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ABSTRACT 

 
 

Structural Analysis of the Interactions Between Collagen and Collagen-binding Proteins 
 
 

Mitchell Hsu, Aaron Kim, and Michael Tang 
Department of Biomedical Engineering 

Texas A&M University 
 
 

Research Advisor: Dr. Wonmuk Hwang 
Department of Biomedical Engineering 

Texas A&M University 
 
 

Collagen plays several key roles in cell binding, tissue growth, and structural strengthening 

of the body. We chose to study three proteins: OSCAR, DDR2, and α-1 integrin. These protein 

and protein domain models were built through CHARMM scripts by simulations in aqueous, 

ionized, heated, and energy minimized solutions.  These structures were visualized in VMD. 

Production simulations were then performed on Texas A&M High Performance Research 

Computing clusters to achieve reasonable statistical trajectories for 10 ns.  

During the simulations, DDR2 and human OSCAR were found to be stable structures. α-1 

integrin was found to be unstable because it possessed only a single high occupancy hydrogen 

bond between itself and collagen. During its simulation, we saw signs of dissociation, and suspect 

that the collagen would have fully dissociated had the simulation continued past 10 ns. This 

stability problem was emphasized further by the significant difference in the patterning of α-1 

integrin’s RMSF and B-Factor values. DDR2 and OSCAR had similar patterns between their 

RMSF and B-Factor values, indicating similar stability to their original coordinates. As such, 

further analysis was only carried out on DDR2 and OSCAR. 
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Looking at the distances between collagen strands for DDR2 and OSCAR models, we saw 

a large distance at the C and N terminals due to the end effect. All of the distances in the central 

regions of the collagen were roughly 5 Å apart consistently. This indicated that the structures were 

stable and there were no dissociations between individual collagen strands for DDR2 and OSCAR 

over the 10 ns simulation. 

The torsional angles of triads, explained in the methods, were found for DDR2 and 

OSCAR. Unwinding behavior was generally found within the segments of collagen that bind to 

DDR2 and OSCAR. This was identified as a decrease in torsional angle. Further analysis was used 

to determine the stability of these torsional angles over time. Generally, more hydrogen bonds 

between each triad and DDR2/OSCAR increased the stability of the torsional angle while 

unwinding the collagen fibril. Steric stabilization due to protein pockets in DDR2 and OSCAR 

also aided in torsional angle stabilization. 
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NOMENCLATURE 

 
 

CBPs   Collagen Binding Proteins 
 
CHARMM  Chemistry at Harvard Macromolecular Mechanics 
 
MMP   Matrix Metalloproteinase 
 
MODELLER Program for Comparative Protein Structure Modelling by Satisfaction of 

Spatial Restraint 
 
DDR   Discoidin Domain Receptor 
 
OSCAR  Osteoclast-Associated Immunoglobulin-like Receptor 
 
VMD   Visual Molecular Dynamics 
 
M   Methionine 
 
W   Tryptophan 
 
F   Phenylalanine 
 
O   Hydroxyproline  
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CHAPTER I 

INTRODUCTION 

 
 

Collagen fibrils provide mechanical stability, play a large role in connective tissues, and 

protect the body from external physical stresses. Many defects in collagen or collagen metabolism 

have been connected to diseases and genetic mutations such as osteoarthritis, osteoporosis, and 

fibrotic diseases [1, 2]. While collagen is the most abundant protein in the body, many of its 

functions and processes are still not fully known and understood [3]. Biochemistry techniques such 

as Western Blotting and ELISA can only describe the nature of the protein before the technique 

begins and after it ends. The missed protein interactions that can occur or change during these 

techniques may be significant to better understand how proteins will interact. Since changes in 

protein structure and interactions may be too evanescent to process, super computers and software 

such as CHARMM and VMD have been used to build and analyze collagen and collagen binding 

proteins (CBPs). This method allows for better control and visual representations of the proteins 

of interest and is more accessible to people around the world. Such as with the new coronavirus 

