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Thermal denaturation of collagen revisited
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Abstract. We have recently re-examined the characteristic sharp denaturation
temperature of the collagen molecule and fibre. It has been generally accepted for
many years that denaturation is an equilibrium process involving the rupture of
hydrogen bonds. We have now proposed that the process is an irreversible rate
process, in which uncoupling of the a-chains initially occurs in a thermally labile
domain devoid of hydroxyproline. The domain is located near the C-terminal and
following alignment of the molecules in the quarter-stagger-end-overlap arrangement
is located in the gap region of the fibre. The domain appears to be conserved in type I
of several animal species, and is present in types II and III. Collagen molecules that
co-polymerise to form fibres, types V and XI, do not possess this labile domain.
Ramachandran proposed that stabilisation of the triple helix occurred through
hydrogen-bonded water-bridges involving the hydroxyl group of hydroxyproline.
Recent studies have been equivocal, some questioning the role of water bridges and of
hydroxyproline, whilst recent detailed X-ray studies of collagen-like peptides
demonstrate the presence of a stabilising sheath of hydrogen-bonded water. Our
findings support the proposal of hydrogen-bonded water-bridges stabilising the triple
helix.
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1. Introduction
An outstanding characteristic of the collagen fibre is the sharp contraction to about one
quarter of its original length on heating. This phenomenon was extensively investigated in
the late 60's and the basis of the structural and kinetic relationships were believed to be
well-established. We have recently re-examined these relationships and developed
alternative hypotheses.
The shrinkage temperature of mammalian collagens is constant around 65-67°C, but
varies considerably with fish and invertebrate collagens, ranging from 35 to 55°C.
Similarly the denaturation of the collagen molecule in solution is constant around
39-40°C for mammals but varies from 5°C to 30°C for fish. It is interesting that the
differences between the shrinkage temperature (T.0 and that of the corresponding
molecule in solution (TD)is remarkably constant for most species at about 27°C.
The variation in T,. of fish and invertebrates was first correlated with hydroxyproline
content by Gustavson l, who suggested that the increase in T, with hydroxyproline content
was due to intermolecular hydrogen-bonding involving the hydroxyl group of
hydroxyproline. He also noted that there was a correlation between 7",.and the temperature
of the habitat 2. For example, the T,. of cold water fish, such as cod, possess a low To
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around 16°C; warm water fish, such as goldfish, possess a higher TD of around 30°C,
whilst the To of warm-blooded mammals is 39--41 °C. The denaturation temperature of the
collagen molecules is therefore as little as 1 to 2°C above the environmental or ambient
temperature. This difference must clearly be of importance during the synthesis and
degradation of the collagen. Newly synthesised but defective molecules would be more
readily denatured and eliminated rather than be incorporated into the fibre. Degradative
cleavage of the molecules by collagenase results in two fragments of the helix which
possess denaturation temperatures below body temperature, hence denaturation and
degradation by other proteinases occurs rapidly.
Several techniques are available for assessing the denaturation of collagen from the
triple helix to random coils. Circular dichroism (CD) reveals a spectrum with a peak at
around 225 nm, characteristic of the triple helix, which decreases during denaturation 3.
Similarly, optical rotation exhibits a large change in specific optical rotation on
denaturation 4. Denaturation can also be followed by changes in hydrodynamic parameters
such as intrinsic viscosity 5 and sedimentation coefficient, or by light scattering.
Susceptibility of the unfolded chains to enzymes compared to-the helix or antibodies
specific to the native configuration have also been used to follow denaturation. We have
chosen to follow the kinetics of denaturation by differential scanning calorimetry (DSC),
since unlike the above techniques both insoluble fibres and the corresponding molecule in
solution can be studied.
On heating in a calorimeter the molecules undergo an abrupt helix to coil transition
giving rise to a sharp peak at a defined temperature. The position, height, width, area and
symmetry of the thermogram peak provide valuable information about the denaturation
process. The area under the peak gives the total heat involved in the transition and is
known as the enthalpy of denaturation. The enthalpy of collagen is very high (70 J/g)
compared to other proteins (about 20 J/g) due to the high energy required to uncouple the
a-chains and reduce them to random coils. Both temperature of denaturation and the
enthalpy are increased by high hydroxyproline contents.
The importance of hydroxyproline in stabilising the collagen molecule has been
recognised for some time 6,7. A form of collagen without hydroxyproline can be isolated
and shown to form a triple helical structure but with a thermal transition at about 15°C
lower than native collagen 8.9. Ramachandran et allo pointed out that a water molecule
forming an interchain bridge was in a position to form an H-bond to the hydroxyl group
of hydroxyproline and further stabilise the triple helix. Traub 11 proposed a variation for
the peptide (Gly-Pro-Hyp)n in which a water molecule formed a H-bond between the
hydroxyl group of hydroxyproline and the carbonyl group of the preceding glycine in the
same chain. Fraser et al ~2 showed that the hydroxyl group of the hydroxyproline cannot
bind to the carbonyl group within the same molecule, but its effect is mediated through
bridging water molecules. The importance of water-mediated interactions between triple
helices has also been indicated as a critical role for water structure during collagen
assembly into fibres 13
2. Mechanism of denaturation

