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Abstract

Molecular dynamics simulations of collagen are used to investigate at the atomistithle nature
of the interprotein interactions that are present within a collagen fibril, amdhaare responsible
for the fibril's thermodynamic stability. Simulations both of a collagen fibril and &dlly solvated
tropcollagen are compared in order to study the interactions that arisedretive proteins upon
the process of fibrillogenesis. The interactions studied include direcpiotein hydrogen bonds,
water-mediated interprotein hydrogen bonds, and hydrophobic interacfitie simulations are used
to quantify the number of interprotein interactions that form; to study whichtfanal groups con-
tribute most towards the interactions; and to study the spatial distribution gbiatein interactions
throughout the fibril's D period. The processes of collagen fibrillogexend protein folding are then
compared with each other, because these two physical processesngtmgr similarities in concept,
and the latter has been more widely studied. Molecular dynamics simulationsaotexibphage T4
lysozyme protein, both in its native state and in and unfolded state, aresiaedlstrative example

of a typical protein folding process, for direct comparison with the cofiegimulations.



1 Introduction

Collagen is a protein that plays an important structural role in the extracefhatiix of all species
of vertebrates. Under physiological conditions, solvated collagen proteins spontalyeagygregate
to form long thin fibrils with diameters in the range 20-500 fim,a process known as fibrillogen-
esis. These collagen fibrils are tough and have a high tensile strengtthegnare the fundamental
building blocks of structural tissues such as bone, cartilage and tefithensubject of this paper is
the intermolecular interactions that arise upon the formation of a collagen bbth, between the
tightly packed neighbouring proteins, and between the proteins and inttafilvater molecules.
These molecular interactions direct and control the process of fibrilegigrthey are responsible for
the thermodynamic stability of the fibril and for the supramolecular arrangeofigmoteins within
the fibril. Furthermore, these intermolecular forces act to resist anyrdafimn of the fibril under
external stress, and they therefore contribute significantly to collageatisrial propertie$.*

Figure 1 illustrates the structure of a collagen protein and a collagen fibglpfdiein, known as
a tropocollagen, consists of three polypeptide strands, which are twisted iong triple helixX At
both ends of the rope-like helix there are short non-helical regionakias telopeptides. Note that
the protein illustrated in Figure 1 is not shown to scale; its length, which is aippately 300 nm,
is 200 times longer than its diameter, which is approximately 1.5 nm, and the noattrelitons
account for only 3.5% of the amino acid sequence.

In a collagen fibril the tropocollagens lie in a staggered parallel arrange@e shown in Fig-
ure 1b. The arrangement has a degree of regularity, with a constardipiy in the axial direction
of approximately 68 nm, referred to as a “D” period. Although there areyro#trer types of protein
in nature that interact to form higher-order structures, the collagehifibrotable as one of the few
protein aggregates to display a characteristic periodicity and to have saghlar packing arrange-
ment. Because collagen is truly periodic in the axial direction, one canidesccertain feature (e.g.
a telopeptide) as residing at a certain position in the D period, with the implicatibthibdeature
also appears in every other D period throughout the fibril. Figure livslkizat each tropocollagen
spans approximately four and a half D periods, which gives rise to botowemlap” region and a
“gap” region within each period. In the cross section of a fibril the troflagen proteins are packed
together in a quasi-hexagonal arrangenfefand all remaining spaces between the proteins are filled

with intrafibrillar water molecules. As collagen fibrils maturevivo, they are strengthened by the



formation of covalently bonded cross links between neighbouring protaihghe structures initially
formed upon fibrilllogenesis are stabilised only by non-covalent interasfidnterprotein covalent
cross links are therefore not considered any further in this paper.

The physical process of collagen fibrillogenesis appears to have nmaifgrgies in concept to the
process of protein folding, which has been studied and documented ingreater detaif-14 In the
latter process, a linear polypeptide chain folds to form a protein with a wéhetkthree-dimensional
shape that is determined entirely by its amino acid sequence. Similarly, becdlagen fibrillogene-
sis is a spontaneous process, the information needed to build a fibril mesttagned entirely within
the tropocollagen’s amino acid sequence. For both processes, timgdadrce is the optimisation of
hydrophillic and hydrophobic interactions, which sufficiently overcomeetigopic barrier associ-
ated with forming a more ordered structure. In the case of fibrillogenesisgtregation of collagen
proteins causes favourable interactions to form between the amino acichsiiths of neighbouring
molecules. Indeed, it can be shown by analysis of collagen’s amino apigisee that the number
of favourable interprotein interactions between two neighbouring trdfagems is maximised when
they are staggered by an integer multiple of the length of a D period, as theyhan packed into a
collagen fibril®

Despite the apparent similarities between collagen fibrillogenesis and glgivotain folding,
we demonstrate in this paper that the analogy is limited, and that there are stahk: moechanis-
tic differences between the two processes. We have used moleculanidgr(®ID) simulations of
collagen both in its fibrillar state and in its fully solvated state, so that comparsam$e drawn
between the two. To model the collagen fibril we have used a molecular dymamjroach that
was described recentl§,which accounts for the densely-packed local environment within a fipril b
exploiting periodic boundary conditions. This new approach to modellingigditiers from the ma-
jority of previous computational studies in this area, which typically modelled simbyt fragments
of the collagen protein in a fully solvated state, rather than in a fibrillar erwigonl’—21

In order to compare and contrast the processes of fibrillogenesisrateinpfolding, we also
present MD simulations of a bacteriophage T4 lysozyme protein, both in itslglotative state and
in an unfolded staté This lysozyme has been the focus of many previous computational studies into
protein stability and folding®—2°>and it is used here as an illustrative example of a typical globular

protein containing regions of both-helix and 3-sheet. The T4 lysozyme does not contain any



disulfide bonds, and therefore, analogously to a collagen fibril, its tersi@ogture is maintained

entirely by non-bonded interactions.

