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Abstract 

 

Being the primarily organic phase of bone, collagen type I is an important contributor to bone’s mechanical resistance to fracture. 

Gaining mechanistic insight into collagen stabilization mechanism is critical to developing new targets to prevent bone fracture. 

The role of water and hydroxyproline (Hyp) in collagen stability mechanism is still controversial. The aim of this study was to 

investigate the influences of Hyp and bound water on the collagen molecular stability. Four collagen like-peptide (CLP) models 

were compared in terms of conformational energies and hydrogen bonding types. CLP1 model represents regular collagen 

structure without water molecules while CLP2 model represents collagen structure without water and Hyp residue. CLPW1 and 

CLPW2 are the models of CLP1 and CLP2 with water molecules around them, respectively. Cumulative interpreting of four 

CLPs models was shed light on the factors influencing collagen stability in the frame of steric energy. Total steric energy was 

ordered as: CLP2 > CLP1 > CLPW2 > CLPW1, indicating that CLPW1 was the most stable collagen model. On the other hand, 

CLP2 was the least stable collagen model based on the steric energy comparison. In addition, the hydrogen bonding observed in 

the four models reveled that water molecules around the models help in binding collagen triple helix through different water 

bridges since they contributed extra way for binding of triple chains. Moreover, some of the observed water bridges involved 

directly the presence of Hyp residue. Cumulative results suggested the important role of bound water molecules and Hyp on 

collagen molecular stability. 
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1. INTRODUCTION  

Bone is a complex natural material comprised of mineral, 

organic matrix and water [1]. Type I collagen (~ 90% of total 

organic matrix) in a hydrated environment is the main 

composition of bone’s organic phase. Other components of 

organic matrix include non-collagenous proteins such as 

osteopontin, osteocalcin, and fibrillin [1, 2]. Bone’s 

resistance to fracture originates from both its unique 

composition and unique arrangement of the primary 

constituents [1]. While mineral phase of bone primarily 

contributes to strength and stiffness of bone, interlinked 

collagen matrix in hydrated environment confers bone’s 

ductility (toughness) and post-yield deformation [1, 3]. 

Collagen molecules’ structural integrity is one of the main 

contributors to the structural integrity of bone’s organic 

matrix that consequently influences mechanical behavioral 

of bone [4]. 

 

The current concept of collagen molecule is triple 

polypeptide helices composed of two identical α-1 chains 

and one slightly different α-2 chain (each chain of collagen 

molecule includes more than 1000 amino acid residues) [5-

7].The supercoiled right-handed triple helix (tropocollagen) 

is almost 300 nm in length and 1.6 nm in diameter [5, 6]. The 

most common amino acid sequence of collagen molecule is 

the multiple repeated of (Glycine(Gly)-X-Y)n triplet, where 

X and Y refer mostly to Proline (Pro) and Hydroxyproline 

(Hyp), respectively [8, 9] (Figure 1). Hyp is the result of 

post-transitional enzymatic modification of Pro, and always 

finds in collagen molecules in bone.  

 

The structure of collagen molecule and its stability 

mechanism have been studied for the decades. In 1954, the 

first collagen model was developed by Ramachandran and 

Kartha [10] and this model was later refined by Rick and 

Crick in 1961 [6]. In 1980, the first crystal structure of 

collagen was obtained as (Pro-Pro-Gly)n [11]. The first high 

resolution of collagen-like peptide (CLP) was reported in 

1994 [12] and this structure confirmed to the existence model 

of Ramachandran and Kartha in 1954 [10]. Afterwards, 

many studies on collagen triple helix have been performed to 

characterize tropocollagen structural properties, collagen 

stability as well as folding mechanism [7].  
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Figure 1. Individual amino acid types which were used in 

this study for modeling CLP and CLPW models. Blue and 

red circles indicate bonding site of amino acids. 

