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Collagen proteins are the main constituents of the extracellular matrix (ECM), and fulfil a number of
wide-ranging functions, including contributions to the mechanical and biological behaviour of the ECM.
Due to the heterogeneous nature of collagen in tissue samples it is difficult to fully explain the
experimental observation, and hence the study of shorter model peptides is common place. Here, the
computational energy landscape framework is employed to study Gly to Ala mutations in a GPO model
peptide. The results show good agreement with the experimental observations for the GPO reference
and a triply mutated peptide, demonstrating the validity of the approach. The modelling predicts that
changes in structure are moderate and localised, with an increased dynamic in the backbone and
alterations to the hydrogen bonding pattern. Two mechanisms for adjusting to the mutations are
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observed, with potential consequences regarding protein binding. Finally, in line with a hypothesis that
proline puckering allows controlled flexibility (Chow et al., Sci. Rep., 2018, 8, 13809), alterations in the
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1 Introduction

The extracellular matrix in multicellular organisms is a dynamic
and heterogeneous biomaterial."™ It facilitates cell growth and
differentiation, while detachment of cells from the extracellular
matrix leads to cell death, a key feature of tumour metastasis.>”
The main constituent of the extracellular matrix is collagen
proteins, a family of proteins self-assembling into triple helices®
and characterised by regular repeats of three amino acids.

These regular repeats are commonly referred to as triplets,
with the sequence GXY. The regular repetition of glycine
facilitates the formation of the characteristic triple helix.”
Due to the crowded centre, only glycine as the smallest amino
acid can be accommodated without structural deformations.

The other two residues in the three residue repeats, X and Y,
are more varied. The X position is enriched in proline, and in
the Y position a high occupancy of (2S,4R)-hydroxyproline (Hyp
or O) is observed. The vast majority of collagen proteins adopt
trans conformations for these residues. While the abundance of
Pro and Hyp in these repeats is higher than in other proteins, a
significant proportion of repeats in the collagen samples con-
tain neither Pro nor Hyp. Nonetheless, GPO and GPP repeats
are commonly used as models to study collagen fibres in
experiments and in silico.

Yusuf Hamied Department of Chemistry, University of Cambridge, Lensfield Road,
CB2 1EW, Cambridge, UK. E-mail: kr366@cam.ac.uk
+ All data available online. See DOI:10.5281/zenodo.5578060

1610 | Phys. Chem. Chem. Phys., 2022, 24, 1610-1619

puckering preferences are observed in the strained residues surrounding the mutational sites.

The three strands are staggered by one residue, and as a
result there is a leading, middle and trailing strand. Due to this
stagger, each register has a Gly, an X and a Y position amino
acid. This architecture is stabilised by interchain hydrogen
bonds, formed between the carbonyl group on the amino acid
in the X position and the amide hydrogen on glycine in the next
register.®

While the canonical architecture of collagen is well
described, the heterogeneity in its sequences and in the different
types of collagen complicate experimental studies. In addition,
while local interactions are key to the behaviour of collagen fibres,
their macroscopic behaviour, interaction with other molecules,
and response to external influences such as mechanical forces
form the basis for its biological role.® As a result, no experimental
technique is available to study all relevant length scales at the
required resolution.

Computational techniques can supplement experimental
approaches, as they can model the dynamic nature of the
collagen molecules at atomistic resolution. Such detailed
descriptions can aid experimental work, as the computational
models can be translated into observables, and may predict
experimental signatures of distinct structural features.

GPP and GPO model collagen peptides are fairly rigid due to
their regular structure, but as already indicated these sequences
are somewhat simplistic. It is therefore of interest to understand
in more detail how mutations and deletions affect the behaviour
of collagen, where the altered local interactions and the resulting
changed dynamics may influence properties on a larger scale.
Unfortunately, researchers face two challenges in studying such
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distinct changes. Firstly, the experimental resolution may not
allow for a differentiation between local structures if they are
highly dynamic. Secondly, the synthesis of such model peptides
generally leads to mutation in all three collagen strands,” and
therefore does not lead to a clear picture about the effect of a
single mutation.

In this study, the energy landscapes are explored for such
mutated sequences and compared to the ‘canonical’ GPO
repeats. The exploration of energy landscapes allows us to
model structural and dynamic properties, and the effect of
mutations can be clearly analysed and linked to predicted,
observable features, such as interatomic distances. We find
that the modelling approach shows good agreement with
previous experimental work on the GPO model peptide and
with structures reported for collagen peptides with glycine to
alanine (G to A) mutations in all strands. A mutation from Gly
to Ala in a single strand has very similar effects, with the
interruption in the hydrogen bonding observed for both being
very similar. The structural ensembles for all mutated peptides
show shifts in the endo/exo-populations around the mutated
registers, allowing them to accommodate strain introduced by
the larger required volume for Ala. A fine balance between
backbone strain and the interruption of hydrogen-bonding is
observed, where for a single mutation, the methyl group is
pointing to the centre of the triple helix, while for multiple
mutations this methyl orientation competes with rotated
methyl groups that introduce strain, but allow for the for-
mation of hydrogen bonds between hydroxyproline and proline
in the same register. These distinct mechanisms likely leave
identifiable signatures in experimental observations.

