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Thermal stability of calf skin collagen type I in salt solutions
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Abstract

The thermal stability of acid-soluble collagen type I from calf skin in salt solutions is studied by high-sensitivity differential scanning
calorimetry. Three concentration ranges have been clearly distinguished in the dependence of collagen thermal stability on ion
concentration. At concentrations below 20 mM, all studied salts reduce the temperature of collagen denaturation with a factor of about
0.2°C per 1 mM. This effect is attributed to screening of electrostatic interactions leading to collagen stabilisation. At higher
concentrations, roughly in the range 20~-500 mM, the different salts either slightly stabilise or further destabilise the collagen molecule in
salt-specific way that correlates with their position in the lyotropic series. The effect of anions is dominating and follows the order
H,PO, > SO}~ > Cl~> SCN ", with sign inversion at about SO; ~. This effect, generally known as the Hofmeister effect, is associated
with indirect protein—salt interactions exerted via competition for water molecules between ions and the protein surface. At still higher
salt concentrations (onset concentrations between 200 and 800 mM for the different salts), the temperature of collagen denaturation and
solution opacity markedly increase for all studied salts due to protein salting out and aggregation. The ability of salts to salt out collagen
also correlates with their position in the lyotropic series and increases for chaotropic ions. The SO;~ anions interact specifically with
collagen — they induce splitting of the protein denaturation peak into two components in the range 100—150 mM Na, SO, and 300-750
mM Li,SO,. The variations of the collagen denaturation enthalpy at low and intermediate salt concentrations are consistent with a weak
linear increase of the enthalpy with denaturation temperature. Its derivative, d(A H)/dT, is approximately equal to the independently
measured difference in the heat capacities of the denatured and native states, AC, = C} — C} = 0.1 cal - g~ 'K~ ".

Kevwords: Collagen type I; Protein—salt interactions; Thermal stability; DSC; Protein electrostatics; Hofmeister effect; (Calf skin)

1. Introduction associate laterally and longitudinally to form microfibrils.
These, in turn, form fibrils, aggregates of which constitute
various forms of connective tissue. Decrease of pH below

4 results in dissolving of the fibrils and formation of a

Collagen is the major structural component of connec-
tive tissues. In vertebrates, it represents about one-third of

their total protein content [1]. At least 19 fibrillar and
non-fibrillar, genetically different, types of collagen have
been distinguished [2]. The fibrillar collagen type 1 is the
major component of tendon, bone, skin, and other tissues.
Its primary structure consists of repeating triplets (Gly-X-
Y),, where X is often proline (Pro) and Y is often 4-hy-
droxyproline (Hyp). The collagen molecules consist of
three polypeptide chains, each coiled in a left-handed
helix. The three chains are thrown into a right-handed
triple superhelix stabilised by periodic hydrogen bonds
[3.4]. The triple helices, known also as tropocollagen,
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molecular solution of tropocollagen [5].

Upon heating, collagen undergoes a denaturational tran-
sition from the triple helix to a randomly coiled form in
which the three chains are separated. A correlation be-
tween chemical composition and thermal stability of colla-
gens has been established [6]. Several studies emphasise
the stabilising effect of hydroxyproline [7-11]. Altogether,
the imino-acid content is considered a dominant determi-
nant of the collagen stability. Since about 40% of the
Gly-X-Y triplets of collagen contain at least one charged
residue in X or Y position, the electrostatic interactions are
also considered important for its molecular organisation
[12—14]. The structure of the triple helix allows for forma-
tion of both intra- and interchain ion pairs. Examination of
collagen primary structure [12,15] shows a considerable
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amount of pairs of closely situated amino-acid residues
bearing opposite electric charges (Glu™-Arg™, Asp™-Arg™,
Asp~-Lys™, Glu™-Lys™, etc.). The role of various environ-
mental conditions on the collagen stability is also recog-
nised. However, investigations on the influence of solutes,
particularly salts, are scarce. Von Hippel and Wong [16]
report the effect of moderate concentrations of different
neutral salts on the stability of partially renatured collagens
(gelatins) of different origin. They establish a linear depen-
dence between denaturation temperature and salt concen-
tration, with different salts either decreasing or increasing
the gelatine stability, according to their position in the
lyotropic series. Russel [17] reports for a decreased thermal
stability of calf skin collagen in alcohol-buffer media upon
addition of up to 1 M KCI. This effect is considered a
likely result of modulation of the electrostatic interactions.
Burjanadze and Bejitadze [18] observe denaturation at
lower temperature upon addition of 0.1 M NaCl to the
collagen solution, while sugars and polyols are found to
increase the thermal stability of acid-soluble calf skin
collagen [19]. The mechanism of stabilisation in the latter
case is supposed similar to that for globular proteins —
preferential hydration of the protein, originating in the
water-structure-making character of these solutes. Various
organic solvents such as propanol, 1,2-propanediol, tetra-
hydrofuran, and acetonitrile are shown to decrease to
different extent the collagen stability [20]. A major role of
the solvent molecules in stabilising the collagen triple
helix has been inferred from these studies.