 

In the literature, both experimental (i.e., thermodynamics 

experiment, X-ray crystallography or NMR) and 

computational molecular modeling research (i. e; molecular 

modeling simulation) have been directed to gain mechanistic 

insight to collagen stabilization mechanism [7]. However 

there is still no consensus of the role of Hyp and water on 

collagen stability/integrity. Some previous studies indicated 

that the presence of Hyp residue and water molecules have a 

major role in stabilization of collagen molecule through 

water bridges (interstitial water). These water bridges are 

connecting between amide and carbonyl groups at the site of 

substation [7, 12-20]. On the other hand, other studies (based 

on mainly experimental analysis) concluded that Hyp or/and 

water bridges cannot have a fundamental importance of 

collagen stability because when comparing (Pro-Hyp-Gly)n 

with (Pro-fPro-Gly)n types of collagen-like peptide indicated 

that (Pro-fPro-Gly)n was much more stable than (Pro-Hyp-

Gly)n even though hydrogen bonding ability of fPro 

(fluoroproline) is very weak [21-26]. Holmgren et al. [22, 

23] suggested that the hydrogen bonding is not necessary to 

play an important role for stabilization of collagen. 

Furthermore, Engel et al [27] reported that (Pro-Hyp-Gly)n 

was more stable than (Pro-Pro-Gly)n even in non-aqueous 

solution, suggesting that stability role of Hyp is not related 

to water bridges. Therefore, collagen stability mechanism 

has been still controversial, especially for the role of Hyp and 

water on collagen stability. 

 

The aim of the study was to investigate the influences of Hyp 

and bound water architecture on the molecular stability of 

collagen using a computational molecular mechanics. 

 

2. METHODS 

 

2.1. Construction of the molecular models 

 

Since atomic level analysis of full-length collagen has been 

difficult due to size of collagen and its fibrous structure, the 

collagen model with small number of residues (20-30 amino 

acid residues in the different form of (Gly-X-Y)) has been 

generally used for computational molecular modeling. This 

type model has been called as collagen-like peptide (CLP) 

[12].  The initial CLP model was obtained from the RCSB 

Protein Data Bank (PDB) (PDB ID: 1CAG) [12], and all 

models were created by modifying this original CLP model 

such as replacing Hyp with Pro for CLP2 model or adding 

water molecules around it. In this study, the CLP model 

refers to collagen-like peptide without hydration 

environment while CLPW refers to collagen-like peptide 

with hydration environment. CLP1 model included (Gly-

Pro-Hyp)10 peptide repeats, representing the regular collagen 

structure. CLP2 model is the repeat of (Gly-Pro-Pro)10 

sequence with Hyp residue absent (Figure 2). The 

coordinates of an idealized triple helix for process of coiling 

chains were adapted from the literature [12, 28]. To create 

hydration environment around the CLP models, 

approximately 130 water molecules were firstly created by 

Avogadro software and same water construction was added 

with suitable distance around CLPW1 and CLPW2 models 

(Figure 3). 

 

 
 

Figure 2. CLP1 and CLP2 models, representing collagen-

like peptide without water molecules, after energy 

minimization process. Yellow shapes indicate the existence 

of hydrogen bonding sites. 

 

2.2. Software and parameters 

 

Molecular mechanics (MM) analyses were performed by 

using both Avogadro software with Merck Molecular Force 

Field (MMFF94)[29] and ChemBio3D Ultra version 12.0 

with Molecular Mechanic force field (MM2) [30]. The main 

difference between MM2 and MMFF94 is that MMF94 has 

generally more terms in the force field such as more cubic 

terms in angle bending potential energy and more cubic and 
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quartic terms in the bond stretch [31]. MMF94 is mostly used 

for protein analysis (see details in  [29]). Since both force 

fields have some well-known advantages and disadvantages, 

using both of them provided better approach for energy 

minimization process.  

 

 
 

Figure 3. After energy minimization process, CLPW1 and 

CLPW2 models, representing collagen-like peptide with 

water molecules. Yellow shapes indicate existence of 

hydrogen bonding sites. 

 

2.3. Computational Analysis 

 

The stability collagen was analyzed in the perspective of 

steric (conformational) energy concept [31]. Steric energy is 

the energy due to geometry and molecule conformation, and 

is an important concept of computational biochemistry, 

especially for large molecules like proteins. Steric energy 

includes energy due to the bending, bond stretching, stretch-

bend, out of plane, and torsion interactions as well as 

electrostatic interaction and Van der walls interaction (see 

details in [31]). In the steric energy calculation, 

conformation of a molecule has the lowest energy 

conformation level because energy also wants to minimize 

itself in nature [31]. The lowest energy conformation, which 

is called energy minimization process, is set of bonded and 

angles, providing the smallest steric energy, and is inversely 

related with collagen stability: lower the steric energy, higher 

the collagen stability. In order to eliminate geometric strain 

and close contact in the CLP models and find steric 

(conformational) energy, resulting of stability of CLP model 

conformation, energy minimization process was performed 

with the following scheme: first, the CLP and CLPW models 

were minimized for 50 steps by steepest decent (SD) method 

with force field MMFF94 and 10e-5 convergence value. 