2 Methodology
2.1 System setup

The mutated collagen systems under consideration are based
on an experimentally reported GPO-based structure (PDB id
1V4F). The three chains consist of seven GPO repeats, and each
chain fragment is capped with terminal methyl groups. The
mutated glycine residues are in the fourth repeat in each chain,
i.e. in the centre of the fragments. Hence, the three possible
mutation sites are in close proximity, but staggered following
the register shift between chains, as illustrated in Table 1.
A number of different possible mutation patterns arise from
this setup, and the four patterns studied here are given in
Table 2. Alongside these mutated molecules, we further studied
an unmutated version of this system as a reference. The
reference and a mutated system are shown in Fig. 1.

Table 1 Relative positions of mutational sites in the al, a2, and a3 chains

a3 o2 al
Gly Pro Hyp
Pro Hyp Gly
Hyp Gly Pro
Gly Pro Hyp
Pro Hyp Gly
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Table 2 Studied mutational patterns indicating the chains containing Gly
to Ala mutations

Mutation pattern 1 Mut1 ol only
Mutation pattern 2 Mut2 ol and o3
Mutation pattern 3 Mut3 ol and o2
Mutation pattern 4 Mut4 All three chains

Fig.1 Depiction of a triply mutated collagen system (top, mutational
pattern 4) and the unmutated reference (bottom). The alanine and glycine
residues are highlighted in orange.

The AMBER ff14SB'® force field was used, properly sym-
metrised,'"'? with an implicit Generalised Born solvation
model (igh = 8)"® and an effective ion concentration of 0.1.

2.2 Computational methods

The potential energy landscapes for the five different collagen
fragments were explored using the computational potential
energy landscape framework.'*"> Searches for low energy struc-
tures to seed the sampling of the energy landscapes were under-
taken using basin-hopping global optimisation.'®™*® Discrete path
sampling (DPS)'*?° was employed to obtain kinetic transition
networks.>"** Transition state candidates were located with the
doubly-nudged elastic band (DNEB) algorithm,”*> and refined
with hybrid eigenvector-following (HEF).”® The sampling followed
previously published protocols and more details can be found
elsewhere."*'®

2.3 Analysis

A number of key characteristics were used to identify structural
changes in the mutated systems. CPPTRAJ*’ was used to
calculate the distances between residues, the existence of
hydrogen bonding, and dihedral angles. The first set of dis-
tances are between the Co atoms in the glycine and proline
residues involved in the interchain hydrogen bonds. A second

Phys. Chem. Chem. Phys., 2022, 24,1610-1619 | 1611
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set of distances measured contains the Ca distances between
the neighbouring Gly, Hyp and Pro residues in the three
chains, ie. the distances between residues in a row in
Table 1. y,(N-Co~CB-Cy) and y,(Ca—CB-Cy-Cd) were calculated
to monitor the exo/endo configuration of Pro and Hyp residues.
Furthermore, the LCPO*® algorithm in CPPTRAJ*’ was used
to calculate the surface area for the fragment containing the
three registers before the mutational site in the a1 chain, the
mutated registers, and the three registers after the mutational
site in the o3 chain, i.e. a segment containing nine amino acids
in each chain.

The final metric used in this study is the orientation of the
methyl groups on the alanine residues with respect to the other
chains. The angle used to represent this orientation is the angle
between the vector pointing from the Co atom of Ala to the
midpoint between the two Ca. atoms of the Pro and Hyp residue
in the other two chains in the same register, and the vector
from Ca to CP in alanine, projected into the plane formed by
the three Ca atoms. The setup is illustrated in Fig. 2.

3 Results

In this section, we will report the structural changes observed
in the mutated collagen fragments. The first two sections
discuss the GPO model peptide and the system, in which each
chain carries a mutation. As experimental results are available
for these systems, they serve as a reference and show that the
method and the chosen models are able to reproduce even
nuanced changes between the GPO model and the mutants.
These sections are followed by descriptions of the changes
observed for a single or two mutations, and a section looking
at the orientation of the methyl groups in all mutants. The
sections contain a description of the most important changes,
and all relevant data sets and analysis scripts are available
online.

The energy landscapes for the reference and collagens with
Gly to Ala mutations exhibit a single shallow and broad funnel
with little distinguishable substructure. This observation indi-
cates a large number of relatively similar structures, without the

Hyp

Fig. 2 Scheme illustrating the setup for the calculation to determine the
methyl group orientation in the mutated collagen chains relative to the
other two chains.
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existence of competing morphologies with different backbone
arrangements.

