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Thermal Stability of Collagen Fibers in Ethylene Glycol
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ABSTRACT The mechanism that renders collagen molecules more stable when precipitated as fibers than the same
molecules in solution is controversial. According to the polymer-melting mechanism the presence of a solvent depresses the
melting point of the polymer due to a thermodynamic mechanism resembling the depression of the freezing point of a solvent
due to the presence of a solute. On the other hand, according to the polymer-in-a-box mechanism, the change in
configurational entropy of the collagen molecule on denaturation is reduced by its confinement by surrounding molecules in
the fiber. Both mechanisms predict an approximately linear increase in the reciprocal of the denaturation temperature with the
volume fraction (e) of solvent, but the polymer-melting mechanism predicts that the slope is inversely proportional to the
molecular mass of the solvent (M), whereas the polymer-in-a-box mechanism predicts a slope that is independent of M.
Differential scanning calorimetry was used to measure the denaturation temperature of collagen in different concentrations
of ethylene glycol (M = 62) and the slope found to be (7.29 = 0.37) X 10~* K™, compared with (7.31 = 0.42) X 104 K™’
for water (M = 18). This behavior was consistent with the polymer-in-a-box mechanism but conflicts with the polymer-melting
mechanism. Calorimetry showed that the enthalpy of denaturation of collagen fibers in ethylene glycol was high, varied only
slowly within the glycol volume fraction range 0.2 to 1, and fell rapidly at low e. That this was caused by the disruption of a
network of hydrogen-bonded glycol molecules surrounding the collagen is the most likely explanation.

INTRODUCTION

Collagen fibers in vivo must be stable enough to withstandn Eq. 1,e represents the volume fraction of solveFi; and
the disruptive influence of thermal agitation, but capable ofT,,, are the melting points of the polymer in the pure state
assembly and disassembly of the component molecules. land in the presence of solvent, respectivélyis the gas
solution, the unfolding temperatures of a wide range ofconstantAh is the heat of fusion per unit mass of polymer;
fibrous collagens are within only a few degrees of thep, andp, are the densities of solvent and polymer, respec-
animal’s body temperature (Burjanadze, 1982; Burjanadzévely; x, is an interaction parameter, aMy is the molec-
and Veis, 1997), but when the molecules are aggregated taar mass of the solvent.
form fibers there is an increase in the transition temperature The second mechanism is based on the observation that
of ~27°C. the temperature and shape of the collagen denaturation
There are two alternative explanations of this effect. Theendotherm in fibers and in basement membranes is gov-
first is due to Flory and Garrett (1958). They suggested thaérned by an irreversible rate process (Miles, 1993; Miles et
the helix-colil transition of collagen is a melting process, inal., 1995) and not by equilibrium thermodynamics as pre-
which the melting point of the polymer is depressed by theviously supposed (Privalov, 1982). In the process of thermal
presence of a solvent: the greater the concentration of so&ctivation, which precedes the unfolding transition, a region
vent the greater the depression of the melting point. In thef the molecule called the thermally labile unit unfolds first.
fiber, the local concentration of solvent is low relative to Once thea-chains in this region are uncoupled, the whole
that in dilute solution and the melting point is higher thanmolecule becomes unstable, rapidly unzips, and collapses to
that in solution. On the basis of equilibrium thermodynam-random coils. According to this model, stabilization of the
ics, Flory (1953) derived an equation for the melting pointcollagen molecule in a fiber is brought about mainly by a
depression of a polymer in the presence of a solvent. Thiseduction in the entropy of activation of the rate process.
equation is closely related to the freezing point depressioifhis could be caused by the spatial confinement of the
of a solvent due to the presence of a solute: molecule within the lattice of the fiber. Using rate theory
1 1 Ro and the polymer-in-a-box analysis of Doi and Edwards

i 1 _ 1986) a different relation was derived betwekntemper-
= (e 52) 1 ( . . .
Tn T pMiAD a ) ature of unfolding and the volume fraction of diluert,
(Miles and Ghelashvili, 1999):
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representing the number of gapsl around the thermally Addition of ethylene glycol to dry tendon
. . . e
labile unit of the molecule when packed in a fibeki.,is To add small amounts, fiber bundles of the dried tendon were weighgd,

the_ aCt'Vat'_on enthalp_y of collagen _ unfolding per mole of ., ereq with an inverted beaker and placed on a sheet of gauze over a dish
residue;Cy, is a numerical factor, which for collagen equals of ethylene glycol (Sigma Chemical Co., St. Louis, MO). This assembly

