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Collagen is the most important structural protein in biology and is responsible for the strength

and integrity of tissues such as bone, teeth, cartilage and tendon. Here we report a systematic

computational sequencing of the effect of amino acid motif variations on the mechanical

properties of single tropocollagen molecules, with a particular focus on elastic deformation at

varying applied strains. By utilizing a bottom-up computational materiomics approach applied to

four model sequence motifs found in human type I collagen, we show that variations in the

amino acid motif severely influence the elastic behavior of tropocollagen molecules, leading to

softening or stiffening behavior. We also show that interpeptide interactions via H-bonds vary

strongly with the type of motif, which implies that it plays a distinct role in the molecule’s

stability. The most important implication of our results is that deformation in tropocollagen

molecules is highly inhomogeneous, since softer regions deform more than stiffer regions,

potentially leading to strain and stress concentrations within collagen fibrils. We confirm the

hypothesis of inhomogeneous molecular deformation through direct simulation of stretching of a

segment of tropocollagen from human type I collagen that features the physiological amino acid

sequence. Our results show that the biomechanical properties of tropocollagen must be

understood in the context of the specific amino acid sequence as well as the state of deformation,

since the elastic properties depend strongly on the amount of deformation applied to a molecule.

1. Introduction

Collagen, the most abundant protein in vertebrates, is a

connective tissue protein that is responsible for the mechanical

strength and integrity of many tissues such as bone, teeth,

cartilage and tendons.1–10 Collagenous tissues typically consist

of triple helical tropocollagen molecules that have highly

conserved lengths of L E 300 nm with a molecular diameter

of roughly 1.5 nm. In fibrous collagens such as type I collagen,

self-assembly of fibrils and fibers occurs by entropy-driven

alignment of molecules along each other in a well organized,

periodic fashion, stabilized by intermolecular adhesion and

cross-links between lysine and hydroxylysine. These staggered

arrays of tropocollagen molecules form collagen fibrils,

that arrange to form collagen fibers and other higher order

assembly patterns (Fig. 1(a)). The biological role of collagen is

directly related to its mechanical properties, which is evident

since it is found in key structural protein materials such as

bone, tendon, cartilage and fascia. For example, in bone

collagen plays the role of a biological glue that effectively

links mineral platelets to form a strong and tough nano-

composite. In tendon, the ability of collagen to store energy
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Insight, innovation, integration

The integration of an engineering analysis based on

molecular dynamics simulation used here to identify Young’s

modulus and other mechanical properties of the fundamental

constituents of collagenous tissue brings about a synergistic

integration of technology and biology, with great potential

for biomedical advances to better understand genetic

diseases associated with a breakdown of collagenous tissues.

Specifically, an innovative utilization of the bottom-up

approach via molecular dynamics as put forth in our paper

shows for the first time that, due to variations in the

amino acid sequence, tropocollagen molecules feature highly

heterogeneous mechanical properties at the nanoscale,

leading to an inhomogeneous distribution of deformation

within molecules. Our study provides a quantitative

link between genetic information and the mechanical

properties of the most abundant constituent of connective

tissues in biology, enabled by a computational biology

approach.
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at large deformation without breaking is important for

locomotion, where collagenous tissue acts as a spring between

muscle and bone. Similar strengthening effects due to collagen

are found in blood vessels and in the skin. The collagen

content in fascia, a soft tissue constituent of the connective

tissue system that permeates the human body, is vital to its

ability provide structural integrity and to act as a shock

absorber. A highly organized, crystalline form of collagen is

found in the cornea and in the lens of the eye, where it provides

both structural stability as well as optical properties. Several

medical disorders have been linked to a breakdown of

collagen, including genetic diseases such as osteogenesis

imperfecta (brittle bone disease), Ehlers-Danlos syndrome

(extreme stretchability of skin and fragile blood vessels), as

well as Alport syndrome (kidney disease). Specifically in

genetic disorders, structural changes to the biochemical

make-up of individual collagen molecules are responsible for

higher-length scale catastrophic tissue failure. Furthermore,

the response of collagen to mechanical shock and large

deformation is crucial for the understanding of various tissue

injuries.