2 Methods

Four different systems were modelled using all-atom molecular dynamics sinmglatocollagen

fibril comprising type | collagen proteins and intrafibrillar water moleculesstdme type | tropocol-
lagen protein but in a fully solvated (non-fibrillar) state; a solvated bagtieaige T4 lysozyme protein
in its native folded state; and the same solvated lysozyme in a completely unéaldfmimation.

All molecular dyanmics simulations were carried out using SANDER, whichrisgiahe AM-
BER 9 software?® The simulations used the protein-specific force field ffo9S&nd the proteins
were solvated using explicit TIP3P water molecules. The non-bondeddtiters in the ff99SB
force field are described by pairwise additive Lennard-Jones Gaighpals and pairwise additive
coulombic potentials, which were calculated using the particle-mesh Ewald summtica cut-off
radius of 8.04.28

For all four systems, the MD simulations used a 2 fs time step, and bond lengthgng hy-
drogen were constrained with the SHAKE algorithfnAfter an initial minimisation to remove any
bad contacts, the systems were heated to 310 K (physiological tempegdtaog)stant volume, and
then equilibrated at a constant pressure of 1 atm using the Berendsestakia algorithm with a
1.0 ps atm? relaxation time, except where stated otherwis€or the two collagen simulations and
for the unfolded lysozyme simulation, the periodic unit cell was extremely lologéndirection, and
so it was found that anisotropic coordinate rescaling was more appegrén isotropic rescaling for
maintaining constant pressure, which required a small modification to the AAt®He, as described
previously*® This anisotropic rescaling involved allowing small variations in length to the eflisc
shortest two edges (in the directions perpendicular to the molecule’s las)g bxt constraining the

longest edge (in the direction parallel to the molecule) to a constant length.

2.1 Collagen fibril

The molecular dynamics simulations of the collagen fibril followed a protocolhths recently been
described in detai!® This protocol achieves the tightly packed arrangement of the collagégimso

in the fibril by using a densely packed unit cell and applying periodic Hannconditions in a manner



that is more commonly associated with simulations of inorganic crystalline solidgital system
conformation could not be obtained directly from experimental data, secaway crystallography
of a collagen fibril does not provide atomic resolution. However, a suitthléing conformation was
inferred by combining data from high resolution structures of crystallisidgen-mimetic peptides
and low resolution structures of the supramolecular fibrillar arrangement.

A possible low-energy conformation of a tropocollagen was first géegzsing the programme
THeBuScr (Triple Helical collagen Building Script), which uses high retsmtuexperimental data to
predict and build an all-atom model of a collagen triple hélixdowever, this programme predicts
a perfectly straight conformation of a collagen molecule; it makes no attempetticpthe larger
fibrillar structure, or the presence of any bends or kinks in the triple h&lve supramolecular fib-
rillar structure was therefore taken from a lower resolution x-ray diffom experiment of a collagen
fibril. 3 The latter experiment tells us the overall shape of the collagen moleculeendrrange-
ment relative to a periodic triclinic unit cell, with edges referred taaab andc. It also tells us
the approximate conformation of the non-helical telopeptideBhe unit cell is extremely long and
thin: it measures 677.9Q in the c direction, which represents the fibril's D period, but only 3907
and 26.95A in the a andb directions, respectively, which lie perpendicular to the fibril's long axis.
The collagen protein itself is over SOdOIong, which makes it more than four times longer than the
unit cell that defines its periodicity, just like the schematic in Figure 1b. Ouatalh model of the
fibril was built so that the local conformation of each tropocollagen waggwerated by THeBuScr,
but the overall protein shape and fibrillar arrangement was that giygheblow resolution x-ray
structure.

Water molecules and chloride ions were placed in the periodic unit cell ussngrtgramme
LEaP, which is part of the Amber Tools softwafe.For each tropocollagen molecule, 11985 in-
trafibrillar water molecules were added, which equates to a fibrillar wat¢esbaf 0.75 g water / g
collagen. This quantity of water was selected previously using a trial and approach, such that
the crystallographic dimensions of the fibril were conserved during atantpressure MD simula-
tion; any more water led to an expansion of the crystallographic unit celgriputess water led to a
contractiont®

In total, the MD trajectories of the system were calculated for a 60 ns time panddhe atomic

coordinates were recorded every 40 ps. The analysis in this papesad ba the final 25 ns of the



trajectory, during which the system energy was stable and the fibrillaoooation was in agreement
with experimental measurements, as reported previdsRor this system only, the simulations at

constant pressure used a barostatic relaxation time of 5 psatm

2.2 Solvated tropocollagen

The starting conformation of the fully solvated type | tropocollagen was takettly from the
final conformation of the same protein in the collagen fibril simulations destiib&ection 2.1.
For this simulation, the protein was placed in a much larger unit cell containiag2a39 thousand
water molecules, which prevented any interaction between the protein ananitsesiodic images.
The orthorhombic unit cell was more than 30(°§)Oong in the direction parallel to the protein, and
approximately 50 long in each of the other orthogonal directions. To neutralise the cluardlee
protein, 33 chloride anions were added to low energy positions usingdigegonme LEaP.