9, but is unity for a freely jointed chain and referred to as thewas enclosed in a vacuum oven at 55°C and the air pumped out. The valve

stiffness of the p0|ymer by Doi and Edwards (1986) or theto the pump was then closed and the glycol vapor was allowed to adsorb
on the fibers for different lengths of time. The mass of adsorbed glyepl,

_CharaCte”SUC ratlp by Flory (1967) and Richards (198Q); was determined by reweighing and the volume fraction of glycol deter-
is another numerical factor that depends on the shape of thgined by applying the following relation:

cross section of the box.

According to Eq. 2, there should be a hyperbolic relation my
between the temperature of denaturatidg, and the vol- _ Pqg
. . . . € = 1 (3)
ume fraction of diluent in the fiber. my n My
Egs. 1 and 2 both fit the hyperbolic form of the experi- Pg Pd

mental data very well (Flory and Garrett, 1958; Miles and o 4o the densities of alveol and drv tend ke

. e . o .. where p, and p, the densities of glycol and dry tendon were taken as
Ghelashvili, 1999), and it is not possmle to d_ls_tlngwsh 111 prog kgpﬁfs and 1.38x 10° Egmﬁ, respeyctively.
between the two models on the basis of the precision of the 14 gbtain intermediate glycol concentrations, single fibers were hung
predictions. However, the models do differ markedly in thefrom buttons over open cuvettes using fisherman’s shot to keep the fibers
predicted effect of solvents of different molecular mass. |nstraight. The cuvette was then filled with glycol and the fiber allowed to
swell. The diameter of the fiber was measured using a vernier microscope

the Flory model, the unfolding temperature, being deter-in two perpendicular directions(andb) in the dry state (d) and in the

mined by a melting point depression, depends on the Molafiesence of glycol (g), and the volume fraction of ethylene fiber was
concentration of the solvent, and the molecular mass of thealculated from
solvent therefore appears in Eq. 1. Other things being equal,
according to the Flory and Garrett model, the slope of the e=1— -2 (4)
relation between Tj,, and e varies as the reciprocal of the aghy
solvent’s molecular mass. By contrast, the slope of theinaly, measurements were also made of weighed dried fibers to which
relationship between T/, ande predicted by the polymer- weighed ethylene glycol was added in excess.
in-a-box model shows no dependence on the solvent’s mo-
lecular mass, because the determining factor is the dimeri:-, . . .
. . . - . . reparation of solutions of collagen in

sions of the box in which the polymer is confined (i.e., theethylene glycol
dimensions of the fiber lattice). It is this space (or lack of it)
that affects the number of configurations available to theTo prepare freeze-dried collagen, the skin of a rat was cut into small pieces,
polymer in the activated state. A comparison of the unfold_washed in water, and then stirred in 0.5 M acetic acid for 48 h at 8°C.
. I ib len i | Insoluble components were removed by centrifugation at 15;09@or 30
m.g tgmperatures O.f collagen fibers swollen in two SQ Vem%in. Fat was extracted by shaking with chloroform, in the volume ratio 1:1
differing markedly in molecular mass therefore provides awith the supernatant. To remove any polysaccharides, the solution was
sensitive means of differentiating between the two modelsgentrifuged at 5000< g for 2 h. A 20% NaCl solution was added to the

This paper records an experiment that investigates C(,;.doc_ollagen solution to obtain a final concentration of 5% salt, and this

. icallv the eff h I heli i L. f mixture was stirred overnight in the fridge. The centrifuged pellet was
rimetrically the effect on the collagen helix-coll transition o dissolved again in 0.05 M acetic acid and dialyzed against 0.01 M acetic

swelling collagen fibers in ethylene glycol. The data allow acid at 8°C. After exhaustive dialysis, the solution was lyophilized and
comparison with previously published data obtained withstored at 8°C in a desiccator in the presence of silica gel.

water and consequently possible differentiation between the Collagen solutions (1 mg/ml) were made up either in ethylene glycol or
t dels of coll tabilizati aqueous acetic acid solution (0.05 M) for scanning calorimetry and pola-
W0 moaels or coflagen stabilization. rimetry. Suspensions of freeze-dried collagen were also mixed in the

Perkin-Elmer (Norwalk, CT) differential scanning calorimetry (DSC) sam-
ple pans themselves and allowed to equilibrate overnight at 8°C for
calorimetric tests the next day.