These parameters were chosen with considering computer 

limitations and avoiding time consumption (see details in 

[31, 32] for choosing parameter). Each energy minimization 

process of CLP models took 30 hours and process of CLPW 

models took slightly more than 30 hours. After first step 

completed, the processed models were minimized for a 

second time by MM2 force field with 0.1 RMS (root mean 

square) gradients. After energy minimization process was 

done, the model conformation was verified by comparing 

reported main chain conformational angles (dihedral angles) 

with the reported values in literature. Structural stability of 

CLP and CLPW models were analyzed by comparing the 

steric energies and by investigating the number and observed 

type of hydrogen bonds in the models. 

 

3. RESULTS 

 

Visual inspection of the models showed that structure of two 

models (CLP1 and CLP2) generally coincided with original 

tropocollagen conformation. CLP1 and CLP2 models were 

generally uniform and models were able to protect their 

integrity between triple helix ends (Figure 2 and 3). The 

structural conformation was confirmed through comparing 

mean torsion (dihedral) angles,  and , of the two models 

obtained from previously published works. The average  

angle was between -67.78  and -72.90 and the average  

angle was between 160.12and 164.80 for CLP1. For CLP2, 

these values were between -71.67 and -83.03 and between 

162.40 and 167.18,  and  respectively. Table 1 

summarized comparison of the torsion angles of CLP models 

with available data from literature. Especially,  angle value 

of Y position differed by up to 20  between the CLP models 

and the values reported in the literature although rest of 

values coincided, depending on type of structure, with one or 

more data obtained from the literature.   

 

Table 2 and 3 summarized the calculated conformational 

(steric) energies. Total steric energy of CLP1 was 683.7994 

kcal/mol while it was -903.6372 kcal/mol for CLPW1 (Table 

2). The main reason of considerable difference between 

steric energy of CLP1 and CLPW1 was related to values of 

total van der Walls (VDW) and Dipole/Dipole interaction 

energy. The absolute value of total van der Walls energy 

(Non-1,4 VDW and 1,4 VDW) increased from 220.6782 to 

897.6418 kcal/mol while the absolute value of Dipole/Dipole 

interaction energy increased from 148.2414 to 1117.2804 

kcal/mol and the difference was 969.039 kcal/mol. However, 

the bend, stretch and torsion energy were comparable 

between CLPW1 and CLP1 (Table 2). 
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Total steric energy of CLP2 was 727.4786 kcal/mol while 

total steric energy of CLPW2 was -853.1001 kcal/mol (Table 

3). The difference between the steric energies was again 

related to VDW and Dipole/Dipole interaction energies. The 

total steric energies can be ordered as follows: CLP2 > CLP1 

> CLPW2 > CLPW1.  

 

Hydrogen bond numbers with cut-off radius 2.00 angstroms 

(Å) and cut-off angle 120 were calculated by visual 

inspection. Table 4 summarized the observed hydrogen bond 

number of the models. Both CLW1 and CLPW2 had highest 

number of hydrogen bonds than CLP1 and CLP2 models 

have.  

 

Several different types of hydrogen bonding were observed 

with respect to water and type of models (Figure 4-8). The 

most common interchain hydrogen bonding in the CLP 

models was NH(Gly)O=C(Pro) and it existed without 

hydration environment (Figure 5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CLPW models had mostly two kinds of hydrogen bonding 

by contribution of water bridges: N-H (Gly or Pro)   (Water)n 

O-H(Hyp)  and O-H(Hyp)  (Water)n O=C(Gly or Pro)  and both 

were observed as intrachain and interchain hydrogen 

bonding (Figure 6 and 7). C=O(any residue)  (Water)n 

O=C(any residue) and N-H(any residue)  (Water)n O=C(any residue) 

were other types of intrachain and interchain hydrogen 

bonding (Figure 8). 