The system was heated and equilibrated at constant volume for 20 ptheandquilibrated at
constant pressure for a further 400 ps. For the analysis in this gapdyction MD was run for 1 ns,

and the atomic coordinates were recorded every 10 ps.

2.3 Native lysozyme

The initial conformation of the bacteriophage T4 lysozyme protein came frerarifstal structure in
the protein databank (entry 2Izm), which was measured by x-ray diffraatia resolution of 1k.22
The unit cell also contained 8500 explicit water molecules and eight chlamdeto neutralise the
protein’s charge.

The system was heated and equilibrated at constant volume for 80 peqaitidrated at constant
pressure for a further 800 ps. For the analysis in this paper, produdiibwas run for 1 ns, and the

atomic coordinates were recorded every 10 ps.

2.4 Unfolded lysozyme

The bacteriophage lysozyme protein, with the same amino acid sequencé dssitrébed in Sec-
tion 2.3, was simulated with a completely unfolded conformation. To create thimgtsiructure, a
script was used to place backbone carbon and nitrogen atoms suctethalyiheptide chain extended

in an overall straight line of approximately 580 These atoms all lay in the same plane, and all bond



lengths and bond angles between them were of appropriate valuesrdgrarpme LEaP was then
used to add all other protein atoms, including the amino acid side chains, wdiithgbalternately in
opposite directions in the plane so that neighbouring side chains wouldtamdéh The orthorhom-
bic unit cell was approximately 628 long in the direction parallel to the chain, and approximately
35Ain the orthogonal directions. In addition to the polypeptide, the unit celfainad 27 thousand
water molecules and eight chloride ions to neutralise charge.

The system was heated and equilibrated at constant volume for 80 p#jeandquilibrated at
constant pressure for 800 ps. For the analysis in this paper, prodbébowas run for 1 ns, and the
atomic coordinates were recorded every 10 ps. In order to maintain thigldl@eptide chain in an
unfolded conformation, harmonic restraints of 1.0 kcal Tdl—1 were put on the @ atoms of the

two terminal amino acids in the chain.

3 Results and Disussion

Figure 2 shows typical images of the four different systems that wereltaddiyy molecular dynam-
ics simulations. Figure 2a shows a thin cross sectional slice of the modelledgesofiaril, in which
it can be seen how periodic boundary conditions were used to creatgiaumus array of aligned
collagen molecules. The neighbouring tropocollagens were packed iasklygxagonal arrange-
ment, and were sufficiently close together that there were direct interadietween neighbouring
proteins. Neighbouring tropocollagens were staggered by integer multiftles D period, as shown
in schematically in Figure 1b, and the unit cell contained both an overlapragitba gap region. The
empty intrafibrillar spaces that can be seen between the proteins were filtedrater (not shown),
with 11985 water molecules per tropocollagen molecule. The supramolectdagament of the
proteins in the modelled collagen fibril was closely based on x-ray diffraetiperiments? and we
have previously discussed in detail the unusual aspects of this systemm@ndgits treatment by MD
simulationst®

Figure 2b shows a short section of the modelled solvated tropocollagéch whs structurally
identical to those in the fibril simulation, but which was surrounded by many mvater molecules
than in the fibrillar system, such that there were no interprotein interactidrsimiage shows only a
120A section of the rope-like protein, but the complete 360@ng molecule was modelled.

Figure 2c shows a representation of the lysozyme protein as it was modelledhativts state,



with a-helix regions shown in purple arfgisheet regions shown in yellow, and Figure 2d shows a
short section of the same protein in a fully unfolded state. The latter imagesdhrdwa section of

10 amino acids, but the complete peptide of 164 amino acids was simulated.bé caen that the
unfolded conformation was created such that consecutive sidechairiegin opposite directions,
to prevent any sidechain interactions. We acknowledge that this extrentelyded conformation

is likely to be an over-exaggeration of an unfolded proféiand so our calculations based on this
system, presented in Section 3.2, represent an upper bound of thetiotesahat arise during the
protein folding process.

For all four systems, the unit cell volume and energy stabilised at conghurgs within the
time periods allotted for equilibration, as described in Section 2. It was alstrroed that the
quantitative measures of interprotein interactions, reported in Section$1@.3.2, had stabilised
within the equilibration period. The proteins retained their secondary atnatyestructure throughout

the production MD simulations.