Our recent UV-spectroscopic measurements showed that
low concentrations of NaCl decrease the collagen thermal
stability by about 0.2°C/mM [21]. This effect is by two
orders of magnitude stronger than that reported by Von
Hippel and Wong [16] for moderate NaCl concentrations
~1.6°C/M. Such large difference implies that different
mechanisms might be responsible for the salt effect on the
collagen thermal stability, depending on the range of salt
concentration. To clarify this point, in the present work we
used differential scanning calorimetry for a systematic
study of the thermal stability of acid-soluble collagen type
I from calf skin (CSC) in different salt solutions in a
concentration interval up to 1 M. Three concentration
ranges have been clearly distinguished in the dependence
of collagen thermal stability on the salt concentration.

2. Materials and methods

2.1. Isolation, purification and characterization of colla-
gen type |

Calf skin collagen type I (CSC) was isolated according
to the procedure described by Fuji and Kuhn [22]. The
procedure included acetic acid extraction in the presence
of pepsin and salting out with sodium chloride. Further
purification by ion-exchange chromatography on DEAE

cellulose columns was carried out according to Miller and
Rhodes [23]. In control experiments, extraction of CSC in
the absence of pepsin was also carried out. The high purity
of the collagen preparations was confirmed by sodium
dodecyl sulfate polyacrylamide electrophoresis (SDS-
PAGE). The absence of type III collagen in the prepara-
tions was verified using interrupted electrophoresis accord-
ing to Sykes et al. [24]. The collagen preparation was
freeze-dried from an aqueous solution in vacuum, at
—80°C, and the lyophilised material was stored at — 18°C.
Gravimetric moisture evaluation showed that the residual
water in the freeze-dried preparations was about 9 wt%. In
control experiments, preparations where the lyophilisa-
tion—rehydration step has been omitted, were also mea-
sured. The collagen concentration in the solutions was
determined from the hydroxyproline content according to
the method of Stegemann [25] and by using a modification
of the method of Lowry [26].

2.2. Sample preparation

Appropriate salt solutions were prepared in 50 mM
acetic acid (pH 3.0). Equal volumes of doubly concen-
trated solutions of collagen and corresponding salt, both in
50 mM acetic acid, were mixed at 4-5°C 1 hour before the
measurements and equilibrated at room temperature.
Freshly prepared collagen solutions from lyophilised mate-
rial were routinely used. The pH of the samples was
determined. Quartz-bidistilled water was used. All chemi-
cals were of reagent grade.

2.3. Calorimetric measurements

Calorimetric measurements were performed using
high-sensitivity differential scanning microcalorimeters
DASM-4 and DASM-1M (Biopribor, Pushchino, Russia)
with sensitivity better than 4 - 107° cal - K~' and a noise
level less than 5- 1077 W [27]. Sample concentration was
0.5 mg/ml, unless otherwise indicated. Runs were rou-
tinely made in the temperature range 20-50°C, with a
heating rate of 0.5°C/min. Heating rates of 0.125, 0.25
and 1°C/min were also used. Particular runs were started
at 0°C and carried through 90°C, however, no thermal
events were registered in the ranges 0-20°C and 50-90°C.
The reversibility of the thermally induced transitions was
checked by second heating of the sample in the calori-
metric cell immediately after cooling to 20°C following the
first run. The cooling step together with the equilibration
of the instrument for the second run takes about 20-30
min. Samples cooled to 20°C and stored at this temperature
for up to 7 days after the first run were also scanned.
Particular reheating scans were preceded by taking out the
sample immediately after termination of the first run and
plunging it into an ice bath for 1 hour. The thermograms
were corrected for the instrumental baseline. The tempera-
ture at the maximum of the excess heat capacity curve was
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Fig. 1. Heating thermograms of calf skin collagen type I (0.5 mg,/ml) in
0.05 M acetic acid recorded during first heating, immediate reheating of
the sample, and reheating of the sample after 45 h storage at 20°C. These
thermograms were recorded at 0.5°C /min heating rate, but the same
picture was obtained also at 0.125, 0.25. and 1°C /min heating rates (data
not shown).

taken as the transition temperature and the transition width,
AT, ,,, was determined at the transition half-height. The
calorimetric enthalpy AH_, of the transition was deter-
mined as the area under the excess heat capacity curve.
The van’t Hoff enthalpy AH , was calculated from the
calorimetric data by using the relationship [28]: AH , =
4RT*C)™ /AH,,, where CI™* is the maximum excess
heat capacity. The two peaks on the collagen denaturation
thermograms (see below) were separated using peak fit
program. The difference in the specific heat capacities of
the native and denatured states AC, was determined di-
rectly from the thermograms as the difference in the
position of the baseline before and after melting (Fig. 1).

