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Polymer-in-a-Box Mechanism for the Thermal Stabilization of Collagen
Molecules in Fibers

Christopher A. Miles and Michael Ghelashvili
Collagen Research Group, Department of Clinical Veterinary Science, University of Bristol, Langford, Bristol BS40 5DU, England

ABSTRACT Collagen molecules in solution unfold close to the maximum body temperature of the species of animal from
which the molecules are extracted. It is therefore vital that collagen is stabilized during fiber formation. In this paper, our
concept that the collagen molecule is thermally stabilized by loss of configurational entropy of the molecule in the fiber lattice,
is refined by examining the process theoretically. Combining an equation for the entropy of a polymer-in-a-box with our
previously published rate theory analysis of collagen denaturation, we have derived a hyperbolic relationship between the
denaturation temperature, T,,, and the volume fraction, €, of water in the fiber. DSC data were consistent with the model for
water volume fractions greater than 0.2. At a water volume fraction of about 0.2, there was an abrupt change in the slope of
the linear relationship between 1/T,, and e. This may have been caused by a collapse of the gap-overlap fiber structure at low
hydrations. At more than 6 moles water per tripeptide, the enthalpy of denaturation on a dry tendon basis was independent
of hydration at 58.55 + 0.59 J g~ '. Between about 6 and 1 moles water per tripeptide, dehydration caused a substantial loss
of enthalpy of denaturation, caused by a loss of water bridges from the hydration network surrounding the triple helix. At very
low hydrations (less than 1 mole of water per tripeptide), where there was not enough water to form bridges and only sufficient
to hydrogen bond to primary binding sites on the peptide chains, the enthalpy was approximately constant at 11.6 = 0.69 J
g~ '. This was assigned mainly to the breaking of the direct hydrogen bonds between the alpha chains.

INTRODUCTION

Collagen molecules embedded within the lattice of a fibewheree, represents the volume fraction of solveff, and
are substantially more thermally stable than the same molf,,, are the melting points of the polymer in the pure state
ecules in dilute solution (see, e.g., Na, 1989; Tiktopulo andand in the presence of solvent, respectivallt, is the heat
Kajava, 1998). of fusion per polymer repeating unity(/V,) is the ratio of

One explanation of this behavior is the mechanism prothe molar volumes of this unit and the solvent; gnds an
posed by Flory and Garrett (1958). They suggested thahteraction parameter that equals zero for an ideal solution.
denaturation is a melting process, a proposal that earndd the work of Flory and Garrett, ethylene glycol was used
such wide acceptance that the word “melting” has sinceas the solvent); = 0.3), and the data were shown to
commonly been used synonymously with denaturation otonform to the quasi-hyperbolic form of Eq. 1 so well that
unfolding to denote the helix-coil transition of collagen. In Flory and Garrett stated that “the observations conclusively
the model of Flory and Garrett, the chemical potential of theshow that the transformation is properly represented as a
polymer repeating unit is equal in the solid and liquid phase transition involving the melting of crystalline regions,
phases at the equilibrium melting temperature (Flory, 1953)¢ather than as a rate process.”
Accordingly, at the melting point of the polymer in the  \we have reexamined the Flory-Garrett mechanism be-
presence of solvent, the chemical potential of the pure soli¢ause our recent work has shown that the temperature and
polymer is in equilibrium with a liquid phase comprising a shape of the collagen denaturation endotherm in fibers and
solution of liquid polymer and solvent. The presence ofjy hasement membranes are governed by an irreversible rate
solvent therefore depresses the melting point by a meChEb‘rocess (Miles, 1993; Miles et al., 1995) and not by equi-
nism that is analogous to the way in which a solute de4iprium thermodynamics, as previously supposed. In that
presses the freezing point of a solvent. Flory used a thefyork, we developed a kinetic model of the thermal unfold-

modynamic analysis to establish that ing process in which the collagen molecule differs in ther-
1 1 R /V mal stability along its length. In the process of thermal
T - AH(VU>(€1 - x1€) (1) activation, which involves the partial uncoupling of the

m m u 1

a-chains forming the collagen triple helix, a region of the
molecule called thehermally labile domairunfolds first.
Once the threex-chains in this region are uncoupled, the
Received for publication 29 September 1998 and in final form 4 Marchyyhole structure becomes unstable and unzips. Using scan-
1999. ning calorimetry to compare the activation enthalpy with the
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stabilization in the fiber is brought about mainly by a tarding influence of fiber tension, and a means of differen-
reduction in the entropy of activation. We speculated thatiating between possible molecular packing arrangements.
this is caused by a loss of configurational entropy induced

by cross-linking and by spatial confinement of the molecule

within the lattice of the fiber, as illustrated in Fig. 1. THEORY: POLYMER-IN-A-BOX