MATERIALS AND METHODS
Preparation of dried tendon Calorimetry

Tails were excised from the carcasses of 5- to 8-week-old rats and frozefigndons and collagen suspensions were scanned in a computer-controlled
at —20°C until required. On removal from the freezer, tails were thawed, perkin-Elmer DSC-7, fitted with an Intracooler, and running software
and the tendons removed, cleaned of all visible contaminants, and washe@pplied by the manufacturer (1991 revision) was used for the calorimetric
in distilled water. The tendons were placed in methanol and progressivelyneasurements. Weighed sample€9(01 mg) were heated at either 2°C or
dried in a vacuum oven by increasing the temperature in stages: 55°C far0°C per minute from 5°C to an appropriate specified temperature using an
2-3 h, 70°C for 2-3 h, 90°C for 2-3 h, and 100°C for 2-3 h. No correctionempty pan as a reference.

was made to allow for any residual water that may have remained in the Solutions were scanned in a DASM-4 (manufactured in Puschino,
sample after this treatment. Moscow region, Russia) scanning microcalorimeter with a 0.75-ml work-
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1482 Miles and Burjanadze
remained unchanged. The valuesTgf,, recorded in this
0.0030.4 /;'f.{/ concentration range (Table 2) were therefore of the fully
-------------------------------------- A swollen fiber and were used with the data of Table 1 to
o estimate the volume fraction of glycol in the fully swollen
<™ 0.0028 . /;;{/ fiber as 0.68+ 0.05. This is very similar to the measured
~ A_//";:' volume fractiqn of solvent in fuIIY.hydrated collagen fibers
,:E 0.0026 /55/ (e = 0.69; Miles and Ghelashvili, 1999), presumably be-
- /é/ cause the swelling is limited to the same extent in both
/ji/ solvents by the presence of intermolecular cross-links.
0.0024 £ . : : : . The enthalpy of denaturation in fibers did not vary sig-
0.0 0.2 0.4 0.6 0.8 1.0

nificantly (p > 0.05) within the glycol volume fraction
range 0.2 to 1, but fell rapidly at low volume fractions (see
Table 2 and Fig. 2).

FIGURE 1 Thermal stability of rat tail tendon fibers swollen to different ~ The calorimetric measurements of solutions of collagen
levels in ethylene glycql. Data obtain_ed by D_SC at _dif'ferent scanning r_atesin both solvents (Fig. 3 and Table 3) showed the highly
W, 10°C/min; A, 2°C/min; ®, 10°C/min, obtained with ethylene glycol in - o e qetic and sharp denaturation endotherm that is charac-

excess. Solid lines are least-squares regression lines; dotted lines are . = . . . . .
teristic of the triple helix. Polarimetric measurements (Fig.

corresponding lines for water at 10° C/min, taken from Miles and Ghelash- s ;

vili (1999). 4) proved that the transitions were also accompanied by a
sharp and substantial loss of optical activity, confirming that
the molecule at low temperatures existed as a triple-helical

ing volume using a scanning rate of 0.25°C/min (Privalov and Plotnikov,structure in both solvents. When the linear portion of Fig. 1

1989). All calorimetric experiments were carried out at a heating rate ofyyas extrapolated te= 1, Thaxoccurred at 44.5- 1.8°C in

0.25 K/min and a protein concentration of 1 mg/ml. The partial specific ethylene glycol and 41.t 1.8°C in acetic acid (both

heat capacity of collagen was determined (Privalov and Potekhin, 1986) usinﬂ1 d at L ¢ ’ £10°C in Th ¢

a partial specific volume of 0.686 ml/g (Christensen and Cassel, 1967). easured at a scanning rf’:‘ eo m e;e e.mper-
atures are comparable with those measured in dilute solu-
tion despite the protonation state of the molecule in acetic

acid differing from that in water.

Volume fraction of glycol

Polarimetry

Denaturation transitions of collagen in solution were observed using a

Polamat A polarimeter (Carl Zeiss, Jena, Germany) with an angle resolu-

tion of 0.005° at 546 nm. Measurements were made over a 5- or 20-cm patDISCUSSION

length in a cuvette surrounded by a thermostatically controlled jacket that

was maintained at specified temperatures with a precision of 0.1 K. Thel' his section is in two parts. The first discusses collagen

temperature of the sample was monitored by a thermocouple wound roundtabilization in fibers in terms of the p0|ymer-in a-box and

the cuvette, and temperature scanning was performed at the same rateﬁﬁelting-point-depression mechanisms. The second part

solution calorimetry, 0.25 K/min. considers the intrinsic stability of the molecule itself, espe-
cially the source of the high enthalpy of unfolding in both

RESULTS water and glycol.