Table |

2.4. Opacity measurements

The opacity of collagen solutions at different salt con-
centrations was measured at 430 nm using a Specoll-11
spectrophotometer at 20°C. These measurements served to
determine by an independent method the salt concentra-
tions required for initiation of collagen salting out.

3. Results

3.1. Effects of protein concentration, heating rate, and
thermal prehistory on the endothermic transitions of calf
skin collagen type I

The thermal behavior of calf skin collagen type I in
acidic solution is characterized by two endothermic events
(Fig. 1). A small pretransition of enthalpy AH_, of 1.2
cal /g (343 kcal /mol) takes place at ca. 35°C. It is fol-
lowed by the main denaturational transition at ca. 40°C
with calorimetric enthalpy AH_, of 10.9 cal/g (3105
kcal /mol). The temperature of denaturation well agrees
with previous data [17,19,29-31] and the total enthalpy
—12.1 cal/g (3450 kcal/mol) is also in the range of
reported values for acid-soluble CSC type 1 [6]. The spe-
cific heat capacity of the denatured state is higher than that
of the native state; the change of the specific heat capacity

AC,=CP~C) upon melting of collagen, as deter-
mined from the heating thermograms taken at 0.5°C /min,
is about 0.1 cal - g 7' K™™', close to a reported earlier value
of 0.05 cal - g7 'K~ ! [37]. A pre-denaturational transition
at 33—-34°C has been recorded in previous studies [30-35],
but its nature has not been ultimately identified. Condell et
al. [35] ascribe it to shortened or nicked collagen fragments
obtained during protein isolation at the step of pepsin
digestion. In our thermograms of CSC extracted without
pepsin treatment, the pretransition persisted though. In

Transition parameters of calf skin collagen type | solutions as a function of collagen concentration and heating rate (subscripts ‘p’ and ‘d’ refer to

pretransition and denaturational transition, respectively)

Experimental variable 7, CO) 7, (°C) AH, (cal/g) AH, (cal/g) AH, (cal/g) AT}7? (°C)
Collagen concentration (mg / mi) *

0.25 35.25 41.07 12.08 0.94 11.14 2.64
0.50 35.24 40.80 12.11 1.22 10.89 2.80
1.00 34.82 39.96 12.78 1.78 11.00 2.90
1.75 34.58 39.29 13.82 2.50 11.32 298
Heating rate (°C / min) ®

0.125 34.60 40.06 12.58 1.26 11.33 2.88
0.25 35.00 40.44 12.38 1.67 10.70 2.89
0.5 35.24 40.80 12.11 1.22 10.89 2.80
1.0 3550 41.31 11.62 1.44 10.19 2.89

* Heating rate 0.5°C /min.
b Sample concentration 0.5 mg/ml.
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Fig. 2. Effect of the protein concentration on the thermal denaturation of
calf skin collagen type I: O, pretransition temperature; @, main transi-
tion temperature; M, total enthalpy of denaturation.

addition, no collagen fragments were present in our
pepsin-treated samples as verified by electrophoresis tests.
The pretransition was considerably suppressed, however,
in fresh preparations (both pepsin-treated and untreated)
for which the lyophilisation-rehydration step has been
omitted (data not shown). Our experiments currently in
progress indicate possible involvement of protein oxidation
in the formation of this transition.

Decreasing the collagen concentrations from 1.75 to
0.25 mg/ml results in a slight increase of the peak temper-
atures and a decrease with 10-15% of the total transition
enthalpy. At = 0.5 mg/ml these dependencies level out
(Fig. 2; Table 1). The denaturation of collagen is known to
be slow in comparison with denaturation of other proteins.