It has been generally accepted for many years that the process involves a melting of the
hydrated crystallites, involving rupture of hydrogen bonds and a rearrangement of the
triple helix into a random configuration. In dilute solution melting occurs in the absence
of an intermolecular component and occurs at a lower temperature.
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Ftory and Garrett 14 considered that the melting was an equilibrium process. Privalov 15
later developed a theory of protein denaturation based on equilibrium thermodynamics in
which the effect of temperature was to vary the effective equilibrium constant between the
native and denatured states. Thermodynamic equations, including one which defines the
effective enthalpy of denaturation (van't Hoff equation) can be applied to describe the
equilibrium. If the denaturation is a two-stage process in equilibrium then the effective
(van't Hoff) enthalpy of denaturation/~kHeff should be equivalent to the zSJ-Fal determined
by calorimetry. Collagen does not conform to this rule and the temperature of
denaturation is found to be scan rate dependent. Despite this Privalov calculated the van't
Hoff energy of a hypothetical equilibrium state within the denaturation process.
We have proposed an alternative explanation, that is, denaturation is governed by an
irreversible rate process in which native collagen is transformed to a denatured state via a
highly temperature dependent rate constant 16,17 not by equilibrium thermodynamics as
previously believed.
According to our irreversible rate process model, the denaturation endotherm observed
in scanning calorimetry arises as follows. At low temperatures the rate of denaturation is
very low and there is therefore little perturbation in the heat capacity above a baseline
level. Eventually the temperature reaches a level at which the denaturation occurs at a rate
that is high enough for the instrument to record an appreciable increase in heat capacity
above the baseline noise. As the temperature increases further, the rate of denaturation
increases rapidly and the heat capacity increases commensurately. As the process of
denaturation is irreversible, the heat capacity rise is increasingly moderated by the fall in
the stock of native molecules as denaturation progresses. Eventually a temperature is
reached at which the heat capacity reaches a maximum and thereafter begins to fall at a
rapid rate until all the native stock is used up, the population of molecules is fully
denatured, and a new baseline level is established. The model therefore allows the
mathematical calculation of the position and shape of the denaturation endotherm in terms
of the kinetics of the process. For example, for a first order process, governed by a rate
constant k, given by,

xT
( - A H * "~ ( A S * "~
k =--~exp~.~)exp(.---~-),

(1)

where T is the temperature in K, h is the Planck constant, x is the Boltzmann constant, R is
the gas constant, and M-/* and AS* are the activation enthalpy and entropy respectively. The
temperature (Tm~x)at which the endotherm is at a maximum is given by solution of
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The half width of the endotherm is given by,
AT =

2 "446Tmax
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(3)