3.1 The GPO model peptide

The GPO model peptide has been studied experimentally, and a
number of structures have been published on the protein
database. Therefore, comparison between these published
structures and the average structures found in the computa-
tional exploration of the energy landscape serves as validation
for the employed methodology, and at the same time provides a
reference to compare the modelled structural features for the
mutated peptides.

Each register has three distinct distances that we can
compare across registers, namely the distances between Pro
and Gly, Gly and Hyp, and Hyp and Pro. As the protein adopts a
regular structure these distances are conserved along the triple
helix. We can therefore look at the average distances between
these residues to compare the structures from the experiment
with the modelling. For the structures found on the energy
landscape, we can employ two different approaches: either we
consider the lowest energy minimum as a representative sam-
ple, or we use a thermally weighted average. The thermal
weights in this case are the Boltzmann factor based on the
potential energy difference to the global minimum. The aver-
aged distances between the Co atoms for the four structures
from the PDB and the thermal average and the lowest PE
minimum are provided in Table 3 (top). The computed averages
are within the standard deviation for all experimental struc-
tures, whether we look at the thermal average or the lowest
potential energy minimum only. We can extend our compar-
ison, and also compare it to experimental distances for the GPP

Table 3 (A): Average Ca distance between residues in the same register
for GPO model peptides and the thermal average from structures on the
energy landscape at 25 °C. (B) Average Ca distance between residues in
the same register for GPP model peptides measured on published experi-
mental structures

A

(GPO), structure d(0-G)/A d(P-G)/A d(0-P)/A

PDB 1V4F** 5.033 + 0.167 4.757 £ 0.130 4.818 =+ 0.143
PDB 1V6Q??° 4.966 + 0.118 4.840 4+ 0.150 4.863 + 0.058
PDB 1V7H? % 4.956 + 0.200 4.788 & 0.150 4.786 =+ 0.166
PDB 3B0S?%° 4.946 + 0.190 4.763 & 0.100 4.799 & 0.204
Thermal average® 5.050 £ 0.008 4.830 £ 0.006 4.824 + 0.031
Lowest PE minimum“ 5.035 + 0.066 4.824 =+ 0.048 4.869 =+ 0.156
B

(GPP), structure  d(Py-G)/A d(G-Py)/A d(p-P)/A

PDB 1A3]¢3! 5.060 + 0.032  4.795 + 0.058  4.771 + 0.055
PDB 1K6F/*? 5.000 + 0.129  4.765 &+ 0.069  4.828 + 0.095

“ Seven registers starting with Gly in the leading chain. ” Two GPO
repeats starting with Gly in the leading chain. ¢ Eleven GPO repeats
with distances averaged for each structure, and then weighted using
Boltzmann weights to obtain a weighted average. ¢ Eleven GPO repeats
averaged for the lowest potential energy minimum. ¢ Two GPP repeats
starting with the Y-position proline (ProY) in the leading chain./ Seven
registers starting with the X-position proline (ProX) in the leading
chain.
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model peptides, and we again observe a good agreement (see
Table 3, bottom), indicating a good agreement between the
computational work with the canonical triple helix structure.

The largest error we observe in the set of distances is in the
distance between Hyp and Pro. However, this error is not
simply due to more flexibility in these two residues, but is
directly related to the endo/exo configurations of the proline in
the X position. While the hydroxyproline, in agreement with the
experiment, is in an exo configuration,”**** the configuration
of the proline is more flexible.*>*® The thermal averaged
distance for an endo-configuration is 4.97 A, while the distance
is reduced to 4.65 A if the proline is in an exo-configuration.
Based on the thermal average for all structures, and using the
fact that we do not observe any planar configurations in the low
energy structures that have a significant population,t on aver-
age 55% of all prolines are in an endo-configuration at 25 °C.
At lower temperatures, i.e. when we only see contributions from
the lowest energy minima, the endo-configuration is somewhat
more common with 59% of all prolines adapting it.

The exploration of the energy landscape gives us additional
insight to this predicted structural behaviour. The lowest PE
minimum in the database has four prolines in an exo- and
seven prolines in an endo-configuration. It is linked by a single
transition state to a minimum, where one additional proline is
switched from endo to exo. The energy difference between the
two minima is 0.14 kcal mol ™", so significantly smaller than kT
at room temperature, and the potential energy barrier is also
low at 2.92 kcal mol * relative to the lowest PE minimum. This
barrier corresponds to a mean-first encounter time for this
transition of a few nanoseconds, in agreement with previous
experimental work.>”**

Importantly, while this analysis seems to indicate that it is
roughly equally likely to observe both configurations, the low
energy structures show additional interesting features. In
Fig. 4, the fraction of endo- and exo-configurations is shown.
While the data towards either end of the molecules might be
affected by finite size effects, we observe an alteration over two
or three registers from mainly endo to exo and vice versa.

