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We report studies of the mechanical properties of tropocollagen molecules under
different types of mechanical loading including tension, compression, shear, and
bending. Our modeling yields predictions of the fracture strength of single
tropocollagen molecules and polypeptides, and also allows for quantification of the
interactions between tropocollagen molecules. Atomistic modeling predicts a

persistence length of tropocollagen molecules & =

23.4 nm, close to experimental

measurements. Our studies suggest that to describe large-strain or hyperelastic
properties, it is critical to include a correct description of the bond behavior and
breaking processes at large bond stretch, information that stems from the quantum
chemical details of bonding. We use full atomistic calculations to derive parameters for
a mesoscopic bead-spring model of tropocollagen molecules. We demonstrate that the
mesoscopic model enables one to study the finite temperature, long-time scale behavior
of tropocollagen fibers, illustrating the dynamics of solvated tropocollagen molecules

for different molecular lengths.

. INTRODUCTION

Biological materials may be essential for facing criti-
cal challenges related to increased energy needs, needs
for new medical applications, novel concepts in sensor
and actuator design, reliability and robustness of devices,
conservation of resources, and development of new
structural materials. The combination of (i) high-level
structural control of matter as achieved in nanoscience
and nanotechnology, and (ii) integration of living and
nonliving systems into technologies and their interfaces
may play a critical role in the coming decades. With
increasing complexity, materials start to resemble sys-
tems or machines, so that the borderlines between con-
cepts such as “machine” and “material” start to disap-
pear. These concepts have been used systematically by
nature for millions of years, and their exploitation for
technological applications holds great promise. In par-
ticular, the structure and behavior of proteins and mate-
rials based on proteins plays an overarching role in de-
termining the function and properties of biological sys-
tems.

In recent years, proteins have indeed been proposed as
the basis for new materials for technological applica-
tions.'~® Materials based on proteins hold particular
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promise because of their great flexibility in usage and
their applications. Genetically engineered biopolymers
based on recombinant DNA technologies have been de-
veloped by Tirrell and coworkers'™ for various applica-
tions, including pH sensitive hydrogels.? This is an ex-
ample for the vanishing borderline between technology
and biology, enabling new critical breakthroughs for
novel material concepts, allowing translation of nature’s
structural concepts into engineered materials.'™®
Together with such new experimental techniques for
synthesis and characterization, ™ a sound theoretical un-
derstanding and the availability of accurate models are
essential for developing engineering applications of such
complex materials. The properties of biological materials
are determined from complex interaction of individual
scale-specific properties and their interactions. To date it
remains unclear how different properties interact, and
which are most important, but it is believed that the hi-
erarchical design plays a vital role. In particular, many
biological materials are poorly understood in terms of
their mechanical behavior, and fundamental fracture and
deformation theories are missing, in particular those in-
cluding the effects of the hierarchical design. Our goal is
to develop such theoretical understanding of the cross-
scale relationships between small scales (e.g., primary
structure) and macroscopic scales (e.g., quaternary struc-
ture). We hypothesize that such cross-scale interactions
can play a significant role in determining the mechanical
behavior of materials and that nature or biology utilizes
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such principles systematically. However, these concepts
are not yet understood within the context of scientific or
engineering principles, and thus, exploitation for engi-
neering remains elusive.

We propose a bottom-up approach in understanding
biological materials, focusing on the finest atomistic
scales of detail governed by quantum mechanics (QM) as
the starting point, reaching up to large, macroscopic
scales, using hierarchical multi-scale modeling. This
could be viewed as an alternative, supplemental method
with respect to many experimental efforts starting at the
macroscopic level reaching down to ever finer scales. We
believe that theoretical modeling as presented in this pa-
per may eventually help to advance technology to make
systematic use of biological polymers such as collagen,
even beyond medical applications. We believe that at-
omistic based modeling, in conjunction with mesoscopic
and continuum approaches, may be an extremely fruitful
approach in understanding the interactions of materials
across the scales. These techniques include differential
multi-scale simulation methods that allow description of
material behavior across hierarchies of scales, ranging
from the atomistic scale to the continuum engineering
scale, while including modeling of the chemistry during
formation and breaking of bonds by using reactive force
fields.

In this article, we focus on the mechanical properties
of tropocollagen molecules and assemblies of those into
fibril-like structures. We chose collagen since it is one of
the most abundant protein-based structural materials, for
which the atomic structure is relatively well-known,”~ in
contrast to other protein-based biological materials such
as elastin.'®'" The aim of this paper is to develop a
systematic understanding of the macroscopic mechanical
response of tropocollagen fibers and its bundles based on
their fundamental, atomistic ultrastructure using atomis-
tic modeling techniques.

A. Structure of collagen and
mechanical properties

Collagen plays a critical role in many biological tis-
sues and materials, including tendon, bone, teeth, carti-
lage, and many other materials.'* Collagen and its com-
ponents have been studied extensively in the past de-
cades, primarily using experimental techniques, focusing
on various aspects of collagen, including its structure,
chemical properties, and interactions with other materi-
als. For example, x-ray diffraction experiments have
been carried out to help elucidate its structure.'® Colla-
gen shows, as many other biological materials do, a com-
plex hierarchical structure.® Figure 1 is a visualization of
the different design hierarchies, ranging from the nano-
scopic scale of polypeptides to microscopic collagen fi-
bers.” Each tropocollagen molecule consists of a spatial
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FIG. 1. (a) Simplistic, schematic view of some of the hierarchical
features of collagen, ranging from the amino acid, polypeptide level up
to the scale of collagen fibers. In this article, we focus on the me-
chanical properties of tropocollagen fibers, a triple helical molecule
self-assembly to form collagen fibrils, the constituents of collagen
fibers. (b) Collagen triple helical structure, embedded in a skin of
water molecules.

