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ABSTRACT. Published data relating the concentration of 4-hydroxyproline residues to the stability of collagen
was used to estimate the different effects of two types of triplets: (Gly-X-Hyp) and (Gly-Pro-Hyp). The data comprised
mainly fibril-forming collagens, which exhibit highly cooperative helix-coil transitions at temperatures that are
remarkably close to body temperature. A wide range of denaturation temperatures was therefore ensured by includ-
ing collagen from different species of fish, including some living in the arctic, amphibians and mammals. As a first
approximation, the dependence of the denaturation temperature, Td, of collagen on hydroxyproline content was
considered as a linear function:

Td = T0 + K1N(GXO) + K2N(GPO),

where the coefficients K1 and K2 characterize the degree of influence of the two types of triplet.  Regression
analyses showed that K1 exceeded K2 by about 10 times. Analysis of the dependence of the enthalpy of denaturation on
hydroxyproline content also showed that triplets of the type (Gly-X-Hyp) containing water had a larger effect than
(Gly-Pro-Hyp) triplets and that the primary factor determining increased stability was the concentration of (Gly-X-
Hyp) triplets, while (Gly-Pro-Hyp) triplets governed the nonlinear character of the relationship. We conclude that
the main factor stabilizing the collagen triple helix and governing the phylogenetic change of collagen thermosta-
bility is the concentration of triplets of the type (Gly-X-Hyp).  © 2010 Bull. Georg. Natl. Acad. Sci.
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INTRODUCTION
Collagen, the major component of connective tissues,

has a specific triple-helical conformation. The characteris-
tic feature of this structure is the strictly repeated amino-
acid sequence: (Gly-X-Y), where X and Y can be almost
any amino acid, but most frequently they are proline (Pro)
in the X position and hydroxyproline (Hyp) in the 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 position on
one chain and a residue other than proline in the X posi-
tion on the adjacent chain. The sequence is thus crucial
in determining the role of water in structure stabilization.

The triple-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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1.), if  it is cold-blooded [5-7]. Analysis of the stability of
collagens of widely diverse origins, performed in our ear-
lier papers, showed that for fibril-forming collagens the
denaturation temperature Td appears to be determined by
the concentration of 4-hydroxyproline localized in the third
position of a triplet, while 3- and 4-hydroxyproline in the
second position do not participate in stabilization [8,9].
However, some collagen-like peptides with these residues
in the X position may form a triple helix [10]. As 4-hydrox-
yproline is localized almost exclusively in the Y position
in collagen, as an approximation it may be considered to
exist in only two types of triplets: (Gly-X-Hyp) and (Gly-
Pro-Hyp).  As these differ from each other in their thermo-
dynamic and structural characteristics [11-14], it seems
possible that one of the causes of the nonlinear depen-
dence of collagen thermostability on hydroxyproline con-
tent may be the different influence of these triplets on the
temperature (Fig. 2) and enthalpy denaturation (Fig. 3). In
this paper we make separate estimations of the contribu-
tions of (Gly-Pro-Hyp) and (Gly-X-Hyp) triplets to the
phylogenetic change of collagen 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.

RESULTS OF THE ANALYSIS

1. Temperature 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 a general poly-
nomial dependence to the first three terms, the tempera-
ture of denaturation was written as:

T
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Here, NHyp is the number of hydroxyproline residues per
1000 residues and the numerical values of coefficients
A1 and B1 were found by regression analysis.  The fibril-
forming collagens yielded:

T
d
 oC = (– 33.95 ± 4.46) + (1.076 ± 0.12)N
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. (2)

The underlying cause of the nonlinearity was revealed
by examining the different effects of the (Gly-X-Hyp) and
(Gly-Pro-Hyp) triplets. As a first approximation we assume
that they affect Td independently and linearly.  The dena-
turation temperature is therefore given by:
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here, N(GXO) and  N(GPO) are the number of (Gly-X-Hyp)
and (Gly-Pro-Hyp) triplets per 1000 residues, and coeffi-
cients K1 and  K2 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) concentrations in-
creased with hydroxyproline. With increasing hydrox-
yproline content (Gly-Pro-Hyp) curved upwards (Fig. 4)
and (Gly-X-Hyp) curved downwards (Fig.5). Algebra-
ically:
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Fig. 1. Dependence of the denaturation temperature (Td) on
environment temperature (Tenv) for fibril-forming
collagens of various origin.