In this article we focus on the mechanical properties of

single tropocollagen molecules, the basic constituent of all

collagenous tissues. Since the typical physiological loading

condition for collagenous tissues is tensile loading, we emphasize

our analysis on the mechanical response of tropocollagen

molecules under axial stretch. Earlier studies on tropocollagen

molecules and collagen fibrils using optical tweezers11–14 and

AFM/MEMS devices,15–18 as well as bottom-up molecular

dynamics simulations19–23 have not explicitly considered the

effects of the amino acid sequence on the resulting material

properties. Larger-scale models of collagen molecules and

fibrils based on a series of springs10 have not yet incorporated

molecular-level sequence information into the constitutive

description. In particular, most theoretical and simulation

studies have been focused on model sequences of tropocollagen

sequences, based on synthetic collagen-like peptides.24 Even

though all tropocollagen molecules show a particular sequence

pattern universal to all collagenous proteins (e.g. glycine is

found at approximately every third residue), there exists a

significant variation of sequence patterns throughout the

molecule. The variation of the sequence patterns may result

in significant changes in the mechanical behavior. This is

because the mechanisms of energy storage and release and

the mechanisms by which side chains move with respect to

each other under deformation could be strongly influenced by

key biochemical parameters such as the side chain volumes or

alterations in charged groups. For example, the volumes of the

residue side chains range from 60 Å3 for glycine to 227.8 Å3 for

tryptophan, which may control the equilibrium structure of a

relaxed molecule without any load being applied. Similarly,

the charge content of side chains varies significantly and could

Fig. 1 Collagenous tissue structure and models description. Connectives tissues such as bone or tendon are composed of type I collagen, arranged

in several levels of hierarchy. Panel (a) represents four of those hierarchical levels as observed in tendon. Panel (b) shows the locations of the four

model collagen segments (each 30 residues long) that are investigated in this paper. Panel (c) displays the number of occurrences of the model

collagen segments in human type I collagen. The motifs studied here are (GPO)3, (GAO)3, (GPA)3 and (GEQ)2(GEK), where G, P, A, O, E, Q and

K stand for glysine, proline, alanine, hydroxyproline, glutamate, glutamine and lysine, respectively. Panel (d) shows how a ‘‘motif’’ is defined.

Panel (e) illustrates how the boundary conditions are applied and which Ca carbons are designated in the first strand in order to compute the local

strain using eqn (5).
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severely influence the molecular properties. However, the

effect of such sequence variations on the mechanical properties

remains poorly understood thus far.

Here, we resolve this issue by explicitly considering the effect

of amino acid sequence on the resulting mechanical properties

of tropocollagen. To enable a systematic, quantitative analysis

we define four model sequences. The sequences studied here

are composed of 10 repeats of the motifs (GPO)3, (GAO)3,

(GPA)3 and (GEQ)3(GEK), where G, P, A, O, E, Q and K

stand for glycine, proline, alanine, hydroxyproline, glutamate,

glutamine and lysine, respectively. The analysis reported

here therefore includes four distinct molecules comprised of

30 residues each (since there are three chains in a tropocollagen

molecule, the total number of amino acid residues considered

is 3 � 30 = 90). Fig. 1(b) shows the locations of the four

model collagen segments that are investigated in this paper.

Fig. 1(c) displays the frequency of occurrence of the

four collagen motifs in physiological human type I collagen

molecules. The (GPO)3 motif is the most frequent one,

followed by the (GAO)3 and (GPA)3 motifs, respectively.

The (GEQ)2(GEK) motif is the one that appears least

frequently. After creating atomistic models of these model

collagen segments (including relaxation and equilibration),

we measure the force–extension history and carry out a

comparative analysis between the four models, focusing on

the variation of stiffness as the deformation of the molecule is

increased (the derivative of the force–extension history).

Following the analysis of the four model collagen segments we

also investigate the stretching behavior of a model that features

the physiological sequence of human type I collagen. The key

steps in the experimental protocol are summarized in Fig. 2,

where the tensile loading condition is depicted in Fig. 2(c).

2. Results and discussion

We begin our analysis by carrying out tensile deformation tests

of the four tropocollagen model segments. The stress-strain

curves corresponding to the four collagen model sequences are
shown in Fig. 3(a), and the associated Young’s moduli are

depicted in Fig. 3(b). The analysis shows that the Young’s

moduli range between 4 and 10 GPa for small values of strain.