The regular structure is stabilised by hydrogen bonds, as
introduced above. Similar to the interchain distances, we
observe a fixed distance for the residues involved in the hydro-
gen bonds as well, with a Ca—Ca distance of 6.234 & 0.007 A.
The regular pattern formed by the hydrogen bonds is shown in
Fig. 5 on the left hand side.

3.2 Alanine mutations in all chains

Aside from the GPO model peptides, experimental structures
are available for structures, which carry a mutation in every
chain. A comparison between the computational work and the
experimental structures is therefore again possible, however, in
this case with some caveats. Firstly, the number of structures

i The endo/exo-configurations are determined based on the y, torsional angle in
proline, where planar configurations are assumed for an absolute dihedral angle
of 10° or less. Only 21 of the nearly 220 000 y, torsional angles calculated fall into
this category.
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o]
8

4:0 515 7?0 4?0 515 7:0 4:0 515 7jD

d(Ca-Ca) / A d(Ca-Ca) / A d(Ca-Ca) / A
Fig. 3 The distances between Ca atoms in the three chains for two
registers in the middle of the modelled sequences. Each point corresponds
to an individual minimum in the database with the respective distance and
potential energy. The dashed lines indicate the energy of the lowest
potential energy minimum and the thermal weighted average for the
inter-residue distances for the entire database. These are the same values
that are provided in Table 3. While the Hyp—-Gly and Gly—Pro distances are
clustered around the thermal average, the Pro—Hyp distances form two
distinct clusters, related to the endo/exo configuration of the proline in the
X-position.

Variations in the s dihedral for the X-Pro

(AYININAN
Yk

5 10 15 20
Register

1.0

0.5

Fraction of structures

0.0

Fig. 4 Variation in the y, dihedral angle Boltzmann-weighted average for
the X-position proline in all registers of the reference GPO model peptide.
The fraction of the exo-configuration is shown in orange, and the endo-
configuration in blue. The dashed lines indicate the average number of
configurations.

available is more limited, namely PDB entries 5Y45 and 5Y46.°
These structures furthermore contain an additional mutation
as the sequence of interest is GPO-ALO-GPO.

In Fig. 6, the relative change in interchain distances between
the three chains are plotted for four models contained in PDB
5Y45.° The first noticeable property is the localisation of the
changes, i.e. the interchain distances are only perturbed within
the immediate vicinity of the mutations. The maximum change
in distance is around 2 A, with the middle chain being
displaced away from the helix, while the leading and trailing
chains stay close.

In Fig. 7(d), the Boltzmann weighted distances from the
landscape exploration are shown. As in the case of the GPO

Phys. Chem. Chem. Phys., 2022, 24,1610-1619 | 1613
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Fig. 5 Hydrogen bonding patterns from the structures located on the
energy landscape for the reference GPO model peptide (left) and for the
peptide with Gly to Ala mutations in every chain (right). The mutations lead
to local interruptions in the hydrogen bonds without any effects on the
global structure.

(a) 5Y45 Model A, chains A, B and C (b) 5Y45 Model B, chains A, B and C
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Fig. 6 Changes in the interchain Ca—Ca distances compared to the GPO
model peptide between the leading and middle chain (green), the leading
and the trailing chain, (orange), and the middle and trailing chain (blue) for the
different models from PDB 5Y45.° The registers that contain the Ala to Gly
mutations are highlighted. The middle chain moves away from the other two
chains up to 2 A relative to the GPO model. The distance between the leading
and trailing chain is fairly similar to the model, though some variation is
observed. Overall, the changes are very local to the mutation sites.

model peptide, the computational work agrees well with the
available experimental data. In both sets of data, the middle
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Fig. 7 Changes in the interchain Ca—Ca distances compared to the GPO
model peptide between the leading and middle chain (green), the leading
and the trailing chain, (orange), and the middle and trailing chain (blue) for
the different mutational patterns. The registers that contain the Ala to Gly
mutations are highlighted. The contributions from the individual minima
are Boltzmann weighted.

chain is moved away from the other two chains, where the
distance between the middle and trailing chain increased most
by up to 2 A. The changes are localised, and the computational
work shows that only the neighbouring registers to the three
mutated registers are affected. This limitation in the structural
changes on the immediate vicinity of the mutations is also
evident from the predicted changes in the hydrogen bonding.
The hydrogen bonding is interrupted around the mutations,
but away from the mutational sites no changes are observed
(see Fig. 5 on the right).

