and then the samples were examined under an
electron microscope (JEOL-1200EX) for the banding pattern characteristic of native
collagen. The self-staining potential of chromium(III) has already been reported 20.
Collagen extracted from RTT by known procedures was used for Circular Dichroism
studies. The collagen content of the solution was estimated by the standard procedure 27.
Conformation of native collagen in 5 mM acetic acid was recorded in the far uv region 32.
Changes in the conformation of collagen on addition of Cr(III) species were investigated.
Effects due to presence of salts were maintained constant by carrying out the
investigations at constant ionic strength in all cases.
3. Results and discussion
Shrinkage temperature data on rat-tail tendon fibres treated with different species of
chromium before and after treatment with various concentrations of urea are listed in
table 1. Whereas the shrinkage temperature of native collagen is -60°C, thermal stability

Table 1. Shrinkage temperature (°C) of native and Cr(III) species treated collagen
fibres before and after treatment with urea..
Concentration of urea
Nature of
Cr(III) species

0M

2M

4M

6M

BCS
Dimer, la
Trimer, lb
Tetramer, lc

102
100
84
68

102
96
82
56

100
90
79
54

96
88
75
52
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of collagen fibres registers a steep increase on treatment with dihydroxooctaaquadichromium(III) of the structure la. It is clear from table 1 that trimer, lb, and
tetramer, le, afford limited hydrothermal stability to collagen. The hydrothermal stability
of collagenous tissues may be explained in terms of the long range ordering elicited by the
chromium(III) ion. The relatively poor tanning potency of tetramer, le, has been reported
earlier 18. Increase in shrinkage temperature of skin or collagen fibres is generally
attributed to crosslinking phenomena 33.
A marginal decrease in shrinkage temperature is observed after RTT samples had been
pretreated with urea if collagen had been tanned with BCS, dimer, la, and trimer, lb. In
the case of BCS-treated collagen, shrinkage temperature decreases from 102°C to 100°C
and 96°C after treatment with 4M and 6M urea respectively. On treatment with 2M urea,
however no decrease in shrinkage temperature is observed. When collagen had been
tanned with the isolated species of dimer, la, and trimer, lb, decreases of 12 and 9°C in
shrinkage temperature are observed on treatment with 6M urea respectively, as seen from
table 1. The decrease in hydrothermal stability of tetramer le, treated collagen on urea
treatment is dramatic.
The percentage of chromium fixed in the various Cr(III) species treated collagen fibres
is listed in table 2. Although the same amount of chromium had been offered per gram of
collagen, the amount of metal ion fixed varies significantly depending upon the nature of
the chromium species.
Rat-tail tendon fibres with and without the treatment of various chromium species were
subjected to hydrolysis by collagenase. The extent of hydrolysis was monitored by the
release of hydroxyproline in solution. The extent of solubilisation of collagen by
collagenase was examined at periodic time intervals after addition of the enzyme. Data
are presented in table 3. The release of hydroxyproline into solution as expressed by gram
of imino acid per gram of collagen has been correlated with time and shown in figure 2.
Table 2. Percentage of chromium in the Cr(III) species treated R'I'r collagen.
% Cr based on dry fibre weight

Nature of tanning species
BCS
Dimer, la
Trimer, lb
Tetramer, lc

2.50
1.32
1.07
0-44

Table 3. Hydroxyproline released into the collagenase digest of various Cr(III)
species treated RTr at different time intervals (in %).
Nature of tanning species
Time (h)
6
8
16
20
24
30
36

Native
0.70
0.88
1.40
1.83
2.61
4.30
5.67

BCS
9-23
0.25
0-40
0.46
0.56
0.83
1.25

Dimer, la
0-23
0.27
0-45
0.46
0-58
0.93
1.54

Trimer, lb
0.30
0.39
0.60
0.69
0-80
1.22
1-93

Tetramer, lc
0.65
0.69
1.10
1-50
1.94
2.53
3.59
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Figure 2. Plot of hydroxyproline released from the Cr(III) species treated RTI"
collagen into solution on collagenase treatment with time.