These moduli are consistent with experimental studies11–14 and

earlier molecular dynamics simulation results.19–25 The results

further show that the shape of the Young’s modulus depen-

dence on strain and the quantitative numerical values are

strongly affected by the amino acid motif. It can either be a

strictly increasing function of the strain, such as in the case of

(GPO)3 motif, or a decreasing and subsequently increasing

function, as it is the case for (GEQ)2(GEK). In addition, the

values of Young’s moduli change drastically as the stain

increases. The shaded bands in the plots represent the

standard deviation over the three runs per motif, providing

support for statistical significance of the results put forth here.

We continue with a comparative analysis of the results

shown in Fig. 3. Fig. 4(a) shows the relative ratio between

the (GPO)3 motif (here taken as a reference case) and the three

other motifs, defined as:

Z ¼ EX � EGPO

EGPO
; ð1Þ

Fig. 2 Illustration of simulation protocol used to equilibrate, relax

and stretch tropocollagen molecules. The molecular dynamics

simulation protocol consists of three steps. In step I, we equilibrate

the water box through adaptation to the controlled pressure. In step II,

we perform protein relaxation, where one end is fixed and the other

end is kept aligned in the direction orthogonal to the molecular axis.

Step III consists of carrying out steered molecular dynamics (SMD)

stretching under constant velocity pulling. The dots in the graphs

correspond to water molecules (solvent).

Fig. 3 Nanomechanical response for varying sequences. Panel (a)

shows the stress strain behavior for the four model collagen segments

studied here. For strains less than 25%, each motif exhibits a distinct

behavior (where the results are highly repeatable). For strains larger

than 25% all four curves approach each other, corresponding to the

beginning of stretching of the protein backbone (which is expected to

be independent of the motif of amino acids). Panel (b) shows the

Young’s modulus as a function of strain, for all four model collagen

segments. The results show a significant variation in Young’s modulus

for the four sequences, as well as a strong dependence of it on the

applied strain.

454 | Integr. Biol., 2009, 1, 452–459 This journal is �c The Royal Society of Chemistry 2009



where X is (GPA)3, (GAO)3 or (GEQ)2(GEK). For strain less

than 15%, those three motifs are softer than the reference one,

whereas for strain greater than 15%, they become stiffer. The

difference in the Young’s modulus can reach up to 50%. Past

25% deformation, the ratio Z approaches zero, which is

consistent with the fact that all Young’s moduli approach

the same value as the backbone is being stretched and thus the

stiffness is no longer influenced by the type of motif (the

structure of the backbone is identical in all amino acids).

Interestingly, at e E 15%, the values for Young’s modulus

for all cases seems to approach the same value. A more general

measure of the difference of the stiffness is given in Fig. 4(b); it

corresponds to the average of the ratio defined above (over all

strains considered).

Fig. 5 presents the evolution of H-bonds in each of the four

sequences during stretching. We find that each sequence

exhibits a different pattern. The amount of H-bonding

starts decreasing at around 6% strain for (GPO)3 and

(GAO)3, whereas it remains roughly constant for (GPA)3
and (GEQ)2(GEK). At 15% strain, we observe a change in

the slope of all the four curves, which may partly explain why

all moduli approach the same value at this particular strain

level (since the stiffness relates to the rate of H-bonds

breaking). At large strain, the ratio between the number of

H-bonds is at a maximum between motif (GPO)3 and

(GEQ)2(GEK). The number of H-bonds in the latter is

approximately five times greater than in the former. This

result shows that the stability of the molecule, which is related

to the number of H-bonds, is affected by the type of motif

composing the protein.

Our results show a significant effect of the amino acid motif

on the resulting mechanical properties. This result has

important implications for the deformation of physiological

tropocollagen molecules, which are composed of a diverse

combination of sequence motifs along the molecular axis.

Specifically, since the elastic stiffness varies over the sequence

and thus along the molecular axis, we expect that mechanical

deformation will be heterogeneous, where some regions of the

molecules are stretched more (the softer regions), and others

are stretched less (the stiffer regions). To test this hypothesis,

we carry out a tensile test of a segment of the tropocollagen

molecule that features the exact sequence of human type I

collagen.