When 1T, was plotted against the volume fraction of
diluent, the data for ethylene glycol followed closely data
for water (see Fig. 1 and Table 1).

At high ethylene glycol concentrations, samples exhib-This experiment (Fig. 1 and Table 1) clearly showed that the
ited two phases: swollen fibers and excess ethylene glycopolymer-in-a-box mechanism for thermal stabilization of
In this region, changes in the proportions of ethylene glycolkollagen in fibers is compatible with the observed effect on
merely changed the quantity of excess glycol; the fiberghe denaturation temperature of swelling fibers in either
were fully swollen and the dimensions of the fiber lattice ethylene glycol or water, but the polymer melting mecha-

Polymer-in-a-box

TABLE 1 Regression line characteristics of 1/T,,, against volume fraction of diluent in the fiber
Scanning rate Slope (SE) Intercept (SE) Residual SD
Diluent (°C min™%) (K™ (K™ (K™
2 0.002460 (0.000018)
Ethylene glycol* 10 0.000729 (0.000037) 0.002419 (0.000018) 0.000023
Water' 10 0.000731 (0.000042) 0.002451 (0.000019) 0.0000098

*Data at two scanning rates fit regression lines with a common slope but different intercepts.
"Data for water taken from Miles and Ghelashvili (1999).
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TABLE 2 Temperature and enthalpy of denaturation of fully
swollen collagen fibers in ethylene glycol and water 404 ‘
Mean T,y Enthalpy a '

Diluent (°C) @gh g P

Ethylene glycol 70.1(8,1.21) 52.5 (28, 0.85)* =

Water' 65.1 (36, 0.18) 58.6 (42, 0.59) 5

Measurements were made at a scanning rate of 10°Cmiim parentheses 5

are showm and SE. o

*Enthalpy determined in the volume fraction range &% < 1, where it

was not significantly correlated witl p = 0.46.

"Data for water taken from Miles and Ghelashvili (1999).

Temperature (°C)

nism IS_ not. On the basis of Eq. 1 we would expect, !fFIGURE 3. Examples of DSC thermograms of rat tail tendon collagen
everythmg_ else was equal:_that the slope of the regressiafissoived in different solvents:- -, 0.5 M acetic acid; ——, ethylene
would be inversely proportional to the molecular mass ofglycol.

the solvent and that therefore the slope in water should be
~62/18 times that in ethylene glycol. We found that the

slopes were very similar (see Table 1) as predicted by Eq. 310NS were made over too wide &, range for this to be
This behavior is therefore consistent with Eq. 2 but conflictsIKely- We suggest, therefore, that the difference between

with Eq. 1. It is stressed that we do not deduce that thdhe Gibbs free energies of the helix and coil must also be

polymer-in-a-box mechanism is the only possible exmanagetgrmined by th_e volume fraction of the diluent rather than
tion of these data or that other factors do not contribute t&Y tS mole fraction. o

the stability of the collagen molecule in fibers. Furthermore, €€ €nergy expressions (Egs. 1 and 2) for equilibrium
the present data for native fibers were obtained at higrpetween f_|r_1al states or for a rate difference between ground
scanning rates. On the presented data we cannot exclu@gd transition states should be fundamentally the same, but
other mechanisms being important at slower scanning rate§€ither analysis quantifies explicitly all the thermodynamic
However, other data confirm that the DSC endotherm oferms contributing to the denaturation temperature. In broad
type | collagen is controlled by a rate process when in thd€rms, the Flory expression ingludes terms for _the increase
form of native fibers (Miles et al., 1995) or in dilute solution " the entropy of the solvent with polymer melting and for