Excess heat capacity [cal/g/K]

This is believed to result from the slow cis—trans isomeri-
sation of the proline residues abundant in collagen [6,39].
Our measurements at heating rates of 0.125, 0.25, 0.5 and
1°C/min show an increase of the transition temperature
accompanied by a decrease of the total transition enthalpy
(Fig. 3; Table 1). The main transition is not reversible
upon immediate reheating from 20°C, and also after rapid
cooling of the denatured sample to 0°C by immersion into
ice-water. However, it partially restores after prolonged
equilibration at 20°C (Fig. 1). Repeated heating scans
demonstrated complete reversibility of the pretransition
(Fig. 1). The van’t Hoff enthalpies A H , of both transi-
tions are in the range of 200-300 kcal /mol at all studied
scan rates and protein concentrations and well agree with
the van’t Hoff enthalpy obtained from UV-spectroscopy
measurement of the hyperchromic effect at 230 nm [36].
The ratio

AH_, /AH = 10 suggests that the denaturation pro-
ceeds in about 10 cooperative units along the collagen
molecule in the conditions of the present experiment. This
estimate should be considered with due caution, however,
having in mind that the transition parameters used for
calculation of AH ; substantially depend on the heating
rate, as shown by Fig. 3.

3.2. Influence of salts on the thermal stability of calf skin
collagen type 1

Salts at different concentrations were added to collagen
solutions in 50 mM acetic acid and the thermal behavior of
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Fig. 3. Heating thermograms of calf skin collagen type I (0.5 mg/ml) in 0.05 M acetic acid recorded at different heating rates (0.125, 0.25, 0.5, and
1°C/min). Inset: effect of heating rate on the thermal denaturation of collagen: M, pretransition temperature; A , main transition temperature; @, total

enthalpy of denaturation.
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the samples was registered calorimetrically. Two series of Li,SO,, KCI and NaNj salts. A selection of thermograms
salts were used: sodium salts with C1~, SCN™, H,PQ,, of collagen denaturation in the presence of different sodium
HPO; ™, SO; anions, and chloride salts with Li*, Na*, salts is given in Fig. 4. The thermodynamic characteristics
NH}, Ca’* cations. Measurements were also made with of the collagen transitions are summarised in Table 2. The
Table 2

Dependence of the collagen transition parameters on different salt concentration in the solution {subscripts ‘p’ and ‘d" refer to pretransition and
denaturational transition, respectively). Heating rate 0.5°/min

Salt T, AH, AH, AT}/? T, AH,
concentration (°C) (cal/g) (cal/g) °0) (°C) (cal/g)
(mM)

- 40.8 10.89 12.11 2.8 35.2 1.21
LiCl

5 394 10.14 11.97 2.8 34.1 1.83
10 38.6 9.94 11.78 2.7 34.0 1.84
20 38.4 9.39 11.54 2.8 340 2.15
50 37.6 9.96 11.52 29 339 1.56
200 36.1 7.63 11.37 2.5 332 3.74
400 35.1 9.60 11.00 2.6 323 1.40
600 347 6.67 10.91 2.6 32.1 424
800 39.7 8.18 8.18 2.8 - -
NaCl

5 39.4 10.84 11.75 2.8 34.2 0.91
10 38.7 9.95 11.70 2.7 338 1.75
20 38.1 9.77 11.67 3.0 332 1.90
50 37.0 9.16 11.30 2.8 33.0 2.13
200 34.7 7.79 11.06 2.7 322 3.26
400 33.1 8.83 10.89 2.6 30.8 2.06
450 33.7 7.73 10.44 33 31.0 2.71
500 40.3 7.83 9.81 59 329 1.98
1000 46.0 4.88 6.72 6.3 - 1.85
KCl

5 39.4 10.11 11.97 2.8 34.1 1.86
50 35.8 8.35 11.13 2.8 322 2.78
NH ,Cl

10 38.5 9.89 11.81 2.8 338 1.91
20 36.8 9.05 11.33 2.9 32.1 2.28
50 359 7.52 11.12 2.7 327 3.60
200 338 8.67 11.06 2.7 315 2.39
400 320 8.14 10.74 2.7 30.1 2.60
600 322 7.95 10.53 24 30.1 2.58
750 403 6.12 8.00 4.2 36.4 1.88
CaCl,

5 392 9.90 11.70 2.8 34.1 1.80
10 38.0 9.69 11.57 2.9 335 1.87
20 35.6 9.31 11.24 2.9 318 1.92
50 349 8.12 10.97 2.6 31.5 2.84
200 327 8.13 10.86 2.5 29.8 2.73
300 31.7 7.82 10.68 2.5 28.9 2.86
400 37.3 6.65 8.58 2.7 353 1.93
NaSCN

5 394 9.93 11.76 2.8 34.1 1.83
10 38.6 10.02 11.70 2.8 340 1.68
20 36.0 8.95 11.34 2.8 32.1 2.39
50 34.2 8.76 11.03 2.6 313 2.26
100 31.4 6.63 10.37 2.4 29.3 3.74
150 30.3 8.56 10.29 2.6 28.0 1.73