3.1 Hydrogen bonded interactions in the collagen fibril

The strongest individual noncovalent interaction that can arise betiveeneighbouring collagen
proteins is a hydrogen bond, by which we include hydrogen bonds bategpositely charged amino
acids, which are sometimes alternatively categorised as electrostatic atsattisriherefore likely
that any interprotein hydrogen bond could contribute to the stability of the fibsiiftacture and could
influence the fibril's mechanical propertig$:1> The equivalent interactions are well known in the
process of globular protein folding, in which intramolecular hydrogerdsarise in the folded con-
formation involving the peptide backbone and polar groups in amino acidhsige:® 135 The
relative strength of intramolecular protein hydrogen bonds versusggdrbonds to water, and their
tendency to assist the process of protein folding, has been debatedaieghtfic literature, and gen-
eral opinion on the subject has often chang&@ihe current prevailing opinion is that intramolecular
hydrogen bonds in a globular protein do indeed have a net stabilising effehe folded conforma-
tion, and, in some theories of protein folding, backbone—backbon®ggdrhonding is the dominant
driving force for this proces¥:

In the collagen fibril, we are particularly interested in two types of hydrdgmmded interaction,

which are shown in Figure 3. The first is a direct interprotein hydrogerdpwhich in Figure 3a is



shown between a hydroxyproline hydroxyl group in one tropocollageha glycine carbonyl group
in its neighbour. The second is a bridging water molecule, which links two adfjampocollagens
by forming hydrogen bonds to each of them simultaneously, and which imé=8&uis shown linking
the two proteins via a hydroxyproline hydroxyl group in each one. stgraviously been postulated,
based on experimental observations, that these bridging water moleouldshe the driving force
for fibrillogenesis and a dominant interaction in stabilising the fibrillar structtifé

A script was used to search for intermolecular hydrogen bonds and larédges in each set of
recorded coordinates from the collagen simulations, taking care to inchydhat spanned over the
periodic boundary of a unit cell. We only counted water bridges for wttierhydrogen bonds were
cooperative, which is to say the water donated a hydrogen to one proitiacaepted a hydrogen
from the other. It should be noted that the ff99SB force field doesxpioily contain an energy term
for hydrogen bonds, and so their presence in the modelled systemsaresedue to electrostatic
and Van der Waals interactioRS For the purpose of this analysis, an intermolecular interaction was
designated a hydrogen bond if the two electronegative atoms were clase8 @A and the angle
made with the hydrogen was greater than 150°. This definition of a hydtoged is consistent with
definitions used in previous MD studies of the collagen structdrkee absolute number of hydrogen
bonds identified depended on the stringency of these criteria. Therdier absolute values of the
data presented in this section are not as important as the overall trenpatterds they describe. It
was confirmed that these reported trends did not change significanttyavless stringent definition
of a hydrogen bond was used.

In the MD simulations of the fully solvated collagen protein, each tropocollaeaverage
formed 5034 hydrogen bonds with surrounding water molecules at amyiroe. In the simulated
collagen fibril, each tropocollagen on average formed 4625 hydrogedstto water and 392 hydro-
gen bonds to another protein. The tropocollagen therefore formed a stotdhnumber of inter-
molecular hydrogen bonds in both environments, but within the fibril only ©88%ese were direct
protein—protein interactions. These results contrast with the number whént interactions found
in globular protein folding, for which there is a greater propensity for ipfolactional groups to form
intramolecular protein—protein hydrogen bonds. For example, McDomald hornton reported that
in the central cores of the proteins they studied, only 1.3% of backbomgeits and 1.8% of back-

bone oxygens failed to form any intramolecular hydrogen bSnal key feature of a protein folding



process is that the peptide chain substitutes hydrogen bonds with wateufaslixr intramolecular
hydrogen bonds as water molecules are excluded from the proteinwWihén the protein core, it is
important to satisfy as many intramolecular hydrogen bonds as possibéideeeach one stabilises
the folded conformation by as much as 3 kcal molwhile the net change in free energy of the
folding process is typically in the range5 to —15 kcal mol1.12 In comparison to protein folding,
in the process of collagen fibrillogenesis a high proportion of the hydrdmamds with water are
retained, because the fibril is highly hydrated and intrafibrillar water mt@dequermeate the entire
structure. These water molecules can ensure that few potential hydooges are left unsatisfied,
and so in the collagen fibril there is less impetus than in globular proteins to maxireisember of
protein-protein hydrogen bonds.

Table 1 shows a comparison of the different types of interprotein attragiibim the modelled
collagen fibril. The values shown correspond to the number of hydrbgeds or water bridges in a
fibril at any one time, as a ratio to the number of tropocollagen molecules in tileditd averaged
over all recorded sets of coordinates. The table shows whether tligngdmydrogen was donated
from an amino acid sidechain to another sidechain (R:R), from a backiittogen to a sidechain
(N:R), from a sidechain to a backbone oxygen (R:O) or from a backlmitnogen to a backbone
oxygen (N:O). The final column in Table 1 shows the relative quantities @drdifit intramolecular
hydrogen bonds in folded globular proteins, as recorded by Sticklk, dtased on a census of the
x-ray structures of 42 different proteit$.

The data in Table 1 show that in a globular protein intramolecular hydrogadsbbetween
backbone atoms dominate over any other type of intramolecular hydrogeh (68.1%). These
backbone—backbone interactions have been implicated by some regssasthhe dominant driving
force of protein foldingt? 13 Conversely, in a collagen fibril there are very few backbone—baekbo
interprotein hydrogen bonds between neighbouring tropocollager)2Rurthermore, it is found
that of these few backbone—backbone hydrogen bonds in the fibri tinan half of them were made
by the proteins’ telopeptides; backbone—backbone hydrogen batdedn adjacent triple helices
are even more rare. Instead, interprotein hydrogen bonds in the fibrilaninated by sidechain—
sidechain (R:R) interactions, with significant contributions from sidechmgiokbone (R:O and N:R)
interactions. Amino acid side chains in a collagen triple helix are arrangedasthiy point radi-

ally outwards, away from the centre of the molecule (apart from glycisieues), while the protein
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backbones lie close to the tropocollagen’s central 2Xie protein backbones of two neighbour-
ing tropocollagens therefore lie too far apart to form an interproteindgehr bond, and they do

not approach any closer due to steric hinderance by the sidechainser€ely, the outward-facing

sidechains of neighbouring tropocollagens come into direct contact inthlk &nd so sidechain—

sidechain hydrogen bonds abound.

