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ABSTRACT. Published data relating the concentr ation of 4-hydroxyprolineresiduestothe stability of collagen
wasused toestimate the different effectsof twotypesof triplets (Gly-X-Hyp) and (Gly-Pro-Hyp). The data comprised
mainly fibril-for ming collagens, which exhibit highly cooper ative helix-coil transitionsat temper aturesthat are
remar kably closetobody temper ature. A wide range of denatur ation temper atureswastherefor eensured by includ-
ing collagen from different speciesof fish, including someliving in thear ctic, amphibians and mammals. Asafirst
approximation, the dependence of the denatur ation temperature, T, of collagen on hydroxypr oline content was
considered asa linear function:

Ty=To+ KiNgxoyt KN igpoy:

where the coefficients K; and K, characterize the degree of influence of the two types of triplet. Regression
analyses showed that K, exceeded K, by about 10times. Analysis of the dependence of the enthal py of denatur ation on
hydr oxypr dline content alsoshowed that tripletsof thetype (Gly-X-Hyp) containing water had alar ger effect than
(Gly-Pro-Hyp) tripletsand that the primary factor deter miningincreased stability wasthe concentr ation of (Gly-X-
Hyp) triplets, while (Gly-Pro-Hyp) tripletsgover ned thenonlinear character of therelationship. We concludethat
themain factor stabilizing the collagen triple helix and gover ning the phylogenetic change of collagen ther mosta-
bility isthe concentration of tripletsof thetype (Gly-X-Hyp). © 2010 Bull. Georg. Natl. Acad. <ci.

Key words: collagen, phylogenesis, thermostability, water-bridge structure.

INTRODUCTION

Callagen, themajor component of connectivetissues,
hasaspedifictriple-hdical conformation. The characteris-
tic feature of this structure isthe gtrictly repeated amino-
acid sequence (Gly-X-Y), where X and Y can be almaost
any amino acid, but mog frequently they areproline (Pro)
in the X position and hydroxyproline (Hyp) inthe Y posi-
tion [1, 2]. The most generally accepted water-bridged
structures [ 3,4] stabilizing the structure are sequence-de-

pendent, in that they require the participation of the side
chain OH-group of hydroxyproline in the Y paosition on
one chain and aresidue other than proline in the X posi-
tion on the adjacent chain. The sequence is thus crucial
in determining therole of water in structure stabilization.

Thetriple-helical structure of collagen is maintained
over a wide range of animal phyla, and its denaturation
temperature appears to be correlated with the upper limit
of environmental temperature of the host organism (Fig.
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Fig. 1. Dependence of the denaturation temperature (T ) on

environment temperature (T,,,) for fibril-forming

collagens of various origin.

1), if itiscold-blooded [5-7]. Analysis of the stability of
callagens of widely diverse origins, performed in our ear-
lier papers, showed that for fibril-forming collagens the
denaturation temperature T, appears to be determined by
the concentration of 4-hydroxyprolinelocalized in thethird
position of atriplet, while 3- and 4-hydroxyprolinein the
second position do not participate in stabilization [8,9].
However, some collagen-like peptides with theseresidues
in the X position may form atriplehelix [10]. As4-hydrox-
yprolineislocalized amost exclusvely in the Y position
in collagen, asan approximation it may be consdered to
exig in only two types of triplets (Gly-X-Hyp) and (Gly-
Pro-Hyp). Asthesediffer from each other in their thermo-
dynamic and structura characteristics [11-14], it seems
possible that one of the causes of the nonlinear depen-
denceof collagen thermostability on hydroxyproline con-
tent may be the different influence of these triplets on the
temperature (Fig. 2) and enthal py denaturation (Fig. 3). In
this paper we make separate etimations of the contribu-
tions of (Gly-Pro-Hyp) and (Gly-X-Hyp) triplets to the
phylogenetic change of callagen thermostability, attempt-
ing to answer the question: what type of triplet plays the
principal role in determining increased thermostability
and what kind determines its nonlinear character.
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Fig. 2. Dependence of the denaturation temperature (T,) of
various collagens [8,18] on 4-Hyp content.
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RESULTSOF THEANALYSIS

1. Temper ature of denaturation: non-linear regression
analysis

When the denaturation temperature of fibril-form-
ing collagens was plotted against their hydoxyproline
concentration, the data showed a slight downward curv-
ing non-linearity (see[8], Fig.2). Limiting ageneral poly-
nomial dependenceto thefirst threeterms, thetempera-
ture of denaturation was written as;

T=T AN, + Bl(NHyp)z. : @

Here, N, isthe number of hydroxyproline residues per
1000 residues and the numerical values of coefficients
A, and B, werefound by regression analysis. Thefibril-
forming collagensyielded:

T,°C=(~33.95+4.46) + (L076+0.12)N, —
yp
~(0.0034 + 0.0008)N?, @

Theunderlying cause of the nonlinearity wasreveal ed
by examining the different effects of the (Gly-X-Hyp) and
(Gly-Pro-Hyp) triplets. Asafirg approximation weassume
that they affect T, independently and linearly. The dena-
turation temperature is therefore given by:

T=Tot KN 6o PK N 6o ®

1' Y(GX0)
here, Nigy o) and N, arethe number of (Gly-X-Hyp)
and (Gly-Pro-Hyp) triplets per 1000 residues, and coeffi-
cientsK; and K, characterize the degree to which cor-
responding triplets influence the denaturation tempera-
ture. Nonlinear regression analysis of the data revealed
how (Gly-X-Hyp) and (Gly-Pro-Hyp) concentrationsin-
creased with hydroxyproline. With increasing hydrox-
yproline content (Gly-Pro-Hyp) curved upwards (Fig. 4)
and (Gly-X-Hyp) curved downwards (Fig.5). Algebra-
icdly:

NGPo:C + Az NHyp + BZ NZHyP; (4)

r

AH kJ/mol.res.
SN s g N

AH(T,)=2.2740.07 N, -2.75N,

0 20 40 60 80 100 120 140
NH /1000 res
yp

Fig. 3. Dependence of the standard denaturation enthalpy at
25°C of various collagen differing by hydroxyproline
concentration. The data taken from Table 3.
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Fig. 4. Dependence of the estimated number of Gly-Pro-Hyp
triplets in various collagens on hydroxyproline content

NGXD = NHyp - NGPO =-C+ (l_AZ) NHyp - BZNzHVP (5)
and least squares regression yielded:

C=9.18+7.85 A =—0.043+0.225;
B,=0.00329+0.00156. ©)

By substituting Eq. (5) and Eq. (6) into Eg. (4) and

comparing the coefficientswith those of Eq. (2), wefind:
K1 + (KZ_Kl) A2: A1;
(K~K)B,=B,. @

Thuswe estimatethat K,=1.03 + 0.26; K, =0+ 0.59.
A more precise difference between the values of these
coefficients can be found directly from the rdation: K, -
K,=1.03 + 0.54. Thusthe difference between these coef-
ficients is twice as large as the sandard error and the
probability that K, > K, is about 95%. From equation (3)
one can calculate that the maximum denaturation tem-
perature occurs when Npyp stisfies:

(dT/dN, )., = [1.0438—0.00674N,, |=0;
N,,,,= 155 residues /1000 residues. ®

The maximum temperature at this concentration of
hydroxyproline is equal to T,= 49.2 °C. Thus we con-
clude that the water-bridged structure of fibril-forming
collagens will limit the habitat temperature of animals
because of its structural features. It will be shown be-

low that the same value of hydroxyproline marksa maxi-
mum in denaturation enthal py.
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Fig. 5. Dependence of estimated number of Gly-X-Hyp triplets
in various collagens on hydroxyproline content

2. Multiplet regression analysis.

The nonlinear regression analyss of the previous sec-
tion showed that (Gly-X-Hyp) tripletsweremore stabilizing
than (Gly-Pro-Hyp). However, in order to find out more
precisdy themagnitude of this effect, least square multiple
regression analysis of the data was undertaken using Eq.
(4). The analysis was carried out in two ways. 1) the con-
gant term (T,) was calculated from the dependence of de-
naturation temperature on hydroxyproline concentration.
This reduced the degrees of freedom and it was then only
necessary to calculate K, and K, by multipleregression; 2)
all three parameters (T, K, K,) of equation (4) were deter-
mined by multipleregresson anaysis.

3. Dependence of denatur ation enthalpy on
hydr oxypr dinecontent.

Regression analysis of the dependence of denatur-
ation enthalpy on hydroxyproline concentration was
undertaken using the results obtained by us earlier for
fibril-forming collagen [16] (Table 2). Combining these
data more than doubled the range in hydroxyproline
concentration but did not change the general downward-
curving form of this dependence (Fig.2). Regression
equations were as follows. from the equation (9):

D H=3.35+0.048N,, -1.8910*N?, . ©)

The decrease of denaturation enthalpy after pass-
ing the maximum val ue occurs because the denaturation
enthalpy of (Gly-Pro-Hyp) triplets is less than that of

Table 1
Magnitudes K; and K, estimated from equations
EQUATION To (°C) | K1(°Cres/1000 res) | K,(°Cres/1000 res) | Ki/K, o =V (T(i)*™ -
—T@)®? n-1 (°C)

Ta=To +Ky(Gly-X-Hyp)+ 0.091+ 12.62+

K »(Gly-Pro-Hyp) -33.95 1.16 +0.0061 0.0085 1.102 4.79

Ty = To+Ky(Gly-X-Hyp)*+|-18.49 0.091+ 9.64+

K (Gly-Pro-Hyp) +0.81 0.87+0.0168 0.0085 0.715 2.75

* T, ,K; and K, were calculated by multiple regression anaysis.
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(Gly-X-Hyp) triplets[17], and after themaximum the con-
centration of (Gly-Pro-Hyp) triplets increases with hy-
droxyproline, while(Gly-X-Hyp) concentration declines.