(C. A. Miles and A. J. Bailey, unpublished) at scanning rateg?©lymer-solvent interactions, but does not specifically
ranging down to isothermal denaturation. quantn‘y the increased entropy qf the po!ymer. The polymer-
The present results cannot simply be explained by acin-a-box rr_lodel excludes predictions in the_ Iow—solyent—
knowledging that the rate process controlling the shape angPncentration rangee(< 0.2), does not explicitly quantity
position of the denaturation endotherm is controlled by the"€ solvent terms, but does include terms for the increase in
polymer-in-a-box mechanism, while maintaining that thePOlymer entropy of activation. The two models therefore
difference between the Gibbs free energies of the helix angiffer fundamentally in what physical phenomena are con-

coil states is controlled by a melting process. The observaSidered to be important. At high and intermediate solvent
concentrations, the results of this study indicate that poly-

mer entropy effects are more important than solvent effects
in determining differences between collagen stability in

60 fibers of different solvent content. The result is notable in
o « ‘i that it shows that the collagen molecule is stabilized by a
. P % . ) ; .
o % e mechanism that differs profoundly from the solid/melt equi-
2 404 °. %&8 librium proposed by Flory and Garrett (1958).
Fy RS It is therefore interesting to calculate the entropy of
g 20 . o:" ° denaturation at each,,,, although it is stressed that this is
5 ° et BRIV ° not the difference in the entropies of two states in equilib-
. o g0 e @0 o rium. These data are shown in Fig. 5. At volume fractions
0 : . above 0.2, the collagen molecule is fully saturated with
0.01 01 ! hydrogen-bonded glycol and the entropy increases linearly
Mol solvent/Mol residue with volume fraction as predicted by the polymer-in-a box

, model. Ate = 1, the box is so large that the molecule is
FIGURE 2 The effect of solvent concentration on the enthalpy of dena-

turation of collagen fibers. Comparison between data for ethylene glycof_:‘ffectlve'y unconfined and the entropy CorreSpondS to the

(@) of this study and those for wateD) taken from Miles and Ghelashvili €ntropy of collagen in dilute solution. Collagen molecules
(1999). are unlikely to be monomeric in this state but oligomeric.
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1484 Miles and Burjanadze

TABLE 3 Endotherm characteristics of the denaturation of collagen in aqueous and ethylene glycol solutions

Solvent Ah(J g AH (kJ mol™* residues)  AS(J mol* K™* residues)  Tg4 (K) AT (K) ACo(JgtK™
0.5 M acetic acid in water 582 0.5 5.41+ 0.05 17.38 31114 26801 0.15
Ethylene glycol 58.55- 0.5 5.445+ 0.05 17.08 31874 2801 16

Data were obtained at a scanning rate of 0.25 K Thiand are mean values of six measurements in each solvent.

However, the intrinsic effect of collagen cross-links on theSome of the parameters determining the slope are clearly
temperature of collagen molecules in dilute solution is rel-independent of solvent (the gas constant bpthe virtual
atively small, as shown for example by the work of Nabond length between adjacent, Gtoms in a collagen
(1989) who observed very similar denaturation tempera«-chain, for example); others are unlikely to be affected by
tures in solutions of monomeric collagen and collagen oli-the solvent provided the triple-helical structure is main-
gomers. Cross-linking of fibers and basement membranesined (the diameter of the collagen molecude,and the
also has a rather small effect, typically a few degrees or lessharacteristic ratioC,), and yet others are unlikely to be
(Bailey et al., 1993), and some of this change may be due taffected provided the molecular packing in the fiber remains
the reduction in intermolecular distances induced by thehe same(e.g., the numerical factord, andag). However,
cross-links themselves, rather than an intrinsic entropic efAH},, the activation enthalpy of collagen unfolding per
fect due to the polymer cross-linking. mole of residue, could be affected by solvent, and the fact
At the other extreme, extrapolating the line éo= 0, that the slope in water is the same (within the quoted
yields the entropy of a hypothetical state in which theuncertainties) as that in glycol indicates thel}. is the
collagen molecule, fully hydrogen bonded with glycol, is same in both solvents. Supporting this conclusion is our
surrounded and touching similar molecules in a quarteobservation thaAH in ethylene glycol is remarkably similar
stagger arrangement, in the absence of any glycol. Actuallyto that in water, when the collagen was measured either in
belowe = 0.2, the entropy falls abruptly with reducirgas  solution or in fibers. We suppose that the activation process
the hydrogen-bonded glycols are stripped away from theonsists of the uncoupling of a short section of the collagen
collagen. The difference between the actual measuremenisolecule and\H7..is approximately the same a#,..(see
and the linear extrapolation is caused by the large contribuMiles et al., 1995).
tion of the hydrogen-bonded solvent. This is expected to be The derivation of Eq. 2 required the use of an explicit
large as the hydrogen-bonded network of glycol moleculegunction for the rate constant for collagen denaturation
around the native triple helix will be disrupted around the(Miles and Ghelashvili, 1999). We showed previously that
random coils, and glycol molecules, immobilized as glycolthe shape and position of the collagen denaturation endo-
bridges, will be released into the liquid state. therm are relatively insensitive to the precise form of the
Although the polymer-in-a-box mechanism predicts thatrate constant function (Miles, 1993; Miles et al., 1995).
the slopes of the T/, versuse loci of collagen fibers in  Although we chose the absolute rate theory equation for the
ethylene glycol and water should be similar, it does notpolymer-in-a-box calculations, which does not allow for the
predict that they should be identical, as observed in Table leffect of variations in viscosity ok(T), we could equally