However, we have not previously attempted to analyzepoj and Edwards (1986) relate the entropy of a polymer
this mechanism quantitatively. In this paper we will presentyithin a box to the box dimensions. They show that, if the
an analysis of collagen denaturation in terms of the interpolymer is small in relation to the size of the box, the effect
axial spacing of the collagen molecules in the fiber. Reducof the box on the entropy is negligible, but if the size of the
ing the lateral dimensions of the lattice (by dehydration, forpo|ymer is Comparab|e to the dimensions of the bOX, the
example) will reduce the configurational entropy of the entropy of the polymer is reduced. Their equation was
thermally labile domain governing the rate of denaturationderived for a single-chain polymer whose ends are attached
and thereby increase the temperature of denaturation. lfy opposite ends of a box of lengthand cross-sectional
collagen fibers that have been dehydrated to different Ievelsareaag_ Using that equation (their Eq. 6.68), we may write

the interaxial spacing is directly related to the volumethe following for the activation entropy of a single molecule
fraction of water, which can be measured gravimetrically. of collagen in a box:

There have been several previous phenomenological
studies of the effect of hydration on the thermal stability of AS = AS - 3k<3L2 r sz)
dehydrated collagen fibers (Finch and Ledward, 1972; Lu- 2NK? 70 &2
escher, 1974; Kopp et al., 1990), but those papers have not o _ )
attempted to explain the data in terms of a theoretical modell € factor 3 multiplied byk in Eq. 2 arises because the
This paper reexamines experimentally the effect of solvengiclivated state consists of three uncoupéedhains, and
concentration on the denaturation endotherm of collagen if2ch of these contributes equally to the entrajs}, repre-
fibers and proposes an explanation of the observations iRENtS the entropy of activation of the thermally labile do-
terms of a polymer-in-a-box model. This model combines™an in the absence of the bo>§ (i.e., in dilute solution) or in
the previously proposed equations relating the temperaturf'® Presence of a box whose dimensions are very large (such
and shape of the endotherm to the magnitudes of the actftS immature fibers swollen in acetic acid). We have previ-
vation enthalpy and entropy of the underlying rate procesQUSly identified the process of thermal activation of type |
(Miles, 1993: Miles et al., 1995) with previously published c0!lagen with the uncoupling of the threechains in the
equations for the entropy of a polymer in a box (Do andthe_rmally labile domain near thg C-te_rmlnus qf t_he molecul_e
Edwards, 1986). (Miles et al., 1995). Because this labile domain is situated in

We envisage that a collagen molecule in a fiber is coniN® gap zone, where it has space to expand laterally on
strained by adjacent molecules in the lattice as if it werdhermal activation, the dlfferenceg, in thermal stability along
confined within a box, and this provides a quantitativethe length of the molecule that exist in the isolated r_nolec_ule
explanation for the effect of dehydration on the denaturatiorft™® accentuated when the molecule is embedded in a fiber.
temperature and predicts a sudden stabilization when colldt 1S therefore likely that the thermally labile domain of the
gen molecules form fibers from solution. The model alsomMolecule in dilute solution is the same region of the mole-
provides the potential for predicting effects such as fipercule in the fiber. However, this is not necessarily the case

shrinkage and lateral swelling, an explanation for the re2nd is not required by the analysis. The process of thermal
activation could also involve the uncoupling @fchains in

any region of the molecule; specifically, the analysis does
B not require that this region be the thermally labile domain
that we have previously identified. The width of the box is
a5, and ag is a numerical factor dependent on the lateral

cross section; for example, if it is a square of sigdea, =
/3. b denotes the effective bond length of the polymer,

)

A

which consists oN links and is related to the actual bond
length, by, via the equation (see Doi and Edwards, 1986;
Flory, 1967; Richards, 1980)

b? = Cyb3 3
FIGURE 1 Simplified longitudinal cross section illustrating the thermal
activation of the collagen molecule in solutio)(and in a fiber B). The ~ where, for a freely jointed chain, the coefficie@}, is unity
native triple helix is represented as a rectangle, and the thermally labil§or all values ofN. For a stiff chain,Cy depends o but

region is highlighted. In the fiber the number of possible configurations i”asymptotically attains the valu€.. when the polymer is
the activated state is constrained by the presence of adjacent molecules >

within the lattice (represented bykmX); this reduces the configurational SUfﬂCIemly Iong:Coo is referred to as the Stlﬁpess of the_
entropy of activation and thereby increases the Gibbs free energy oPOlymer by Doi and Edwards and as the “characteristic

activation, consequently stabilizing the structure. ratio” by Flory (1967) and Richards (1980). For real poly-
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mers, C.. is typically greater than unity (see Flory, 1967; Native state Activated state
Richards, 1980). Flory’s (1967) statistical mechanics anal-

ysis of proteins considers the polypeptide chain to be made A @ @ —_

up of N virtual bonds, which are imagined to connect the

a-carbon atoms of adjacent peptides in the chain. o 9 [
Inserting Eqg. 3 in Eq. 2 and allowing for the possibility B 9 I?l H —
that the activation process involves only a fractifhrof the o Lo Lo
molecules in a mole, we may write Eq. 2 on a molar basis: a OWO
L N £
3L CuN YOO 7 NAAN
AS = f[NOAs% - 3R( +ap— zbé)] 4) ¢ \.
2C\Nbj 2 AVAVAVAVS "\/O\/"\@\/°
b~ N AN