[SARS-CoV-2], researchers have modeled the virus and its protein parts that allow its penetration 

into human cells [4]. Together with biochemistry techniques, both methods can help improve the 

efficiency of knowledge gained from protein interactions and diseases. Therefore, the motivation 

to study the structural analysis of collagen and collagen-binding proteins (CBPs) is to learn the 

transient structural binding processes. By first understanding the structural changes, we can further 

determine the physiological functions of the collagen and CBPs. This information can be used to 

design drugs to take advantage of the protein mechanisms in order to treat the pathology. In this 

article, α-1 integrin, human osteoclast- associated receptor (OSCAR), and Discoidin Domain 
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Receptor Tyrosine Kinase 2 (DDR2) were molecularly simulated with collagen and analyzed with 

software for their functions. Specifically, the α-1 domain contains the major binding site for ECM 

ligands. It assumes a Rossmann fold, and its ligand binding to collagen is controlled by metal ion-

dependent adhesion sites (MIDASs). Together, the α-1 integrin proteins are cell surface receptors 

that mediate interactions between individual cells as well as bidirectional signals between cell 

membranes [5]. Similarly, DDR2’s are widely expressed receptor tyrosine kinases that are 

activated by triple-helical collagen. They contain a unique discoidin domain and control important 

aspects of cell behavior and prevention of human diseases such as fibrosis and cancers [6]. 

OSCAR’s function as a receptors that help regulate osteoclastic activities, which in turn are 

responsible for bone homeostasis. They are part of the leukocyte receptor complex family of 

proteins. The receptor propagates its signal by a collagen-activated signaling pathway and can 

activate osteoclasts, endothelial cells, and myeloid cells [7]. For more information on OSCAR, 

DDR2, and α-1 integrin proteins, their PDB IDs are 5CJB, 2WUH, and 2M32, respectively.   
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CHAPTER II 

METHODS 

 
 

The purpose of the study was to further understand the bound structures of collagen binding 

proteins. The PDB files of DDR2 [6], OSCAR [7], and α-1 integrin [5] were selected from the 

RCSB Protein Database [1]. These files depicted the whole proteins or the main collagen binding 

domains. The collagen strands used for visualization consisted of short segments of collagen-like 

residue sequences consisting of multiple sequences of Glycine and two additional proteins, usually 

proline and hydroxyproline (Gly-X-Y or Gly-Pro-Hyp). For each protein structure, a biological 

technique was used to determine the most accurate representation of the crystalline form of the 

protein. Specifically, X-ray diffraction determined a resolution of 1.6 Å for DDR2 and a resolution 

of 2.398 Å for OSCAR. Solution NMR and HADDOCK Docking was used to determine the 

structure for α-1 integrin. The PDB files contained these positional coordinate data of each atom 

of the protein residues as well as other information such as which residues had disulfide bonding 

or the presence of salt bridges.  

The first step in studying the protein structures was to model the original protein 

coordinates. CHARMM, a force field-based simulation software, was used to create the initial 

protein structures, the binding domains, and the three strands of collagen. A CHARMM script was 

then used to merge all of the protein segments into a single structure. This was the bound 

configuration. The entire protein for human OSCAR and α-1 integrin were modelled. Only the 

binding domain of DDR2 was modelled due to its large size. CHARMM scripts were also utilized 

to perform solvation, neutralization, heating, and energy minimization.  
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In special circumstances, missing residue information among the various amino acid chains 

posed a problem in the calculation of a protein’s structure which prevented further analysis. 

CHARMM normally fills in the gaps with linear connections but in the case of a loop this results 

in an unrealistic offshoot. MODELLER [8] was used to fill in these missing residues and 

statistically determine the best positions for multiple configurations. If residues were missing at 

the C and N terminals of the CBPs, and these residues did not affect collagen binding, then the 

residues were ignored. 

The coordinate data for all collagen binding proteins were obtained from crystallography 

or NMR images. As such, all coordinates in the PDB files were estimated protein coordinates. To 

simulate a protein in a test tube, water was added to the simulation as a water box, such that there 

is at least a 20 Å gap between the protein and the water cube boundary. The water cube length for 

2M32, 5CJB, and 2WUH are 90.676487 Å, 93.9827637 Å, and 99.3192884 Å respectively. The 

number of atoms in the protein models of 2M32, 5CJB, and 2WUH were 3830, 3696, 3574 atoms 

respectively. By adding TIP3 water to the models, the models more accurately depicted proteins 

in solution, where water can interact with the protein for higher degrees of conformational freedom 

and flexibility found in solution proteins. 