arrangement of three polypeptides. These three mol-
ecules or polypeptides are arranged in a helical structure,
stabilized mainly by H-bonding between different resi-
dues. Every third residue in each of these molecules is a
glycine (GLY) amino acid, and about one fourth of the
molecule consists of proline (PRO) and hydroxyproline
(HYP). The structure of collagen has been known since
classical works by Ramachandran in 1951, focusing on
theoretical understanding of how tropocollagen mol-
ecules are stabilized.® Recently, various types of tropo-
collagen molecules have been crystallized and analyzed
using x-ray diffraction techniques to determine their ex-
act atomic configuration.'® Transmission electron
microscopy (TEM) experiments have also been used to
study the structure of collagen in various environments,
including in bone,'* in particular focusing on larger
length scale features and its three-dimensional arrange-
ment.

B. Literature review

There are several reports of experimental studies fo-
cused on the mechanics of single tropocollagen fi-
bers.”'>~2° However, despite its relatively simple struc-
ture,'? collagen molecules have rarely been studied using
molecular dynamics (MD) studies. In one of the few
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reports we found in the literature, Lorenzo and cowork-
ers”' have recently reported investigations of the me-
chanical properties of collagen fibers, using MD studies,
focusing on their Young’s modulus. Other studies fo-
cused on the stability of collagen molecules** and other
structural investigations,” or the effect of point muta-
tions on the stability.?*>° Some researchers modeled col-
lagen at the continuum scale, using techniques such as
finite element modeling (FEM).>**” In a recent study,
molecular models of collagen have been linked to colla-
gen mechanics.”®

However, no atomic-scale, consistent studies have
been carried out on collagen with the aim of elucidating
its fundamental properties such as bending stiffness, re-
sponse to tensile stretching, and the interaction of several
collagen fibers with each other, in particular, under shear
loading. Furthermore, none of the previously reported
studies have investigated the large-strain, permanent or
plastic or fracture behavior of single fibers of tropocol-
lagen, and the self-assembly processes associated with
those molecules. The lack of such studies motivates the
investigations reported in this article, aiming at an atom-
istic based, fundamental development of mechanics of
collagen.

C. Hypothesis, strategy, and research objectives

To understand the mechanical properties of more com-
plex collagen-based materials such as tendon or bone, it
is critical to begin with a thorough understanding of the
behavior of the smallest levels of detail, tropocollagen
molecules. We hypothesize that these molecules show a
strongly nonlinear behavior, in particular under large
stretch. Further, we believe that the complex interactions
of different types of attractive and repulsive forces in
assemblies of tropocollagen molecules govern their over-
all behavior. Failure to understand the atomic details pre-
vents development of theoretical models of collagen-
based materials.

To investigate the properties of collagen, we will use a
combination of atomistic modeling using nonreactive
and reactive force fields and mesoscale modeling. Atom-
istic modeling has evolved into a significant tool to
model fracture in materials, which has been widely ap-
plied to crystalline materials at various length scales.?~°
Here we extend those models to describe the fracture
behavior of biological materials based on proteins.

In the literature, to the best of our knowledge, there is
no thorough investigation of various aspects of mechan-
ics of collagen fibers, including tensile stiffness, bending
stiffness, interaction of various tropocollagen molecules,
or fracture and plasticity of the building blocks of colla-
gen. We address the following questions ranging from
the atomic scale to the domain of assemblies of tropo-
collagen molecules: (i) Atomic or nanoscale: How does

a tropocollagen molecule respond to mechanical stretch-
ing force, in particular at large stretches? How does it
fracture? How can these properties be linked to the
folded structure? (ii) Molecular scale: How can the
overall behavior of a single tropocollagen molecule be
described using concepts of continuum theories or me-
soscopic descriptions, in which the effects of individual
atoms, solvent, and other interactions are condensed into
simplified interactions? (iii) Ultra-long collagen mol-
ecules: How do ultra-long collagen molecules with real-
istic lengths of several hundred nanometers behave in
solution?

D. Outline of this paper

We proceed as follows. After a brief review of our
computational technique in Sec. II, we report atomistic
modeling of the mechanics of single collagen fibers un-
der different types of loading in Sec. III. Section IV is
dedicated to development of a mesoscopic model of col-
lagen based on a combination of beads. Such models
enable us to develop larger models, in both time and
space, to study the behavior of collagen fibers beyond the
persistent length, as well as larger bundles of tropocol-
lagen molecules. In Sec. V, we provide a discussion of
the results.

II. COMPUTATIONAL TECHNIQUE: CLASSICAL
AND REACTIVE FORCE FIELDS
AND VISUALIZATION

Definition of the atomic interactions by force fields is
at the heart of MD methods, as it defines the complete
materials behavior. The basis for our investigations is the
CHARMM force field,”" a widely used model to describe
the behavior of proteins and related materials and struc-
tures. However, for extreme mechanical loading and
large deformation close to the breaking point, such clas-
sical approaches fail, and new methods are required that
take into consideration the behavior of chemical bonds at
large deformation. We use a new generation of reactive
force fields to account for these chemical effects in pro-
tein mechanics.

