Effects of terminal tripeptide units on mechanical properties of collagen triple helices
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ABSTRACT: Collagen, a vital protein that provides strength to various body tissues, has a triple
helix structure containing three polypeptide chains. The chains are composed mostly of a tripeptide
of glycine (G), proline (P), and hydroxyproline (O). Using molecular dynamics simulations and
theoretical analysis, the study examines the mechanical response of collagen triple helix structures,
made up of three different tripeptide units, when subjected to different fracture loading modes.
The results show that collagen with GPO tripeptide units at their C-terminal are mechanically
stronger than the POG and OGP units with a single amino-acid frame shift. Our work shows that
the N-terminal has less effect on collagen fracture than the C-terminal. The differences in
mechanical response are explained by the heterogenous rigidity of the amino acid backbone and
the resulting shear lag effect near the terminal. The findings have potential applications in
developing tough synthetic collagen for building materials and may stimulate further studies on
the connection between terminal repeats and the mechanical-thermal behavior of other structural

proteins such as silk, elastin, fibrin, and keratin.
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Introduction

Understanding the sequence-structure relationship and the mechanical properties of proteins is
important for a wide range of applications, including drug development, biotechnology, and
materials science[1]. As the most abundant structural protein for mammals, collagen is the main
structural component of skin, bone, tendons, ligaments, and cartilage[2]. It provides strength and
support to various tissues in the body and helps to keep them elastic and resilient[3][4][5]. The
crucial importance of collagen as a scaffold for animals demands a diverse of essential
characteristics, including thermal stability, mechanical strength, and the ability to engage in
specific interactions with other biomolecules[6]. Understanding how such properties are derived
from the fundamental structural unit of collagen, the triple helix, requires a thorough knowledge
of the mechanisms underlying triple-helix structure and stability[7]. Terminal caps, the external
amino acids at the N- and C-ends, are often thoroughly studied and engineered for the proteins'
overall solubility and stability[7]. As opposed to common a-helix and B-sheet secondary
structures[8][9][10][11], there has been limited theoretical study of terminal capping for repeat
proteins not conforming o-helix and B-sheet folding structures, such as collagen triple-helix,
preventing from understanding how the modification of the N- and C-terminals affect the stability

and localization of the protein. The molecular structure of collagen is a right-handed triple helix

with a length of ~ 300 nm and a diameter of 1-2 nm[7]. The sequence of amino acids in collagen
is given by the repeating tripeptide unit, forming a long repetitive sequence of Glycine-X-Y. X
and Y positions are often occupied by proline (Pro, P) and hydroxyproline (Hyp, O),
respectively[7]. Glycine (Gly, G) is essential in every third position to allow for a compact packing
of the triple-helix[12]. The underlying structure of collagen, triple helix, is formed by three long

interwinding polypeptide chains. The triple-helix is stabilized by interstrand hydrogen-bonding,



N-H(Gly)...O=C(Pro), formed between the amide of Gly and the carbonyl of Pro of the
neighboring strand|[13] (Figure 1a).

Studying native collagen is challenging due to its heterogeneous structure and the difficulty of
isolating it[14][15] . Therefore, collagen model peptides (CMP), short sequence of amino acids
with 6-10 repeating tripeptides that can bind specifically to unfolded collagen chains, have been
employed as synthetic substitutes[16][17][18]. CMPs are used in various biomedical applications,
such as tissue engineering and drug delivery, because of their ability to target collagen-rich
tissues[19][20]. They can also be designed to understand the structures and functions of natural
collagen. By creating CMPs that mimic the structure of collagen, researchers can learn more about
how natural collagen works, how it contributes to the support and structure of different tissues,
and how it might be influenced by different factors, such as age, disease, and environmental
factors[21][22]. They have provided profound understanding of the structure—property
relationship of collagen triple helices at the molecular level[23][24][25][26]. The repetitive nature
of collagen sequence allows for the synthesis of CMPs in three different tripeptide frames. A frame
is defined as a tripeptide unit that can be made of GPO, POG, and OGP[27], which is repeated to
form a CPM structure (Figure 1b). Traditionally, most studies on collagen peptides have favored
Gly as the C-terminal residue[24][3]since couplings with an activated Gly residue proceed
smoothly, and the achiral Gly cannot experience epimerization[28][29]. Besides, resins preloaded
with Gly are readily available for the solid phase peptide synthesis of CMPs [30][31]. For many
years, (POG)n and (GPO)n were thought to be compatible[32][33][34][35]. These collagen
mimetic peptides share the same sequence at the middle but differ in the terminal amino acid
sequences. Unlike the OGP frame whose examples are rare[14], CMPs with the GPO and POG