Another structural effect of the mutations is a change in the
distribution of endo/exo-configurations for the X-position pro-
lines around the mutated register. In Table 4, the percentage of
residues in an exo-configuration are given, again Boltzmann-
weighted to yield a realistic picture of the observable distribu-
tions. While our findings indicate an oscillation in the distri-
bution for the GPO model peptide as well (see Fig. 4), the
introduction of the alanine residues results in structures exclu-
sively adopting exo- or endo-configurations.

3.3 The effect of Gly to Ala mutations in a single or two chains

When analysing the effects of a single and two mutations, a key
point of interest is whether the changes observed in the triply
mutated system are very similar to those observed with fewer
mutations, or whether these changes are much smaller. These
options will lead to distinct behaviour in real systems, and alter
potential binding interactions. As an experiment cannot probe
single and double mutations, computational modelling is the
best approach to answer this question.
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Table 4 Boltzmann-weighted percentages of proline rings in an exo-configuration for the X-position proline residues for the registers around the
mutational sites. Register O is the register where the mutation is in the trailing chain, and register 1 and 2 are the registers containing the mutation sites in
the middle and trailing chain, respectively. Registers —1 and —2 are the registers above, and 3 and 4 are the registers below. The mutated registers are

highlighted in bold, and the chain the proline is in is given in the header

System Register —2 (1)  Register —1 (22)  Register 0 (x3)  Register 1 (x1)  Register 2 (22)  Register 3 (x3)  Register 4 (o1)
Reference 80.6% 22.3% 47.6% 67.9% 14.5% 51.4% 79.5%
Mut1l 97.9% 99.9% 0.0% 87.7% 51.4% 1.5% 8.5%
Mut2 98.8% 0.0% 99.9% 75.9% 5.4% 98.4% 79.6%
Mut3 13.6% 98.8% 1.9% 87.1% 90.8% 56.5% 85.7%
Mut4 99.6% 44.3% 1.4% 7.5% 99.4% 98.7% 9.9%

The alterations in the interchain distances shown in Fig. 3
show much smaller changes for a single mutation. The main
change occurs between the leading chain and the trailing
chain. The increased distances lead to interruption of the
hydrogen bonding pattern. The changes are localised to the
mutated register and the two registers on either side. The
canonical hydrogen bond between the alanine in the leading
chain and the proline in the middle chain in the preceding
register is only found in around 2% of structures. Similarly, the
hydrogen bonds between the proline two registers before and
after the alanine in the leading chain to glycines in the trailing
chain are only found in 4 and 10% of structures, respectively.
This prediction means that of the three hydrogen bonds in the
vicinity of the mutation that involve residues in the mutated
strand, none survive. The only other hydrogen bond in this
region between the middle and trailing chain is preserved in
about a third of structures. A small number of structures,
around 5 to 10%, form hydrogen bonds between the carbonyl
oxygen atoms in the affected proline residues in the leading
strand and the hydroxyl group in the hydroxyprolines in the
same register, which are located in the a3 chain. The pattern is
illustrated on the left in Fig. 8.

Introducing two mutations in the collagen peptide can
happen in multiple ways. Here, two distinct mutational patterns
were studied: Mut2, where there is a register between the two
mutation sites, and Mut3, where the mutated registers are directly
next to each other.

In Mut2, the mutations are in the leading and trailing chain.
This pattern leads to the largest changes in distance between
the trailing chain and the other two chains, i.e. the trailing
chain is pushed away from the core of the triple helix. While
these changes in distance are larger than for the single mutation,
the change in hydrogen bonding is reduced. The hydrogen bonds
preceding the first mutated register are preserved, including the
hydrogen bond formed between the alanine in the leading chain
and the proline in the preceding register in the trailing chain.
Only two hydrogen bonds are lost, as can be seen in Fig. 8 (right).
In addition, a new hydrogen bond is predicted to form between
the proline carbonyl oxygen and the hydroxyprolone OH group in
the register containing Ala in the o1 chain.

In Mut3, a large interchain distance is observed, which is at
the same time associated with the largest standard deviation
across all structures (see Fig. 3). As the mutations occur in
neighbouring registers in the leading and middle chain, it is
potentially not surprising that the distance between these

This journal is © the Owner Societies 2022
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Fig. 8 Hydrogen bonding patterns from the structures located on the
energy landscape for the Mutl (left) and Mut2 (right) mutational patterns.
The mutations lead to local interruptions in the hydrogen bonds without
any effects on the global structure. The partial preservation of a hydrogen
bond in Mutl and the formation of an alternative hydrogen bond in Mut2
are predicted.