A. Classical force fields: CHARMM

The basis for our studies is the classical force field
CHARMM,?' implemented in the MD program
NAMD.?**** The CHARMM force field®" is widely used
in the protein and biophysics community and provides a
basic description of proteins. It is based on harmonic and
anharmonic terms describing covalent interactions, in ad-
dition to long-range contributions describing van der
Waals (vdW) interactions, ionic (Coulomb) interactions,
and hydrogen bonding. Because the bonds between at-
oms are modeled by harmonic springs or its variations,
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bonds between atoms cannot be broken, and new bonds
cannot be formed. Also, the charges are fixed and cannot
change, and the equilibrium angles do not change, de-
pending on stretch. We have added an extension to the
standard CHARMM force field to include a description
of the hydroxyproline residue [HYP in the Protein Data
Bank (PDB) file], which is not one of the 20 natural
amino acids. We follow the procedure suggested in Ref. 34.

B. Reactive force field: A new bridge to integrate
chemistry and mechanics

Reactive force fields represent a major milestone in
overcoming the limitations of classical force fields in not
being able to describe chemical reactions. For mechani-
cal properties, this translates into the properties of mol-
ecules at large strain, a phenomenon referred to as hy-
perelasticity. Several types of reactive potentials have
been proposed in recent years.>>>® Reactive potentials
can overcome the limitations of empirical force fields
and enable large-scale simulations of thousands of atoms
with quantum mechanics accuracy. The reactive poten-
tials, originally only developed for hydrocarbons,?>*%
have been extended recently to cover a wide range of
materials, including metals, semiconductors, and organic
chemistry in biological systems such as proteins.?”**~*’
Here we use the ReaxFF formulation.*® We use a par-
ticular type of the ReaxFF potentials as suggested in
Refs. 38 and 44 with slight modifications to include ad-
ditional QM data suitable for protein modeling.*®

Reactive potentials are based on a formulation more
sophisticated than most nonreactive potentials. A bond
length/bond order relationship is used to obtain a smooth
transition from non-bonded to single-, double-, and
triple-bonded systems. All connectivity-dependent inter-
actions (that means valence and torsion angles) are for-
mulated to be bond-order dependent. This ensures that
their energy contributions disappear upon bond dissocia-
tion so that no energy discontinuities appear during re-
actions. The reactive potential also features non-bonded
interactions (shielded van der Waals and shielded Cou-
lomb). The reactive formulation uses a geometry-
dependent charge calculation scheme similar to QEq*’
that accounts for polarization effects and modeling of
charge flow. This is a critical breakthrough leading to a
new bridge between QM and empirical force fields. All
interactions feature a finite cutoff of approximately 10 A.
Figure 2 shows a comparison between reactive and non-
reactive formulations, illustrating that both descriptions
agree for small deviations from the equilibrium but dis-
agree significantly for large strains.

C. Preprocessing, post-processing,
and visualization

Preprocessing of the simulations is done using the
CMDF framework,**-° a new computational Python-based

Energy

’ nonreactive

i
e

reactive

i : >
7 Bond separation
reactiveznonreactive
small-strain approximation

FIG. 2. Reactive versus nonreactive force fields. Whereas nonreactive
force fields such as CHARMM?>' or AMBER®® do not allow for bonds
to break and form, the new generation of reactive force fields®® enables
modeling of chemical bonds of different strength, competing during
complex deformation mechanisms of materials. In this paper, we use
both approaches, reactive and nonreactive formulations, applied to the
mechanics of protein-based materials.

simulation environment capable of seamless integration
of various file formats, computational engines, including
molecular, and crystal building tools. We use the VMD
program for visualization,’'~* suitable for both atomis-
tic, molecular, and mesoscale data. Python scripts are
used to analyze and post-process the simulation data, as
required for example to compute statistical averages of
force—displacement curves.

D. Computational procedure

Our tool is MD modeling, as widely used to model the
behavior of materials and molecules.® We build the
crystal unit cells according to x-ray diffraction data ob-
tained by experiment. These structures are taken directly
from the Protein Data Bank (PDB). We use the crystal
structure PDB ID 1QSU, with 1.75 A resolution, as re-
ported by Kramer and coworkers.'? The 1QSU is a triple-
helical collagen-like molecule with sequence (Pro-Hyp-
Gly),-Glu-Lys-Gly-(Pro-Hyp-Gly)s.

The charges of each atom are assigned according to the
CHARMM rules implemented in the tLEaP program.
Hydrogen atoms are added according to pH 7, and the
protonation states of individual amino acids are assigned
according to pH 7 as well. The CHARMM input files
(structure and topology files) are then used to perform
NAMD calculations. For ReaxFF calculations, no typing
is necessary, and charges are determined dynamically
during the simulation. Hydrogen atoms are added using
the NAMD/CHARMM procedure, according to the same
conditions as outlined above. We include crystallo-
graphic water in the simulations, and also add a skin of
water of a few angstrom surrounding each tropocollagen
molecule or, in the case of two molecules, surrounding
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the overall geometry. We ensure that the whole molecule
assembly is embedded in water. This configuration (for a
single fiber) is visualized in Fig. 1(b).

Before finite temperature, dynamical calculations are
performed, we carry out an energy minimization for sev-
eral thousand steps, making sure that convergence is
achieved, thus relieving any potential overlap in vdW
interactions after adding hydrogen atoms. In the second
step, we anneal the molecule after heating it up to a
temperature 7 = 300 K. The heat up rate is AT = 25 K
every 25 steps, and we keep the temperature fixed after
the final temperature 7 = 300 K is achieved (then we
apply a temperature control in a NVT ensemble’). We
also ensure that the energy remains constant after the
annealing procedure. The relaxed initial length of each
molecule (consisting of 30 residues in each of the three
chains) is L, = 84 A.