Here N, represents Avogadro’s number, aBdepresents

the entropy per mole of the thermally labile domain. ) ) ) ) )
To estimate the cross-sectional area of the box, it iéZIGURE 2 A dlggram schematically |IIustrat|ng_ some ppssmle trans-

. verse cross sections through the thermally labile domain of collagen
necessary to know premsely how the CO”agen molecules arghclosed within the “box” formed by adjacent molecules. The drawings on
arranged in the fiber. In fact, this has not been unequivothe left-hand side of the figure refer to the native state; those on the right
cally established (Wess et al., 1998). Fraser et al. (1987), oindicate the activated state in which thechains of the thermally labile
the basis of x-ray diffraction data, have Suggested Variougomain are un_coupled.The large circles represent tr_]e triplg helix; the three
possible molecular packing arrangements. In these struSMa! circles with amows represent the uncoupiechains, which are free

. . . . 0 explore the “box.” Three basic packing arrangements (discussed in the
tures the therma”y labile domain, which occurs Just belowtext) are envisaged, depending on the number of gaps surrounding the
level 4 in the Fraser diagrams, is either surrounded in a@hermally labile domain in the quasi-hexagonal packing of molecules in a
guasi-hexagonal array by five molecules and one gap, or bijber. (3) No gaps, a collapsed structure, possibly relevant to low hydration

four molecules and two gaps. The areas of cross section dfvels. Herd =1,n = 1. (B) One gap, corresponding to structures labeled
. . A and 3B by Fraser et al. (1987). Hefe= 1, n = 2. (C) Two gaps,
the box in these arrangements are therefore approx'mategérresponding to structures labeled 2A and 2B by Fraser et al. (1987). Two

2d(2)' and 31(2)' respectively, where, is the interaxial spacing activation scenarios are envisagedalall molecules are activated simul-
of collagen molecules in the fiber. taneously and = 1, n = 2. In b half of the molecules only are activated
In addition, we consider the case in which the gap regiorandf = ¥2, n = 3. The meanings ofandn are given in the text.

under extreme levels of dehydration collapses to give no

gaps, and the area of cross section is simgflyThus in  (1958) effectively equate¥ to 1 when they estimated the

general we may write volume fraction of collagen as the square of the ratio of the
swollen and unswollen fiber diameters. For a hypothetically

a5 = nd (5)  hexagonally packed quarter stagger fib#,= 0.88 (i.e.,

) ) . 4.4/5). Inserting Eq. 5 and Eq. 6 in Eq. 4 yields
Possible values far andf for the different packing arrange-
ments are given in Fig. 2 and Table 1. In reality, collagen 3L2 CuNB5(1 — €,)
packing is more complicated. The x-ray diffraction patternsASlI = f[NOASg - 3R<2CNNb§ T Vnck )] ()
contain a considerable amount of diffuse scatter (e.g., Wess
et al., 1998), indicating substantial disorder in the fiber.Equation 7 is the required expression that relates the acti-
Hulmes et al. (1995) suggest that the puzzling equatoria¥ation entropy of the collagen molecule in a fiber to the
diffraction pattern of collagen fibers is best explained by avolume fraction of water.
radially packed cylinder model in which liquid-like disorder ~We have previously shown (Miles, 1993; Miles et al.,
is introduced into the packing structure. Thus a mixture 0f1995) that the temperatur&,,, at which the denaturation
packing arrangements of the sort indicated in Table 1 ang@ndotherm is a maximum depends on the ratet which
Fig. 2 may be more appropriate than any single arrangemeifie temperature is scanned, the rate conskgfit,), and its

and may contribute to the real valuesfaindn. activation enthalpyAH?, according to the equation

In a fiber in which the diameter of the collagen molecule t
. . 4 r AH
is taken agd, the volume fraction of collagen is and the s t1]=1 (8)
volume fraction of water ig,,: ToK(Tm)\ RTey

Volume of collagen . v 2 5 where
Volume offiber ~ €~ 1~ &=V (6 KTw  [—AH®  (AS'
KTw) =7 eXP Ry )R R ©

where ¥ is a numerical coefficient that in general is a _ _ _ _ _
slowly varying function of ¢/d,)2. For two noninteracting Inserting Eg. 9 into Eq. 8 and taking logarithms, we obtain
components¥ is constant. Thus at intermediate and high 8 8

) rh (AH AH
water contents, when the collagen molecule is fully hy- AS =R/Inl—5| o= +1]|+ 5= (10)
drated, ¥ is approximately constant. Flory and Garrett KT\ R, Ry
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TABLE 1 Example values of f and n for different packing arrangements of the collagen molecule in the fiber

No. of gaps surrounding Diagram no.
Structure each thermally labile domain (Fraser et al., 1987) n f Slope*K™*
Collapsed structure at very low 0 1 1 1.24% 104 aoCp /¥
hydrations
Intermediate and high hydrations 1 (3A, 3B) 2 1 6:220°° a Cy /¥
2 (2A, 2B) 2 1 6.22< 107° qCp /¥
2 (2A, 2B) 3 Y2 2.07% 10° a,Cp /¥

These values are used to predict the slope of tfievérsuse,, line in terms of the unknown stiffness coefficie@y,, with the aid of Eq. 13.
*3a, fCy (NBE0.88ndP) (RIAHP). See Eq. 13. Calculations were based on the valuésuadin in the table. Other parameters from the literature were as
follows: R = 8.314 I mol* K™% b, = 0.38 X 10 ° nm; d = 1.2 X 10" ° nm; AH* = 1.306x 10° J mol'*; N = 65.