frames have been used and studied commonly[24][36][17]. However, despite the substantial



endeavors made to comprehend the relationship between structural modifications and the stability
of the collagen triple helix, the effect of collagen frame and terminal groups on thermal stability
of CMPs had not been extensively explored until recent years[37][38][39]. It was shown that
frame-shifted CMPs develop triple helices with significantly different melting temperatures (as
high as 10 °C in difference)[40]. It means that CMPs with variations in terminal repeats exhibit
distinct end structures and stabilities. It was also demonstrated that the maintenance of the triple-
helix's end structure in collagen is primarily facilitated by cross-chain hydrogen bonding mediated
by the terminal repeat[40]. These findings raise the question whether the mechanical properties of
collagen triple helix are affected by the frame shift, which leads to different sequence of amino
acids at the terminals.

Mechanical damage of collagen fibrils and fibers in connective tissue has been extensively
studied by both experiments and computational modeling[41][42][43][44][45]. However, there
has been little definitive proof of permanent damage to collagen at the molecular level so far, partly
due to the limitations of collagen imaging modalities and the unavailability of markers that can
recognize unfolded collagen molecules[15]. Using collagen hybridizing peptides, Zitnay et al.
have found directly for the first time that irreversible unfolding of collagen molecules is a key
feature of the mechanical failure process of tendon fascicles[15], suggesting the sequence near the
crosslinking site can be crucial to the collagen mechanics in loading. The terminal-sequence-
mechanics relationship of collagen triple helices, nevertheless, is still poorly understood[46]. To
address this point, we need to understand how a frame shift and terminal amino acids sequence
contributes to mechanical stability of collagen. Up to now, to the best of our knowledge, studies
examining mechanical damage to collagen fibrils have not investigated how mechanical properties

of a collagen change if their terminals sequence is altered.



Here, we aim to explore the effect of the terminal residues on the mechanical properties of
capped frame-shifted collagen triple helices. Using molecular dynamics (MD) simulations, we
give insights into the impact of the frame on mechanical behavior of collagen triple helices at the
molecular level. Among all the various ways that can unfold collagen molecules, we consider two
likely loading mechanisms for irreversible triple helix unfolding (Figure 1c). The loading force
and pin apply to the alpha-carbon atoms of the protein backbone leads to mode I and mode II
fracture, representing the force that is conducted to the collagen molecule through covalent cross
links from its neighboring molecules within a fibril in tearing and tension, respectively. We found
out that the interstrand H-bonding mediated by the terminal repeats as well as the difference in
stiffness of Gly, Pro, and Hyp residues lead CMPs with (GPO) frame at their C-terminal to possess
the highest mechanical properties. Not only can our results play a part in designing future collagen
model peptides, assemblies, and materials, but give further insights into the sequence-structure and

sequence-mechanics relationship of several intricate proteins.
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Figure 1. (a) The molecular structure of the collagen triple-helix: Both Pro and Hyp lack an N-
hydrogen atom, so the interchain hydrogen bond (the orange dotted lines) is formed only between
the amide of Gly and the carbonyl of Pro. (b) The three possible repeating tripeptide units of a
collagen model peptide sequence. (¢) Two possible damage mechanisms of collagen as a result of

mediated stress transferred by cross links.