Depending on the details of the loading case, we then
apply mechanical forces using various types of constraint
and investigate the response of the molecule due to the
applied loading. Typically, we obtain force-versus-
displacement data, which is then used to extract mechani-
cal quantities such as stress and strain, using continuum
mechanical concepts by drawing analogies between the
molecular level and continuum mechanical theories.
Steered MD is based on the concept of adding restraint
force to groups of atoms by extending the Hamiltonian
by an additional restraint potential of the form 1/2kgyp
(r — r,)”. Unless indicated otherwise, we use a steered
molecular dynamics (SMD) scheme®* with spring con-
stant kgypp = 10 kcal/mol/A?. Tt was shown in previous
studies that this is a reasonable choice leading to inde-
pendence of the measured molecular mechanical proper-
ties from the choice of the SMD spring constant.”'

lll. COMPUTATIONAL RESULTS USING
ATOMISTIC MODELING

In the following section, we present a suite of studies
with different mechanical loading. The different loading
cases studied in this article are summarized in Fig. 3. The
different loading conditions and the objective of the spe-
cific calculation are: tensile testing (obtain Young’s
modulus) [Fig. 3(a)]; compression (compression resis-
tance) [Fig. 3(a)]; bending (bending stiffness and persis-
tence length) [Fig. 3(b)]; shearing two fibers (obtain
fiber-fiber interactions) [Fig. 3(c)]; disintegrating a
single fiber, by pulling out a single fiber (resistance with
respect to extreme mechanical impact) [Fig. 3(d)].

A. Tensile and compressive loading
1. Elastic deformation

First we discuss tensile testing of the fibers using the
nonreactive force field. After careful equilibrium of the

(@)
(b) I
(c)

(d)

FIG. 3. Overview of various load cases studied in this work. Our load
cases include (a) tensile loading in the axial direction of the molecule
(also including compressive test), (b) bending test, (c) shear test, and
(d) mechanically stimulated disintegration of a tropocollagen by pull-
ing out a single fiber. Note that in case (d), the polypeptide that is
pulled out (highlighted) is not fixed at the left end, whereas the other
two polypeptides are fixed.

structure of the collagen molecule, we apply a force at
one end while we keep the other end of the molecule
fixed. The loading case is shown in Fig. 3(a). By slowly
increasing the load applied to the collagen molecule,
while measuring the displacement d, we compute force—
displacement curves. The force versus displacement
curve F(d) can be used to determine a stress versus strain
curve, by proper normalization:

od)=——, (M

where A denotes an equivalent area of the cross-section
of a collagen molecule (see Sec. III. B on further details
how this quantity is estimated), and A = m-R* = 214.34
A2, assuming that R = 8.26 A (obtained from studies of
an assembly of two tropocollagen molecule as described
in Sec. III. C). Note that the stress is typically dependent
on the stretch d. The local (in terms of strain) Young’s
modulus E(d) is given by

E(d dy IF(d) 5

( - AC 8 d s ( )

where d,, is the initial, undeformed length of the collagen
fiber, and d, = 84 A. Note that Young’s modulus is
independent of the length of the molecule. The definition
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in Eq. (2) is a consequence of the fact that the stretching
force is expressed as a function of stretch d rather than
strain (o0 = Ee).

Figure 4 shows force versus displacement plots for
tensile loading for three different loading rates. The
loading rates in the three cases are 7, = 0.0001 A/step,
/= 0.0002 A/step, and 7, = 0.001 A/step. Young’s
modulus is determined as the tangential slope corre-
sponding to 10% tensile strain. Young’s modulus is ob-
tained as E,.,, = 6.99 GPa, E,., = 8.71 GPa, and E.,, =
18.82 GPa for increasing loading rates as specified
above. We observe an increase in stiffness for higher
loading rates. These results indicate that collagen fibers
show a rate-dependent elastic response.

Our estimate for Young’s modulus is in somewhat
agreement with results reported in Ref. 21, presenting a
value for Young’s modulus of around 4.8 + 1.0 GPa
(although they assumed a smaller radius of each tropo-
collagen molecule of R = 7.65 A). The reason for the
difference of our results could be the different force field
used, different boundary conditions, or different strain.

Figure 5 depicts snapshots of the tropocollagen mol-
ecule under increasing stretch. At large strains, the heli-
cal structure is lost, and the three polypeptides appear as
individual strands, then defining its elasticity by the be-
havior of covalent bonds. This is also confirmed in the
force—strain plot (Fig. 4). The “local” Young’s modulus
associated with large strains is given by EXE¢ = 46.7
GPa (slope indicated in Fig. 4).

Under compressive loading, we observe that the col-
lagen fiber can sustain only a relatively small load before

L gxled Force versus strain
1 T

1.6

1.4

Strain

FIG. 4. Force versus strain, pulling of a single collagen fiber. An
initial regime of flat, almost linear, elastic extension is followed by
onset of nonlinear stiffening behavior at larger strains beyond 35%
strain. This behavior can be explained by the fact that the tertiary
helical structure of the tropocollagen molecule begins to disappear and
the elasticity of each covalent bond in the single strand governs the
elastic response. This is also verified in Fig. 5. This represents a
significant distinction for the results obtained with reactive force
fields, suggesting failure due to strain/force localization. The loading
rates in the three cases are 7, = 0.0001 A/step (red curve), i, =
0.0002 A /step (blue curve), and r, = 0.001 A/Step (cyan curve).

buckling. Figure 6 shows load versus displacement
curves, and Fig. 7 depicts several snapshot as the colla-
gen molecule is subjected to compressive loading. The
maximum force level sustained before buckling is
Fax compr = 1050 pN, reached at about 5% compressive
strain. Young’s modulus under compressive loading, cal-
culated for very small strains up to 1.25%, is given by
Ecomp = 29.86 GPa. This indicates that the elastic tensile/
compressive behavior is asymmetric around the equilib-
rium position, with significantly higher compressive
modulus than tensile modulus. However, the maximum
load that can be sustained under pure compression is
much lower than that under tension due to buckling. We
note, however, that the situation may be quite different in
bundles of tropocollagen molecules due to geometric

constraints (the fibrils, see also the schematic in Fig. 1).

