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Abstract— Computational molecular dynamics simulations
are used to investigate the supramolecular structure of a
collagen fibril at an atomistic scale of resolution. The
simulations use a newly developed protocol that allows the
overall fibrillar structure of collagen to be studied, rather than
only providing data on individual, fully solvated proteins. The
data generated provide new information regarding the
arrangement of collagen proteins and water molecules within a
fibril, and the nature of the inter-protein attractions that are
responsible for the process of fibrillogenesis. It is anticipated
that this new approach to modelling a fibril will lead to a
better understanding of how collagen's material properties
depend on the dynamic behaviour of the underlying proteins
and water molecules.
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1. INTRODUCTION

Collagen is used in the field of tissue engineering as a
material for building scaffolds that have the potential to
direct cells into forming new tissue. It has an advantage
over any synthetic material as it is naturally the principal
protein component of the extracellular matrix, and so it is
biocompatible and has low immunogenicity. Collagen is a
highly complex material: the underlying proteins have a
very long, non-repeating amino acid sequence, and they
aggregate in combination with water to form fibrils with a
specific supramolecular arrangement. This complexity in
structure makes collagen correspondingly complex to han-
dle as a material. A typical protocol for making a collagen
scaffold might involve stimulating a solution of the proteins
to gel into fibrils, compressing the gel to remove excess
water, and then using cells to slowly resorb and remodel the
collagen into the micro-architecture of a natural tissue [1].

Generally, when manipulating a material for a given
function, it is advantageous to understand how its underly-
ing structure contributes to its material properties. Molecu-
lar dynamics (MD) simulations provide an effective way of
bridging between these atomistic-scale interactions and
macroscopic observable properties [2]. In a typical MD
simulation, a molecular system is first built on an atom by

atom basis, and the system dynamics are then calculated by
applying classical equations of motion to each atom. The
atoms are allowed to interact with each other as they would
in the real system, for example via covalent bonds, electro-
static interactions, or Van der Waals forces. The calculated
trajectory represents a statistical ensemble of different
atomic configurations accessible to the system, and so the
material's bulk properties can be predicted by taking appro-
priate averages from this ensemble.

Although MD simulations have long been used in both
the fields of protein science and materials science, simula-
tions of collagen have so far remained fairly limited in
terms of what they can tell us about collagen as a material,
because most MD simulations to date have only modelled
short segments of a collagen protein under conditions where
they are fully solvated by water molecules [3-5]. Although
this has given us insight into the nature of collagen's triple
helix conformation, it does not tell us about the molecular
organisation within a fibril, or how the dynamic behaviour
of the proteins and water molecules are affected when they
are packed together into a fibrillar environment. Extending
these molecular dynamics simulations from a single mole-
cule to an entire collagen fibril would ordinarily be prob-
lematic because such an increase in the system size would
require prohibitively large computational resources.

We have developed a new protocol for modelling the
structure of the full collagen fibril, including its constituent
proteins and intrafibrillar water molecules, whilst retaining
the detail of the system at the atomistic scale. This new ap-
proach works by modelling the system as a densely packed
unit cell and then applying periodic boundary conditions in
such a way that it generates the supramolecular structure
inferred from x-ray diffraction experiments. The periodic
unit cell is small compared to the size of an entire fibril, and
so the computational requirements for this approach are
relatively modest. This is an approach that would be more
commonly associated with modelling crystalline solid mate-
rials, but we find that it can work for collagen even though
there are many differences between a fibril and a genuine
crystal, in that collagen proteins are large, flexible, disor-
dered, and partially solvated.

A. El Haj and D. Bader (Eds.): 8th International Conference on Cell & Stem Cell Engineering, IFMBE Proceedings 30, pp. 3901 1.

www.springerlink.com



40

1. Streeter and N.H. de Leeuw

Fig. 1 Triple helical segment of a collagen protein showing atomistic resolution

II. METHODS

The first stage in performing these simulations was to
build the system with an appropriate starting conformation.
The primary structure of the type I collagen protein was
taken from the sequenced genes COL1Al and COL1A2.
The local conformation of collagen's triple helical structure
is known from high resolution x-ray crystallography of col-
lagen-mimetic peptides [6]. The supramolecular arrange-
ment of collagen proteins is also known from x-ray diffrac-
tion of the fibril, but the spatial resolution of this latter ex-
periment is a lot lower [7]. The initial system conformation
was therefore inferred by combining these data: the local
conformation was consistent with the high resolution data
for collagen-mimetic peptides and the overall protein shape
and topology was consistent with the low resolution data of
the entire fibril. The programme THeBuScr was used to
generate the local conformation of the helix [6], and then a
python script written in-house was used to translate this into
the correct supramolecular topology. Entry 1yOf in the
online RCSB Protein Data Bank contains the crystallo-
graphic details of the supramolecular structure of collagen,
including the orientation and position of the proteins in rela-
tion to the periodic unit cell [8].