Results and Discussion

Different CMP strength governed by a frame shift

We investigate whether and how the frame shift affects the mechanics of capped triple helices
in light of the recent finding that capped frame-shifted collagen triple helices exhibit noticeably

different thermal stability[14][40]. We use fully atomistic molecular dynamics to relax the



collagen model peptides made up of (GPO), (POG), and (OGP) tripeptide units with different
number of amino acids (see the method section for details) for a total of 20 ns. To understand how
the different tripeptide units affect the mechanical response, we directly unfold the structures by
using steered molecular dynamics (SMD) to apply loading forces that simulate mode I and mode
II fractures and record force-deformation data. Mode II of failure or shearing is expected to happen
when a single strand of the triple helix is pulled out because of a longitudinal or uniaxial loading,
which results from molecular sliding between neighboring collagen molecules, mediated by stress
transfer through crosslinks that connect collagen strands of neighboring triple helices. On the other
hand, when the loading is applied in perpendicular direction, the stress transfer by crosslinks leads
to a failure of mode I or tearing failure.

To quantify the effect of the sequence on mechanical properties of the models, we compute the
maximum mechanical strength and the energy dissipation. The maximum strength refers to the
peak force experienced by the structure during deformation, representing its highest resistance
capacity. Energy dissipation is determined by integrating the area beneath the force-deformation
curve. To ensure comparability, we normalized the energy dissipation by dividing it by the surface
area of the deformed region. Besides, we use an elastic network model to show that the
heterogeneous rigidity of amino acids backbone impacts the mechanical properties of collagen

triple helices.

To avoid the effects of the length and number of amino acids on mechanical properties, we run
the simulations to apply the force on three CMPs with the same number of amino acids but
different repeating sequences. With the intention of doing so, we built three collagen triple helices
established by every single potential combination of CMP frame models, i.e., (GPO)7, (POG),
and (OGP);. Again, these CMPs have the same chain length and share the same sequence at the
middle but differ in the terminal amino acid sequences. Figure 2 compares force-deformation

curve, energy dissipation, and mechanical strength for these polypeptides. We visualized the



structure at the point of minimum and maximum forces as well as at the ending point for (GPO)5.
At the point of minimum force (point 1), the structure appeared folded, and interstrand hydrogen
bonds were observed to play a crucial role in holding the chains together. At the point of maximum
force (point ii), the structure experienced irreversible failure, indicating a critical point where the
applied force reached its peak. This point represented a significant deformation or breaking of
intermolecular interactions within the structure. Following the maximum force point, the force
gradually decreased until reaching the ending point (point iii).

Although the models have the identical chain length and amino acid quantity and composition,
the force-deformation curves illustrate that GPO frame has the higher energy dissipation as well
as mechanical strength in comparison with OGP and POG counterparts, which is in good
agreement with the reported experimental results for melting temperature of (GPO)7, (POG)7, and
(OGP)7[38][40]. Figure 2a indicates that the GPO frame leads to irreversible failure at 1.6 nN,
while POG and OGP frames can withstand 1.4 and 1.3 nN respectively. GPO-repeating sequences
can establish an additional set of inter-helix H-bonds, thereby increasing stability and mechanical
properties of collagen triple helix. Our data suggests that POG is unable to form stable H-bonds at
the C-terminal since Gly is flexible, interfering the interaction between H-bond donor and
acceptor. As a result, mechanical properties and stability of CMPs holding POG tripeptide unit is
reduced. The results for Mode I are shown in Figure 1S, where we observe the same trend, meaning
that GPO frame possesses the highest mechanical properties while being unfolded by Mode I of
fracture. Our observations are confirmed by repeating the same procedure for (GPO)s, (POG)s,
and (OGP)s for Mode I and II fracture tests. These results are provided as Figure 2S and 3S,

respectively.
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Figure 2. (a) Simulation snapshots at minimum force (i), maximum force (i1) and the end of the
deformation (iii). (b) The force-deformation curve for triple helices derived from GPO, POG, and
OGP frames for mode II of fracture, and their (¢) mechanical strength, and (d) energy dissipation
per unit area. The mean value and standard deviation in panel (c) and (d) are obtained from four

individual tests.