Native RTT fibre is solubilised extensively within 30 h of treatment with collagenase.
Collagen samples treated with the chromium(III) tetramer, lc, exhibit low resistance to
hydrolysis by collagenase. On the other hand, RTT fibres treated with dimer, la, and
trimer, lb, resist hydrolysis by collagenase more effectively as seen from figure 2. The
reciprocal of the initial rates of the enzyme-promoted hydrolysis of chromium-treated
collagen samples have been correlated with the degree of polymerisation of the Cr(III)
species in figure 3.
The pattern of hydrolysis of native and chromium-treated RTT by collagenase has
been examined using SDS-PAGE on hydrolysates withdrawn at various intervals of time.
Typical results of acrylamide electrophoresis are shown in figure 4. Native collagen
undergoes extensive degradation after 18 h as seen from the dramatic decreases in the
molecular weights of collagen (figure 4a). RTT fibres treated with tetramer of Cr(III), le,
exhibit significant level of hydrolysis within 48 h of treatment with collagenase (figure
4b). On the other hand, decreases in molecular weight of trimer, (lb) treated collagen are
minor even up to 96 h of enzymatic hydrolysis (figure 4c). Even after 96 h, no evidence of
cleavage was detected in the case of RTI' fibres tre~ited with dimer, la, and BCS.
The transmission electron micrographs of reconstituted collagen fibrils treated with
BCS and dimeric species of Cr(III) are shown in figures 5a and b. The banding pattern
observed in the case of trimer was n.ot as clear as in the case of BCS and dimer-treated
collagen. The tetramer-treated collagen does not exhibit any evidence of staining by
chromium. This in part may be due to the poor uptake as well as the binding pattern of
tetramer by collagen.
Circular dichroism of collagen samples treated with various chromium species, la, lb,
and lc has been investigated and CD spectra compared with those of native and
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Figure 3. Plot of initial rate of hydrolysis of chromium treated collagen samples by
collagenase against the degree of polymerisation of Cr(III) species.

chromium (BCS) tanned collagen samples in figure 6. As seen from differences in the CD
spectra of the native and tetramer, lc, treated collagen samples, it can be inferred that
conformational changes brought about by the tetrameric chromium(III) species, if any,
may be marginal. Significant changes in the CD spectra are observed when collagen
samples are treated with trimer, lb, dimer, la, and BCS. The changes in the CD spectra
may be traced to alterations in the secondary structure and conformation of collagen on
tanning.
Differential scanning calorimetric investigations have been made on collagen samples
treated with various chromium species. In order to relate the thermal transitions
undergone by collagen under wet conditions, DSC investigations have been made on wet
specimens. Although the observed thermal transitions in DSC are dominated by those
corresponding to lattice water, specific peaks at or around the shrinkage temperatures
have been observed in the case of chromium-treated collagen samples. The temperature
and heat inflow needed for the phase changes have also been worked out and tabulated in
table 4.
The present investigation has shown convincingly that the stabilising influence brought
about by various species of chromium(III) ions contained in BCS varies as a function of
the molecular structure of the Cr(III) ion. The relative influence of three species, la, l b
and le has been investigated. The stabilising influence varies markedly in the order
BCS
> l a > l b > le.
Basic chromium sulphate is a mixture of several molecular species of chromium. It is
difficult to assign and understand the influence of individual species based on the effects
observed on tanning with BCS. For gaining molecular insight into the "mechanism of
chrome tanning, three specific species of chromium contained in BCS have been isolated
and their relative influence on the stability of collagen against both thermal and enzymatic
degradation have been investigated.
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Figure 4. Electrophoretic patterns of collagenase hydrolysates of native and
chromium species treated collagen after time intervals of (a) 18 h: Lanes
1-collagenase, 2-tetramer-treated, 3-trimer-treated, 4-dimer-treated, 5-BCS treated,
6-native; (b) 48 h: Lanes 1-tetramer-treated, 2-trimer-treated, 3-dimer-treated, 4-BCS
treated, 5-native; (c) 96 h: Lanes 1-trimer-treated, 2-tetramer-treated, 3-dimer-treated,
4-BCS treated, 5-native.
The amount of chromium(III) bound by collagen varies with the molecular structure of
the Cr(III) species, all other conditions remaining the same (table 2). There are several
dimeric species of chromium in BCS. In the present investigation, one of the model
species contained in BCS, viz. la, has been chosen. It is possible that the relatively high
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b

Figure 5. Transmission electron mlcrographs (bar= 250 nm) of reconstituted
collagen fibrils treated with (a) BCS; (b) Dimer (la).