2. Fracture of tropocollagen molecules

Now we focus on the mechanical behavior of collagen
fibers using a reactive force field. The dominating forces
in collagen fibers are always in the axial direction of the
tropocollagen molecule, so this type of loading is most
critical in terms of the mechanical integrity.

Questions that we would like to investigate include:
Under which conditions do classical, nonreactive force
fields break down, and what are the limitations of these
methods? Do the results agree for small deformation?
The main question is, how are the mechanical properties
different once mechanical deformation is large and for-
mation and breaking of bonds are allowed? We pulled the
fiber until fracture occurs and study the details of the
fracture mechanisms. A central question we would like to
address is, to which strain and deformation levels (or,
equivalently, applied force level), can we rely on the
assumption of nonreactive force fields (this becomes im-
portant later when we discuss the mesoscale model).

We observe that the shape of the fiber changes from a
straight shape to an S-like shape as the load increases.
This change of shape leads to an increasing radius of
curvature in localized regions of the fiber (towards the
left and right ends). These regions with high curvature
represent regions of higher tensile stress. In agreement
with this notion, we observe that those regions lead to
onset of failure. This is shown in Figs. 8(a)-8(e).

A possible explanation for the transformation into the
S-like shape may be the different energy expression in
the reactive potential. The change of bond behavior at
large deformation is not linear, but instead, it is nonlin-
ear, eventually leading to bond rupture. This observation
underlines the importance of large-strain bond rupture
behavior, as found in several other studies of fracture of
brittle materials.*”*° The observation of transformation
into an S-shaped structure will be discussed in future
works, in particular with respect to the accuracy and
fitting of the reactive potential.
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(b)

FIG. 5. Stretching of a single collagen fiber using a classical nonreactive CHARMM force field. The helical structure unfolds with increasing
strain and vanishes at large deformation, the three strands become independent, and the covalent bonds between atoms govern the elasticity. This
loss in tertiary helical structure is represented by a change in tangent elasticity, as seen in Fig. 4, at strains beyond 35%.

Force versus strain
1200 T T

1000
BDO

Force pN

400 H-

H H
0.10 0,15 0.

Straln

foa

0% 20
FIG. 6. Compressive loading of the single fiber and a loading rate of
#, = 0.0002 A/step. The behavior under compression is significantly
different from that under tension, also revealing an asymmetry of the
elastic properties at small strains. The tropocollagen molecule starts to
buckle at about 5% compressive strain.

(c) (d)

FIG. 7. Collagen molecule under compressive loading (water mol-
ecules are not shown). The results suggest that upon a relatively small
load, the tropocollagen molecule starts to buckle and goes into a bend-
ing mode.

Figure 8(f) shows several plots of force versus strain.
The strength of the tropocollagen molecule is determined
to be F ~ 2.35 x 10* pN, reached at about 5%

max,tens

tensile strain. We find that the CHARMM description
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and the ReaxFF model agree for small strains up to ap-
proximately 10 percent strain.

We have repeated the tensile calculation for a single
polypeptide out of the three making up the tropocollagen
molecule. The strength of an individual polypeptide mol-
ecule is determined to be F, .,y ens = 0.713 x 10* pN,
reached at about 3.7% tensile strain. This is significantly
lower than that of the tropocollagen molecule [see Fig.

8(f), curve (iii)].

B. Bending a single tropocollagen molecule and
its persistence length

We perform a computational experiment to describe
the bending of a single fiber by clamping it at the bound-
aries and applying a force in the center of the collagen
fiber, as shown in Fig. 3(b). This is equivalent to the
three-point bending test widely used in engineering.
From the force—displacement data obtained by atomistic
modeling, the bending stiffness EI is given by

EI a’ 3)
48F 1
where F,,., is the applied force and d is the bending

displacement. Figure 9 depicts a load versus displace-
ment curve. Based on the simulation results, we estimate
EI = 9.71 x 107*° Nm?. The persistent length can be
estimated to be

“

where kg is the Boltzmann constant, and 7 is the tem-
perature. At 7 = 300 K, we find the persistence length
& = 23.4 nm, which is close to results obtained by ex-
perimental investigations suggesting a persistence length
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Force versus displacement
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FIG. 8. (a—e) Modeling fracture of a single collagen fiber. We observe a transformation from the initial straight shape to an S-shaped structure
at large strains, leading to fracture of an individual polypeptide. This transformation is found consistently for a variety of loading conditions. (f)
Comparing results for (i) nonreactive (CHARMM) modeling, with (ii) and (iii) reactive force field modeling. Curves (i) and (ii) show the results
of stretching force versus strain for a tropocollagen molecule, and curve (iii) depicts the results for stretching of a single polypeptide. Both theories
agree at small strains (up to about 10%) but deviate strongly at large strains. For the ReaxFF calculations we use kgy;, =10 kcal/mol/A? and
loading rate 7, = 0.0005 A/step [curve (ii)] and 7, = 0.00015 A/step. The ReaxFF calculations are carried out with much fewer water molecules

than the CHARMM calculations due to computational limitations.

of 14.5 + 7.3 nm."® This value is similar to other experi-
mental reports in the literature.’

