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INTRODUCTION

Collagenisacrucialstructuralproteinmaterial,formedthrougha
hierarchicalassembly oftropocollagen molecules,arranged in
collagenfibrilsthatconstitutethebasisforlarger-scalefibrilsand
fibers.Osteogenesisimperfectaisageneticdisorderincollagen
characterized bymechanicallyweakenedtendon,fragilebones,
skeletaldeformitiesandinseverecasesprenataldeath.Eventhough
manystudieshaveattemptedtoassociatespecificmutationtypeswith
phenotypicseverity,themechanismsbywhichasinglepointmutation
influencesthemechanicalbehavioroftissuesatmultiplelength-scales
remainunknown.Inthisstudy,wereportaseriesofsystematic
molecularscalebasedbottom-upcomputationalexperimentsfocused
onpurecollagenoustissue,carriedoutusingatomistic-levelmolecular
dynamics (MD), adaptive Poisson-Boltzmann solver (APBS)
calculations,andamesoscalemolecularmodelofcollagenfibrils.

RESULTS

Weinvestigateeight30-amino-acid-longtropocollagensegments,
created using the triple-helicalcollagen building scripttool
(THeBuScr)andsolvatedinawaterbox.Eachpeptidestructureis
[(GPO)5-(XPO)-(GPO)4]3,where theX position is occupied by
glycine,alanine,serine,cysteine,arginine,valine,glutamicacid,or
asparticacid.Themoleculardynamicssimulationsareperformedwith
theGROMACScodeandtheGROMOS9643a1forcefield.The
stretchingiscarriedoutbyusingsteeredmoleculardynamics(SMD)
atavelocityof1m.s-1afterproperequilibration.

Figure 1. ReductionofYoung'smodulusofasingletropocollagenmolecule,
asafunctionofthe(a)glycinereplacementandasafunctionof(b)OI
severity

Atthemolecularlevel,thestretchingsimulationsrevealasoftening
effectofthemutationonthetropocollagenmolecules(Fig.1).The
effectofmutationattheintermolecularlevelwasmeasuredby
determiningtheintermolecularenergylandscape(Fig.2a).Theresults
showthatthemutationshaveadeleteriouseffectbyincreasingthe
intermolecularequilibriumspacingandreducingtheadhesionenergy
(Fig2b,c).ItcanalsobeobservedonbothFig.1and2thattheeffect
onthesofteningandthereductionofintermolecularinteraction
increaseswiththeseverityofthemutation.
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Figure 2. InfluenceofOImutationsonthemechanicalpropertiesofa
collagenfibril,leadingtoasignificantreductionofmechanical
strengthandyieldstrain,inthecaseofhighlycross-linkedorcross-
linkdeficientfibrils.

Themesoscalemodelofcollagenfibrilsisidenticaltothatreportedin
[4,5],withmodificationstoreflectchangesinthesegment'sstiffness
andintermolecularinteractionsobservedinthemostseverecaseofOI
mutation.

Wefindthatthepresenceofmutationsleadstoasignificantchangein
themechanicalresponseofcollagenfibrils.Fig.3ashowsalossin
strengthofmorethan35% inacross-linkfreefibril.Thelossof
strengthisevengreaterinacross-linkedfibril(reductionof50%).Fig.
3bshowshowthepresenceofamutationattheendofamolecule
effectsitsmechanicalresponse,inthecaseofacross-linkedfibril.

Thesestrengthreductionsfindanexplanationinthefactthemaximum
shearstressalongthemoleculeinthemutatedcaseismuchhigher
thaninthenon-mutatedcase(between40and70%higher,depending
inthecontentofcross-link)(Fig.3c).

DISCUSSION

WehaveidentifiedthreemajoreffectsofOImutationsonthe
mechanicalpropertiesofcollagenoustissuesatultra-smallscales.
First,atthesinglemoleculelevel,wheremolecularsofteningoccursas
thediseaseseverityincreases.Second,attheintermolecularlevel,
wheremutationsleadtoaweakeningofintermolecularadhesionand
increaseofintermolecularequilibrium spacingasdiseaseseverity
increases,leadingtoareductioninlikelihoodofcross-linkformation.
Third,atthecollagenfibrillevel,whereOImutationsleadtoreduction
instrengththroughachangeinthestressdistributionwithinfibrils.
Ourworkshowsthatmicroscopiceventsinvolvingonlytensto
hundredsofatomscantriggertissuefailurewithpotentiallysystem
widecatastrophicconsequences.Futureworkcouldbefocusedon
othergeneticdiseasesassociatedwithcollagen,suchasAlport’s
syndrome[6].

Figure 3. InfluenceofOImutationsonthemechanicalpropertiesofa
collagenfibril,leadingtoasignificantreductionofmechanical
strengthandyieldstrain,inthecaseofhighlycross-linkedorcross-
linkdeficientfibrils.
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