1.1 204
b 1.04 L T g T
hd .
Z 09 N 15
o . Y X 1
% 0.8 . T,
S o7 3
L 074 :
a z E 19
o 0.64 . 2
z 059 ‘~. 2 s
S 0.4 . 2 .

LI o
@ oozl T e w4
15 20 25 30 35 40 45 50 55 0.0 0'2 0'4 0I6 OIB 1 IO

Temperature (°C)

Volume fraction of glycol

FIGURE 4 Relative optical activity of rat skin collagen dissolved in two FIGURE 5 The effect of solvent concentration on the entropy of dena-

different solvents#, 0.5 M aqueous acetic acid solutio®, ethylene turation of collagen fibers. The line is the least-squares regression line for
glycol. To convert relative optical activity to specific optical rotation (see, the data with volume fractions above 0.2. A datum for a dilute solution

for example, Hauschka and Harrington (1970) for definition), multiply the collagen in glycol is superimposed to show its coincidence with the

acetic acid data by 411 and the ethylene glycol data by 283. extrapolated line.
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have chosen an equation such as the modified Kramers The data show a rapid fall in enthalpy of denaturation at
relation (Frauenfelder and Marden, 1989), which does. Thelycol concentrations below-0.4 mol of glycol/mol of
application of this and several other equations to collagemesidue, although previous data for water show the same
denaturation is discussed by Miles et al. (1995). If thedecline below~0.8 mol of water/mol of residue (Fig. 2).
Frauenfelder and Marden (1989) relation had been selecte®revious work also showed that a stable-state triple helix, of
for the derivation, instead of the absolute rate theory equaow enthalpy (11.6 J g'), existed below~about 0.1 mol of
tion, we would expect the final form of Eq. 2 to be largely water/mol of residue. This experiment did not investigate
unaffected. This is because changes in the viscosity ternguch low levels of glycol, but in the absence of data to the
which appears linearly in the rate equation, would be smalkontrary, we presume this state also exists at extremely low
in comparison with changes in the Gibbs free energy termgeyels of glycol. The solvent-associated increase in enthalpy
which occur exponentially. is therefore similar in both solvents-@5 J/g, or 4.2 kJ/mol

Reasons for concentrating on an entropic term for thgy residue). Expressing this on a mole-solvent basis yields,
stabilization are fully discussed by Miles et al. (1995). ¢, glycol: 4.2/0.4= 10.5 kd/mol of glycol; and for water:
Briefly, measurements of the rate of denaturation showeg 5/q g — 5 3 k3/mol of water. These values are similar to

that the Arrhenius parameterwas reduced by a factor of the latent heats of fusion of the two solvents (respectively,

38 . . . .
_}_gl n fl'??lis lcomp?redtwlth sfotIhL!tlons (|\|/|I|eS et al.,b1995). 11.2 kJ/mol and 6 kJ/mol), providing further support for the
€ most ikely explanation ot this very 1arge NUMDEr Was,, i, that most of the bond energy stabilizing the triple

that it was cagsfed by an exponential term and was thereforﬁelix derives from the hydrogen bonds of the network of
entropic in origin. Other factors such as component viscos-

ities, which undoubtedly could affect the rate of denatur—SOI\/ent molecules surrounding the molecule both in glycol

ation by several orders of magnitude, were negligible in"’mﬁi ?sqlsj?rzl;ze%mt”hrgtmt??snfél ent effect is evident at o
comparison with a factor of £6% The Arrhenius activation ! ! v IS €evi W