CHARMM was also used to neutralize the charge of the proteins. 50 mM NaCl was added 

to the simulated aqueous environment. The sodium and chlorine ion amounts were further adjusted 

by altering either the sodium or chlorine ion concentrations, depending on the charge. 

The next step, after building each protein in solution, was energy minimization and heating 

of the solution by means of CHARMM simulation. The system was subjected to a four-stage 

energy minimization process. At each stage, it underwent 100 steps maximum minimization 

followed by 300 steps of the Newton–Raphson minimization. During energy minimization, a 
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gradually decreasing harmonic constraint was applied to the backbone heavy atoms in the protein. 

Spring constants of the harmonic constraints were 5 kcal/mol·Å2 in stage 1, 1 kcal/mol·Å2 in stage 

2, 0.1 kcal/mol·Å2 in stage 3, and 0 kcal/mol·Å2 in stage 4. For heating, the system’s temperature 

was raised gradually at a rate of 2 degrees K per 100 steps up to 300 K. The heating phase took 

50000 steps. Each step was .002 picoseconds. The dynamic simulation then entered into thermal 

equilibrium. The temperature fluctuated around 300 K over the course of 100,000 steps to allow 

further conformational equilibration [9].  

The final step in modelling the proteins was the dynamics run. This took place at 5000000 

time steps over the course of 10 nanoseconds. Again, the temperature was held at around 300 K. 

All dynamics data was written into coordinate and trajectory files. These files could be viewed and 

run using VMD for further analysis. 

Further analysis included comparing the root mean square fluctuation (RMSF) of our 

dynamic model to the B-factor value of the original static model. The α -1 integrin, discoidin 

domain receptor 2 (DDR2), and human osteoclast associated receptor (OSCAR) protein were 

analyzed according to their root mean square fluctuation (RMSF) and square root B-factor. The 

RMSF values were calculated by CHARMM scripts to measure the displacement of each C-alpha 

atom of the protein structures, without collagen fragments, with respect to their dynamic structures 

as an average of all the frames. Similarly, the square root B-factor reflects the fluctuation of the 

atoms about their average positions in the static structures. These B-factor values were taken from 

the original PDB files.  

We also compared the hydrogen bond occupancy of the dynamic models to the hydrogen 

bonds found in the static model. Occupancy levels determined the strength of the hydrogen 

bonding between an atom of the protein and another atom of the collagen. Hydrogen bonds in the 
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static model were based off of those found in the literature for the original coordinates. These 

bonds were checked manually by measuring the distance between the hydrogen and its nitrogen or 

oxygen binding partner. We used a cutoff distance of 2.4 Å to determine the presence of the 

hydrogen bond. 

The last analysis we performed was to study the conformation of the collagen fragments. 

We did this by looking at the distance between the different collagen strands as well as the average 

angle between triads. Triads were designated based on adjacent backbone 𝛂𝛂-C atoms from each 

collagen strand. To eliminate the end effects, we ignored 3 residues at the C and N terminals. Each 

triad was a triangle, whose centroid was the origin of the triad. A normal vector was assigned at 

the origin and pointed at the C-terminal. Another vector was assigned at the origin that pointed 

between the C𝛂𝛂 carbons of the middle and leading strand. Torsional angles could be determined 

by comparing the cross products of these two vectors between different triads [10]. By looking at 

the distance between strands and the torsional angles, we observed possible collagen unwinding 

behavior and attempted to determine the source of the unwinding. For further analysis of the 

collagen fragments’ stability, we subdivided the collagen into 1 nanosecond timeframes to 

compare the torsional angle fluctuation over time.   



11 
 

CHAPTER III 

RESULTS 

 
 

α-1 Integrin Protein (2M32)  

The α-1 integrin protein’s crystal structure is shown to possess large structural changes 

after construction and simulation (Figure 1 (left)). After dynamic simulation, the protein was tilted 

along its central point, and the main interactions and hydrogen bonds seemed to lose biological 

accuracies by 8.3555 nanoseconds. Shown below, the collagen and α-1 integrin have become 

noticeably detached by 9.995 nanoseconds (Figure 1 (right)).  