 

Table 4: Total existed hydrogen bond numbers (cut-off 

radius: 2.00 angstroms and cut-off angle: 120) of the models 

Models Existed Hydrogen Bond 

numbers 

CLP1 20 

CLPW1 128 

CLP2 19 

CLPW2 129 

Table 1: Comparison of average main chain conformational (torsion) angles of CLP1 and CLP2 models with the angles of 

the previously published models. 

 

 

 

Angles 

 

 

Residue 

Position 

 

 

CLP1 

 

 

CLP2 

 

 

Crystal 

structure of 

collagen[33] 

 

 

(XYG)28 

[28] 

 

 

Collagen 

107 

Helix[34]  

 

 

(PPG)10 75 

Helix[11] 

 

 

Collagen-

like peptide 

[12] 

 () X -72.90 -71.67 -71 -87 -72.1 -75.5 -72.60 

Y -72.18 -73.79 -66 -69 -75.0 -62.6 -59.60 

Gly -67.78 -83.03 -68 -81 -67.6 -70.2 -71.90 

 () X 161.32 163.57 160 155 164.3 152 163.8 

Y 160.12 167.18 148 146 155.8 147.2 149.8 

Gly 164.80 162.40 167 173 151.4 175.4 174.1 

 

 Table 2: Steric energy values of CLP1 and CLPW1 after energy minimization/geometry optimization process. 

Conformational (Steric) Energy 

(kcal/mol) 

CLP1 CLPW1 

Stretch 47.0139 47.3994 

Bend 366.1212 414.3564 

Stretch-Bend 12.8326 13.4466 

Torsion 626.7514 636.0825 

Non-1,4 VDW -630.6017 -1303.3514 

1,4 VDW 409.9235 405.7097 

Dipole/Dipole -148.2414 -1117.2804 

Total Energy 683.7994 kcal/mol -903.6372 kcal/mol 

 

 
Table 3: Steric energy computation of CLP2 and CLPW2 after energy minimization/geometry optimization process. 

Conformational(Steric) Energy 

(kcal/mol) 

CLP2 CLPW2 

Stretch 47.9900 45.9011 

Bend 383.9867 401.3347 

Stretch-Bend 13.7077 12.7939 

Torsion 626.8381 641.8941 

Non-1,4 VDW -614.7183 -1256.2341 

1,4 VDW 407.0030 415.2250 

Dipole/Dipole -137.3287 -1114.0146 

Total Energy 727.4786 kcal/mol -853.1001 kcal/mol 
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Figure 4. Overall view of several types of hydrogen bonding 

between the residues and water molecules in CLPW models. 

Yellow dot lines show the hydrogen bonds. 

 

4. DISCUSSION 

 
In the present study, four CLP models were analyzed to gain 

mechanistic insight to the effects of Hyp and bound water on 

collagen stability. The structural conformation of these 

models were confirmed by comparing dihedral (torsion) 

angles,  and  with obtained data from the literature [11, 

12, 28, 33, 34]. The models have slightly different angle 

values from some of the previously published studies [10, 

11, 26-28]. This difference could be related to using data 

from crystallographic experiments and geometry 

optimization process of the models. Nevertheless, each 

torsion angle coincides with one or more angles from the 

previous studies (Table 1). This result supports that overall 

structure of models is sufficiently suitable to analyze the 

stability of collagen.  

 

The present study showed that CLPW1 has lesser steric 

energy compared to CLP1 (Table 2). Moreover, the steric 

energy value of CLPW2 has lower than that of CLP2 (Table 

3). Previously, Tamilselvan and Zhang also showed that the 

value of steric energy of CLP with hydrated environment has 

lesser than that of the value without hydrated environment 

for several models obtained from RSCB Protein Data Bank 

[19]. 

 

 
 

Figure 5. N-H(Gly)O=C(Pro)  hydrogen bond can exist even 

without hydrated environment. 