It can be seen from Table 1 that the number of direct interprotein hgdrégnds in the col-
lagen fibril exceeded the number of bridging water molecules, but netsskely. Our interest in
bridging water molecules arose because it had previously been sulygfestehey are the domi-
nant interprotein attraction within the collagen fibiil3” The data in Table 1 support the claims
that water-mediated interprotein bonds exist, but in terms of their quantity theptdappear to be
more important than direct hydrogen bonds. Compared to direct hydtogeds, a higher fraction
of these water-mediated interactions were backbone—backbone drdm&elsidechain interactions.
This is presumably because water bridges can span a greater distanded¢bthydrogen bonds, so
interactions with the central protein backbone were more feasible.

It is interesting that between neighbouring collagen proteins the sidechéactdone (R:0)
interactions outnumber the backbone to sidechain (N:R) interactions in tefm$hadirect hydrogen
bonds and bridging water molecules, whereas the equivalent intramaléugiactions in folded
proteins are approximately equal in number. One possible reason is dfiae@nd hydroxyproline
residues, which together account for 21% of the amino acids in collagenptihave backbone
hydrogen atoms to donate, and glycine residues in the collagen triple heloh atcount for 32%
of the entire protein, cannot donate their backbone hydrogens leettaysare already involved in
intramolecular interactions that serve to stabilise the protein’s triple helix noation?

Table 2 shows the relative contributions of different hydrophillic amino aiwldchains to the
interprotein hydrogen bonds and interprotein water bridges in the modellledien fibril, averaged
over all recorded sets of coordinates. The amino acids are listed in teeaijrthe number of times
they appear in the primary structure of a tropocollagenCharged amino acids are especially pro-
lific at forming interprotein hydrogen bonds, with arginine (Arg) and lysibgs) contributing the
most as hydrogen bond donors, and with glutamate (Glu) and aspartgbec@sributing the most
as hydrogen bond acceptors. This complements the experimental findiSgslde et al. for the

intramolecular hydrogen bonds in folded globular proteins, in which it wpsnted that 41% of all
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sidechain donators were either Lys or Arg, and 59% of all sidechaieptas were either Asp or
Glu.l® From the data in Table 2, charged amino acids are also more likely than remuiral acids
to form a water-bridged interprotein interaction. However, this tendeni@sgspronounced than for
direct interprotein hydrogen bonds; i.e. the relative contributions of ¥yg, Glu and Asp are less in
the last two columns of Table 2 than in the preceding two columns.

Figure 4a shows the distribution of direct interprotein hydrogen bondsigiwout the D period,
and Figure 4b shows the equivalent distribution for interprotein wategésidThese plots show that
both types of interprotein attraction tend to form in clusters, rather thanramifaghroughout the D
period. For example, both types of interaction have a peak at approxir@g@@h/with local minima
on either side at approximately 1720and at 235A. This can be explained by the spatial distribution
of charged amino acids in the fibril, which we have established have thgesipropensity to form
interprotein interactions. Figure 4c shows the distribution of the chargedues throughout the D
period. Note that because this plot is the sum of both positive and negative® acids, it does not
represent the net local charge through the fibril. It has been dedgpiteviously in the literature that
charged residues tend to occur in clusters in the D period, and it is thiglfmedistribution that guides
tropocollagens into their correct axial positions during the processrifdienesist®> Comparing the
plots in Figure 4, it can be seen that the regions of increased interprgthioden bonded interaction
correspond to regions of the fibril with a large number of charged amiials.att is interesting that
the clustering of charged residues, which is necessary for maintainirfdpthis regular structure,
results in some parts of the fibril that are held together tightly by hydrogeddand water bridges,
and other regions where these features are largely absent.

It can be seen from Figure 4 that the gap region of the fibril has a lovezage density of both
types of interprotein attraction than the overlap region: the average densitgrprotein hydrogen
bonds is 44% lower in the gap region and the average density of interpreaén bridges is 34%
lower. These reductions in the number of interactions exceed the val0&wttait might be expected
based on the relative number of proteins in the two regions (see Figyranthinoreover they exceed
the value of 11% that might be expected based on the relative numbergédtanino acids in either
region. This is presumably because the tropocollagens in the overlap exgipacked together more

tightly, and so interprotein attractions can form more easily.
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3.2 Hydrophobic interactions in the collagen fibril

The expression ‘hydrophobic interaction’ in this context refers to thdeteoy for nonpolar groups
in organic molecules to cluster together in aqueous solvent, thereby rgdhersurface area of
the interface between hydrophobic groups and water molecules. The aointarpretation of the
hydrophobic effect is that water molecules at room temperature forereddcage-like structures
around hydrophobic molecules, because this maximises the number ofwetirhydrogen bonds,
but it does so at the expense of a reduction in entPoffyThe nonpolar regions of a solvated protein
tend to cluster together to form a central hydrophobic core, becauseethises the size of the
hydrophobic interface exposed to water, and so there is a corrésgogain in entropy from the
surrounding water molecules.