C-Terminal repeating sequence

It is surprising that the three CMPs of the exact same length, highly similar sequences but
different terminal residues lead to very different mechanical strength and energy dissipation in
loading. Previous research has shown that the terminal residues tend to have greater mobility and

B-factor (the displacement of the atomic positions from its mean position) due to a shortage of



interstrand hydrogen bonds and their extension from the helical core [47][48][49]. Starting with
(GPO);, we sequentially delete O, P, and G residues from C-terminal to build (GPO),, (GPO).G,
and (GPO),GP sequences, where n takes values between 2 and 6. The sequence difference
between the three models lies at the C-terminal caps repeats, where (GPO),GP has an additional
Gly and Pro residues and (GPO).G contains an extra Gly residue at their C-terminals as compared
to (GPO),. Figure 3a shows the simulation snapshots and Figure 3b shows the force-deformation
curves for different collagen sequences under a mode II molecular fracture (slipping) with loading
force along the molecular axis. It is shown that both the ultimate strength and energy dissipation
increase with the chain length (number of amino acids), as summarized in Figure 3¢ and Figure
3d, respectively. Besides the overall trend, it is also clearly shown that (GPO), always leads to a
higher strength than (GPO),G and (GPO),GP for n >4 (Figure 3c). Moreover, Figure 3d illustrates
how (GPO), structures dissipate more energy than (GPO),G and (GPO),GP structures, despite the
first one having smaller number of residues than the latter two in the sequence. We repeat the
simulation for each sequence eight times and give the mean value and standard deviation in these
plots. It is noted that the mechanical strength only exhibits the consistent pattern for n > 4 (Figure
3¢), which may be attributed to the instability of collagen caused by its insufficient length. To
support this, it was found that peptides with repeating sequence of (GPO), with n<5 cannot self-
assemble into a stable triple helix without the need of crosslinks [50][51]. We observe that (GPO),
is mechanically stronger than (POG), and (OGP), for collagens with sufficient length (n>4, Fig.
2, 1S-3S), which qualitatively agree with the recent work where the melting temperature of (GPO);

sequence is higher than (GPO);G and (GPO);GP sequences in experiments[40].
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Figure 3. (a) Simulation snapshots at different deformation levels. (b) The Force-deformation
curves for CMPs undergoing fracture mode II loading mechanism, N is the length of a collagen
chain, where N=3n for (GPO),, N=3n+1 for (GPO),G, and N=3n+2 for (GPO),GP. (¢) Mechanical
strength for CMPs with different number of amino acids, which maintain different C-terminal
repeating sequence. (d) Effect of number of amino acids on energy dissipation per unit area for
collagen model peptides with different C-terminal repeating sequence.

We notice that it is observed the (GPO) frame exhibits a significant lower thermal fluctuation
and noticeable smaller radius of gyration compared to (POG) and (OGP) at the C-terminus in our
MD simulations, indicating that (GPO) at C-terminus moves less during the thermal oscillations

and keeps its size more compact[40], agreeing to our observation for the trend in strength and
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energy dissipation. As the structure undergoes deformation, it is generally expected that the radius
of gyration will increase. A higher radius of gyration indicates a more extended or unfolded
structure. The lower radius of gyration for GPO frame indicates a more compact and less unfolded
comparted to POG and OGP structure. It also suggests the difference in mechanical strength and
energy dissipation can be attributed to its more stable structure at C-terminus. The reason for its
higher stability is that the distances and angles between the C-terminal Hyp-NH2 and Pro-C=0
are suitable for forming interstrand H-bonds in GPO structures ending with Hyp-amide. Previous
study by Qi et al[40] suggests that the C-terminal Hyp-amide in (GPO), is probably responsible
for new H-bonding formation, resulting in a more stable and stronger structure, explaining the
trend we observe where (GPO), has the highest strength and energy dissipation. However, it is still
not clear how the extra glycine in (GPO).G suddenly destabilizes the triple-helix and decreases
the mechanical strength and energy dissipation. To elucidate, at the C-terminal, where
conformational constraints are reduced, the backbone of glycine exhibits higher flexibility than
proline and hydroxyproline, which has additional bonds between the sidechain and alpha carbon,
affecting its flexibility at C-terminal. This flexible nature of glycine appears to impede the
Pro...Gly H-bond formation, decreasing the strength and energy dissipation for (GPO).G as it is
demonstrated in Figure 3c-d. Adding a proline residue increases the strength and energy
dissipation since proline is less flexible and leads the (GPO),GP structure to be stronger and more
stable in comparison with (GPO),G. However, (GPO),GP lacks the Gly H-bond donor at the C-
terminal, leading to preventing the structure from creating the last Pro...Gly H-bonds. This is
probably the reason why (GPO),GP has less mechanical strength and energy dissipation compared