Fig. 6(a) represents the local deformation along the first a1
chain of the triple helix, showing a measure of the local strain

(a measure for the local deformation) over the length of the

tropocollagen molecule, for a segment of a collagen molecule

that features the exact sequence of human type I collagen. The

graph reveals regions of relatively small deformation, that is,

stiffer motifs (bluish, ‘‘cold’’ colors) and regions of large

deformation, that is, softer motifs (reddish, ‘‘hot’’ colors)

(Fig. 6(b)). The representation depicted in Fig. 6(c)

shows the deformation averaged over the last 100 ps of the

simulation, when the total strain is approximately 13%. This

visualization facilitates a straightforward comparison of the

local strain values with the average strain values, characterized

by the dotted red line. The plot clearly shows that the

distribution of strain is highly inhomogeneous, suggesting a

significant heterogeneity of the stiffness along the molecular

axis. The largest and smallest strains represent 32% less and

34% more compared with the average strain, respectively.

The large local strains pose the question about whether

or not covalent bond breaking may be induced. In the

results presented here, at an overall strain of 13%, the most

Fig. 4 Young’s modulus (stiffness) comparison for varying

sequences. Panel (a) shows the relative ratio between the Young’s

modulus of the reference case (GPO) and the three other cases. We

observe that at a certain deformation, this relative ratio can exceed

25%, even reaching 50% at approximately 7% strain for the motif

(GEQ)2(GEK). Panel (b) shows the average of the ratios of the data

shown in panel (a).

Fig. 5 Evolution of the number of H-bonds during stretching for

varying sequences. This figure shows how the motif can influence the

way H-bonds break. For motifs (GPO)3 and (GAO)3 the amount of

H-bonding reduces by 70% over 30% strain, whereas for cases (GPA)3
and (GEQ)2(GEK), the number of H-bonds remains roughly the same.

This indicates that the stability of the protein is affected by its sequence

motifs.
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stretched section in the molecule reaches approximately 17%

strain. Earlier molecular dynamics studies of stretching

a collagen-like peptide using the first principles based

reactive force field ReaxFF22 (with a full description of the

chemistry of bond breaking and formation) suggest that

bond breaking does not occur until approximately 50%

molecular strain is reached. These results indicate that at the

strain levels considered here no covalent bond rupture is

expected to occur.

3. Discussion and conclusion

The key insight reported in this paper is that the type of

amino acid motif that defines the tropocollagen molecule has

significant effects on its mechanical properties, a phenomenon

that has not yet been quantitatively investigated in the literature.

Our study thereby makes a link between biochemical parameters

(amino acid sequence) and associated biologically relevant

functional properties (elasticity, stiffness, energy storage

capacity). The findings reported here have important

implications in understanding the elasticity and strength

properties of a broad range of connective tissues, as they

elucidate the fundamental heterogeneous nanomechanical

response of collagen’s basic constituent. Through molecular

dynamics simulation, applied to provide a quantitative

assessment of the mechanical properties of single tropocollagen

molecules, we showed that changes in the composition lead to

large changes in the stiffness, with a relative change of the

elastic stiffness reaching 50%. Our results further corroborate

the notion that collagen molecules constitute a highly

nonlinear material, and that the mechanical properties should

not be compared at a single deformed configuration but must

be understood in the context of continuously changing strain,

as they evolve during the elongation of the molecule. Finally,

consistent with our finding that the motif controls the

deformation of tropocollagen molecules, the stiffness of a

type I tropocollagen molecule model with the physiological

sequence varies continuously along the molecule, displaying a

distribution of stiff and soft regions. The change of large and

small deformation regions within the collagen molecule could

potentially lead to strain and stress concentrations within

collagen fibrils (where many collagen molecules are assembled

in a staggered fashion into larger structures as shown in

Fig. 1(a)). Specifically, relatively soft regions within the

collagen fibril might behave similarly to small cracks and

induce intermolecular sliding and unfolding at defined

locations and in a defined sequence. In light of this hypothesis,

the characteristic distribution of stiff and soft regions within

the molecular packing might perhaps be related to the

biomechanical function at varying levels of strain.