In this section, we study the degree to which interprotein hydrophobic atiena were present
in the collagen fibril MD simulations, because this could potentially be a sodrstbility of the
fibrillar structure, and a driving force for fibrillogenesis. Tropocoliagproteins contain many hy-
drophobic amino acids, and there is evidence that the packing of thesénprimto a fibril acts to
optimise the alignment of hydrophobic sidechains between neighbouringcotigens?® Further-
more, the process of fibrillogenesis is thermodynamically driven by a fabteichange in entropy,
which could implicate hydrophobic interactions as a major driving force.

There are differing opinions in the scientific literature concerning the velamportance of the
hydrophobic effect compared with other stabilising factors in driving tfeegss of protein fold-
ing.2 13 There are also differing opinions concerning the precise mechanistitsdbt underlie the
hydrophobic effect® Nonetheless, hydrophobic interactions are likely to at least contributedswa
the thermodynamic stability of a folded protein or a collagen fifrisnd we assume for the calcu-
lations in this section that these stabilising interactions can be identified by etiedin size of
the protein’s hydrophobic interface. The hydrophobic interfaceseofribdelled systems are defined
here as all sidechains of the seven most highly ranked amino acids in trophgbicity scale of Kyte
and Doolittle, which all have a positive free energy change of solv&tidrhese seven hydrophobic
residues are lle, Val, Leu, Phe, Cys, Met, and Ala.

For all four of the modelled systems shown in Figure 2, we calculated the destdreach water
molecule in the system to its nearest hydrophobic amino acid sidechain. becrdically, the dis-

tance measured was from the oxygen atom of the water molecule to thetmgarephobic sidechain
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heavy atom (non-hydrogen). Figure 5 shows the distributions of theasured distances, averaged
over all recorded sets of coordinates. Figure 5a shows the distribdtieater molecules for the col-
lagen fibril and for the fully solvated tropocollagen, normalised per catiagelecule, and Figure 5b
shows the equivalent distributions for the lysozyme protein in its native sidtmds denatured state.
For all four systems, the peak centred at approximatelyci&drresponds to water molecules that oc-
cupied the first hydration shell around the hydrophobic sidechaidsyhith, according to the theory
of the hydrophobic effect, were therefore in an entropically unfealolgr state. The fibrillar system
differs from the others in that the distribution decreases towards zelistahces greater than 643
This is because the fibril contained only a limited amount of water interspdetkeen densely
packed collagen proteins, and so no water molecule was ever furthex2tieh from a hydrophobic
sidechain. The other three distributions trend upwards in this region ®#ecéthe increasing volume
of the solvation shell at larger radial distances from the protein.

It can be seen from Figure 5a that in the collagen fibril there were featar molecules (per col-
lagen molecule) in close proximity to hydrophobic groups, compared to thesilated tropocolla-
gen. To quantify this, the number of water molecules in the first hydratidhasloend the hydropho-
bic sidechains, defined here as being withid,Bvas 6662 for the fully solvated tropocollagen, and
4809 per tropocollagen in the fibril. This is equivalent to a decrease.8f2Water molecules at a
hydrophobic interface upon formation of a collagen fibril from the fullivated proteins. From Fig-
ure 5b it can be seen that there is a much more significant difference inrfigen of water molecules
at a hydrophobic interface between the folded and unfolded conformsatidysozyme. To quantify
this, the number of water molecules in the first hydration shell around theylgssgs hydrophobic
sidechains was 1062 for the unfolded protein, and 247 for the natdteipr which is a decrease of
76.7%. This decrease occurs because the majority of lysozyme’s tabrigpsidechains were buried
in the central hydrophobic core of the folded protein, whereas theg fully exposed to water in
the unfolded conformation. This is a typical example the hydrophobictdfiestabilising the na-
tive conformation of a globular protein, with an associated decreasefacewsrea of the exposed
hydrophobic interface. It is interesting that we observe similarities bettfeeprocesses of protein
folding and fibrillogenesis in that both processes result in fewer wateramlele at a hydrophobic
interface, although this effect is much smaller in magnitude for fibrillogen&sis. supports the no-

tion that the hydrophobic effect could contribute towards the stability oflagen fibril and towards
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driving the process of fibrillogenesis.

We identified two main contributions to the decrease in number of waters atdhedhobic inter-
face in the collagen fibril compared to solvated tropocollagens. Firstlgusecof the dense fibrillar
packing arrangement visible in Figure 2a, many of the outward-facingopybic sidechains from
one tropocollagen were in direct contact with other neighbouring trdjagems. This effectually
reduced the surface area of the exposed hydrophobic interfatés aonceptually equivalent to the
aforementioned packing of hydrophobic sidechains of the lysozymeipiote a central hydropho-
bic core.