The normalised height of the endotherm at Tm~xis given by,

(4)
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where AH is the enthalpy of denaturation, and the endotherm is noticeably asymmetric
with the proportion of native molecules remaining at/'max given by,

N(T=):±
No

(5)

e

By undertaking isothermal measurements of the rate of denaturation at different
temperatures, the enthalpy and entropy of activation for the collagen denaturation process
may be determined. These values can be inserted in (2) and (3) to predict Tmaxand AT.
Comparison of these predictions made on the basis of isothermal experiments with direct
observations made by DSC have shown that type I collagen in rat tail tendon does indeed
denature by an irreversible rate process 17, and so does type IV collagen in lens
capsules 16
It is interesting to compare these results with those obtained by equilibrium
thermodynamics. For example, Privalov 15 relates the normalised height of the endotherm
to the van't Hoff enthalpy, A/-/~ffas,
AC e "~

=

A H °f~
,

(6)

which has a very similar form to (4), especially when one recalls that AH*/RT~ax >> 1. It
is therefore not surprising that the van't Hoff enthalpy determined by use of (6) is much
smaller than the calorimetric enthalpy, AH, for collagen. The enthalpy that one obtains by
that calculation is approximately 1.47 AH* (cf. (4) and (6)). Equally T,~x is not a constant
(as predicted by equilibrium thermodynamics) but increases approximately linearly with
the logarithm of the scanning rate (see solution of (2) 16,17).
From these studies a theoretical model based on the kinetic mechanism was developed
which allowed molecular interpretation of the unfolding process. In this model the
collagen molecule differs in thermal stability along its length. We proposed that in the
process of thermal activation, which involves the partial uncoupling of the alpha chains
making up the triple helix, unfolding does not occur simultaneously along the length of
the molecule but that a thermally labile domain unfolds first. Once the three a-chains in
this thermally labile region are uncoupled, the whole structure unzips. The thermal
activation of the denaturation of type I is therefore governed by the properties of the
thermally labile domain. Using DSC to determine the activation enthalpy of unfolding, we
were able to determine the size of this domain assuming that it would be a region of the
molecule deficient in hydroxyproline. The ratio of AH*/AH suggests a labile unit of
length 65 residues. To calculate this we estimated the enthalpy of denaturation of rat-tail
tendon collagen as 6560 J/mol-residue using the empirical equation of Burjanadze and
Bezhitadze 4 which relates the enthalpy, to the number of hydroxyproline residues per
1000 residues. The number of residues in each chain of the thermally labile domain is
given by nAH*/AH = AH*/3 x 6560 residues per a-chain denaturation for the 3 chains is
given by AH*/AH = AH*/3 x 6560 residues per a-chain where n is the number of residues
per a-chain. Putting AH* = 1.306 MJ/mol yields 66.4 residues per a-chain. Examination
of the primary sequence of type I collagen reveals a region near the C-terminus of
65 residues completely devoid of hydroxyproline, which we have designated the labile
domain (figure la). Two other regions, 26 residues long, are also completely devoid of
hydroxyproline. These exist close to the N-terminus of the molecule.
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Figure 1. Location of the hydroxyproline deficient thermally labile domains in (a)
The fibrous collagens, types I, II and III. (b) Frog collagen, and invertebrate sea
urchin collagen. (c) Fibrous co-polymers, collagen types V and XI, The vertical bars
represent the hydroxyproline residues.
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Alignment of the molecules in the quarter-stagger end-overlap arrangement reveals
that all three labile domains are located in the gap region of the fibre (figure 2). Thus
substantial areas of the a-chains devoid of hydroxyproline are present in the gap region,
thereby enhancing this region as the initiating point of denaturation. Since initiation of the
denaturation process occurs in this region the denatured chains have the facility to swell
in this water filled zone.
In preliminary experiments we have found that the rate process mechanism also
governs the unfolding of isolated collagen type II in solution. Examination of the primary
sequence of types II and III collagens reveals a hydroxyproline deficient region in an
analogous location of the molecule (figure lb). In contrast to type I, both type II and type
III contain a single hydroxyproline in this region which may affect the activation enthalpy.
However, it appears that the thermally labile domains are conserved in all animal species,
although of course we have only been able to confirm those for which the primary
structures have been determined (figure lb). It is interesting that collagen types V and XI,
which do not form individual fibres in vivo but co-polymerise with type I and type II
respectively, do not possess a hydroxyproline deficient region in the C-terminal part of
the molecules (figure lc).
The ratio of zSJ-/*/AH for the intact fibre as anticipated indicates a labile region of 26
residues, the lower value being due to interactions with the adjacent molecules in the
fibre. The increased thermal stability of the intact fibre compared to the molecule in
solution is brought about mainly by reduction in the entropy of activation, but the precise
mechanisms have not been worked out. We speculate that this is caused by a loss of
configurational entropy induced by spatial confinement of the molecules within the lattice
of the fibre. A theoretical concept based on the entropy of a polymer in a box has been
developed by Doi and Edwards ~8 and we have applied this treatment to collagen 19.
The presence of cross-links also substantially increase the thermal stability of collagen
in the fibrous state. Indeed, we have shown increased lysyl oxidase and glycation derived
cross-links, both of which increase in ageing, and the latter in diabetes, increase the
thermal stability of collagen 20.21.It is interesting to note that the hydroxylysine residues in
the triple helix involved in cross-linking sites are located at the C-terminal end of the
large 65 residue labile domain and at the N-terminal end of the first smaller 26 residue
labile domain.