Fig. 2. Dependence of the denaturation temperature (Td) of
various collagens [8,18] on 4-Hyp content.

Fig. 3. Dependence of the standard denaturation enthalpy at
250C of various collagen differing by hydroxyproline
concentration. The data taken from Table 3.
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and least squares regression yielded:

C = 9.18 ± 7.85; A
2
 = – 0.043 ± 0.225;

B
2
 = 0.00329 ± 0.00156. (6)

By substituting Eq. (5) and Eq. (6) into Eq. (4) and
comparing the coefficients with those of Eq. (2), we find:
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Thus we estimate that K1=1.03 ± 0.26; K2 = 0 ± 0.59.
A more precise difference between the values of these
coefficients can be found directly from the relation: K1 -
K2 = 1.03 ± 0.54. Thus the difference between these coef-
ficients is twice as large as the standard error and the
probability that K1 > K2 is about 95%. From equation (3)
one can calculate that the maximum denaturation tem-
perature occurs when NHyp satisfies:

(dT
d
/dN

Hyp
)

 max
 = |1.0438 – 0.00674N

Hyp
 | =0;

 N
Hyp 

= 155 residues /1000 residues. (8)

The maximum temperature at this concentration of
hydroxyproline is equal to Td = 49.2 oC. 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 marks a maxi-
mum in denaturation enthalpy.

2. Multiplet  regression analysis.
The nonlinear regression analysis of the previous sec-

tion showed that (Gly-X-Hyp) triplets were more stabilizing
than (Gly-Pro-Hyp). However, in order to find out more
precisely the magnitude 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-
stant term (T0) 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 K1 and K2  by multiple regression; 2)
all three parameters (T0, K1, K2) of equation (4) were deter-
mined by multiple regression analysis.

3. Dependence of denaturation enthalpy on
hydroxyprolinecontent.

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
d
H

r
=3.35+0.048N

Hyp
-1.8910-4N 2

Hyp
. (9)

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

Fig. 4. Dependence of the estimated number of Gly-Pro-Hyp
triplets in various collagens on hydroxyproline content

Fig. 5. Dependence of estimated number of Gly-X-Hyp triplets
in various collagens on hydroxyproline content

Table 1

Magnitudes  K1 and  K2  estimated from  equations

* To ,K1 and K2  were calculated by multiple regression analysis.

EQUATION T0  (
oC) K1(

oC res/1000 res) K2(
oCres/1000 res) K1/K2 σ =√ Σ(T(i)obs – 

–T(i)cal)2/ n-1 (oC) 
Td = T0 +K1(Gly-X-Hyp)+ 
K2(Gly-Pro-Hyp) 

 
- 33.95 

 
1.16 ±0.0061 

 

0.091± 
0.0085 

 

12.62± 
1.102 

 
4.79 

Td = T0+K1(Gly-X-Hyp)*+ 
K2(Gly-Pro-Hyp) 

-18.49 
± 0.81 

 
0.87±0.0168 

0.091± 
0.0085 

9.64± 
0.715 

 
2.75 
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(Gly-X-Hyp) triplets [17], and after the maximum the con-
centration of (Gly-Pro-Hyp) triplets increases with hy-
droxyproline, while (Gly-X-Hyp) concentration declines.

There is a possibility to check how (Gly-X-Hyp) and
(Gly-Pro-Pro) triplets behave with the increase of hy-
droxyproline content in phylogenesis. Fig 4 presents the
dependence of the probable number of N(GPO) on the
hydroxyproline content which can be expressed by the
following relation:

N
Gly-Pro-Hyp

 = 7.92+ 0.007N
Hyp

 + 0.0036N2
Hyp

, (10)

while the dependence of NGly-X-Hyp on the hydroxypro-
line content is the following:

N
Gly-X-Hyp 

= – 10.02 +1.08N
Hyp 

– 0.0036N2
Hyp

. (11)

Empirical relations indicate quite obviously that the
competing effect between these triplets should occur
with the increase of hydroxyproline content.