200 34.8 8.07 8.07 3.1 ~ -
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Table 2 (continued)

Salt T, AH, AH,, AT{/? T, AH,
concentration °C) (cal/g) (cal/g) (°C) (°C) (cal/g)
(mM)
NaH, PO,
10 38.6 10.00 11.79 2.7 33.8 1.79
20 37.8 9.38 11.64 2.8 33.5 2.26
50 37.6 8.60 11.46 2.8 334 2.87
200 373 8.21 11.42 2.3 34.4 3.21
500 37.8 5.14 8.97 2.1 36.1 3.83
750 45.1 4.88 6.35 2.8 429 1.47
Na, HPO,
10 39.6 10.01 11.97 2.6 342 1.96
20 40.2 8.03 11.24 2.3 37.0 3.20
50 40.3 8.73 11.66 2.8 36.7 2.93
100 40.7 8.20 11.88 2.6 37.8 3.68
300 420 7.49 9.98 2.6 38.3 2.48
500 49.7 9.54 9.99 4.4 383 0.45
Na, SO,
5 39.1 9.89 11.73 2.8 34.0 1.84
10 38.0 9.69 11.58 2.6 343 1.89
20 36.1 7.87 11.28 2.4 333 341
50 35.5 8.24 11.21 25 329 2.96
75 35.5 8.01 1113 25 33.1 3.12
100 354 329

22"
150 323 29.7

4547
200 46.0 7.26 7.26 43 -
250 48.4 8.025 8.025 5.7 -
Li,SO,
5 39.0 9.88 11.50 27 34.4 1.62
10 37.7 9.66 11.24 29 34.1 1.58
20 36.6 9.62 11.19 2.8 339 1.57
50 35.9 9.22 11.00 2.9 34.1 178
100 35.6 9.16 10.96 2.6 34.1 1.80
200 35.8 11.08 34.6
300 36.2 11.30 350

437 °
400 375" 11.44 -

439 -
500 400 * 11.95 -

44.4
600 25" 10.92 -

44.7 *
750 437 * 12.03 -

44.9 °
900 472 11.56 5.5 ~
NaNj;
1.5 39.5 9.77 11.90 2.6 34.5 2.13
* Double peak.
pH of the solution for all studied salts, except for from 3 up to 4.5 does not alter the collagen denaturation
Na,HPO,, was between 3 and 4.5. The collagen thermal temperature (data not shown). In solutions of Na,HPO,,

stability is only slightly sensitive to pH in this range [7,42]. the pH increases from 6.0 at 10 mM Na, HPO, up to 9.6 at
Our control measurements also showed that increase of pH 500 mM Na,HPO,. Since T; is known to increase at
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Fig. 4. Heating thermograms of calf skin collagen type 1 (0.5 mg/ml) in
0.05 M acetic acid in the presence of different sodium salts of concentra-
tions in mM as indicated.

alkaline values of pH [37], the considerable increase of the
denaturation temperature in our samples with Na,HPO,
might be regarded, at least partially, as a pH effect.

All tested salts at concentrations below 20 mM reduce
the thermal stability of collagen in identical way. Both
peaks, the pretransition and the main transition, move in
parallel (Table 2, Fig. 5). The total enthalpy also decreases
with the salt concentration in this range. On further in-
crease of the salt concentration, the effect of different salts
becomes salt-dependent. All chloride salts and NaSCN
keep on reducing the temperature of collagen denaturation.
Intermediate concentrations of NaH,PO, (20-500 mM)
and Na, SO, (50-100 mM) practically do not further affect
the collagen stability, while Li,SO, (100-300 mM) and
Na, HPO, (50-300 mM) increase it. It is clear from Fig. 5
that anions dominate the change in the collagen stability in
the intermediate concentration region and follow the order
H,PO; > SO; > Cl > SCN™. This order represents a
typical lyotropic series for anions. The sign inversion point
of the anion effect is at about SO; . The HPO; ™ ion is
not included in these series as it causes also an increase of
pH to alkaline values which, as explained above, may
interfere with its lyotropic effect. Cations decrease the
temperature of collagen denaturation in the intermediate
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Fig. 5. Dependence of the denaturation temperature of calf skin collagen
type [ on the salt concentration: (A) selection of sodium salts: (B)
selection of chloride salts; (C) Na.SO,, (D) Li,SO,.