to (GPO)n
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We observe the same trend when collagen model peptides become unfolded by mode I of
fracture. Figure 4S exhibits that for different values of n, (GPO), can withstand higher forces than
(GPO),G and (GPO),GP. When it comes to energy dissipation, (GPO), also shows the highest
values which is nicely aligned with the findings for mode II fracture mechanism. However, it is
noticed that the normalized energy dissipation drops when the number of amino acids increases.
This might be caused by the fact that only a limited number of H-bonds carry the load whereas we
normalized the energy dissipation by the entire length of the CMPs. In other words, in mode I of
fracture, as opposed to mode II, not all the H-bonds are involved while subjecting to the load. For
mode II, since the force is applied along the longitudinal axis of the collagen triple helices, all the
H-bonds get involved and bear the load.

N-terminal repeating sequence

We serially eliminate G, P, and O residues from N-terminal in order to investigate the impact of
frame shift at N-terminal on mechanical properties of collagen triple helices. We build (GPO)y,
PO(GPO)y-1, and O(GPO),.1 polypeptide structures and apply pin and loading force in such a way
that the alpha carbon atom of one chain is pulled from the N-terminal while another chain is fixed
at the C-terminal (Figure 4a). We notice that changing tripeptide units at N-terminal does not show
a considerable influence on mechanical strength and energy dissipation of collagen triple helices.
(Figure 4c-d). Moreover, as opposed to what we observe for different frames at C-terminal, the
mechanical strength and energy dissipation values do not follow a consistent trend. For example,
(GPO), has a lower energy dissipation than that of PO(GPO),.1 and O(GPO),.1 when n=7,4,3,
while it shows a higher energy dissipation when n=6,5. The same is true for mechanical strength,
meaning that (GPO)n is mechanically stronger than PO(GPO),.1 and O(GPO),.1 only if n=7.

O(GPO);.1 and PO(GPO),-1 sequences exhibit higher strength when n=6,5 and n=4,3, respectively.
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The results indicate that the total chain length is dominating the mechanical strength and energy
dissipation instead of N-terminal residue sequence, leading to much weaker effect on collagen
mechanical stability than the C-terminal sequence. We believe this observation may be attributed
to the fact that the N-terminal is acrylated, while the C-terminal is capped with an amide group. In
our system, the acrylation of the N-terminal potentially hinders the intermolecular interactions and
could lead to less influence on the mechanical strength. On the other hand, the C-terminal cap with

an amide group may help stabilize interstrand H-bonds, thereby contributing to the observed

mechanical properties.
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Figure 4. (a) Simulation snapshots at different deformation levels. (b) The force-deformation
curves for CMPs undergoing mode II of fracture from N-terminal. (¢) Mechanical strength for

CMPs with different number of amino acids, which maintain different N-terminal repeating
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sequences. (d) Effect of number of amino acids on energy dissipation per unit area for collagen

model peptides with different N-terminal repeating sequence.