More generally, the precise control of unfolding of specific

domains at defined levels of strain could provide a means to

link biochemical sensing (e.g. via protein docking) to mechanical

deformation, which could be crucial in understanding mechano-

transduction processes. For example, the regions in Fig. 6 that

show large levels of strain, or perhaps larger patterns of

distributions of strain, may resemble highly specific binding

sites for proteins associated with biochemical signaling

cascades that are activated when collagen molecules are under

severe mechanical stress (e.g. to initiate tissue remodeling).

This concept of mechanically induced biochemical lock-and-key

coupling in the context of signaling cascades might not only

apply to collagen, but also to many other extra- and intra-

cellular filamentous proteins found in biology that have

been associated with mechanotransduction mechanisms

(e.g. intermediate filaments).

Our results illustrate the importance of a computational

biology approach through molecular dynamics simulations for

two main reasons. Firstly, such a method offers great flexibility

Fig. 6 Local deformation of a segment of human type I collagen

molecule. Panel (a) represents the local deformation along the

first a1 chain of the triple helix. The strain is measured by computing

the relative displacement of Ca carbons in each of the glycine amino

acids (one every three residues). Panel (b) is a top view of the plot in

panel (a). Panel (c) exhibits regions of low deformation (stiffer)

and regions of high deformation (softer) relative to the average

deformation.
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in the molecular definition as opposed to experimental

approaches that have to cope with existing molecular

compositions or that would have to create these molecules

through genetic engineering approaches. Secondly, our

bottom-up approach provides a rapid, inexpensive computa-

tional microscope suitable for the rapid screening of a great

variety of motifs. This approach enables us to quantify the

nanomechanical response specific to particular amino acid

motifs, at resolutions in space and time unmatched to any

experimental protocol. These methods are fundamental to

facilitate breakthroughs in understanding collagenous tissue

behavior through a bottom-up approach that links nano to

macro. Future studies could focus on linking the mechanical

heterogeneities to the chemical and physical properties of the

amino acids that make up the particular sequence motifs. For

example, computational inference methods could be used to

solve the inverse problem of identifying sequence patterns and

associated biochemical properties related to stiff and soft

regions, respectively.

The computational biology approach utilized here provides

theoretical predictions of the behavior of a tropocollagen

molecule at the interface of structural mechanics, structural

biology and biochemistry. Specifically, the results put forth in

this study show that biochemistry and biomechanics cannot be

considered independently. In conventional biomechanics,

collagenous tissues such as cartilage or bone are typically

treated as bulk materials, characterized by parameters such

as Young’s modulus, Poisson’s ratio and some measure of

anisotropy (that is, orientation dependence of properties). Our

study shows that there exist significant local structural and

property variations at many relevant tissue scales, from nano

to macro (amino acid, molecular, fibrillar, etc.) that can not be

captured by conventional nonlocal continuum theories.

Our finding that specific changes in the tropocollagen

sequence motif modulate the mechanical properties at the

molecular level is a computationally driven hypothesis, which,

if confirmed by experimental studies, can have profound

implications on our understanding of genetic components of

many connective tissue diseases. In order to validate this

hypothesis experimentally, further studies should be carried

out. Even though currently there are no experimental results

available that consider the deformation of tropocollagen

molecules along the molecular axis under applied deformation,

in a recent experimental study26 it was found that (under no

stretch applied) the axial pitch per residue is not uniform along

the molecular axis. Specifically, the distances between amino

acids were found to range between 2.70 Å and 3.04 Å,

somewhat close to our predictions ranging between 2.82 Å and

3.28 Å (referring specifically to the first segment investigated

here). Future experimental studies might be carried out in a

similar setting but with external strain applied to the molecule,

thereby enabling a direct comparison with the theoretical

predictions reported here. Our results may also be combined

with spring models of collagen,10 where simulation results as

reported here could provide quantitative input from a bottom-up

perspective towards a multi-scale model of collagenous tissues.

The significance of the findings reported here reaches

beyond the specific application to collagen. Similar sequence

dependent mechanical properties may be found for many

other structural proteins, such as elastin or keratin, or

intermediate filaments such as actin or microtubules. A

quantitative understanding of fundamental relationships

between mechanical properties and sequence patterns could

also be critical to enable the design of novel peptide based or

genetically engineered biomaterials. Currently, many existing

biomaterials show deficiencies with respect to mechanical

properties, a limitation that might be overcome by including

a better understanding of the relevance of specific sequence

patterns in the design process.