concentration range, with rather similar slopes (Fig. 5B).
According to the magnitude of their effect, they arrange in
the order Li*> NHj} > Na > Ca®". At still higher salt
concentration, a sharp increase of the denaturation temper-
ature takes place. The onset concentration of this increase
varies from 100-200 mM in the case of Na,SO, and
NaSCN to 800 mM for LiCl. This effect is accompanied
by decrease in the transition enthalpy and broadening of
the peak (Table 2). Parallel opacity measurements show an
increase of the sample opacity at the onset salt concentra-
tions. We assume that the simultaneous increase in denatu-
ration temperature and solution opacity denote the onset of
a salting-out and aggregation of collagen. The onset salt

Table 3
Onset concentrations of collagen salting-out as estimated by opacity
measurements

Salt Collagen salting-out concentration (mol /1) ~
NaSCN 0.2
Na, SO, 03
NaCl 0.5
Na, HPO, 05
NaF 0.6
NaH,PO, 0.7
CaCl, 0.4
NH,CI 0.7
KClI 0.7
LiCl 0.8
Li, SO, 0.5

" Salt concentration has been increased by steps of 0.1 M and the
concentration inducing precipitous opacity increase is indicated as salting
out initiating concentration.
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concentrations, as estimated from the opacity measure-
ments, are summarised in Table 3. Control measurements
show that Gu - HCI, which does not produce salting out up
to 2 M concentration [36], does not also cause an increase
in the denaturation temperature. A splitting of the main
transition into two peaks was observed at Na, SO, concen-
tration 100 and 150 mM (Fig. 4) and Li,SO, concentra-
tions 300-750 mM. Since such splitting was not observed
for the other salts in the whole range of concentrations up
to 1 M, we consider it a result of specific interactions of
the sulfate anions with the collagen molecules.

4. Discussion

Upward or downward shifts of the denaturation temper-
ature are the most pronounced and easily detectable effect
of salts on the collagen stability. Three concentration
regions are clearly distinguished from the plots given in
Fig. 5 — a salt-independent drop of the transition tempera-
ture at low salt concentrations, a salt-dependent change
(predominantly decrease) at intermediate concentrations,
and an abrupt increase at high concentrations. This behav-
ior indicates more than one mechanism of salt interactions
with collagen. At concentrations below 20 mM, all studied
salts decrease collagen stability. The denaturation tempera-
ture drops by 1.4°C at 5 mM concentration and by 2.2°C at
10 mM concentration, while for 5 mM of divalent ions its
reduction is 1.6—1.8°C (Table 2). In general, salts can
affect the stability of macromolecules by screening the
charged residues. As noted in the Introduction, the CSC
triple helix contains a considerable amount of closely
situated amino-acid residues bearing opposite electric
charges [12.15]. It is thus conceivable that the reduction in
collagen stability at low salt concentration results from
screening of the electrostatic interactions between these
residues. Among them, it seems that the interchain pairs of
opposite charges are likely to contribute more to the
stabilisation of the collagen triple helix. Their shielding by
salts will reduce the stability of the native state with
respect to the denatured state since, obviously, no such
pairs exist in the latter state where the three chains are
separated. This consideration may not be valid for intra-
chain pairs where the charge separation, and the respective
charge interactions, may not substantially change with
denaturation. According to measurements on model tripep-
tides [38], the amino acids expected to form oppositely
charged pairs in collagen (Asp™ and Glu™ with Lys* and
Arg") have pK values 4, 4.4, 10.4 and 12.5, respectively.
Since the participation of amino acids in ion pairs de-
creases the pK of acidic residues and increases the pK of
basic residues, the Asp™ and Glu~ residues are supposed
to be at least partially protonated in the employed pH
range. It is thus clear that the contribution of these ion
pairs to the collagen stabilisation at low pH would be even
enhanced at physiological values of pH. The electrostatic

Table 4

Effect of salts on the denaturation temperature of acid-soluble calf skin
collagen per 1 mol/litre at intermediate salt concentrations (slope =
AT, /Ac)

Salt Slope (°C-moi~'171)
NaSCN ~57.5
NaCl -80
Na, SO, 0.0
NaH, PO, 0.4
Na,HPO, 6.8
CaCl, -128
NH,Cl —11.1
NaCl —-8.0
LiCl -35
Na,SO, 0.0
Li, SO, 3.2

effect of low salt concentrations on collagen stability has
the same nature as the effect of opposite sign observed
with some globular proteins. For example, screening of the
local electrostatic interactions by low amounts of salts
stabilises bovine serum albumin against thermal unfolding,
independently of the salt species [43]. Closely situated
identically charged amino-acid residues are considered re-
sponsible for this effect.