 

Figure 1. (left) Original structure (right) simulation structure 

Furthermore, there exist many peaks of high RMSF and square root B-factor values among 

the red and blue lines. The dashed vertical line demonstrates that the high occupancy, the major 

conformation of the atom in its location, exists with a low RMSF (Figure 2). The trends indicate 
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that the simulation results deviate from the original static structure too much and that the results 

may not be realistic or provide any biological insights. In this case, the results may show that 

HADDOCK Docking software may not be completely accurate to help predict protein interfaces 

and structures. As one of the newer software used for modeling of biomolecular complexes, it may 

require more testing and improvement for better accurate simulations in the future.  

 

Figure 2. α-1 integrin protein’s (2M32) RMSF, square root b-factor, and residue numbers 

Human Osteoclast-associated Immunoglobulin-like Receptor (5CJB) 

The render of 5CJB after construction and simulation in CHARMM is shown below 

(Figure 3 (left)). In addition, there is noticeable conformational change after energy minimization 

(Figure 3 (right)) when compared to the original structure in that after simulation the width of the 

protein was smaller and the beta sheets were angled more towards the collagen. Figure 3 (right) 

was taken at 6 ns.  
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Figure 3. (left) Original structure (right) simulation structure  

Comparing the RMSF and square root B-factor, there is a noticeable peak where the X-ray 

imaging was unable to identify the residues. This was most likely due to high variance which made 

identifying the residues difficult and are confirmed by the relatively high RMSF values. The lowest 

RMSF values coincide with high occupancy bonds as they have the least variance. The trends 

found in the RMSF and square root B-factor values are similar indicating the simulation has use 

for further analysis (Figure 4).  

 

Figure 4. OSCAR’s RMSF, square root b-factor, and residue numbers 
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Further analysis was done by determining the average distance between the alpha carbons 

of each of the residues in each triad. As shown below (Figure 5), the distance between alpha 

carbons was larger for the first and last several triads. This was most likely due to the ends of the 

collagen strands not being held in place during the simulation. For the central portion of the 

collagen structure, the average hydrogen bond distance did not waver far from about 5 Å. In the 

OSCAR trailing-leading strands, residue 13 has a relatively larger bonding distance from its 

neighboring residues. This could show that this could be the active or bonding site for the human 

OSCAR protein to bind. 
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Figure 5. (top-bottom) OSCAR collagen leading, middle, and trailing strands interactions  

The average torsional angle for each triad further confirms the findings in the collagen 

distance graphs. (Figure 6) Specifically, at triad 13, which has the lowest average torsion angle, 

there could be binding of Human OSCAR to the collagen chain. During the simulation, the protein 

did not bind with the leading strand at any point. In addition, in triads 13 and 14 the normal Gly-

Pro-Hyp pattern of collagen was altered with an Ala substitution for the Hyp. Also, in triad 15 and 

16, Phe was substituted for Pro. The data can be better interpreted in Figure 7, which shows the 

average triad torsion angle in 1 ns timeframe. 

 

Figure 6. OSCAR correlation between triad groups and average torsional angle 
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Figure 7. OSCAR average torsional angle vs. triads over time 

The graph shows instability in the range of triad 8 to 10, which is most likely due to 

hydrogen bonding to the hydroxyproline residues in the middle and trailing collagen strands. 

Normally the hydroxyproline residues add stability to the collagen strands but because of the high 

occupancy hydrogen bonding the stability is diminished. In triad 11, the stability returns to the 

collagen as in this triad it contains 2 high occupancy hydrogen bonds. In triad 13, the very low 

average torsional angle shows significant collagen unwinding. Triad 14 is similar to triad 13 in 

that they both have alanine residues which bind to Human OSCAR with high occupancy hydrogen 

bonds but triad 14 has much less unwinding. One possible explanation for the stability despite 

unwinding is that the residues have multiple hydrogen bonds such as in triad 13 where an alanine 

residue of the middle collagen strand binds to an alanine residue of OSCAR and in triad 14 where 

an alanine residue of the trailing collagen strand binds to an arginine residue of OSCAR.  Another 

possible explanation is that F17 of the trailing strand binds in a shallow pocket in Human OSCAR. 