The integration of an engineering analysis (e.g. to identify

Young’s modulus and other mechanical properties) applied to

a biological material (collagenous tissue) brings about a

synergistic integration of technology and biology, with great

potential for biomedical advances. For example, a quantitative

understanding of the effect of motif on mechanical properties

of the basic collagen building block and its relationship to

the amino acid sequence may be crucial to advance our

understanding of a broad range of genetic disorders associated

with defects in collagen genes, including osteogenesis

imperfecta, Ehlers-Danlos syndrome, Alport syndrome, and

dwarfism (e.g. in spondyloepiphyseal dysplasia congenital,

SED).27–31 For these medical disorders, an association of the

disease phenotype with changes of mechanical properties of

connective tissue has been established, without knowing

the underlying mechanisms. Our work helps to establish a

quantitative link between the level of genetic information and

resulting mechanical properties and how the overall tissue

behavior changes. To further explore behavior of collagenous

tissues at larger scales, additional analysis of intermolecular

interaction (e.g. adhesion) and the associated mechanical

properties of collagen fibrils and tissue should be carried

out, perhaps using methods of multi-scale modeling and

simulation.21 Such work could be based on the results reported

here and is left to future studies.

4. Materials and methods

4.1 Model structures and geometries

Four model collagen segments (model A) are investigated, as

well as a portion of real human type I collagen (model B). For

model A, the four model segments are composed of different

motifs repeated 10 times, leading to molecules with a total of

90 residues. A motif is defined here as a unit block of

tropocollagen, composed of three chains of three residues,

that is, by a total of 9 amino acids. These motifs are (GPO)3,

(GAO)3, (GPA)3 and (GEQ)2(GEK), where G, P, A, O, E, Q

and K stand for glycine, proline, alanine, hydroxyproline,

glutamate, glutamine and lysine, respectively. The first three

motifs are relatively frequent in type I collagen, whereas the

last one is encountered only once and was chosen randomly

among the 245 distinct motifs with similar frequency of

occurrence (Fig. 2(b–c)). The segment of real type I collagen

corresponds to the first 1/13th of the triple helical region,

starting from the N-terminal. The full amino acid composition

of this tropocollagen molecule is based on the gene sequences

GenBank RefSeq NM_000088.3 and NM_000089.3, and can

be found in www.le.ac.uk/ge/collagen/COL1A1_numbering.
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pdf and www.le.ac.uk/ge/collagen/COL1A2_numbering.pdf.

The sequence corresponding to the segment studied here is

listed below. For both a1 chains: GPMGPSGPRGLPGPP-

GAPGPQGFQGPPGEPGEPGASGPMGPRGPPGPPGK-

NGDDGEAGKPGRPGERGPPGPQGARGLP. For the a2
chain: GPMGLMGPRGPPGAAGAPGPQGFQGPAGEP-

GEPGQTGPAGARGPAGPPGKAGEDGHPGKPGRPGE-

RGVVGPQGARGFP.

The input structures are created using the software

THeBuScr,32,33 which enables us to build a tropocollagen

structure based on any specified amino acid sequence. Each

segment comprises of 30 amino acids per chain for model A

and 78 for model B, which is equivalent to an approximate

length of 90 Å and 230 Å, respectively. This assures a

reasonable computational time (the simulations take 12 days

on several CPUs on a linux cluster; thus longer segments are

currently computationally inhibited).

All proteins are solvated in a periodic water box using

VMD. The dimensions of the box are 150 Å � 30 Å � 30 Å

for model A and 350 Å � 30 Å � 30 Å for model B. The

solvent is composed of TIP3P water molecules. Each system

includes a total of approximately 16 500 atoms for model A,

and 53 000 atoms for model B.

4.2 Computational method and parameterization

Molecular dynamics (MD) simulations are carried out using

the NAMD code and the CHARMM force field34 that

includes parameters for hydroxyproline amino acids. The

electrostatic interactions are modeled by the particle-mesh

Ewald sums (PME) method. Energy minimization is performed

using a conjugate gradient (CG) scheme. The equilibration is

then carried out at a temperature of 310 K (= 37 1C). Finally,

stretching of the proteins is performed via the steered

molecular dynamics (SMD) method.35 This method is

based on the concept of pulling the center of mass of a

collection of chosen atoms via a spring along the direction

of the molecular axis, while keeping the center of mass of

another group of atoms fixed through a stiffer spring. Here,

the spring constants are ksteered = 3 � 105 kJ mol�1 nm�2 and

kfixed = 4 � 103 kJ mol�1 nm�2.