chains increases the most. Above the mutation sites the leading
and trailing chain are closer, while below the mutational sites
they are further apart, showing a buckling in the backbone. The
large standard deviation is a result of two competing structural
families, which becomes evident when considering the distri-
bution of interchain distances. The two structures are defined
by two competing hydrogen bonding patterns. These patterns
are shown in Fig. 9. The two structural families arise from a
competition between the two mutational sites - either the
hydrogen bond involving the alanine in the trailing chain or
in the middle chain is conserved, but never both. The second
case allows the formation of additional hydrogen bonds
between proline and hydroxyproline in the same register, as
observed for Mut2 as well. It should be noted here that these
structures show a high degree of variation, and these features
are the unifying themes that seem to separate the structures.
Taken together they only account for roughly 80% of structures
and other additional hydrogen bonds, such as between the
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Fig. 9 Competing hydrogen bonding patterns from the structures
located on the energy landscape for the Mut3 mutational pattern. Either
the hydrogen bond involving the alanine in the trailing chain is conserved
(left), or the hydrogen bond formed by the alanine in the middle chain is
present (right). The second case leads to the formation of additional
hydrogen bonds, leading to a lower energy.

alanine in the trailing chain and the glycine in the register
above. The key change in all these structures is the loss of
hydrogen bonds in the vicinity of the mutations, and a predic-
tion of the appearance of new hydrogen bonding patterns
formed within registers between proline and hydroxyproline.
In summary, the single and double mutations have a smaller
effect on the relative displacement of the chains, and it is
tempting to therefore suggest the changes are smaller than in
the system with three mutations. However, the interruption of
hydrogen-bonding is very similar in all mutated systems, with
the possibility of alternative hydrogen bonding being formed.
This observation suggests that the key features, i.e. the possibility
to bind other molecules due to the higher backbone flexibility and
the existence of alternative hydrogen bonds, exist for all mutants,
independent of the number of mutations introduced.

3.4 Methyl group orientations in the different mutational
patterns

The structural changes predicted in the mutated sequences
stem from the additional space required by the methyl groups
in alanine. The space between the three chains cannot accom-
modate the methyl group, and therefore only two options
remain. Either the chains are separated or the methyl group
needs to point outwards leading to a twist of the backbone. The
former is likely leading to the absence of some hydrogen bonds,
while the latter leads to strain in the backbone, and also
changes in the hydrogen bonding pattern.
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For the methyl groups, we observe three possible orienta-
tions: (a) pointing into the centre between the two other chains,
(b) pointing towards one other chain, and (c) pointing slightly
outwards. For case (a), the chain containing the alanine residue
will be pushed away from the other two, but those chains remain
close, and hence can preserve the hydrogen bonding. In case (b),
the distance is only increased between two chains, namely the one
containing the mutation and the one it points towards. This
orientation preserves most hydrogen bonding, and is also the
most compact. Finally, in the case of orientation (c), the backbone
rotates allowing for additional hydrogen bonding involving the
hydroxyproline on either side of the mutation, but it removes any
possibility for hydrogen bonding involving the alanine, and it
further introduces strain into the backbone. The orientation
in cases (b) and (c) is as follows, the methyl group of Ala in
a1 points at a3, the one in a3 points at a2 and the one in o2 points
at od.

If one mutation is introduced (Mutl), we see exclusively
orientation (b). The orientation allows the preservation of more
hydrogen-bonding, and the single mutation can still be accom-
modated this way. If a second mutation is introduced, the
methyl orientation depends on the distance between them.
When there is an offset, as in Mut2, both mutations, in the
leading and trailing chain, have enough space in orientation (b).
However, if the mutations are moved closer together, ie. in Mut3,
this is no longer possible. We observe two sets of orientations.
Preserving the hydrogen bond between the alanine in the o1 chain
and the proline in the o2 chain, the methyl in the leading group
points towards the centre pushing the chains further apart, but
allowing for the alanine in the o2 chain to still point at the o1
chain. Interestingly, in the second subset this orientation is
unchanged, but rotation of the methyl group in the leading chain
outwards allows the formation of alternative hydrogen bonds. If all
three mutations are introduced, in most cases the leading alanine
points to the centre, with the other two pointing more towards the
chain, but due to the extended interchain distances and the loss of
hydrogen bonds, there is a lot of flexibility, with the methyl groups
taking up the space inside the pushed apart chains.

3.5 Changes in the surface area of the mutational sites

Not surprisingly, the changes in distance between the chains
affect the solvent-accessible surface area of the molecule. The
general trend is that the mutations increase the surface area,
with a maximum 6% increase for three mutations compared to
the GPO model reference. Interestingly, the only mutation
pattern going against this trend is subset b for Mut3. The
additional hydrogen bonds formed pull the structure together
and the surface area is comparable to the reference. The
thermally weighted values are provided in Table 5.