3. Fibril associated collagens
Having established a mechanism and identified the thermally labile domain for fibrous
type collagens, we decided to apply the rate process model to the fibril associated
collagen with interrupted triple helices (FACIT collagens), which do not form fibres but
decorate the surface of other fibres.
Type IX collagen, first identified in our laboratory as a minor component of articular
cartilage 22 was subsequently found in vitreous humour and intervertebral discs. The molecule comprises three different a-chains, each made up of three triple helical segments,
Coil, Co12 Co13 and four non-helical domains, NC1-NC4. The molecule is thought to
take the form of two straight arms joined at a hinge 23.24. One arm is long and lies on the
surface of the type II fibril and is covalently linked to it via sites on Co12. The other arm
is short, comprises Co13 and NC4 and extends out into the interfibrillar space. The nonhelical region NC3 forms the hinge. The question arises as to how the type IX, which is
virtually free of the stabilising influence of the type II fibre since it is only present on the
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surface is actually stable at body temperatures. We examined the denaturation endotherm
of intact type IX and its three individual helical domains 25. The denaturation temperatures
were determined at 40.6, 39.6 and 49°C for Coil, Co12 and Co13 respectively. Two-thirds
of the molecule therefore has a denaturation temperature close to physiological
temperatures, hence the secretion of type IX must be made in the presence of type II
fibrils in order to ensure some stabilisation of the molecule. The high denaturation
temperature of Col 3 at 49°C is consistent with Col 3 possessing the highest
hydroxyproline content as previously reported 26. The high denaturation temperature
would allow the single triple helical arm to extend into the interfibrillar space yet avoid
thermal denaturation.
Based on these DSC studies we have proposed an alternative structural organization of
the type IX molecule on the type II fibril to the linear arrangement proposed by Wu et
a123. The type IX could fold through 180 degrees at NC2 to allow Col 1 to insert into an
adjacent gap zone in a parallel direction. This will place the NC1 domain close to a
further type IX molecule and hence stabilise this part of the molecule, which is further
stabilised by intermolecular cross-linking. This structure is consistent with the location of
the cross-links reported by Wu et a123. The scheme has the advantage that it also
thermally stabilises the type II fibre by restricting its space around its thermally labile
domain, which is situated in the gap zone (figure 3a).
We can also speculate that in this alternative arrangement of type IX the filling of the
gap region by Coil could inhibit nucleation of mineralisation at this site, and
consequently prevent calcification of the articular cartilage. One might also speculate that
the Col 1 domain could occasionally be inserted into the gap region of an adjacent rather
than the same fibril. Interestingly this would lead to a fibrillar network of type II
molecules stabilised by type IX as originally proposed by Mendler et a127.