Each simulation is set up in three steps as follows (see also

Fig. 2(b)):

Energy minimization (10 ps) and equilibration (100 ps) of the

water molecules with fixed protein atoms. This enables the

water box to adapt its shape in order to reach the controlled

pressure without disturbing the protein configuration.

Energy minimization (10 ps) and equilibration (1000 ps) of the

entire system. During this period, the molecule is clamped on

one side and restrained on the other side to x-displacements as

depicted in Fig. 2(b). Thus, the molecule can freely expand to a

relaxed state, remaining parallel to the pulling direction.

Stretching of the molecule for 5 ns. The Ca carbons at the

N-terminal are fixed while the Ca carbons at the C-terminal

are displaced at a constant velocity v = 1 m s�1. Each of the

four cases is repeated three times to facilitate statistical

analysis.

All simulations are performed in an NPT ensemble (that is,

constant number of particles, constant pressure, constant

temperature), coupled to a thermostat at 310 K, at a pressure

of 1 atm.

4.3 Analysis of nanomechanical properties

The stress s inside the protein is defined as the ratio between

the force exerted to the molecule F and its cross-section area A,

where A is taken to be 214.34 Å2 (following a suggestion put

forth in ref. 22). The stress is defined as

s ¼ F

A
: ð2Þ

The strain e describes the relative elongation of the protein. If

L is the length at a given time and L0 the initial length, the

strain e (engineering strain) is given by

e ¼ L� L0

L0
; ð3Þ

where L0 was set to 90 Å, corresponding to the average of all

initial molecular lengths of the 12 runs carried out.

Young’s modulus E relates the stress and the strain and is

generally dependent on the state of deformation (that is, strain e)
and gives a measure of the stiffness of the material. In the

elastic approximation, it is defined as the derivative of the

stress with respect to strain evaluated at the strain e (generally,
Young’s modulus depends on the strain)

EðeÞ ¼ dsðeÞ
de

: ð4Þ

The raw force and displacement data are stored every 100

integration steps, where the time step used in our simulation

is 1 fs. The force–displacement data are converted into

stress–strain curves using the relations and parameters given

above (stress = force divided by molecular cross-sectional

area, and strain is derived by measuring the elongation divided

by the initial length). The results are then averaged in 0.5%

increments of strain over intervals of 3% strain, from 0 to 30%

strain, which results in 60 bins. Finally, a fourth order

polynomial is fitted to the bin averaged results to obtain a

smooth relation between the stress and strain that can be used

to carry out the differentiation defined in eqn (4) (where

the Young’s modulus is calculated by computing the first

derivative of s(e)). The results are depicted as the averaged

stress–strain and modulus–strain curves over the three

simulations carried out for each sequence. The standard

deviations are represented by pastel bands. The upper (or

lower) edge of each band is defined as the average value plus

(or minus) the standard deviation over the three cases. They

enable to measure the statistical relevance of the discrepancies

between stresses and Young’s moduli.

4.4 Physiological type I collagen segment

Local deformation was extracted from SMD simulations in

order to point out the influence of the variety of amino acids in

the mechanical properties. To do so, the relative displacement

is computed in each chain, using a 5% strained state as the

initial configuration in order to preclude perturbations due to

thermal agitation. Measurements are performed on Ca

carbons in each of the glycine amino acids (that is, for one

in every three residues). The strain is measured by computing
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the relative displacement of Ca carbons in each of the glycine

amino acids (one in every three residues) as follows:

eði; tÞ ¼
xGly
Ca
ði þ 1; tÞ � xGly

Ca
ði; tÞ

xGly
Ca
ði þ 1; 0Þ � xGly

Ca
ði; 0Þ

: ð5Þ

Note that in Fig. 5, the first value of the strain computed in the

first chain was removed because the first Ca carbons at the

N-terminal in the three chains are fixed and slightly staggered.

Therefore, the second Ca carbon in chain 1 cannot expand as

much as the other and the deformation at that position can not

be considered for the evaluation. This is illustrated in Fig. 1(e).
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