At intermediate concentrations, the different salts affect
the collagen stability according to their position in the
lyotropic series, with a dominating effect of the anions and
a sign inversion point located at about SO} . Since the
plots of denaturation temperature vs. salt concentration are
close to linear in this range, it is appropriate to use the
change of denaturation temperature per mol salt to quan-
tify this effect. For the selection of salts studied here, these
slopes are as shown in Table 4. The ability of salts and
many other low-molecular solutes at moderate concentra-
tion to exhibit lyotropic effects on the stability of macro-
molecules is long known. Solute effects of such kind,
generally termed the Hofmeister effect, have also been
demonstrated in numerous studies of different interfaces
(see, e.g., the review of Collins and Washabaugh [44]).
These effects originate from the competition between sur-
face groups and solutes for water molecules. By stabilising
the structure of bulk water, kosmotropic solutes tend to
reduce interface area and stabilise proteins against thermal
unfolding. They are preferentially excluded from the pro-
tein interface area, i.e., in their presence proteins are
preferentially hydrated. By destabilising the structure of
bulk water, chaotropic solutes have the opposite eftect. By
reviewing the various manifestations of the Hofmeister
effect, it has been established that the kosmotropic /chao-
tropic sign inversion point for the anion series is usually
located near the position of C1~ ion. Thus, HPO? ™, SOZ ™,
F~ ions are considered as kosmotropes (water structure
makers), while Br™, I7, SCN™ are on the chaotropic
(water structure breakers) side of the series [44]. Concern-
ing collagen thermal stability, the sign inversion of the
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anion effect is shifted to the kosmotropic side of the series,
i.e., only strong kosmotropes can slightly increase collagen
stability, while weak kosmotropes decrease it. Similarly,
no sign inversion is registered in the cation series even for
LiCl, although Li~ has been recognised in other studies as
a distinct kosmotropic solute. Such shift of the sign inver-
sion point might be due to at least two different reasons.
One possible explanation can be sought in an overlap of
the lyotropic effect with the electrostatic screening effect
of the salts. It is clear from the Debye—Hiickel and
Gouy—Chapman theories that the shielding of the electro-
static interactions saturates and levels out at salt concentra-
tions where the Debye screening length assumes values
comparable with the charge separation (e.g., at 100 mM
univalent salt its value is 9.6 A). Although saturating with
increase of salt concentration, the latter effect may not be
fully levelled out at moderate salt concentrations and thus
may counterbalance the stabilizing effect of kosmotropes.
Another, principally different consideration in this respect
is as follows. Generally, the Hofmeister effect is a result of
interactions in three-component water—solute—interface
systems. While the position of a given ion (solute) in a
lyotropic series reflects specifically its effect on water
structure in comparison to other ions, the position of the
sign inversion point depends also on the properties of the
particular interface and its interaction with water. A shift
of this point to the kosmotropic end of the series may take
place provided that the surface of the collagen molecule
bears strong kosmotropic properties and acts as a water
structure maker. Such assumption finds some support from
the results of a recent structural study of a collagen-like
peptide, (Pro-Hyp-Gly),,, with a single Gly-to-Ala substi-
tution in the centre of the peptide chain [11]. Using X-ray
crystallography it was demonstrated that the triple helices
formed by the model peptide are surrounded by a highly
structured cylinder of hydration, with an extensive hydro-
gen bonding between water molecules and peptide. The
manifestations of the Hofmeister effect are typically domi-
nated by anion effects [44]. The reported here data is in
accord with this conclusion. While the denaturation tem-
perature depends on the anion concentration in markedly
different and anion-specific way (Fig. 5A), the graphs for
the selection of cations (Ca**, Na*, NH}, Li*) show that
the ability of cations to regulate protein stability at inter-
mediate concentrations is much less pronounced (Fig. 5B,
Table 2).

Except for shifts of the transition temperature, the ex-
amined salts induce also changes of the transition enthalpy.
It appears that both changes are related through a linear
dependence of the denaturational enthalpy of CSC on the
transition temperature. It is shown in Fig. 6 where the
measured enthalpies of CSC at low and intermediate salt
concentrations are plotted versus the corresponding denatu-
ration temperatures. The data points well fit to linear
function, with a slope d(AH)/dT=0.113 cal-g 'K ".
According to the Kirchhoff’s law, the enthalpy derivative

12

1

10 | n | |
30 35 40

Denaturation enthalpy AHtot [calig]

Denaturation temperature Td [°C]

Fig. 6. The denaturation enthalpy versus the denaturation temperature for
calf skin collagen type I at salt concentrations lower than the correspond-
ing salting-out concentration: 4, LiCl; O, NaCl; ¢, NH,Cl; @, CaCl,;
O, NaSCN; a, NaH,PO,; 2, Na,SO,; +. Li,SO,: v, KCI; =,
NaNs,.

on temperature is equal to the heat capacity change result-
ing from denaturation, dAH/dT = C; — C} = AC,. The
change of the specific heat capacity of CSC upon denatura-
tion, as determined directly from the heating thermograms,
is 0.102 cal - g7 'K~ ". The close coincidence of these two
independently determined values indicates that the salt
effects on the denaturation enthalpy of CSC indeed origi-
nate from the weak linear dependence of the enthalpy on
temperature.