4. Recent controversy on the role of hydroxyproline and H-bonded water bridges
in stabilising the triple helix
Our establishment of denaturation as a rate rather than an equilibrium process and the
subsequent identification of a specific thermally labile domain deficient in hydroxyproline
supports the importance of hydroxyproline and hydrogen-bonded water bridges in
stabilising the triple helix as originally proposed in the 70's. Recently there has been a
renewed interest in the hydration of collagen, but reports have been both for and against

(a)

(b)

Figure 3. Schematic diagram showing the possible arrangements of type IX on the
type II collagen fibre. (a) Type IX located on a type II fibre through the Col 1 domain
fitting into the gap zone and Co13 extending out into the interfibrillar space. (b) A
possible arrangement in which Coil is attached to one fibre and Co13 to a different
fibre thus forming a network.
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the hypothesis. For example, with the availability of a crystal structure of a triple helix as
a 30-mer peptide (Pro-Hyp-Gly) a detailed X-ray diffraction analysis of its hydration
network was carried out by Brodsky and her colleagues 28,29. Two water molecules were
found to link the hydroxyl group of hydroxyproline via hydrogen bonds to a carbonyl
group on the backbone of an adjacent chain, that is making a water-bridge similar to, but
different in detail, to Ramachandran's model. All the available groups of the peptide
backbone and hydroxyproline are seen to be involved in binding water molecules through
a variety of arrangements. The C=O group of glycine bound 1 water, whilst the C=O of
hydroxyproline shows 2 sites of H-bonding to water. The hydroxyl group of
hydroxyproline can bind 2 water molecules but not all positions are occupied. Water
bridges were also observed to be critical in connecting adjacent triple helices and
maintain intermolecular spacing with little or no direct contact between molecules. More
recently Brodsky and her colleagues 30 in an X-ray study of (Pro-Pro-Gly)10 compared
with the corresponding hypro containing peptide concluded that hydroxyproline did not
affect the molecular structure, indicating that structural stability related to hydroxyproline
arose solely from protein-water interactions. The work of Brodsky and her colleagues
appears to confirm the existence of water-bridges involving hydroxyproline.
The water-bridge hypothesis provides an explanation of the correlations between
hydroxyproline and denaturation temperature 6'7 and enthalpy 31. Further, water bridges
can form if only the proline in the third position of the Gly-X-Y triplet is hydroxylated
and that the hydroxylation occurs specifically at the cis position. The presence of waterbridges is internally consistent with the structure of collagen.
In contrast, other workers have questioned the existence of hydrogen-bonded waterbridges. For example, Engel et a132 found that (Pro-Pro-Gly)10 and (Pro-Hyp-Gly)10
produced stable triple helices in 1,2 propandiol/acetic acid and that the triple helix was
destabilised by added water. Further, they concluded that H-bonded water-bridges do not
play a role in stabilising the molecule.
Similarly, the recent papers of Raines 33'34 have supported the contention that
hydrogen-bonded water does not play a role in stabilizing the triple helix. They
demonstrated that the presence of an electron-withdrawing group, fluorine, on the
pyrrolidine ring of the proline residue affected its structure by an inductive mechanism
which favoured the trans conformation of the hydroxyprolyl peptide bond 34.
Hydroxylation of proline could thereby accelerate the folding and increase the stability of
the molecule which require the trans configuration to build the triple helical coiled coil 33.
Thus hydroxylation of proline should intrinsically increase the stability of the triple helix
without the involvement of water-bridges. They further suggested 34 that water-bridges do
not contribute to the stability of the molecule, pointing out the high entropic cost of
building and maintaining them, ignoring the fact that collagen does indeed have a very
high enthalpy of denaturation compared to other proteins.
Despite these recent results, the DSC and X-ray data are convincing and more definitive work needs to be carried to resolve this important question of the stabilisation of the
collagen triple helix. The thermal stability of collagen in vivo is crucial to its functional
role and the problem of hydrogen-bonded water-bridges is well worth revisiting.
References