4 Discussion
4.1 Model validity and agreement with experiment

The first point to notice is the good agreement between the
previously reported experimental structures and the predicted
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Table 5 Solvent-accessible surface area of the three mutated registers,
and the three registers on either side. The surface area is increasing with
increasing alanine residues, apart from subset b for Mut3

System Solvent-accessible surface area/A*
Reference 1362.1 + 4.9
Mut1 1390.5 + 4.0
Mut2 1398.5 £ 8.7
Mut3 a 1403.6 £ 5.2
Mut3 b 1366.3 + 3.4
Mut4 1446.9 £ 8.2

structural ensembles from our computational model. Two sets
of comparison may be used in this context. Firstly, we can look
at a direct comparison of the reported experimental structures
and the structural ensembles found in this study. The struc-
tures are in good agreement, both for the lowest PE minimum
and the thermally-weighted ensemble average. The canonical
hydrogen bonding pattern® is present in the structures located
on the energy landscape. This agreement extends not only
to good agreement in the GPO model peptide used as the
reference, but also to the triple mutated system, for which
experimental data is available in the protein data bank.

The second comparison for which extensive experimental
data exists, is the dynamic nature of the ring puckering of the
proline and hydroxyproline residues. The Y-position hydroxy-
proline adopts an exo-configuration,”** which stabilises the
collagen structure.*>*® In contrast, the proline in the X position
is more dynamic, and shows transitions between endo- and exo-
configurations on a nanosecond time scale.*’** The mean first
passage time for this transition from our modelling is in the
nanosecond range as well. Furthermore, recent work using
density functional approximations®® gave the difference
between endo and exo as roughly 0.6 kcal mol™ ', which we
calculated for a specific example as around 0.2 to 0.3 kcal mol .
Previous work combing experimental techniques with global
optimisation techniques® shows a range of energy differences
between the conformations from close to 0.0 to 0.5 kcal mol .
Importantly, this work on model peptides is in agreement with
work on intact bone ECM samples.*® Furthermore, Chow et al.*®
give a ratio of 60:40 between endo and exo for the X-position
proline rings. From this more extensive exploration of the energy
landscape this ratio is 55:45, but closer to 59:41 at lower
temperatures when higher energy structures do not contribute
to the structural ensembles.

The good agreement between these various reported experi-
mental results and our computational exploration demon-
strates the validity of the modelling approach. One factor that
plays a role in this case is the rigidity of the collagen model
peptides. The structures are fairly stable, and the chain length
was chosen in this study to stop chain dissociation, as we are
interested in the increased flexibility and the structures arising
from it. This rigidity makes it more likely that we match
experimental observables. However, this rigidity is not at the
centre of some observables being well matched. First, the
proline ring puckering is a dynamic process in nature, and
the match between experiment and this study is due to an
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appropriate model choice. Secondly, the temperature variations,
as reported through the ensemble averages, predicts small, but
noticeable temperature effects on both interchain distances and
ring puckering. Finally, the matching of interchain distance
variations for the triply mutated system, including the correct
relative variations between the chains is another observation not
based on structural rigidity.

4.2 The impact of mutations is local, but significant

When we consider the impact of mutations on a biomolecule
one of the key questions is how large the resulting structural
and therefore functional changes are. In agreement with pub-
lished experimental structures, the changes observed are
restrained to the mutated registers, and those registers in the
vicinity of the mutations. Consequently, the global structure of
collagen is likely to be unaffected by the mutations, although
the mutations still result in significant changes around the
mutation sites.

Two points merit further consideration in this context.
The first is the mechanism of how the mutational effects are
restrained locally. As the interchain distances increase and in
some cases a change in backbone orientation is observed due to
the orientation of the introduced methyl groups, strain is
introduced into the affected backbones. Previously, it was
suggested that the flexibility in the proline pucker provides
controlled flexibility allowing mechanical deformations of
collagen fibres.’®*® Consequently, following this hypothesis,
one mechanism to absorb this strain is a change in puckering
preferences around the mutational sites. Indeed, the puckering
preferences for the X-position are changed around the mutations.
This process allows for a local adjustment of structure without
disturbing the hydrogen bonding pattern and structure further away.

A caveat with this analysis is the y, variations reported in
Fig. 4 for the model peptide. It appears that there is some
deviation away from the 55 : 45 split for each individual residue,
in a fairly regular manner. Especially towards the ends of the
model molecules these deviations are extreme. A question
therefore arises whether this feature is a finite size effect and
disappears in longer segments, or whether the alterations are
still observed, albeit in more moderate ways, as is predicted for
the central residues here. In either case, the changes computed
for the mutated peptides are significantly larger than the
variation in the reference for the central residues, where the
mutations are. The predicted puckering changes are therefore a
feature of these mutated structures, albeit that the actual
changes in preference may be slightly smaller.