Water molecules were placed in the unit cell to fill all the
intrafibrillar spaces. For each collagen protein, 11980 wa-
ters were added, which equates to 0.75 g water / g collagen,
and is therefore consistent with previous studies of fibrillar
water content [9]. This quantity was selected using a trial
and error approach: any more water caused the unit cell to
expand beyond its crystallographic dimensions, but any less
water led to a contraction.

This ratio of protein to water highlights the key differ-
ence between these simulations and standard simulations of
proteins. Proteins are nearly always modelled by using a
unit cell and by applying periodic boundary conditions, but
normally an excess of water is used so that the unit cell is
large to the extent that proteins from neighbouring cells do
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not directly interact with each other. Our simulations use
relatively little water in such a way that the unit cells reflect
the densely packed structure of the collagen fibril.

Molecular dynamics were performed using the software
Amber 9, which is commercially available and is designed
specifically for simulating large biomolecules [2]. A stan-
dard protocol was followed for the simulations: the system
was first minimised to remove any bad contacts, and then
heated and equilibrated at constant volume for 120 ps. Fi-
nally the trajectory was calculated under constant pressure
conditions for 20 ns.

III. REesuLts

The MD simulation of the collagen fibril ran successfully
for 20 ns and the system was stable throughout. The tropo-
collagens flexed and gyrated within their positions due to
thermal energy, but they remained in a triple helix confor-
mation and the overall supramolecular arrangement of the
proteins was preserved. Water molecules were more dy-
namic: they appeared to be fairly fluid as they flowed
and rotated within the intrafibillar spaces left vacant by the
proteins.

Figures 1-3 show various images of the system taken at
the end of the 20 ns trajectory. Figure 1 shows a short seg-
ment of a tropocollagen with atomistic resolution. Each
alpha chain is shown in a different colour, and it can be seen
how they twist around each other in a triple helix conforma-
tion. Figures 2 and 3 show cross sectional slices of the fi-
bril, taken perpendicular to and parallel to the fibril's long
axis, respectively. For both figures, each protein is shown in
a different colour, and it can be seen how they have a paral-
lel allignment and are tightly packed to the extent that they
interact directly with one another. Water molecules are also
shown (red and white), and they fill all of the intrafibrillar
spaces and are largely disordered in terms of their positions
and orientation.
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Fig. 2 Axial cross section of the fibril

The energy within the system decreased gradually for the
first 8 ns, indicating that the molecules were slowly relaxing
during this period to find more stable positions and to opti-
mise intermolecular interactions. This is a fairly long time
period for a relaxation, but it is no surprise given that
the collagen molecules are so large, and that the starting
conformation did not come directly from an experimental
atomistic structure.

Although the system energy was stable after the initial 8
ns, the collagen proteins continued to gyrate and flex, and
this was therefore interpreted as motion due to thermal en-
ergy rather than motion due to any relaxation process. The
proteins were observed to be more flexible in the gap region
of the fibril where the molecular packing is not as dense as
in the overlap region. This can be quantified in terms of the
root mean square fluctuation (rmsf) of the protein's alpha
carbon atoms; that is the root mean square distance of each
alpha carbon from its average position over the course of
the simulation. In the densely packed overlap region, the
average rmsf of alpha carbon atoms was 1.5 A; the corre-
sponding rmsf in the gap region was 2.7 A. It is important to
note that this increased flexibility in the gap region is mani-
fested as the bulk movement of entire proteins, and not as
any conformational change in the helix itself.

IV. DiscussioN

The simulations of the collagen fibril described here have
a number of unusual features that are worth emphasising.
Typically, MD simulations of proteins only ever consider a
single protein in a fully solvated state, not in a densely
packed environment as in a collagen fibril. Conversely,
densely packed environments are often considered in
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Fig. 3 Lateral slice through the fibril

computational studies of materials such as crystalline solids,
but these studies rarely have to consider molecules as large
as type I collagen, which is over 300 nm long. Our simula-
tions have therefore combined techniques used by both of
these branches of computational science to achieve a com-
pletely new approach to modelling the collagen fibril with
atomistic resolution.

The simulations reported here give a helpful insight into
the nature of the collagen fibril. They give an impression of
a fibril that is dynamic rather than static, with collagen pro-
teins continually flexing and gyrating within their fibrillar
positions, and with water molecules lubricating this motion
by continually flowing and rotating in all of the intrafibrillar
spaces. This flexibility of structure is particularly apparent
in the gap region of the fibril, as indicated by the rmsf of the
alpha carbon atoms in this region. The tropocollagens are
less densely packed in this gap region, and there is a higher
proportion of water molecules, which increases fluidity.