Hence combining Eq. 7 and Eq. 10 yields are not concerned with water molecules, such as the water-
th /AH® AH? bridge molecules, which are tightly bound to the collagen

In(( n 1)) 2 molecule (i.e., those remaining at low hydration levels) or
KTh\RT, RTn (11) the extrafibrillar water, which occurs as a separate phase at

high hydrations.

[NeAS 3L? CuNB(1 — €,)
_f[ R _3<2CNNb§+"‘° Undf )]

As this paper is concerned mainly with the effect of changeNATERIALS AND METHODS

in the lateral dimensions of the box, it is convenient toThe methods are intended to change the lateral spacing of the collagen
eliminateL from the analysis. However, it should be noted molecules within the native fiber lattice simply by adding water or taking
thatL will increase with tension. and consequenllgl will it away. Collagen denaturation in fully hydrated native rat tail tendon fibrils

. . . . . . bathed in water was previously shown to be governed by a rate process
decline with tension. The hypothesis that is developed IrfMiles et al., 1995), and that system was therefore suitable for these

thiS' paper therefore 'imn_]ediately provide§ a potential explagyperiments. The method of preparing the tendons followed the earlier
nation for the retarding influence of tension on the thermalwork, and no pH buffer was used in any of the procedures, nor were

denaturation of cross-linked collagen fibers. We will refer toenzyme inhibitors added.
this again in the Discussion, but for the moment this is a

side issue and is not directly involved in the logic of this

analysis. Tendon preparation

Let the te'mperature of the peak .ﬂ'% at a particular Tails were excised from the carcasses of 5—-8-week-old rats and frozen at
volume fraction of watere,,. The relation betweefl, and  —20°C until required. On removal from the freezer, tails were thawed, and
€40 1S given simply by replacing,, with €, andT,, with T,  the tendons were removed, cleaned of all visible contaminants, and washed
in Eq. 11. Subtracting this result from Eq. 11 and using than distilled water. The tendons were left in distilled water at 5°C until

: : ; lorimetric measurements were made on weighed samples placed in
fact that AHY/RT) >> 1 yields th roximation ca
act that @ / T) yie ds the appro atio Perkin-Elmer “volatile sample pans.” Measurements at high hydrations

T, AH?®/ 1 1 CNNbS were carried out on samples of tendon suspended in different volumes of

T

water. To produce dehydrated samples, samples of tendon were placed in
R\T, T,

the pans and dried to different levels by exposure to a vacuum, or by freeze
(12) drying. The samples were then stored in a desiccator for different lengths
. . . of time with a desiccant that was silica geL@®, Mg(CIO,),, or BaO.
As the first term on the left-hand side of Eq. 14 is very muchy eaving the samples in these conditions or exposing samples to moist air
smaller than the second, we can also write the simplefor different lengths of time yielded samples with very low, low, or
approximation intermediate hydrations. Samples were sealed in the Perkin-Elmer sample

pans and left to equilibrate before calorimetry.
AH ﬁ( 1 1) CnNEE

= 3apf Wnd (€w — €wo)

R\T. T, Baof g (6w~ €wo)  (13)
Calorimetry

According to Eq. 13, there should be a hyperbolic relation
between the temperature of denaturatiii,q and the vol- A computer-controlled Perkin-Elmer DSC-7, fitted with an Intracooler and

fracti f ter in the fib Int tinalv. th running software supplied by the manufacturer (1991 revision), was used
ume Tracuon or water In the mnbere,,. Interesungly, the for the calorimetric measurements. Weighed sampte8.¢1 mg) were

slope of the rglatiqn betweenT}{ ande,, inV_0|V?S the ratio  heated from 5°C to a specified temperatdiieusing an empty pan as a
(AH%3N), which is the enthalpy of activation per mol reference. Preliminary experiments showed, as expected for a rate process
residue. This is not strongly dependent on the size of théMiles et al., 1995), that there were linear increasesT,jp, with log
activated state (scanning rate), whereas the enthalpy of denaturation was independent of

Iti hasized that thi Vsis i d with th scanning rate. All of the quoted data were measured at a scanning rate of
IS emphasize a IS analysIs IS concerned wi E_'lO"C/min. After calorimetry, the sample pans were pierced and dried over

vyater. that is |_Oose|y helld betwe.en the CO”_agen moleculesijica gel in an oven at 105°C for the calculation of dry matter. Preliminary
(i.e., it is applicable to intermediate hydration levels). Weexperiments indicated that this was more effective than freeze drying, but
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no correction was made to allow for any residual water that may haveenthalpy, and width of the collagen denaturation were af-

remained in the sample.