Molecular mechanism by an elastic network

Molecular models and analytical approaches can be used to capture the response of protein
structures upon mechanical loading and to illustrate the mechanisms behind their collapse
[52][53][54]. In this study, to demonstrate the difference in mechanical response of collagen
molecules with different tripeptide units, we use an elastic structural network [53] (details in
supplementary information) to model the ideal peptides of different sequence arrangements (chain
1) that bond to a rigid substrate (effect of chain 2 and 3) via H-bonds and subject to lateral loading
force (Figure 5a). Unlike Gly, Pro and Hyp residues have rigid rings in their structures (Figure 5b),
which increase the stiffness of the backbone of GPO and OGP sequences near the C-terminal in
comparison with POG. According to a discretized shear-lag model, the cooperative length, as well
as the interfacial strength, is proportional to m [55] in which K; represents the stiffness of
the backbone and K is the stiffness of the H-bond (Figure 5S), and therefore the strength of GPO
and OGP at the C-terminal can be much higher than POG. It is observed that with the same loading
force, the POG sequence yields much larger displacement than GPO and OGP (Figure 5c), which
agrees well with the atomistic simulation outcome shown in Figure 2. We also obtain the
deformation of each H-bond via the elastic model and equations 1S-4S and observe that the H-
bond nearest to the applied force (C-terminal) shows the highest displacement for all three frames
while the deformation decays quickly as the amino acid is located further away from the C-
terminal. Figure 5d shows that GPO frame is displaced less than two other frames in the vicinity

of the C-terminal, leading to later rupture of H-bonds and higher strength in comparison with OGP
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and POG counterparts, which is in good agreement with the result of MD simulations shown in

Figure 2.
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Figure 5. The schematic image depicts the elastic network model used to model different peptide
sequences for this study: the backbone by blue solid line and the H-bonds by red dash line. (a) The
schematic of different amino acids of different backbone stiffness by an elastic network model. (b)
The schematic of different collagen sequences in shear loading by the elastic network model. (¢)
The force-displacement curve given by the elastic network model for different collagen sequences
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GPO and OGP. (d) Displacement of each amino acid for GPO, POG, and OGP frames subjected

to a lateral force of 200 pN.

Conclusion

This work analyzes the effects of terminal residues on the mechanical properties of frame-shifted
collagen triple helices. The simulations conducted in this study offer valuable insights into the
diverse mechanical properties exhibited by collagen-mimetic peptides (CMPs) with distinct
terminal tripeptides. Our findings elucidated the influence of hydrogen bonding within the C-
terminal region, along with the inherent variations in stiffness associated with Glycine, Proline,
and Hydroxyproline, on the mechanical behavior of CMPs. We discovered that the mechanical
properties of collagen triple helices partly depend on structural stability. The more stable the
structure, the higher the mechanical strength. The collagen model peptides with GPO frame at their
C-terminal are mechanically stronger than the POG and OGP equivalents. We also noticed that
the N-terminal frame is less critical than the C-terminal frame. Frame shifts at N-terminal do not
greatly impact the mechanical properties of CMPs, and there is no discernible pattern observed.
Furthermore, the frame rigidity plays an important part as well, and based on our findings GPO
frame 1s more rigid than POG and OGP, leading collagen triple helices with GPO tripeptide units
mechanically stronger than the ones holding POG and OGP tripeptide units. However, our
simulations cannot explain the effect of collagen-related diseases on the mechanical behavior of
the models. For instance, Osteogenesis imperfecta caused by mutation in type 1 collagen results
in lower level of collagen and structural defects in collagen. Future investigations may delve into
modeling disease-specific scenarios to gain insights into the altered mechanical responses

associated with collagen-related disorders.

The value of these results is expected for the development of effective collagen-targeting
probes[56][57], and as the building blocks to synthesize collagen materials[58][59]. The
mechanical properties and stability of these CMPs is dependent on the repetitive sequence from
which they are made. Our work provided a comprehensive direction to choose the appropriate

frame exhibiting both high thermal stability and mechanical properties. Moreover, our study may

17



be an inspiration for new investigation on terminal repeats-mechanics relationship of structural

proteins, such as silk, elastin, fibrin, and keratin.

Bones experience daily competition between formation and resorption processes, that may be
altered from pathology and aging. Understanding the mechanical rupture of collagen, as the
essential building block of bones, from the fundamental length scale and up to the multi-scale
structure-mechanics relationship can provide a comprehensive understanding of bone remodeling
and are crucial to treatments of bone diseases. Having a molecular model that focuses on the
initiation of material failure is also the key to perceive the intimate cross-talks between
pathological and physiological agents and the ambitious objectives will be pursued by integrating
cutting-edge computational and experimental strategies, that explore modeling, validation and

prediction of in vivo and in silico data from atomistic scale up to the continuum scale.