An important feature of this simulation method is that it al-
lows a study of the manner in which the densely packed colla-
gen proteins interact with each other. One type of important
interaction is the inter-protein hydrogen bond, which could be
an important factor for bringing strength to the collagen fibril
and for driving the process of fibrillogenesis. Such inter-
protein hydrogen bonds were observed to be a common
feature in these simulations. They generally occurred either
between two hydrophillic amino acid sidechains from two
neighbouring tropocollagens, or between the protein backbone
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of one protein and an amino acid side chain in its neighbour.
Conversely, it was very rare to observe a hydrogen bond be-
tween two protein backbones in two neighbouring tropocolla-
gens. All inter-protein hydrogen bonds were dynamic and
transient; they were continually being broken and reformed
due to the fluidity in the fibril structure. These observations
provide new insight into the nature of protein-protein interac-
tions, which would not have been possible had we only per-
formed a more traditional MD simulation of a single fully
solvated protein.

It is interesting to consider the role of intrafibrillar water
molecules in the collagen fibril, as it is known from experi-
ments that water is critical to collagen's material properties
[10]. It can be seen from Figure 2 that water molecules sur-
round all of the proteins, and in many places find them-
selves sandwiched between two neighbouring proteins. We
find that on average 44.0% of all intrafibrillar water mole-
cules are found within 3.2 A of a protein, measured as the
distance from the water's oxygen atom to the nearest protein
non-hydrogen atom. This distance corresponds to the first
hydration shell, and it demonstrates the high proportion of
intrafibrillar water that is in direct contact with a protein.
Water molecules in close association with proteins gener-
ally behave differently compared to the bulk liquid phase,
and they have slower rates of translation and rotation. Pre-
vious computational studies have shown that collagen dis-
torts the structure of water up to a distance of 6 A away
from its surface. We find that only 5.8% of intrafibrillar
water molecules lie further than 6 A away from their nearest
protein in our simulations of a collagen fibril. This high-
lights a feature of collagen that is common to many biologi-
cal systems in that the vast majority of the constituent water
is very different in character to bulk water in the liquid
phase. In the case of collagen, this is likely to be a pertinent
point when considering mineralisation and the formation of
apatite crystals, which are nucleated in the intrafibrillar
spaces, and are likely to be sensitive to the nature and dy-
namics of their local environment.

V. CONCLUSIONS

The most important conclusion from this work is that it is
now possible to simulate an entire collagen fibril whilst
retaining atomistic resolution, provided one takes advantage
of the periodic unit cell as revealed by x-ray diffraction.
This is an important step forward that takes us away
from modelling single collagen molecules, and brings us
towards models that give us a better understanding of larger
scale collagen structures. We acknowledge that the model
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described still cannot tell us everything about a collagen
fibril. For example, because the simulations use an infinitely
repeating unit cell, they tell us nothing about the outer sur-
face of a collagen fibril. However, it is hoped that this new
simulation protocol can be just the first in a series of steps
towards achieving simulations that reveal the underlying
interactions responsible for collagen's material properties.

The initial results from this simulation method have
given an interesting description of the fibril. In particular, it
has highlighted the dynamic and disordered nature of the
proteins and water molecules at small length scales, even
though the fibril has a fairly regular packing arrangement at
larger length scales. It has told us new information regard-
ing the positions of inter-protein hydrogen bonds, and it has
demonstrated the close association of the water and protein
phases, which emphasises that the water molecules are in a
very different environment to a pure liquid phase and the
proteins are in a very different environment to a fully sol-
vated state.

REFERENCES

1. Cheema U, Nazhat S, Alp Burgak et al. (2007) Fabricating tissues: an
analysis of farming versus engineering strategies. Biotechnol Biopro-
cess Eng 12:9-14

2. Case D, Cheatham T, Darden T et al. (2005) The Amber biomolecular
simulations programs. J Comput Chem 26:1668—1688

3. Klein T, Huan C (1999) Computational investigations of structural
changes resulting from point mutations in a collagen-like peptide. Bio-
polymers 49:167-183

4. Ravikumar K, Hwang W (2008) Region-specific role of water in col-
lagen unwinding and assembly. Proteins 72:3120-1332

5. Raman S, Parthasarathi R, Subramanian V et al. (2008) Role of length-
dependent stability of collagen-like peptides. J Phys Chem B
112:1533-1539

6. Rainey J, Goh M (2004) An interactive triple-helical collagen builder.
Bioinformatics 20:2485-2459

7. Orgel J, Irving T, Miller A (2006) Microfibrillar structure of type I
collagen in situ. Proc Natl Acad Sci USA 103:9001-9005

8. RCSB Protein Data Bank at www.rcsb.org/pdb

9. Sivan S, Merkher Y, Wachtel E et al. (2006) Correlation of swelling
pressure and intrafibrillar water in young and aged human interverte-
bral discs. J Orthop Res 24:1292—-1298

10. Nomura S, Hiltner A, Lando J et al. (1977) Interaction of water with
native collagen. Biopolymers 16:231-246

Corresponding author:

Ian Streeter

Institute of Orthopaedics and Muscoluskeletal Science
University College London

Brockley Hill

Stanmore HA7 4LP

UK

Email: i.streeter@ucl.ac.uk




	Atomistic Simulations of Collagen Fibrils
	INTRODUCTION
	METHODS
	RESULTS
	DISCUSSION
	CONCLUSIONS
	REFERENCES



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