The second contribution was due to intrafibrillar water molecules that wedwsehed in be-
tween hydrophobic groups from two (or more) different tropocollagefhese sandwiched water
molecules were present when the outward-facing hydrophobic sitaciram two neighbouring
proteins did not extend far enough to make contact, but instead left a gyas filled by a water
molecule. Figure 6 shows an example of such a water molecule, in this caseicaed between a
phenylalanine and an isoleucine sidechain from two neighbouring trdpageas. Both of the high-
lighted hydrophobic sidechains are approximately&om the water molecule, so the hydropho-
bic interface in this image is no smaller than if the tropocollagens had been filigtsd. How-
ever, because the sandwiched water molecule constitutes the first hydifzibof both hydrophobic
sidechains, there is an overall decrease in the number of water moletle hgdrophobic interface,
compared to fully solvated tropocollagens. To quantify the magnitude of tieisteén the fibril, we
identified 689 water molecules per collagen tropocollagen on average ¢hatwithin 5A of two
(or more) hydrophobic sidechains from different tropocollagengs&rsandwiched water molecules
therefore accounted for 14.3% of all water molecules at a hydrophdieidane within the fibril. The
common interpretation of the hydrophobic effect is that a water moleculersudfloss of entropy
when it is in close proximity to a hydrophobic interface, because it may naeloingely rotate as
it does in the bulk phase3® There is likely to be a subsequent loss of entropy if that same water
molecule comes into proximity to a second hydrophobic interface simultaneagsly,the case in
Figure 6. If the loss of entropy due to the second hydrophobic inteiddess than the loss of entropy
associated with the first hydrophobic interface, then the presencedfvidned water molecules is
likely to have a net stabilising effect on the collagen fibril.

To further investigate the extent to which hydrophobic regions of the mablphigtein systems
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were shielded from water, we counted the number of water molecules in shéyulration shell
around each hydrophobic sidechain, defined as being witRinBa hydrophobic heavy atom. More
specifically, for each integer number of water molecules, we counted timeruof hydrophobic
sidechains in the system that were observed to contain that many water legiadts first hydration
shell, and then averaged the distribution over all recorded timesteps.eHgwhows the recorded
distributions for the fully solvated tropocollagen and for the collagen fibofralised per collagen
molecule, and Figure 7b shows the equivalent distributions for the lysopyotein in its folded and
unfolded conformations. The distributions span a wide range of integebers of water molecules
along the abscissa, because our method of counting did not discriminateeetavge sidechains
(e.g. phenylalanine) and small sidechains (e.g. alanine).

For the collagen systems, the distribution in Figure 7a shifts along the abtrikseer values
for the collagen fibril compared to the fully solvated tropocollagen, whicicatds that hydropho-
bic groups in the fibril were in contact with fewer water molecules on aegrhgcause they were
somewhat shielded by neighbouring proteins. The lysozyme protein siroeguivalent shift of the
distribution in Figure 7b towards fewer water molecules for the folded e¢ordtion compared to the
unfolded conformation, and the magnitude of this shift is much greater thaotikarved between
the two collagen systems. For the folded lysozyme, the distribution in Figurastishighest value
at zero water molecules, which indicates that many of the hydrophobidsitiscwere completely
buried in the central hydrophobic core of this protein, and therefore n@t in contact with any water
molecules at all. For the lysozyme protein, the average number of water mal@talentact with a
hydrophobic sidechain decreased from 19.4 to 5.0 upon folding of titeipr For a tropocollagen
protein, the average number of water molecules in contact with its hydrapsidlechains decreased
from 12.9 to 10.9 upon the formation of a fibril. From these data it can bethaéthe formation of
a collagen fibril tends to reduce the surface area of the exposedginabia interface, but the effect
is small in magnitude when compared to the hydrophobic effects that amatssiowith the folding

of globular proteins.

4 Conclusions

The interprotein interactions that arise between tropocollagens have anofitirect implications

for the physical properties of a collagen fibril. For example, they deterthmméhermodynamic sta-
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bility of the fibril, relative to fully solvated tropocollagens, and they therefdrive the process of
fibrillogenesis. They act to oppose any deformation to the collagen fibdIsarthey are ultimately
responsible for the strength and toughness of collagenous ti$§uemally, because the tropocol-
lagen contains a spatial distribution of both hydrophobic and hydrophijons, the interprotein
interactions determine the periodic ordered supramolecular arrangefmamt@&ns within the fib-
ril. 1o

The simulations reported in this paper have allowed a study of the nature iirotiEn interac-
tions at the atomistic level in a collagen fibril. In particular, the simulations haveedlais to make
predictions of the number of intermolecular hydrogen bonds in a fibril; ofuhetional groups re-
sponsible for forming interprotein hydrogen bonds; of the behaviowadér molecules in mediating
interprotein interactions between polar groups; and of the extent to wiytophobic sidechains
in the fibril are buried from water molecules. The simulations did not tell us xkeneto which
any individual interaction stabilises the fibrillar structure, but we anticipateekperimental data on
collagen fibrils can now be interpreted in terms of the range of interactiohwélave identified.

The process of fibrillogenesis has similarities in concept with the procgsotsin folding, in
that both processes are driven by the optimisation of hydophillic and plidloc interactions be-
tween the constituent amino acids. The simulations reported here have highligittesimilarities
and differences between the interactions that drive the two procdssesxample, when a protein
folds, polar functional groups buried at the centre of the protein hasteoag impetus to form in-
tramolecular hydrogen bonds; conversely, in a collagen fibril, polargg@at the centre of the fibril
are in contact with relatively large quantities of intrafibrillar water, and sp #xaibit less tendency
to form protein—protein hydrogen bonds. The majority of intramoleculardgeh bonds in a folded
proteins are backbone—backbone interactions, but the majority of iatemphydrogen bonds in a
collagen fibril are sidechain—sidechain interactions. The procesga®tein folding and collagen
fibrillogenesis both act to shield hydrophobic sidechains from water mielgdout this effect is far
smaller in magnitude for fibrillogenesis.