This residue is present in triad 15 which may explain the increasing instability in the collagen. 

Overall, the variance in the average torsional angle is quite high which is most likely due to not 
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binding the ends of the collagen chains in place, resulting in higher movement than what would 

normally be expected. The high occupancy bonds are shown below at 6 ns. (Figure 8) 

 

Figure 8. (top left) OSCAR triad 8, (top middle) 10, (top right) 11, (bottom left) 13, and (bottom 

right) 14 high occupancy bonding 

Discoidin Domain Receptor Tyrosine Kinase 2 (2WUH) 

The dynamic model of 2WUH (Figure 9 (right)) did not show drastic changes in structure 

when compared to the static model. (Figure 9 (left)) The images were taken at 9 ns into the 

simulation. The overall patterning between the RMSF and B-factor graph are very similar, with 

the larger peaks and troughs appearing in both graphs. (Figure 10) The three high occupancy 

hydrogen bonds were between DDR2 D69 and collagen leading strand M21, DDR2 W52 and 

collagen middle strand M21, and DDR2 E113 and collagen leading strand O24. These bonds were 

found to be present in both the static and dynamic structure. These bonds coincide with the troughs 

of the RMSF graph, but there some of the bonds coincide with B-factor peaks. This could be due 

to the estimation method used to calculate the B-value from crystallographic imaging. 
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Figure 9. (left) Original structure (right) simulation structure 

Figure 10. Discoidin domain receptor tyrosine kinase 2 (DDR2) RMSF, square root b-factor, and 

residue numbers 

Similarly, the bonding distance was determined between each collagen strand pair for 

2WUH, the DDR2 protein. The graphs below demonstrate the average distances between the 

different strands by residue number (Figure 11). 
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Figure 11. (top-bottom) DDR2 collagen leading, middle, and trailing strands interactions 
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Most of the residues, in all three graphs, do not waver significantly from an average 

bonding distance of 5 Å. From this, we can see that the collagen was fairly stable and there was 

no major dissociation between collagen strands. There was some dissociation at the ends due to 

the fragmentary ends of the collagen used in simulation. This may have been avoided had we 

simulated static end residues, such that their position was constant. However, due to the location 

of the binding site on collagen, we do not believe that the ends significantly changed the overall 

results.  

 

Figure 12. DDR2 correlation between triad groups and average torsional angle 

What we see in the graph is a noticeable decrease in the average torsional angle starting at 

triad 15. (Figure 12) Triad 15 had MET21 in the leading strand that hydrogen bonded to DDR2. 

Triad 16 had MET21 in the middle strand that hydrogen bonded to DDR2. Triad 18 had HYP24 

in the leading strand that hydrogen bonded to DDR2. The hydrogen bonding can increase the 

stability of the DDR2-collagen interface and increase unwinding behavior of the collagen. No 

lagging strand residues were hydrogen bonded to DDR2. Triad 15 is one of the three triads that 

bind to DDR2, but its torsional angle is lower than the other two.  This may be because of the 

Phenylalanine residue in the middle strand. Phenylalanine is a bulky residue and may sterically 
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inhibit collagen winding. For further analysis of the stability of the collagen, we subdivided the 

frames into 1 nanosecond fragments and graphed them together. 

 

Figure 13. DDR2 average torsional angle compared to triads in 1 ns timeframe 

As can be seen, up to triad 15, all time segments seem to align. (Figure 13) There is some 

variance at triads 12, 13, and 14, but this only occurs in early time segments. This indicates that 

collagen was migrating into a lower energy conformation. Triad 15 is fairly stable over time as 

compared to triads 16 and 18. The stability of triad 15 may be due to the bulky phenylalanine, and 

there is some evidence of this stability as shown above. The variance of the torsional angle with 

time appears to be stable. Phenylalanines in the binding region of collagen are also linked to an 

apparent salt bridge as described by Chin [5]. This salt bridge from the original coordinate data 

was also observed in the dynamic simulation and may play a further role in the unwound collagen 

stabilization at triad 15. (Figure 14) Triads 16’s and 18’s torsional angles vary greatly over time, 

in comparison, due to the unwound nature of the collagen segment. There was no stabilizing factor 

to be found besides the hydrogen bonding to DDR2. Towards the end of the collagen, triads 19 

and higher, we observe some possible restabilization of triad torsional angles. What’s more is that 

we see later time segments appear higher than earlier time segments from triads 15 to 19. After 