On further increase of salt concentration, a precipitous
increase of the collagen denaturation temperature takes
place. The salt concentration giving rise to this effect, and
also to a simultaneous sharp increase of the solution
opacity, is salt-specific and ranges from about 200 mM for
NaSCN to about 800 mM for LiCl. Obviously, collagen
salting out and aggregation take place at these salt concen-
trations. The linear A H(T) dependence shown in Fig. 6
does not hold in this range, where the increase of 7 is
followed by a decrease of the denaturation enthalpy (Table
2). The enhanced stability of aggregated collagen in high
salts is consistent with the measured higher stability of
collagen fibrils in comparison to dissolved collagen ([8,31],
our unpublished results). Similarly, the thermal stability of
the collagenous part of the blood plasma protein Clq is
higher than that of the monomeric collagen, supposedly as
a result of association of the collagen-like helices [40]. One
may also speculate that the stability increase of collagen
following its aggregation (i.c., removal of the protein from
the bulk water phase) has a physical nature similar to the
stabilisation observed for some proteins upon freeze-dry-
ing, or suspension in anhydrous organic solvents [41].

Noteworthy, the ability of different salts to salt-out
collagen also correlates with their position in the lyotropic
series and increases for chaotropic ions (Table 2, Fig. 5).
Exceptions are the sulfate salts (Na,SO,, Li,SO,), known
from other studies as kosmotropic solutes, which increase
the collagen solution opacity at relatively low concentra-
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tions of 0.3-0.5 mol /1. According to the calorimetric data,
collagen solutions in sulfate salts demonstrate peculiar
thermal behavior displayed in splitting of the main denatu-
ration peak (Figs. 4 and 5C,D). The peak splitting takes
place at salt concentrations below the onset of the salting-
out of collagen. as estimated by the enhanced opacity of
the solution (Table 3). The two peaks in the thermograms
may represent either a complex two-step denaturation pro-
cess, or two fractions of dissolved and saited-out protein.
Since no splitting of the denaturation peaks was observed
for the other salts, the SO}~ ions appear also to bind to
collagen in a specific way. It is worth noting in this
connection that sulfated heteropolysaccharides are another
major constituent of connective tissues and their specific
interactions with collagens might play an important role in
the formation of the connective tissue matrix. Unusual
binding of sulfates with another connective tissue protein
— aortal elastin — has also been reported [45].

5. Conclusions

1. Univalent salts at concentrations below 20 mM re-
duce the temperature of collagen denaturation with a factor
of about 0.2°C per 1 mM. This effect is attributed to
screening of electrostatic interactions leading to collagen
stabilisation.

2. At higher concentrations, roughly in the range 20-500
mM, the different salts either slightly stabilise or further
destabilise the collagen molecule according to their posi-
tion in the lyotropic series. This is a Hofmeister effect
associated with indirect protein—salt interactions exerted
via competition for water molecules between ions and the
protein surface. The effect of anions is dominating and
follows the order

H,PO; > SO; > Cl~> SCN~ with a sign inversion
point at about the SO;  anion. Such position of the
inversion point may indicate either that the surface of the
collagen molecule bears kosmotropic properties, or, alter-
natively, that the electrostatic shielding by salts partially
compensates the lyotropic effect in this concentration range.

3. Above onset concentrations varying between 200 and
800 mM for the different salts, the temperature of collagen
denaturation and solution opacity markedly increase for all
studied salts due to protein salting out and aggregation.
The onset concentrations arrange according to the ly-
otropic series and decrease for chaotropic ions.

4. The SO;~ anions interact specifically with collagen
and induce splitting of the protein denaturation peak into
two components in the range 100-150 mM Na,SO, and
300-750 mM Li,SO,.

5. The variations of the collagen denaturation enthalpy
at low and intermediate salt concentrations are consistent
with a weak linear increase of the enthalpy with the
denaturation temperature. Its derivative, d(AH)/dT,
closely coincides with the independently measured differ-

ence in the heat capacities of the denatured and native
states, AC,=C) —C) = 0.1 cal - g 'K
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