There has been much discussion in the scientific literature about whethdwrtiieant stabilis-
ing factor of a protein’s folded conformation is the hydrophobic effedntramolecular hydrogen
bonds?12:13.40The MD simulations in this paper suggest that the interprotein interactions ik a co

lagen fibril, both hydrophobic and hydrophillic, are generally less pnoned than the equivalent
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intramolecular interactions that are found in globular proteins. It is thexefery possible that the
processes of protein folding and collagen fibrillogenesis are not printaiilgn by the same types of
interaction.

The collagen fibril simulations in this paper made use of a modelling procedatrat¢hounted
for the local environment within a collagen fibril by using periodic bougdamditions'® The data
reported here could not have been collected if our simulations had folltthveedethods used in most
other reported MD simulations of collagen, which have generally modelled smbll fragments
of collagen molecules in a fully solvated stafe?! Collagen fibrils can vary in their quantity of
intrafibrillar water under different experimental or physiological condgity but the simulations in
this paper used just a single water content of 0.75 g water / g collageuuhe fvork we intend to use
similar MD simulations to study how the relative quantities of the different intégpranteractions

differ with varying water content.
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Tables

collagen fibril collagen fibril folded globular proteins
interprotein hydrogen bonds  interprotein water bridges intramoleculaobgd bond¥
R:R 122.6 (62.6%) 53.9 (33.0%) 10.6%
N:R 19.4 (9.9%) 30.4 (18.6%) 10.4%
R:0 48.4 (24.7%) 62.4 (38.3%) 10.9%
N:O 5.6 (2.8%) 16.5 (10.1%) 68.1%
total 196.0 163.1

Table 1: A comparison of the different types of hydrogen bonded ictierss in the collagen fibril.
The first two columns of data refer to the average number of interproteactdins per collagen
protein in the simulated fibril at any point in time. The final column shows expetmhelata for
equivalent interactions in folded globular proteins recorded by Sticki¢€tPercentages are shown
such that each column sums to 100%.
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hydrogen bond hydrogen bond water bridge water bridge

sidechain n donor acceptor donor acceptor
Hyp 328 11.2% 7.0% 21.2% 11.1%
Arg (+) 158 47.6% 0.0% 39.7% 0.0%
Glu(-) 145 0.0% 54.1% 0.0% 45.6%
Ser 131 12.2% 3.5% 8.5% 4.9%
Lys (+) 110 15.9% 0.0% 14.1% 0.0%
Asp (=) 90 0.0% 26.7% 0.0% 23.5%
GIn 83 5.9% 5.8% 8.0% 8.9%
Thr 64 3.1% 0.7% 3.3% 2.5%
Asn 48 1.8% 1.5% 4.1% 2.4%
Tyr 14 1.1% 0.5% 0.4% 0.8%
His 13 1.1% 0.2% 0.7% 0.4%

Table 2: Relative contributions of different amino acid sidechains to thepirtin attractions. Hyp

is hydroxyproline; all other residues are standard. Amino acids are listth@ order of the number

of times they appear in a collagen protemand charged amino acids are indicated in parentheses.
The data are presented so that each column sums to 100%
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Figures
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Figure 1. Schematic of (a) a single tropocol
tropocollagens in a fibril. Tropocollagens are i
not shown to scale.

lagen protein; (b) the supraoiatearrangement of
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Figure 2: Images of the four modelled systems at the completion of the MD simwdatiajh the
collagen fibril, shown as a thin cross sectional slice with each tropocollimgardifferent colour,
(b) a short section of the fully solvated tropocollagen, with each peptids chown in a different
colour, (c) the lysozyme protein in its native state, (d) a short section dyslegyme protein in an
unfolded state. Water molecules have been omitted from all images for clarity.

Figure 3: Two types of hydrogen bonded interprotein interaction. (alyéctinterprotein hydrogen
bond. (b) A bridging water molecule. The two tropocollagens are shovgnegsand blue, and the
relevant polar groups are highlighted in red and white.
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Figure 4: (a) The density of interprotein hydrogen bonds through@upariod. (b) The density of
bridging water molecules throughout the fibril. (c) The density of chaagetho acids throughout a
D period. All plots were calculated from the MD simulations and averagedtowe. The units of
the ordinates are number per #iof fibril.
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Figure 5: Distributions showing the distance of each water molecule to thestdardrophobic
sidechain. (a) The collagen fibril and fully solvated tropocollagen. {® lly7sozyme protein in its
native and unfolded conformations. The distributions have been aaoagr all recorded time steps.

Figure 6: A water molecule in the first hydration shell of two different loydhobic sidechains.
The two neighbouring tropocollagens are shown as blue and greerthamdlevant hydrophobic
sidechains are highlighted in black and white.
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Figure 7: Distributions showing the number of hydrophobic sidechains sutveunded by different
numbers of water molecules. For each integer number of water moleculéssttifgutions show how
many hydrophobic sidechains had that many water molecules within(®) The collagen fibril and
fully solvated tropocollagen. (b) The lysozyme protein in its native andldeébconformations. The
distributions have been averaged over all recorded time steps.
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