RESULTS

The calorimetric study generated data for collagen denatu
ation in fibers that ranged in their level of hydration over

r

fected by the level of hydration.

Regions of hydration

Four regions can be identified.

four orders of magnitude, and it is therefore convenient taRegion |

display the results with hydration on a logarithmic scale
(Fig. 3). Fig. 3 gives an overview of how the temperature,

v woam @y .
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FIGURE 3 The effect of hydration on the thermal denaturation charac-,

teristics of collagen in native fibers. All data were determined at a scannin
rate of 10°C/min. §) Temperature of denaturatiorb)(Enthalpy of dena-
turation. €) The width of the endotherm at half-height. The vertical lines
at 1, 6, and 30 moles water per tripeptide represent divisions between t
hydration ranges discussed in the text: very low (Region 1V), low (Region
I1), intermediate (Region 1), and high (Region I).

At high hydrations, above 30 molecules of water per three-
residue (Gly-X-Y) unit, the temperature and enthalpy of the
endotherm were constant (see Fig. 3 and Table 2). In this
region the fiber had swollen to its maximum extent in water,
and the water existed in two phases (intrafibrillar water and
external water). The addition of water merely increased the
guantity of water in the external pool and had no affect on
the intrafibrillar water or the interaxial molecular spacing of
the collagen molecules in the fiber lattice.

Region Il

At intermediate hydration levels, between six and 30 mol-

ecules of water per Gly-X-Y unit, the temperature of the

denaturation increased with dehydration, yet the enthalpy of
denaturation remained constant (see Fig. 3, Table 2).

Region Il

At low hydrations, between about one and six molecules of
water per Gly-X-Y unit, the enthalpy of denaturation rapidly
declined with decreasing hydration, while the temperature
of denaturation continued to rise. In this region the width of
the peak showed a strong minimum at about three water
molecules per triplet (see Fig. 3).

Region IV

At very low hydrations, below about one molecule of water
per triplet, the enthalpy of denaturation was approximately
constant (see Fig. 3 and Table 2), while the temperature of
denaturation continued to rise with decreasing hydration.

In regions Il, lll, and 1V, the volume fraction of water in
the sample can be equated to the volume fraction of water in
the fiber, e,

Examples of the DSC thermograms of samples taken
from each of these regions of hydration are shown in Fig. 4.
Notice the single narrow peak in region |, the broad multi-
component peak of region Il, the substantial narrowing of
the peak and reduction in enthalpy in region Ill, and the
broader very small peak in region IV.

dentification of the denaturation endotherm

This work provides the first observations of the collagen

rdenaturation at very low levels of hydration (region IV).

The following observations confirmed that the endotherm in
this region was caused by collagen denaturation:
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TABLE 2 Summary of how the collagen endotherm characteristics changed with increasing hydration

Hydration range

(moles HO per triplet) Trmax (°C) Enthalpy (J/g dry matter) AT (°C)
0.07-1 Fell with hydration* 11.6 (37, 0.69) Fell with hydratfon
1-6 Fell with hydration* Increased with hydration Exhibited a minimum at three
moles water per triplét
6-30 Fell with hydration* Fell with hydratidh
30-460 65.1 (36, 0.18) 58.55 (42, 0.59) 4.55 (36, 0.26)

Over certain ranges of hydration, some endotherm traits were constant and mean values are quoted. Data in parentheses represent the number of sample
measured and the standard error.

*See Table 3.

#See Fig. 3.

(&) When a sample was scanned to a temperature ju$t2 = e = 0.8. Numerical details of the regression line are
below the start of the endotherm, immediately cooled, andjiven in Table 3. The observed gradient yielded reasonable
rescanned in the presence of excess water, a peak typical e§timates foiCy, (Table 1), particularly for the case where
collagen denaturation was observed (Fig. 5). This showefl= %2, n = 3 (viz. Cy = 9.4 = 0.5, on the basis that, =
that the absence of an endotherm reliably indicated ther?/3 and¥ = 0.88). At higher water contents, the volume
absence of denaturation. When a similar sample wafaction of water in the fiber was constant, and therefore, as
scanned to just above the completion of the endotherngxpected, the denaturation temperature was constant. There-
immediately cooled, and rescanned in the presence of eXere the data were consistent with the polymer-in-a-box
cess water, no collagen denaturation endotherm was appdrypothesis over the range= 0.2. At lower hydrationse <
ent. This showed that the endotherm was coincident with th€.2, the gradient was much steeper, indicating a rearranged
disappearance of native triple helices. structure with estimates @,, made as above, on the basis