C. Shearing two tropocollagen molecules

We continue with shearing experiments of an assem-
bly of two tropocollagen molecules. The objective is to
gain insight into the mechanisms and type of interactions
between two tropocollagen molecules in aqueous solu-
tion. We start with the geometry as depicted schemati-
cally in Fig. 3(d). We first equilibrate the system without

1954

application of any mechanical shear load. We find that
the equilibrium distance between two molecules depends
on the presence of solvent, and it is reduced if solvent is
present. With solvent present, we find an equilibrium
distance between two tropocollagen molecules of rgq =
16.52 A. All studies reported here are carried out with
water molecules present. We note that this equilibrium
distance leads to a molecular radius of 8.26 A.

We perform calculations with three different loading
rates, 7, = 0.0002 A/step, 7, = 0.00005 A/step, and
7, = 0.000025 A/step. We find that the resulting values
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FIG. 9. Bending displacement response of a single collagen fiber em-
bedded in a water skin to bending [three-point bending loading case as
shown in Fig. 3(b)]. For this simulation, we choose kgy;p, = 0.01
kcal/mol/A? and a loading rate 7 = 0.000,001 Alstep. The results
suggest a linear dependence of force and bending displacement for
small deformation.

= Y
rﬁ-W'
c)

(

are strain rate dependent. The maximum force decreases
with decrease in loading rate, assuming values F, .. ihear =
2900 pN, Faxshear = 1,100 pN, and F, . ear = 750 PN,
corresponding to the strain rates provided above. Using a
linear extrapolation to vanishing loading rate, we esti-
mate a maximum shear force of F, ., qcar = 466 PN,
corresponding to adhesion strength 7., = 5.55 pN/A.

Figures 10(a)-10(d) depict snapshots of the system as
it undergoes shear deformation. Figure 11(e) depicts the
force versus displacement curve as obtained during the
shearing experiment, for the largest and smallest loading
rate.

D. Pulling a single polypeptide out of a
tropocollagen molecule

Here we study pulling a single fiber out of the tropo-
collagen molecule. The results are shown in Fig. 11. We
find that the critical force required for pulling out a single
fiber is Fax ens = 1.15 x 10* pN. This is lower than the

3000

2000
=z
o
8
S 1500}
[T
1000
0 i i i i i
0 20 40 60 80 100 120
{e) Displacement (Angstrom)

FIG. 10. (a—d) The dynamics of shearing two collagen tropocollagen molecules. The solvation water molecules are not shown here, although they
are present in the simulation. The upper fiber is clamped at the left end whereas a force is applied at the right end of the lower fiber. Once the
applied force reaches a critical value, we observe (b) onset of sliding, eventually (d) fracturing the molecular assembly. (e) Shear force versus
displacement: curve (i) loading rate 7, = 0.000,2 A/step, and curve (ii) loading rate 7, = 0.000,025 A/step. The plot reveals that the maximum
shear force decreases with decreasing strain rate. In both cases, a level of maximum force is followed by a regime of constant decay of the force

due to continuous loss of adhesion area due to sliding of the two molecules across each other (since F.,. ~
max Deing the maximum shear force per unit length).

length between two fibers, and T,

Tmax ds» With d being the contact
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1, p%1e4 : Force versus strain
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FIG. 11. Pulling out a single polypeptide out of a tropocollagen mol-
ecule. The maximum force approaches 1.18 x 10* pN. We choose a
loading rate 7, = 0.002 A/step. A linear regime is following by a
slight stiffening regime at strains larger than 22%.

maximum strength of a triple helical molecule, being
Foaxtens = 2.4 X 10* pN. However, the maximum
strength of a single polypeptide is F, . tons = 0.713 x 10*
pN, lower than the maximum pulling out force. This
indicates that pulling out of a single fiber is not possible
due to rupture of the polypeptide during pulling. This
underlines the mechanical stability of the tropocollagen
molecule, being resistant to disintegration of pulling out
single fibers.

IV. MESOSCOPIC MODEL

The atomistic modeling results, carried out at the level
of individual polypeptide chains, tropocollagen mol-
ecules, and assemblies of those helped to develop a better
qualitative and quantitative understanding of the compet-
ing mechanisms and forces during deformation of colla-
gen at a microscopic level. This information is now used
to develop a mesoscopic model, in which beads con-
nected by different types of springs represent collagen
molecules, whereas all parameters are completely de-
rived from atomistic calculations. The motivation for
these studies is the desire to model larger length and time
scales. This is similar to training empirical potentials
from quantum mechanical data, as done successfully in
the past.”* The reduction of degrees freedom in the me-
soscale model enables one to study very long tropocol-
lagen molecules with lengths on the order of several
hundred nanometers, as well as bundles of tropocollagen
molecules. This approach enables reaching a “material
scale” and makes the overall mechanics of the material
accessible to atomic and molecular scale modeling.

We replace a piece of collagen molecule of length
84 A with 6 beads or particles, thus reducing the number
of particles by a factor of several hundred. In addition to
reduction of degrees of freedom, we can now also use

much larger time step for integration of the equations of
motion, as each bead has a large mass of several thou-
sand atomic mass units, enabling time steps of around
20 fs.

We emphasize that the influence of the solvent on the
behavior of the tropocollagen molecules is captured in
the model constants, so that no explicit modeling of those
is required, further simplifying the computational task.