Table 4. Temperature and heat flow associated with phase transition of Cr(III)
species treated R'IT collagen.
Nature of treatment
BCS
Dimer, la
Trimer, l b
Tetramer, lc

Transition temperature (°C)
96-6
91.3
81.5
73.4

Heat inflow (J/g)
588.6
436.9
424.1
393.6
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affinity of BCS in relation to individual species may be due to the complementarity of the
molecular interactions involved in chromium tanning.
If various species of chromium are bound to different molecular sites, the uptake of
chromium by collagen should be additive and combine the influence of the action of
individual molecular species. To some extent, transmission electron micrographs support
the hypothesis that the topological distribution of chromium may vary with the nature and
size of the chromium species. The banding pattern of collagen, reflective of the
quaternary structure of the protein, is significantly different for the various chromium(III)
species treated specimen (figure 5).
The quaternary structure of a protein is influenced by intermolecular interactions and
molecular self-organisation. That the quaternary structure of collagen varies with the
molecular structure of the bound chromium(III) species, provides a new insight into the
mechanism of chrome tanning.
It is interesting that the CD spectra of chromium(III)-treated collagen differs
significantly from that of native collagen (figure 6). Changes in molecular conformation
of collagen brought about by the cl~romium(III) species vary with the structure of the
Cr(III) ion as seen from figure 6.
The relative stability of chromium-treated collagen against the degradative influence of
collagenase varies with the nature of the bound chromium(III) species. Collagen samples
treated with l a resisted the breakdown caused by collagenase even after very long
exposure (say 96 h), whereas the resistance of collagen samples treated with le to the
action of the enzyme is poor. SDS-PAGE data as well as rate of release of hydroxyproline
reveal that some chromium(III) species afforded a greater stability to collagen than others.
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Figure 6. CD spectra of native and chromium(III)species treated collagen.
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In other words, there is a molecular selectivity in the stability resulting from chrome
tanning.
The structural changes brought about by chromium on collagen lead to increases in
temperature as well as energy required to cause phase transitions as seen from data given
in table 4. It is known that intermoleoular interactions are responsible for increases in the
temperature for thermally induced phase transitions in molecular systems. The energy
required to cause order-to-disorder transitions in collagen samples seems to increase with
the binding of Cr(III). The molecular structure of the bound chromium species influences
also the energy needed for transitions. The endothermal energies needed for causing
phase changes in chromium-treated collagen are 436, 424 and 393 J/g for collagen
samples treated with species la, l b and le, respectively. The increases in the
temperatures required to cause order-disorder related phase transitions for the BCS, la,
l b and le treated collagen samples are 96.6, 91.3, 81.5 and 73.4 respectively. These data
can be directly ascribed to the effects of chromium-induced self-organisation of collagen.
Chromium(III) is capable of bonding through both ionic and coordinate covalent
interactions with side chain carboxyl sites. When such a binding involves a network of
collagen molecules, it is reasonable to expect that the long range order in chromiumbound collagen will increase, affording thereby an increased thermal stability to the
resulting product, namely leather. The variations in the thermal stability brought about by
the three isolated species of chromium need to be discussed in terms of differences in the
long range order elicited by the Cr(III) species investigated.
For the tanning species to bring about a chromium-induced long range order, it is
essential that the molecule be able to access all possible and potential sites of interaction
in the collagen molecule. It is known that the collagen molecule in skin is highly
organised. A penta-fibrillar assembly of tropocollagen molecules as well as quarter
staggered arrangement have been previously reported in the case of native collagen. Since
collagen is an inside-out protein with side chain sites projected away from the molecular
axis of tropocollagen, it is reasonable'to consider a polar channel inside the penta-fibrillar
assembly. The access to these sites need to be limited by the molecular dimensions, given
that the total diagonal distance of the pentagon is 35-40,~ (figure 7). Further, as the
basicity increases in the chromium(III) species, the kinetic lability of coordinated ligands
is expected to increase as inferred from the known aqueous chemistry of the metal ion 34.
The basicity of la, lb and lc increases in the order 33.33, 44.44 and 66.66%
respectively. It is reasonable to expect that the thermal stability of chromium-treated
collagen varies inversely with the lability order of the ligand substitutions in chromium
compounds. Although it is difficult at this stage to analyse quantitatively the observed
heat inflow requirements with the increase in the extent of long range molecular order,
qualitatively, the observed trend may be discussed in terms of molecular sizes and ligand
lability order of the chromium(III) species investigated. Increased long range order
promoted by chromium(III) through changes in the tertiary and quaternary structures of
collagen molecules may also enhance short contacts among the hydrogen bonding sites.