Thereisapossihility to check how (Gly-X-Hyp) and
(Gly-Pro-Pro) triplets behave with the increase of hy-
droxyproline content in phylogenesis. Fig 4 presentsthe
dependence of the probable number of Npo) ON the
hydroxyproline content which can be expressed by the
following relation:

N = 7.92+ 0.007N,,  +0.0036N?

Gly-Pro-Hyp

(10
Hyp
while the dependence of Ny, on the hydroxypro-

line content is the following:
N =-10.02+1.08N, —0.0036N*, . (11)

Gly-X-Hyp -

-X-Hyp

Empirical relationsindicate quite obvioudy that the
competing effect between these triplets should occur
with the increase of hydroxyproline content.

We can cal cul ate the concentrations of hydroxypro-
line at which the enthal py of denaturation is at a maxi-
mum by equating the differential coefficient to zero.
Thus, from Eg. (9), the maximum enthalpy occurs at
N,,,,=158 residues /1000 residues:

[(d(AH)/AN,, ] =[0.041-2.6-10"N,, |=0;
N,,,=0.041/2.6-10*=158 (2
and from equation (11), the maximum concentration of Gly-

X-Hyp triplets occurs at NHyp:lSO residues /1000 resi-
dues:

[dNGly-X-Hyp /dNHyp]max: |1.08— 6.58-10'3NHyp| =0;
N,y 1.08/7.2- 10°=150. (13
We notethat the maximum denaturation temperature oc-

curred at the same hydroxyproline concentration
(NHyp:lSS residues/1000 residues, see above).

DISCUSSION

This analyss has shown that the concentrations of
4-hydroxyproline residues at which the denaturation
temperature (T,), the denaturation entha py (AH,) and the
concentration of triplets (Gly-X-Hyp) are at a maximum
Table 2.

and approximately equal: 155, 158, 150 residuesper 1000
residues respectively. Thisisnot accidental. Astheimino
acid concentration increases from cold-bl ooded to warm-
blooded animalsthe number of (Gly-Pro-Hyp) tripletsin-
creases parabolically and the available stock of X posi-
tions that are not Pro declines. This decreases the num-
ber of water bridges associated with each hydroxypro-
line, thus affecting the enthal py and temperature of dena-
turation.

In a previous paper [18], we estimated that the sta-
bilizing influenceof (Gly-X-Hyp) tripletswas8timesmore
than (Gly-X-Y) triplets and explained this, as here, on
the basis of water-bridged structure of collagen, offered
by Ramachandran et al. [4]. However, by utilizing calori-
metric data for the denaturation enthalpy of collagens
of various origin, the analysis executed in the present
work reveal snaot only the temperature stabilizing superi-
ority of (Gly-X-Hyp) tripletsover (Gly-Pro-Hyp), but also
provides thermodynamic support for the water-bridged
collagen structure.

From the dependence of denaturation enthapy on
hydroxyproline content (Fig.3, Eq. (9)) theenthal py contri-
bution of triplets (Gly-X-Hyp) tototal denaturation enthal py
of collagen molecule can be estimated. At the standard
condition (25°C) it is21.7 kJ/mol -residues and almost two
times more than enthal py hydroxylation of proline in the
third pogition of triplets— 12.5 k¥mal -residues[19], while
at the denaturation temperature it is 31.5 kJ/mol -resdues
(Table 2). Itis avery big value and means that the water-
bridges in triplets (Gly-X-Hyp) participate in change of
collagen thermostability too.

The main conclusions of the present analysis in
comparison with the previous similar analysis[8,9] are:
1) not al hydroxyproline residues participate in an in-
crease in thermostability; 2) increased thermostability is
of mainly enthal pic rather than entropic nature, as proved
earlier [7], and the phyl ogenetic change of collagen ther-
mostability is achieved by changing the concentration
of water-bridges connected with 4-hydroxyproline in
(Gly-X-Hyp) triplets.

Calorimetric data of AH_, and T, of the collagen different origins [16].

Collagen Niyp/1000res. | T°C | AH,(25) kdmol-res. | AH(Tq) kd/mol res.
1. Antarctic icefish (Tr. Eulephidotus) 45 6 5.08 4.85
2. Cod skin (Gadus sp.) 53 15 5.49 5.36
3. Spiny dogfish (Squalus acanthias) 59 16.3 5.47 5.39
4. Pike skin (Exos sp.) 70 27 58 591
5. Carp swim bladder (Cyprinus carpio) 81 32 5.98 6.15
6. Albino rat skin 93 37 6.21 6.48

Bull. Georg. Natl. Acad. Sci., vol. 4, no. 1, 2010
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