Methods

Molecular dynamic simulations were carried using the NAMD code with a CHARMM?27 all
atom energy force field to gain insights into the effects of collagen repeating sequence on
mechanical properties.

Modeling and relaxation of the collagen model peptides in MD simulation

Fully equilibrated tropocollagen with a (GPO)7 sequence was employed as the template. Using
a tool of NAMD package, psfgen, a certain number of residues were removed from the C-
terminals. The N-terminal was acetylated (Ac-) and C-terminal was capped with amide (-NH2)
group to obtain the structures of interest with Ac-(GPO),-NH2, Ac-(GPO),G-NH2, and Ac-
(GPO),GP-NH2 sequence, where n varies between 2 to 6. We repeat the same procedure to
sequentially delete residues from N-terminal to build Ac-(GPO),-NH2, Ac-PO(GPO),.1-NH2, and

Ac-O(GPO)n-1-NH2 collagen model peptides for n changing between 7 to 3. We use the TIP3P
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(Transferable Intermolecular Potential with 3 Points) water model. In the TIP3P model, each water molecule
is represented by three interaction sites: two hydrogen atoms and one oxygen atom. The oxygen atom
carries a partial negative charge, while the hydrogen atoms carry partial positive charges. The
water molecules are hidden for clarity in simulation snapshots representations. Figure 6S
demonstrates the collagen model peptide surrounded by water molecules. The molecules are
equilibrated in a water solution of 0.1 mol 1! NaCl whose net charge is made zero by adjusting the
ratio between cations and anions. The simulation cell (MD box) is maintained at 10x 6x 5 nm?® and
periodic boundary conditions are implemented to all directions. We employ particle mesh Ewald
(PME) algorithm with grid width <1 A as a computationally efficient method to precisely calculate
and include all the long-distance electrostatics interactions. Each molecular dynamic simulation
is performed in the isothermal-isobaric ensemble (NPT) controlled by the Langevin dynamics to
reach a constant pressure of 1 atm and temperature of 310 K (100 fs oscillation period and 50 fs
damping time scale for pressure control and 5 ps™! for temperature control) with shrinkable volume
in the course of the simulation. Simulation time step is 2 fs and we use a rigid bonds model by
constraining all the covalent bonds between hydrogen atoms and other heavy atoms. For
minimization and equilibration, to begin with, while the side chains and solvent atoms are released,
we constrain all backbone atoms in space by an elastic spring with the stiffness of 5 kcal/mol/A?
in all directions. We run 10,000 steps of energy minimization by using conjugate gradient and line
search algorithm followed by 20 ns dynamics run for initial temperature. Then, all the applied
constraints on the backbone are removed and the simulation is restarted using NPT ensemble in
order to fully equilibrate the collagen structures.

Steered molecular dynamics (SMD)

Although there are a variety of ways causing collagen molecules to get unfolded, we consider

two different initial boundary conditions to investigate two possible damage mechanisms, fracture
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mode I (opening) and fracture mode II (in-plane sliding), as a result of mediated stress transferred
by cross links. These cases are scrutinized using steered molecular dynamics (SMD) with a
constant loading speed of 0.001 A/ps and a pulling spring constant of 10 kcal/molA2. For mode I,
the molecule is deformed by fixing one alpha carbon atom at the N-terminal of one chain and
pulling an alpha carbon atom along the longitudinal axis at the C-terminal of another chain. To
apply load based on fracture mode I, one alpha carbon atom at the C-terminal of two chains are
fixed and an alpha carbon atom of the other chain is pulled perpendicular to the longitudinal axis.
The force is recorded versus the position of SMD atom to generate the force-deformation curves
and extract mechanical strength and energy dissipation of collagen molecules.

Visualization

The utilization of Visual molecular dynamics (VMD) as a post-processing tool for molecular
dynamics (MD) simulation results is employed in this study. The software is employed to analyze
structural information by providing visual representation of the system under study. This is
achieved through the process of iterating through each frame of the MD simulation animation and
rendering each atom and chemical bond, thus providing a comprehensive visual representation of

the system.
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