The second point in this context relates to the behaviour
of the energy landscapes when mutated. The stable sequences,
i.e. sequences that form functional, stable biomolecules, are
marginally stable,” and single point mutations on the peptide
level may or may not lead to more drastic changes in the energy
landscape.’®* Given that there seems to be a mechanism to
constrain the changes to a small region within collagen, and
the fact that the introduced changes are small, it is therefore
not surprising that no larger changes are observed on the
energy landscapes. All landscapes consist of a single broad
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funnel with a variety of structures, all of comparable energy.
This availability of a large number of similar structures con-
tributes to the dynamic character of collagen, which has been
described based on experimental findings before.*®*° Based on
statistical mechanics, it has been demonstrated that a high
molecular symmetry generally leads to either very high or low
energies,” and that high symmetry in biomolecules is
favourable.>® These observations are seen in three distinct ways
in this study. The high symmetry of the reference collagen is
the obvious first one. Secondly, we see it in the high symmetry
adopted by the triple mutation. Finally, the retention of the
canonical collagen structure on either site of the mutations
may also be interpreted in this context. Importantly, this
interpretation implies that the maximal changes should be
observed in the mutants with lower symmetry. Indeed the most
drastically changed ensemble is observed for the doubly-
mutated collagen, where the mutations are in neighbouring
registers. This proximity introduces overall larger alterations as
the mutations will show physical interactions, and hence lead to
larger changes. As a result we observe two competing structural
ensembles, showing how even such modest changes such as from
Gly to Ala can significantly alter the underlying energy landscape
and hence the associated structural ensembles.

4.3 Two mechanisms for adapting to a Gly to Ala mutation
exist

The methyl groups on the alanine have an increased volume
and therefore cannot be accommodated in the centre of the
triple helix. For a single mutation or mutations that are spaced
out the lowest energy configuration adopted is for the methyl
group to point towards the centre of another chain pushing out
one of the chains. The closer the mutations are the more
disruptive this mechanism becomes as the methyl groups not
only clash with the other chains, but also with each other.
Firstly, this clashing leads to an increase in the distance between
chains. Secondly, it leads to a change in methyl orientation, where
the methyl group twists outwards. Consequently the backbone
also needs to change, resulting in hydrogen bonding changes.
Importantly, it leads to intra-register hydrogen bonding involving
the hydroxyl group of hydroxyproline. From this prediction, it is
expected that we see changes in the backbone atoms, for example
in the NMR signals, and also in the hydration shell around the
mutational sites.

4.4 The dynamic behaviour of mutated collagen chains

The dynamics of the mutated collagen fibres are affected in two
ways. The dynamics of the ring puckering are affected as
discussed before due to the changes in the backbone as the
mutations push the collagen chains apart, which introduces
strain. The increased distance between the chains and the
absence of a number of hydrogen bonds changes the backbone
dynamics. The predicted structural ensembles show an
increased contribution of the backbone atoms in the vicinity
of the mutations to the normal modes of the molecules
compared to the GPO reference. Interestingly, the changes do
not exhibit a clear pattern relating to the number of mutations
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introduced, but are similar across all mutational patterns probed.
While the changes between the mutational patterns differ, in
particular with respect to the distance between chains, the inter-
ruption of the hydrogen bonding patterns is very similar across the
different patterns. As a result, a single Ala to Gly mutation
is predicted to lead to a significant change in the dynamical
behaviour around the mutational site.

5 Conclusions

In this contribution, we employed the potential energy land-
scape framework to study the effect of Gly to Ala mutations
in the GPO model peptides. The findings agree well with the
available experimental data. The main contributions of this
study are the modelling of experimentally inaccessible single
and double mutations. While we predict that all changes due to
the mutations are local, they have significant effects on the
structure in the vicinity of the mutations. Most importantly, we
observe that changes to the hydrogen bonding pattern in a
peptide with a single mutation are very similar to a peptide with
a mutation in every chain. This observation shows that even a
single Gly to Ala mutation significantly alters the flexibility of
the collagen chain in the mutated region, allowing for potential
binding interactions with other molecules.

These changes are a result of the additional space require-
ment of the alanines’ methyl groups. Through exploration of
the energy landscape, we obtained a detailed overview of the
possible orientations of the methyl groups. Their presence
either leads to straining through stretching or to straining
through twisting, depending on the methyl group orientation.
The distinct mechanisms of how the methyl groups are accom-
modated have been detailed here. Importantly, the number of
mutations and their proximity has a decisive impact on the
structure adopted, and we predict a different orientation for
single or spaced-out double mutations than has been reported
for the triple mutation.

Moreover, the strain from the structural alterations leads to
changes in the puckering observed, which can be linked to a
hypothesis by Chow et al.*® that the puckering dynamics allows
for controlled flexibility in collagen changes. These changes in
the puckering behaviour cannot be predicted from single
experimental structures, as an ensemble view is necessary to
clearly identify them. Given the locality of these changes, which
nonetheless absorb significant elongation of the backbone, it
can be seen how important this mechanism might be in the
elasticity of collagen.

Given the wealth of information that can be extracted from
this approach, future applications of the modelling towards
binding domains, interrupting deletions of residues and the
impact of mechanical forces on collagen fibres are desirable.
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