A. Model development: Training from pure
atomistic results using energy and
force matching

The goal here is to develop the simplest model pos-
sible to perform large-scale studies of the mechanics of
collagen molecules, eventually leading to understanding
of the behavior of assemblies of such fibers. We assume
that we can write the total energy of the system as

E=Eq+Ey+Eyeu - 5)
The bending energy is given by

bp(e) = Vokg(e - ‘Po)z s (6)

with kg as the spring constant relating to the bending
stiffness. The resistance to tensile load is character-
ized by

d)T(”) = Voky(r — "o)2 > (7N

where k. refers to the resistance of the molecule to de-
form under tensile load. In addition, we assume weak,
dispersive interactions between either different parts
of each molecule or different molecules, defined by a
Lennard—Jones (LJ) function

12 6
(bweak(r) = 46([%] - |:%:| ) > (8)

with o as the distance parameter and e describing the
energy well depth at equilibrium. Note that the total en-
ergy contribution of each part is given by the sum over all
pair-wise and triple (angular) interactions in the system

E=) &) and Eg= > bgle) . ()

pairs angles

1. Equilibrium distances of beads and
corresponding masses

The mass of each bead is determined by assuming a
homogeneous distribution of mass in the molecular
model (which is an excellent assumption). The total mass
of the tropocollagen molecule used in our studies is given
by 8152.2 amu. We divide the total length of the tropo-
collagen molecule used in the MD studies into Ny, = 6
pieces, each bead containing 5 amino acid residues. Each
bead then has a weight of 1358.7 amu. Because the total
length of the molecule is L, = 84 A, the beads are
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separated by a distance r, = 14 A. The beads represent
different sequences in tropocollagen that when added to-
gether make the entire sequence.

2. Dispersive and nonbonding interactions

The LJ parameters are determined from the calcula-
tions of shearing two collagen fibers. In all these consid-
erations, we assume that a pair-wise interaction between
different tropocollagen molecules is sufficient, and that
there are no multi-body contributions. Based on these
assumptions, we model the interactions between different
molecules using a LJ 12:6 potential. The distance param-
eter o is given by

D o
o=—F~—=1472A , (10)
/2
where D is the equilibrium distance as measured in the
MD simulations, D = 16.52 A.

The shear strength (experiment described in Sec. IIL.
C) can be used to extract the LJ parameters for the weak,
dispersive interactions between two fibers. Note that this
interaction includes the effect of solvation water and
other bonding (e.g., H-bonds etc.).

The maximum force in a LJ potential, assuming a
single LJ bond is given by

A-e
Fmax,LJ = T ’ (11)

while noting that A = 2.3964 for the LJ 12:6 potential.
The parameter o is already determined, leaving only € to
train using a force-matching approach.

The parameter € can be obtained by requiring a force
balance at the point of rupture:

Frax LiVMD = Tmax' L = Finax (12)
This expression can be used to determine € as
Foax' O
= (13)
From atomistic modeling, we calculate F,,, allowing

to estimate numerical values for e. We find that e = 11.06
kcal/mol predicted from Eq. (13).

Based on the extrapolation of shear force F, ., gear =
466 pN corresponding to vanishing strain rate (see dis-
cussion in Sec. III. C), we finally arrive at a value € =
kcal/mol. This value is used in the mesoscopic model.

Even though not implemented in this model, variations
of the adhesion strength between different tropocollagen
molecules because of sequence patterns could easily be

modeled by changing € along the molecular length.

3. Tensile spring parameter

The tensile spring constant is determined from various
calculations of stretch versus deformation, while being
constrained to the regime of small loads and conse-
quently small displacements. The spring constant k. is
then defined as

kT _ NMDFappl i (14)
Ad
with Ad = L — L, being the displacement of the atomistic
model due to applied force F,,,. Based on the low-strain
rate tensile testing data discussed in Sec. III, we find that
Ky = 15.41 kcal/mol/A?,

4. Bending spring parameter

Using an argument of energy conservation between
the atomistic and the mesoscale model, we arrive at an
expression for the bending stiffness parameter kg

4A8-El-d*
8r3(0 — @)

where 0 = 2tan~'(d/r,), and d = F,,,,8r0/(48-El Note
that 0 is the angle corresponding to the displacement
d resulting from an applied force F,,,). We find that
kg = 14.98 kcal/mol/rad®. These expressions are valid
only for small deformations. The approach of fitting the
continuum elastic model to the bead model is visualized

in Fig. 12.

) (15)

B

B. Example modeling results with
mesoscopic model

Table I summarizes all parameters used in the meso-
scopic model. In the mesoscopic model, beads only in-
teract with their nearest neighbors to ensure that Eq. (11)
is valid.

(a)

)
FIG. 12. Matching conditions between the (a) continuum, atomistic

and (b) mesoscale model. We match the energy of both deformation
states to extract parameters for the mesoscopic model.
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TABLE I. Summary of mesoscopic parameters derived from atomistic
modeling, corresponding to Egs. (10), (13), (14), and (15), as well as
the discussion presented throughout Sec. IV.

Equilibrium head distance r, (A) 14.00
Tensile stiffness parameter k, (kcal/mol/A2) 15.41
Equilibrium angle ¢, (degrees) 180.00
Bending stiffness parameter kg (kcal/mol/rad®) 14.98
Dispersive parameter € (kcal/mol) 6.87
Dispersive parameter o (A) 14.72

(a)
(b)

f:_h\.‘\ \

’ ) /,f’”’;:;

/ /
/ & f
g 'I

(c) A

FIG. 13. The dynamics of a long single tropocollagen molecule,
lengths (a) L=14 nm, (b) L=28 nm, and (c) L=280 nm in water
solvent, using the mesoscale model at 7 = 300 K. The mesoscale
model enables simulations approaching several microseconds. Such
large-scale studies approaching microsecond time scales would not be
possible using full atomistic modeling. The results indicate that as the
length of the tropocollagen molecule is increased beyond the persis-
tence length, the molecule shows significant bending.