The main difference between CLPs and CLPWs models in 

this study is whether the models include water molecules 

around them. As showed in Table 2 and 3, the main reason 

of steric energy differences between CLP and CLPW models 

is related to VDW and dipole/dipole interaction energies 

which are directly associated with the existence of water 

molecules. As expected, the observed hydrogen bonding 

numbers in CLPW models have higher than that of CLP 

models (Table 4). Furthermore, the types of hydrogen 

bonding observed in the models suggest that bound water 

molecules help in binding collagen triple helix as intrachain 

and interchain by created water bridges (Figure 6, 7, and 8).  

 

 
 

Figure 6. Hydrogen bonding between hydroxyl group of 

Hyp and N-H group of Gly or Pro through contribution of 

water bridges ( N-H (Gly or Pro)   (Water)n O-H(Hyp) ). 

 

These results cumulatively suggest that the presence of water 

inside and around collagen molecule has an important role: 

increasing the hydrogen bonding sites among collagen 

chains. Such water molecules create attractive forces on the 

collagen molecule, resulting in lower energy in collagen. 

Thus, the structure of collagen becomes more stable with 

water molecules through providing an extra way for binding 

triple chains like intrachain and interchain. In the original 

study by Bella et al [7, 12, 16], they extensively discussed 

the role of water molecules on the stability of collagen, and 

showed that water bridges can effectively mediate intrachain 

and interchain hydrogen bonding. Engel et al. [27] also 

reported that the stability of both (Pro-Pro-Gly)n and (Pro-

Hyp-Gly)n peptide increase with the existing of water 

molecules. Confirming with the previously published studies 

[7, 35-37], this present study also demonstrates the critical 

role of water mediating hydrogen bonding. 
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The second important finding of the present study is related 

to role of Hyp. The results showed that total steric energy of 

CLPW1 has lesser than that of CLPW2 and the value has 

lesser than CLP2 for CLP1. Although the only difference 

between CLP1 and CLP2 was to replacing Hyp residue with 

Pro, this small modification in the model leads to a dramatic 

change in steric energies (Table 2). The hydrogen bond 

numbers of CLP1 and CLPW1 are much higher than those 

of CLP2 and CLPW2 (Table 4). Furthermore, some specific 

water bridges involve directly the presence of Hyp residue 

and they only exist with the presence of Hyp such as:  O-

H(Hyp)  (Water)n N-H (Gly or Pro)  and O=C(Gly or Pro)   

(Water)n O-H(Hyp) (Figure  7 and 8 ).  

 

 
 

Figure 7. Hydrogen bonding between hydroxyl group of 

Hyp and carbonyl group of any residues through contribution 

of water bridges ( O-H(Hyp)  (Water)n O=C(Gly or Pro) ). 

 

 
 

Figure 8: Hydrogen bonding between two carbonyl groups 

of any residues through contribution of water bridges 

(C=O(any residue)  (Water)n O=C(any residue) ). 

 

All these results indicated the essential role of Hyp for the 

collagen molecular stabilization. Previously, Kawahara et al. 

[38] showed that (Pro-Hyp-Gly)n peptide is more stable than 

(Pro-Pro-Gly)n ,suggesting that Hyp residue provides an 

increase in stability of collagen structure. Furthermore, the 

studies of Bella et al. [7, 12, 16] showed that Hyp residues 

mostly interact with surrounding water molecules of 

collagen and this situation provides more hydrogen bonding 

with water molecules: thereby, significantly enhancing 

stability of collagen. Using steric energy concept, this work 

also confirms this important role of Hyp in collagen 

stabilization mechanism. 

 

5. CONCLUSSION 

 

Using steric energy concept, the overall results suggest that 

Hyp residue and water molecules around the collagen 

significantly contribute to the stability of collagen structure 

with providing extra way to bind each collagen chains each 

other through several types of water bridges. Such water 

bridges around the collagen molecule are cumulatively 

created more attractive forces which consequently decrease 

the potential energy of collagen molecule, leading to more 

stable collagen molecule. Previously, the importance of 

water on mechanical behavior of single collagen molecule 

has been reported computationally [39-42]. Since uncoiling 

of collagen type I is one of the toughening mechanisms 

observed in bone, the collagen stability could be thought as 

another essential determinant of bone’s resistance to 

fracture. But, to date, there is no study available showing 

such association between collagen stability and bone fracture 

resistance. Therefore, future studies are necessary to 

investigate the direct relationship between collagen stability 

and mechanical properties of bone, and the role of Hyp and 

bound water in this relationship.  
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