(b) When a sample pan was opened and the fiber exanef the slope at very low hydrations ranging from 6.1n i&
ined visually, after scanning to just above completion of thel andf = 1, to 12.2, ifn = 2 andf = 1 (compare Tables 1
endotherm, the fiber had shrunk longitudinally, indicating aand 3).
helix-to-random coil transition. Another sample pan opened
just before the endotherm peak showed no evidence
shrinkage. The endotherm was thus coincident with longi- ISCUSSION
tudinal shrinkage, confirming that it was caused by a helix-In the first part of this discussion, the measurements re-
coil transition. corded in this work will be compared with similar data

recorded in the published literature. This provides support

Polymer in a box

As predicted by Eq. 13, plotting T, against the volume % 251
fraction of water in the sample (see Fig. 6) yielded a straight 5
line with positive slope in the intermediate hydration range > 2071 |10 JigK
©
g 15- 1
«© »_/s-—/\—s—v—-/
& 151 o
S 1 g 19 L 2
~ £ ﬁ__M.M 3
%‘ 10- 3 § 51
(5] 0 bbb em——____—
m 2 m L) T T 1
° 0 50 100 150 200
E 51 Temperature (°C)
= 4
3 FIGURE 5 DSC evidence to show that the small peak observed at very
8 ? low hydrations (Region 1V) was caused by collagen denaturation. All scans
m = j ! were made at a rate of 10°C/min. (1) Dry collagen fiber scanned to the

o

50 100 150 200 250 leading edge of the denaturation endotherm. (2) When the previous sample
Temperature (°C) (number 1) was rapidly cooled, the pan was opened, and the sample was
resealed with excess water in a new pan, the endotherm characteristic of
FIGURE 4 Differential scanning calorimetry thermograms of collagen fully hydrated native collagen was observed. (3) Collagen fiber scanned to
in fibers at different hydrations. All scans were made at a rate of 10°C/minthe end of the denaturation endotherm. (4) When the previous sample
(1) In excess water (88.2% v/v water), Region |. (2) 48.5% water v/v,(number 3) was rehydrated in excess water and rescanned, there was no
Region Il. (3) 14.3% water v/v, Region Ill. (4) 0.9% water v/v, Region IV. evidence of the endotherm for native collagen.
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1T (K") escher, 1974; Kopp et al., 1990), agreeing with the obser-
max vations made here (see Fig. 3). However, measurements
have not previously been made at very low hydration levels.
Specifically, our region IV, corresponding to water concen-
trations of one molecule or less water per Gly-X-Y unit, has
not previously been studied. The results of the present work
show that in this region collagen has a low but approxi-
mately constant enthalpy, independent of water content (see
Table 2, Fig. 3). The low enthalpy is1/5 of the enthalpy
5 of the fully hydrated triple helix, which implies that, com-
- - - - pared with the fully hydrated state, the triple helix at very
0.0 0.2 0.4 0.6 . 0.8 10 low hydrations is held together by-1/5 of its original
Water volume fraction number of hydrogen bonds. We propose that the identity of
FIGURE 6 Relation between the temperatiifeand the concentration the very low hydration bond is the direct hydmgen bond
of water in the sample, expressed as a volume fraction. A linear relatioeonnecting the H-N group of the glycine residue on one
between 1T,,, and the volume fraction of water in the fiber is predicted by chain to a G= O group on an adjacent chain. Furthermore,
the polymer-in-_a-box model (Eq. 13). All data were obtained at a scanningyr data show that this very low hydration triple helix is
rate of 10°C/min. native and can be reversibly converted to the fully hydrated
triple helix by the addition of water. We therefore propose
that it is effectively the non-water-bridge structure proposed
for the reliability of the present data. The rest of the dis-by Rich and Crick (1961). Previous studies have estimated
cussion analyzes the extent to which the data agree witthe enthalpy at zero water as zero simply by extrapolating
predictions based on the polymer-in-a-box hypothesisthe enthalpy data measured at low concentrations; this im-
which the experiment was designed to test, and suggesjsiies a random-coil state at zero hydration, which conflicts
reasons for the deviations observed at very low hydrationswyith our new measurements.