We can calculate the concentrations of hydroxypro-
line at which the enthalpy of denaturation is at a maxi-
mum by equating the differential coefficient to zero.
Thus, from Eq. (9), the maximum enthalpy occurs at
NHyp=158 residues /1000 residues:

[(d(Δ
d
H

r
)/dN

Hyp
] 

max
=|0.041– 2.6·10-4N

Hyp
|=0;

N
Hyp

=0.041/2.6·10-4=158 (12)

and from equation (11), the maximum concentration of Gly-
X-Hyp triplets occurs at NHyp=150 residues /1000 resi-
dues:

[dN
Gly-X-Hyp

 /dN
Hyp

]
max 

= |1.08
 
– 6.58·10-3N

Hyp
| = 0;

N
Hyp

= 1.08/7.2 · 10-3=150. (13)

We note that the maximum denaturation temperature oc-
curred at the same hydroxyproline concentration
(NHyp=155 residues/1000 residues, see above).

DISCUSSION

This analysis has shown that the concentrations of
4-hydroxyproline residues at which the denaturation
temperature (Td), the denaturation enthalpy (ΔHr) and the
concentration of triplets (Gly-X-Hyp) are at a maximum

and approximately equal: 155, 158, 150  residues per 1000
residues  respectively. This is not accidental. As the imino
acid concentration increases from cold-blooded to warm-
blooded animals the number of (Gly-Pro-Hyp) triplets in-
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 enthalpy and temperature of dena-
turation.

In a previous paper [18], we estimated that the sta-
bilizing influence of (Gly-X-Hyp) triplets was 8 times more
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 reveals not only the temperature stabilizing superi-
ority of (Gly-X-Hyp) triplets over (Gly-Pro-Hyp), but also
provides thermodynamic support for the water-bridged
collagen structure.

From the dependence of denaturation enthalpy on
hydroxyproline content (Fig.3, Eq. (9)) the enthalpy contri-
bution of triplets (Gly-X-Hyp) to total denaturation enthalpy
of collagen molecule can be estimated. At the standard
condition (250 C) it is 21.7 kJ/mol·residues and almost two
times more than enthalpy hydroxylation of proline in the
third position of triplets – 12.5 kJ/mol·residues [19], while
at the denaturation temperature it is 31.5 kJ/mol·residues
(Table 2). It is a very 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 all hydroxyproline residues participate in an in-
crease in thermostability; 2) increased thermostability is
of mainly enthalpic rather than entropic nature, as proved
earlier [7], and the phylogenetic change of collagen ther-
mostability is achieved by changing the concentration
of water-bridges connected with 4-hydroxyproline in
(Gly-X-Hyp) triplets.

Table 2.

Calorimetric data of ΔHr, and Td  of the collagen  different origins [16].

Collagen NHyp/1000 res. Td
0 C ΔHr(25)  kJ/mol·res. ΔHr(Td) kJ/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 5.8 5.91 

5. Carp swim bladder (Cyprinus carpio) 81 32 5.98 6.15 

6. Albino rat skin 93 37 6.21 6.48 
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biofizika
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evoluciuri cvlilebis molekuluri meqanizmi
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xerxemlianTa fibrilarul kolagenebze Catarebulma analizma gviCvena, rom Termostabilobis

damokidebuleba 4-oqsiprolinis  naSTebis raodenobaze saSualebas gvaZlevs ganvsazRvroT (Gly-
X-Hyp) da (Gly-Pro-Hyp) tripletebis wvlili kolagenis Termostabilobis cvlilebaSi. pirvel

miaxloebaSi denaturaciis temperaturis sidide ganixileba rogorc (Gly-X-Hyp) da (Gly-Pro-
Hyp) tripletebis xazovani funqcia:
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gviCvena, rom (Gly-X-Hyp) tripletebi, romlebic Seicaven wylis molekulebs, iwveven

Termostabilobis zrdas, im dros, rodesac (Gly-Pro-Hyp)  tripletebi  gansazRvraven denaturaciis

temperaturis arawrfiv  damokidebulebas. igive Sedegi miiReba enTalpiis  analizisas.
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