energy was also reduced in fibers, so the change in th oncentrations, i.e._, V\{he_re the soIventintgra_cts directly with
enthalpy of activation in fact caused a destabilization, not "€ collagen. The similarity of the enthalpies in each solvent
stabilization at all. Thus, changes in the enthalpy, inducedMPlies that the energy of the hydrogen bonding may be
by changes in solvation or pressure/volume terms, are urflominated by the number and layout of the fixed hydrogen
likely to be the prime cause of the stabilization. bonding sites on the collagen itself, e.g=0, N—H, and
At solvent concentrations aboee= 0.2 the enthalpies of Nydroxyl groups on hydroxyproline, that are exposed to the
denaturation in ethylene glycol and in water are approxi_solvent and available for supporting hydrogen-bonded sol-
mately constant and Eq. 2 is obeyed. Belews 0.2, the Vent bridges (Bella et al., 1995; Kramer et al., 1999).
enthalpy of denaturation falls, and the effect of solvent on However, the recent paper of Raines and co-workers
the enthalpy becomes apparent. Although this region iéHolmgren et al., 1998) points in an opposite direction.
outside the limits of applicability of the polymer-in-a-box Their studies on the substitution of the hydroxyl group of
formulation, which the experiment was designed to testhydroxyproline by fluorine, which does not form hydrogen
these data are important as they probe the source of colld@onds, in polypeptides suggest that the hydroxyl group acts
gen’s high enthalpy of denaturation. through an inductive effect to stabilize the triple helix
(Panasik et al., 1994; Eberhardt et al., 1996; Holmgren et
al., 1998). They suggest that the immobilization of water
Source of the high enthalpy of unfolding molecules as water bridges is too expensive entropically

The high enthalpy of unfolding of collagen in water is (Holmgren etal., 1998). Engel and Prockop (1998), follow-

thought to derive mainly from the breaking of the hydrogen!"d these ideas and their earlier work on the stability of
bonds forming the hydration network around the collagerc!l2gen-like peptides in non-aqueous solvents (Engel etal.,
molecule (Privalov, 1982; Burjanadze, 1992). These hydro1977), further suggested that the water molecules seen sur-
gen bonds comprise intrachain, interchain, and intermoled0Unding the collagen molecule in structures defined by
ular water bridges (Bella et al., 1995; Kramer et al., 1999)X-fay diffraction (Bella et al., 1995; Kramer et al., 1998)
The observation of a similar large enthalpy when collagerin@y not provide a significant bonding energy. .

was swollen in ethylene glycol implies that there must be a There is no doubt that the enthalpy of denaturation of
hydrogen-bonded network of glycol molecules around thecollagen is much higher than most other proteins and the
collagen. The existence of an ethylene glycol network hagundamental question is: from where does this energy de-
been proposed by others (Kuznetsova et al., 1997) on thdve? Unfortunately, the work of the Raines group provides
basis of an observed exponential increase in force as tw0 answer to this central question, as their proposed induc-
molecules approach one another. Hence the calorimetridve mechanism for the stabilization of collagen by hy-
data presented here supports the suggestion that a netwatkoxyproline is entropic and does not depend on the forma-
of hydrogen-bonded ethylene glycol molecules formstion of new bonds. It has been widely accepted that the
around a framework of hydrogen bonding sites formed byenormously large enthalpy of unfolding is the result of
the collagen triple helix. extensive hydrogen bonding caused by a network of hydro-
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gen-bonded water molecules surrounding the molecule, &Burjanadze, T. V. 1992. Thermodynamic substantiation of water-bridged

cogently argued by Privalov (1982) and others, and this_cellagen structureBiopolymers32:941-949. _ _
Burjanadze, T. V., and A. Veis. 1997. A thermodynamic analysis of the

eXplanat'on accords with the p-reseht fmdmg?' Hydrat'on contribution of hydroxyproline to the structural stability of the collagen
networks of 3—6 mol of water/tripeptide have indeed been triple helix. Connect. Tissue Re86:347—365.

revealed in the recent x-ray diffraction data of collagen-likeChristensen, R. G., and J. M. Cassel. 1967. Volume changes accompanying
peptides (Bella et al., 1994, 1995 Kramer et al., 1998, Ccollagen denaturatiorBiopolymers5: 685-689.

oi, M., and S. F. Edwards. 1986. The Theory of Polymer Dynamics.
1999). These data demonstrate that the collagen mOIeCUEStatic properties of polymers. Clarendon Press, Oxford. 8—45.