There is only one previous study that examined the effect
of hydration on the half-width of the collagen denaturation
endotherm (Monaselidze and Bakradze, 1969), and it is not
The substantial increase in the thermal stability of collagerstrictly comparable; it studied the effect on dehydrated
induced by dehydration, which has been recorded in thisolutions of collagen, not collagen fibers. However, inter-
study, is consistent with previous reports by others (e.g.estingly, that work showed a substantial increase in width
Flory and Garrett, 1958; Monaselidze and Bakradze, 1969yith dehydration up to a maximum of15°C in a 70%
Finch and Ledward, 1972; Luescher, 1974; Kopp et al.collagen gel, and this was followed by a rapid fall+@°C
1990; Bigi et al., 1987), but the present work has extendeat 95% collagen (the maximum dehydration recorded). This
the hydration range beyond that recorded previously. Finctbehavior follows that recorded here in fibers (see Fig. 3).
and Ledward (1972), for example, merely reported that thé he present data also show that fibers exhibit an increase in
Tax IN collagen fibers containing 13% water by mass waswidth at lower hydrations, and it would be interesting to find
112°C, compared with 66°C for fully hydrated fibers at out whether collagen gels show the same effect.
neutral pH. These values may be compared with the results Finally, to conclude the first part of the discussion, it
recorded here for single fibers with similar water contents:should be noted that the values of the enthalpy of collagen
at 11.5%, 119°C, and at 15%, 96°C, and the mean value fadenaturation and ., that are recorded here at high hydra-
fully hydrated fibers (Table 2) of 65.5°C. The effect of tions (see Fig. 2 and Table 2) are consistent with previous
hydration on the thermal stability of collagen fibers wascalorimetric measurements (some early work is conve-
more extensively studied by Luescher (1974) and Kopp ehiently summarized by Lim, 1976; see also Miles et al.,
al. (1990), and the data of those studies show an approxit995).
mately hyperbolic relation between temperature and hydra- Having confirmed the reliability of the data obtained in
tion, as confirmed in the present work, but those data wer¢hese experiments by comparison with previous work, we
discussed only qualitatively, and no mathematical relatiomow analyze the extent to which the data agree with pre-
was proposed or fitted. Furthermore, the earlier work diddictions based on the polymer-in-a-box hypothesis, which
not extend the dehydration levels to the low values studiedhe present experiment was performed to test.
here (region IV, corresponding to water concentrations of
one molecule or less per Gly-X-Y unit), and consequently
the present work is the only study showing denaturations i
the temperature range 150-210°C.

All previous studies in which the effect has been exam-Considering first the data at intermediate hydrations, it is
ined have shown a decline in the enthalpy of denaturation ohteresting to calculate the intercepts gf = 0 and 1.
collagen with dehydration below a given level (see Lu-Extrapolation toe, = 1 yields aT,,,,0f 41.1+ 2.2°C. This

0.0030 -

0.0028 1

0.0026 -

Comparisons with previous work

ri’olymer-in-a-box hypothesis
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TABLE 3 Regression line characteristics of 1/T,,, against volume fraction of water in the fiber

Hydration range Slope (standard error) Intercept (standard error) Residual standard deviation
(moles HO per triplet) (K™ (K™ (K™
0.07-1.0 0.00283 (0.00048) 0.002053 (0.000022) 0.000058
1-6 0.00208 (0.00033) 0.002168 (0.000048) 0.000082
6-30 0.000731 (0.000042) 0.002451 (0.000019) 0.0000098
30-460* 0 0.002956 (0.0000015) 0.0000093

*In the range 30—460 moles water per triplet, the regression was not significant, and the mean, standard error, and standard deviation are quoted.