Therefore, alterations in the secondary structure of collagen are not unlikely on chrome
tanning. To some extent, the resistance of chromium tanned leathers to hydration (if not
fatliquored) provides clues to the possible changes in the secondary structure and
collagen-water interactions.
The relatively small influence of treatments with urea on the shrinkage temperature of
chrome-tanned collagen is to be analysed in terms of the potential of urea to break
hydrogen bonds and bring about changes in the secondary structure of the protein. It has
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Figure 7. Schematic representation of interaction of dimer (la), trimer (lb) and
tetramer (lc). with the collagen pentafibril.
been shown recently that urea influences relaxation of native collagen fibres. The effect
can be traced to the changes brought about in secondary structure by urea 35. The effect of
urea on the shrinkage temperature of chromium-treated collagen indicates that there is a
synergy of the secondary structure on the long range order in tanned specimen.
The investigations on collagenase-promoted hydrolysis of chromium-treated collagen
are revealing. Treatment of collagen with chromium does not totally inhibit the action of
collagenase on the protein. There appears to be a qualitative trend in the extent of stability
elicited by different chromium(III) species. These data need to be assessed in terms of
three possible alternatives to seek molecular insight into tanning.
It is possible that the molecular basis for the stability of chromium-bound collagen
needs to discuss the role of several possible causes. Some of the possible reasons leading
to the stability of chromium-treated collagen have been examined in this investigation.
They are that the metal ion may (a) block the recognition sites in the protein for
collagenase interactions, (b) inhibit the enzymatic activity by structural modifications on
the enzyme, and/or (c) change the conformation of the substrate (collagen) such that the
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enzyme does not recognise the substrate. Changes through the cases (a) and (c) may retard
or inhibit enzyme-substrate binding..The deactivation of collagenase by free chromium
ions through irreversible structural changes in the enzyme are not ruled out. Preliminary
investigations on chromium-collagenase interactions have already provided clues to the
occurrence of significant structural changes in collagenase. However, in the case of
collagen in which chromium(III) is already bound, it is not clear whether the metal ion is
free and able to cause such irreversible structural changes in the enzyme or not.
On the basis of the results of the study, there is no compelling evidence for the
hypothesis that chrome tanning is a result of the deactivation of collagenase by
chromium(HI). The chromium-treated collagen is indeed degraded by collagenase under
the conditions of this study. There is no obvious reason for the variations in the stability
expressed by the chromium(III) species investigated in this study, if enzyme deactivation
is the preferred mechanism. Further studies are in progress to examine more closely the
mechanistic pathways which may deactivate the enzyme. The changes observed in the
conformation of collagen on treatment with different chromium species are of interest.
Such conformational changes in turn may influence the packing and long range order of
chromium-treated collagen.
In summary, a deeper analysis of the mechanistic features and the molecular basis of
chrome tanning may suggest that chrome tanning is possibly the result of the metal ioninduced long range intermolecular order. This hypothesis may help to explain the increase
in thermal stability as well as higher resistance to enzyme-promoted hydrolysis. It is also
possible to rationalise through this hypothesis the relative differences in the stabilising
influence of various chromium(III) species.
It is true that no individual chromium(III) species examined in this study is able to
provide the extent of stability provided by BCS. A cocktail of different chromium(III)
species is able to provide higher stability than the individual molecules. It is possible to
speculate that the cocktail of species involves complemental binding and promotes
molecular ordering over longer distances. Molecular pore dimensions become relevant in
understanding the chemistry of tanning more thoroughly. The species, la, needs to be
ellipsoidal with a major axis around 7-5/~ and minor axis of the order of < 6/~. On the
other hand, in the case of lb and lc, the least diameter exceeds 7.5/~. The access of
species lb and lc into the polar cavity within the penta-fibrillar assembly is expected to
be restricted because of the mismatch of pore and molecular size dimensions. A mixture
of dimer, la, trimer, lb, and tetramer, lc, may help to promote a larger number of
intermolecular interactions than any one of the individual species. A mixture of dimer, la,
and trimer, lb, has been examined for testing this hypothesis. Preliminary data support
such a hypothesis.
4. Conclusions
The present investigation has provided an insight into the molecular basis and chemistry
of chrome tanning. Chromium-induced long range order and organisation of
tropocollagen molecules form a basis to understand semi-quantitatively the molecular
processes involved in tanning. Changes in conformation of protein due to complexation to
chromium and resulting effects on collagen- collagenase binding form a potential basis
for rationalizing the stability of chrome-tanned leather against the action of enzymes and
wet heat.
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