Here we report some example applications of the me-
soscopic models and leave more extensive studies to fu-
ture publications.

The models are implemented in the massively paral-
lelized modeling code LAMMPS (http://www.cs.
sandia.gov/~sjplimp/lammps.html),>” capable of running
on large computing clusters. The example calculations
reported here are carried out in single CPU environments.

Our computational modeling is performed with a num-
ber of moles, volume, and temperature (NVT) ensemble.
All studies are carried out at 7 = 300 K.

We focus on the long-time dynamical behavior of a
tropocollagen molecule with different lengths, including
L = 14nm, L = 28 nm, and L = 280 nm in aqueous
solution, a study not possible with pure atomistic meth-
ods. Snapshots of those simulations are shown in Fig. 13.
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5.00E+03 1

0.00E+00

FIG. 14. Overview of the various levels of mechanical strengths for
different loading cases, as obtained by atomistic simulation, for a
tropocollagen molecule with length L, = 84 A. 1t is evident that the
tensile fracture strength is largest with about 23,500 pN, while the
shear strength of an assembly of two tropocollagen molecules is low-
est, on the order of 466 pN, corresponding to adhesion shear strength
Toax =3.55 pN/A. These results suggest that the shear between two
fibers may play a critical role during deformation of collagen fibrils
and fibers.

The observation of the dynamics of the tropocollagen
molecule indicates that the tropocollagen molecule de-
scribed in the mesoscopic model is indeed beyond its
persistence length, in the present case L/& = 12.

V. DISCUSSION AND CONCLUSION

We have reported atomistic modeling to calculate the
elastic, plastic, and fracture properties of tropocollagen
molecules. Using full atomistic calculations, we pre-
sented a suite of calculations of different mechanical
loading types to gain insight into the deformation behav-
ior of tropocollagen molecules. Our results suggest that it
is critical to include a correct description of the bond
behavior and breaking processes at large bond stretch,
information stemming from the quantum chemical de-
tails of bonding. A critical outcome of these studies is the
observation that tropocollagen molecules undergo a tran-
sition from straight molecules to an S-shaped structure at
increasingly large tensile stretch. As a consequence, we
find that rupture of a single fiber does not occur homo-
geneously and thus at random locations, but instead, a
local stress concentration develops leading to rupture of
the molecule. Such information about the fracture behav-
ior of collagen may be essential to understand the role of
collagen components in biological materials. For ex-
ample, the mechanics of collagen fibers at large stretch
may play a critical role in the mechanical properties of
bone during crack propagation, and elucidation of its
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mechanical response in particular at large strains is of
critical importance during crack bridging in bonelike
hard tissues.>®*>®

We believe that reactive modeling that takes into ac-
count the complexity of chemical bonding may be criti-
cal in understanding the fracture and deformation behav-
ior of many other biological and protein-based materials.
Further, we find a strong rate dependence of the me-
chanical properties, including Young’s modulus (see
Sec. III. A. 1 and Fig. 4) and shear strength (see Sec. III.
C and Fig. 10). This is in agreement with the fact that
collagen is known to be a viscoelastic material.

We find that the properties of collagen are scale de-
pendent. For example, the fracture strength of individual
polypeptides is different from the fracture strength of a
tropocollagen molecule (see Fig. 8). This agrees with the
notion that the properties of many biological hierarchical
materials are scale-dependent.

Our results provide estimates of the fracture and de-
formation strength for different types of loading, en-
abling a comparison of different relative strengths.
Figure 14 provides an overview of the strength properties
of tropocollagen molecules, summarizing the relative
quantitative strength under different types of loading.
The results suggest that the tensile strength of tropocol-
lagen molecules is largest, approaching 2.4 x 10* pN,
while the shear deformation constitutes the weakest link
in the system, on the order of 466 pN. This further sug-
gests the importance of shear deformation on collagen
mechanics and opens the possibility to improve the ma-
terial behavior by tuning the shear resistance, for ex-
ample by introducing cross-linking. Indeed, such cross-
linking is known to exist in many collagen-based mate-
rials.

The simple mesoscale model reported here opens up
several possibilities for future studies, particularly at the
scale of fibrils and possibly fibers. The mesoscopic
model can be used to describe tensile experiments of
pulling long molecules, naturally including the effects of
entropy. Such results can be immediately compared with
experiments.’” The mesoscopic model can also be used to
probe how changes in the sequence would influence
macroscopic properties, including the possibility of cross
links. Such effects could be captured using the reactive
potential. Our numerical methods could eventually be
developed into engineering tools for recombinant DNA
technologies.

Future studies could be used to further improve the
mesoscopic model. For example, so far we have not in-
cluded the effect of variations in adhesion strength along
the axial direction of tropocollagen molecules. Similar
methods as those discussed in Sec. III. C could be used
for collagen molecules with different sequences leading
to different adhesion parameters. The importance of
chemistry could also be investigated in studies related to

enzymatic activity in the proximity of collagen. Addi-
tional work could thus focus on addressing some of those
aspects, including degradation of collagen due to en-
zymes, or other chemicals in the environment, similar to
stress-assisted cracking. We believe that the new reactive
force fields are a promising approach to address some of
those aspects of collagen mechanics.
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