represents the denaturation temperature in a hypotheticakpected to increase the size of the thermally labile domain,
state in which the collagen molecules are in a fiber withwhich is thought to be controlled in the fully hydrated state
infinite interaxial spacing. This is a quasi-solution state, anddy a local deficiency of water bridges caused by the absence
it is significant that this temperature is close to the temperof the water-bridge-enhancing residue hydroxyproline
ature observed when collagen is in dilute solution or whenMiles et al., 1995, 1998). An increase in the size of the
in a grossly swollen fiber. The intersection of the regressiorthermally labile domain would be seen thermally as a de-
line with theT,,,,, value for the fully hydrated fiber (region crease in the width of the endotherm. A sudden reduction in
I) occurs ak,, = 0.69. That is, the results show that the fully the width is indeed observed in exactly the expected hydra-
hydrated fiber in water contained 69% water by volume.tion range (see Fig. 3). As the size of the thermally labile
Extrapolation of the regression line to= 0 yields aT,,,x  domain affects only the intercept of the regression between
of 134.8= 2.9°C. Fig. 6 shows that this is much lower than 1/T,,, ande,,, and not its slope, the effect of the reduction in
the denaturation temperature of collagen in the fully dehythe number of water bridges (region Ill) is to increase the
drated fiber; it represents the denaturation temperature of scatter of the data about a regression line.
hypothetical condition in which the hydrated polymer is In region IV, with one molecule or less of water per
surrounded by similar hydrated molecules in a quarterGly-X-Y, the enthalpy was unaffected by changes in water
stagger arrangement in the absence of water, i.e., touchirgpncentration, indicating that this water is not involved in
one another laterally. This value is similar to the interceptforming interchain water bridges. In this region, changes in
values recorded by Flory and Garrett (1958), Lueschewater content should affect the dimensions of the thermally
(1974), and Kopp et al. (1990). In reality, a regular quarterdabile domain, and consequently, Eq. 13 should again apply
stagger arrangement of the molecules is unlikely to beexactly, with an appropriate choice of the packing parame-
maintained at all hydrations, and we propose that at lowtersf andn. In this region, therefore, there should be less
hydrations the molecules rearrange into a collapsed struscatter of the data about the regression line, as is indeed
ture to compensate for the loss of water from the gapsindicated by the data in Table 3. Although highly thermally
Equation 13 shows that the slope of the relation betweestable in the dehydrated fiber, the collagen molecule in this
1/T,, ande,, depends on the packing of the molecules in thehydration range is intrinsically highly unstable, because it is
fiber, as represented by the parameteend n. Table 1  devoid of all stabilizing water bridges. A measure of the
considers the effect on the slope of various possible packingnstability may be obtained by extrapolating the regression
arrangements, two of whichi € 1,n = 1 andf = 1,n = line (Table 3) tog, = 1, which yields a denaturation
2) straddle the observed value (as revealed by the estimatémmperatureT,,,,,, Of —68.4* 18.3°C. We suggest that this
of Cy; see Results). These are more tightly packed strucvery unstable structure of collagen is of a hypothetical, fully
tures and therefore are better approximations of the prodehydrated collagen molecule that has been isolated from
posed collapsed state. Thus a change in packing arrangtie stabilizing influence of adjacent collagen molecules.
ment could account for the substantially increased gradienthis may conflict with the suggestion of Holmgren et al.
of the 1T, versuse,, locus at low hydrations (see Fig. 6). (1998) that water bridges do not contribute to the stability of
In addition, simultaneously with the rearrangement in thethe collagen molecule.
molecular packing of collagen in the fiber, water molecules This work has concerned fibers that had been equilibrated
that are connected via hydrogen bonds to the triple helixo a given hydration for a long period of time and gives no
itself are gradually stripped away, as the fiber is further andnformation about the effect of time on the thermal stability.
further dehydrated. Some of these molecules are involved ifithe polymer-in-a-box model requires that the thermal sta-
water bridge structures that connect erehain to another.  bility is determined by the box dimensions, and conse-
These hydrogen bonds would need to be broken on denauently one would expect that the stabilization that occurs
turation. Thus stripping away of water bridge molecules ha®n fiber formation would be instantaneous. The experiments
several effects. First, it reduces the enthalpy of denaturationf Na (1989) confirm that a substantial part of the thermal
because fewer hydrogen bonds need to be broken to sepstabilization is coincident with, or practically coincident
rate thea-chains and reduce them to more or less randonwith, the formation of fibers. Na found that he could detect
coils. This is indeed observed in region lll (see Results)fibrillogenesis as a small endotherm aR5°C when con-
The reduction in the number of water bridges would becentrated neutral solutions of collagen were scanned in a
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DSC. On continuing scanning above 25°C, the denaturatiosolution (see Bailey, 1968, for a summary of early measure-
endotherm characteristic of collagen in solution was absennents; also Burjanadze, 1982), and the difference in tem-
and replaced by a new endotherm-ab5°C, representing peratures between fiber and solution was remarkably con-
denaturation of collagen in the fiber. His data clearly showstant across animal phyla, hydroxyproline content, and
that an initial substantial stabilization of collagen was prac-denaturation temperature. That this stabilization should be
tically complete 30 min after fiber formation and was not approximately constant and independent of hydroxyproline
the result of some slow chemical change, such as the deontent is consistent with the polymer-in-a-box hypothesis,
velopment of intermolecular cross-links. Thus the observawhich demands that the stabilization depend only on the
tions of Na are consistent with the polymer-in-a-box model.dimensions of the box.

Swelling the immature fiber by the addition of 0.5 M This study has shown that the confinement of collagen
acetic acid produces a quasi-solution state with a denatumolecules within the fiber lattice reduces the configura-
ation temperature very close to that of a dilute solutiontional entropy of the activated, uncoupled, random-coil,
(Miles et al., 1995). As far as one can tell, the processes ahermally labile domain and thereby thermally stabilizes the
swelling and loss of thermal stability are coincident. It is ascollagen molecule. The proposed mechanism is fundamen-
if the mere confinement within the fiber lattice is enough total and must apply not only to the fibrillar collagens in
thermally stabilize the collagen molecule, also consistenfibers, but also to other macromolecular assemblies. We
with the polymer-in-a-box model. therefore propose that there will be a polymer-in-a-box

The equilibrium established between the water moleculesontribution to the thermal stability of all biological mac-
forming water bridges around the triple helix and otherromolecules in macromolecular assemblies, such as the
water molecules present in the fiber is affected by wateype IV collagen in the network structure of basement
concentration. At total water levels of six molecules permembranes, the RNA molecules in ribosomes, the myosin
Gly-X-Y and over, all possible water-bridges are formed,tail in the thick filament, and the nucleic acids in virus
and the enthalpy of denaturation is therefore unaffected bgtructures. As far as we are aware, this mechanism of
an increase in water content (FighB Below six molecules, thermal stabilization has not been proposed hitherto.
the equilibrium condition requires water bridge disruption,
and at a total water content of about two water mqlecgleﬁ've are grateful to A. J. Bailey and T. V. Burjanadze for discussion.
per Gly-X-Y the reduction in enthqlpy of denaturation in- This work was supported by the Wellcome Trust.
dicates that about half the water bridge hydrogen bonds are
broken (Fig. 3b). We may therefore deduce from these data
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