22 
 

triad 19, we start seeing the reverse, where earlier segments are higher than later segments. This 

appears to be due to some form of winding/unwinding motion. We believe that there are two 

possibilities: winding/unwinding propagation along collagen or natural reconfiguration of collagen 

into a lower energy conformation. These are only speculations because we do not have enough 

data to draw a stronger conclusion, as we only simulated the first 10 nanoseconds of dynamics.  

 

Figure 14. (top left) Strong hydrogen bonding among leading methionine, (top right) leading 

hydroxyproline, (bottom left) middle methionine, and (bottom right) middle phenylalanine 

trapped in a pocket 
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CHAPTER IV 

CONCLUSION 

 
 

After performing molecular simulation in a physiological environment, the α-1 integrin 

model was determined to be biologically inaccurate. The collagen and α-1 integrin were observed 

to break away over time, losing the interactions and functions that were intended to study. This 

failed binding could be due to the HADDOCK program used in the simulated binding of the 

original static model. As such, we halted further analysis and focused on DDR2 and OSCAR. 

On the other hand, OSCAR and DDR2 dynamic models were stable during simulations. 

The dynamic models were similar to the static models as determined by the similarity between 

RMSF and square root of B-Factor graphs. (Figure 4, 10) Looking at the distance between collagen 

strands, we saw that there was no dissociation at the central regions. (Figures 5, 11) This means 

that the collagen fragments are stable, and individual strands did not dissociate.  

By graphing the average torsional angles of the collagen triads, we see decreases in the 

torsional angle in the binding regions of both DDR2 and OSCAR collagens. This included DDR2’s 

triad 15 and OSCAR’s triad 13, whose torsional angles were significantly lower than the other 

triads. The change in torsional angle overtime was also graphed, and the stability of the triad angles 

could be observed. (Figures 7, 13) There was a significantly increased stability in 2WUH’s triad 

15 and 5CJB’s triads 11 and 14 as shown by the reduced variability. We believe this unwinding 

behavior and changes in stability are due to the triads’ interactions with DDR2 and OSCAR.  

From this data, we can determine that both DDR2 and OSCAR simulations have stable 

binding to their respective collagen fragments. These interactions seem to be related to the 

unwinding of collagen. Generally, these unwound portions of collagen were unstable over time. 
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However, there seemed to be increased stability in these unwound regions when triads of collagen 

had multiple hydrogen bonds to the DDR2/OSCAR or some kind of steric stabilization in a protein 

pocket. DDR2 and OSCAR unwind collagen when binding, and certain interactions between the 

proteins and collagen can stabilize the unwinding behavior.  
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APPENDIX VI 
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APPENDIX VII 

HEATING AND EQUILIBRATION 
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APPENDIX VIII 

DYNAMIC/PRODUCTION RUN 
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APPENDIX IX 

GET BONDS 

 

This code extrapolates the values of the bonds [11]. 
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APPENDIX X 

GET CONTACT 

 

The code gets the contacts with respect to thresholds [11]. 
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APPENDIX XI 

GET HBONDS 

 

The code gets the hydrogen bonds with each atom [11]. 
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APPENDIX XII 

CALCULATE RMSF 

 

The code calculates the root mean squared fluctuations with each atom [11]. 
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APPENDIX XIII 

COLLAGEN DISTANCE BETWEEN ITS STRUCTURE 

 

The code finds the distance between the alpha carbons and the collagen triple helix [12]. 
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APPENDIX XIV 

CALCULATE CENTER OF MASS 

 

The code calculates the center of mass for tubulin, beta sheets, and nucleotides [12]. 
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APPENDIX XV 

TRIAD TRAJECTORY FROM CENTER OF MASS 

 

The code generates the triad trajectory from specific center of masses [12]. 
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