1. Gustavson K H 1955 Nature (London) 175 70
2. Takahashi T and Gustavson K H 1956 In The chemistry and reactivity of collagen (ed.) K H
Gustavson (London: Academic Press) p. 225

80
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.

Christopher A Miles and Allen J Bailey
Hayashi T, Curran-Patel S and Prockop D J 1979 Biochemistry 18 4182
Burjanadze T V and Bezhitadze M O 1992 Biopolymers 32 951
Rose C, Kumar M and Mandal A B 1998 Biochem. J. 249 127
Gustavson K H (ed.) 1956 The chemistry and reactivity of collagen (New York: Academic
Press)
Burjanadze T V 1982 Biopolymers 21 1489
Rosenbloom J, Harsch M and Jimenez S 1973 Arch. Biochem. Biophys. 158 478
Prockop D J, Berg R A, Kivirikko K I and Uitto J 1976 In Biochemistry of collagen (eds) G N
Ramachandran and A H Reddi (New York: Plenum) pp. 163-273
Ramachandran G N, Bansal M and Bhatnagar R S 1973 Biochem. Biophys. Acta 323 166
Traub W 1974 Isr. J. Chem. 12435
Fraser R D B, MacRae T P and Suzuki E 1979 J. Mol. Biol. 129 463
Leiken S, Ran D C and Parsegian V A 1995 Nature Struct. Biol. 2 205
Flory P J and Garrett R R 1958 J. Amer. Chem. Soc. 80 4836
Privalov P L 1979Adv. Protein Chem. 33 167
Miles C A 1993 Int. J. Macromol. 15 265
Miles C A, Burjanadze T V and Bailey A J 1995 J. MoL Biol. 245 437
Doi M and Edwards S F 1986 The theory ofpolymer dynamics (Oxford: Clarendon) ch. 6
Miles C A and Ghelashvili M 1999 Biophys. J. (in press)
Kent M J C, Light N D and Bailey A J 1985 Biochem. J. 225 745
Bailey A J, Sims T J, Avery N C and Miles C A 1993 Biochem. J. 296 489
Shimokomaki M, Duance V C and Bailey A J 1980 FEBS Lett. 121 51
Wu J J, Woods P E and Eyre D R 1992 J. Biol. Chem. 267 23007
Bruckner P, Mendler M, Steinmann B, Huber S and Winterhalter K H 1989 J. Biol. Chem. 263
16511
Miles C A, Knott L, Sumner I G and Bailey A J 1998 J. Mol. Biol. 277 135
Ricard-Blum S, Tiollier J, Garrone R and Herbage D 1985 J. Cell. Biochem. 27 347
Mendler M, Eichbender S G, Vaughan L and Winterhalter K H 1989 Z Biol. Chem. 108 191
Bella J, Eaton M, Brodsky B and Berman H M 1994 Science 266 75
Bella J, Brodsky B and Berman H M 1995 Structure 3 893
Kramer R Z, Vitagliano L, Bella J, Berisio R, Mazzarella L, Brodsky B, Zagari A and Berman
H M 1998 J. Mol. Biol. 280 623
Burjanadze T V, Tiktopulo E I and Privalov 1987 Doklady. Akad. Nauk. USSR 292 720
Engel J, Chen H-T and Prockop D J 1977 Biopolymers 16 601
Eberhardt E S, Panasik N and Raines R T 1996 J. Amer. Chem. Soc. 118 12261
Holmgren S K, Taylor K M, Bretscher L E and Raines R T 1998 Nature (London) 392 666