does indeed pay the high entropic cost of immobilizing theeberhardt, E. S., N. Panasik, and R. T. Raines. 1996. Inductive effects on
water in the form of water bridges. the energies of prolyl peptide bond isomerization: implications for

_ . . . . collagen folding and stabilityd. Am. Chem. S0d.18:12261-12266.
The x ray studies Clearly show a substantial deficit of ngel, J., H. Chen, and D. J. Prockop. 1977. The triple helix-coil conver-

direct hydrogen bonds in the collagen structure compared sjon of collagen-like polytripeptides in aqueous and non-aqueous sol-
with the a-helix andg-sheet (Beck and Brodsky, 1998), yet vents. Comparison of the thermodynamic parameters and the binding of

the latter structures have much smaller enthalpies than col- " 1 (-Prow-Pro-Gly), and (-Prot-Hyp-Gly),. Biopolymers16:

|agen' The collagep S_trUCtures deter_mmed b}/ (.j'ffracuortngel, J., and D. J. Prockop. 1998. Does bound water contribute to the
show a molecule with its X and Y residues pointing away stability of collagenMatrix Biol. 17:679—680.

from the center of the molecule, available to interact with itsFlory, P. J. 1953. Principles of polymer chemistry. Phase equilibria in

: : : lymer systems. Cornell University Press, Ithaca, NY. 541-594.
environment and with extendegtchains open for solvent _ P°
P Flory, P. J. 1967. Statistical Mechanics of Chain Molecules. Hanser Pub-

interactions with the backbone groups. Thus, in contrast t0 jishers, Munich.
the a-helix andB-sheet, the triple-helix structure is designed Flory, P. J., and R. R. Garrett. 1958. Phase transition in collagen and
so that it exposes the unused hydrogen bonding sites alonggelatin systems]. Am. Chem. So80:4836-4845.

the a-chains to the environmental fluid that is available to Frauenfelder, H., and M. C. Marden. 1989. Biological physisA
Physicist’'s Desk Reference. H. L. Andersen, editor. American Institute

hydrogen bond to them. Brodsky and co-workers (Bella et of physics, New York.
al., 1995) recent detailed x-ray studies suggest a critical rolelauschka, P. V., and W. F. Harrington. 1970. Collagen structure in
for hydroxyproline by Iinking two molecules via hydrogen solution. Il Effect of cross-links on thermal stability and refolding

. . kinetics. Biochemistry9:3734-3744.
bonds to a Carbonyl on the backbone of an adjacem Cha"ﬂlolmgren, S. K., K. M. Taylor, L. E. Bretscher, and R. T. Raines. 1998.

making a water bridge similar to that originally proposed by  code for collagen’s stability decipherelature.392:666—667.
Ramachandran et al. (1973). Kramer, R. Z., J. Bella, P. Mayville, B. Brodsky, and H. M. Berman. 1999.

The notion that water molecules are not involved in Seduence dependent conformational variations of collagen triple helical
structure.Nat. Struct. Biol.6:454—-457.

stabll!z|ng the structure doe.S not e.Xpl‘?m collagen’s unusu'Kramer, R. Z., L. Vitagliano, J. Bella, R. Berisio, L. Mazzarella, B.
ally high enthalpy of unfolding, which is the core problem Brodsky, A. Zagari, and H. M. Berman. 1998. X-ray crystallographic
in understanding the stability of a structure so bereft of determination of a collagen-like peptide with the repeating sequence

. S . - _ (Pro-Pro-Gly).J. Mol. Biol. 280:623-638.
internal Stablllzmg bonds. That this is caused by the dlsrUpKuznetsova, N., D. C. Rau, V. A. Parsegian, and S. Leikin. 1997. Solvent

tion of a network of hydmgen'bonded_ Wat_e_r molecules hydrogen-bond network in protein self-assembly: solvation of collagen
surrounding the molecule, as elegantly identified by Brod- triple helices in nonaqueous solvengophys. J.72:353-362.

sky and co-workers (Bella et al., 1995), is currently the mosfviles, C. A. 1993. Kinetics of collagen denaturation in mammalian lens
’ ’ capsules studied by differential scanning calorimemy.. J. Macromol.

likely explanation. 15:265-271.

Miles, C. A., T. V. Burjanadze, and A. J. Bailey. 1995. The kinetics of the
thermal denaturation of collagen in unrestrained rat tail tendon deter-
mined by differential scanning calorimetry. Mol. Biol. 245:437—-446.
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