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We have carried out stochastic boundary molecular dynamics simulations to estimate free energy changes for
substitutions of Gly with Val, Arg and Trp residues in a collagen-like peptide. The relative free energy change
differences of mutants containing a Val, an Arg and a Trp relative to the wild type are 5.7, 8.1 and 9.5 kcal/mol,
respectively. The corresponding free energy change differences of mutants containing two mutated residues
are on average 7.6, 10.5 and 14.7 kcal/mol, respectively. We show that the free energy change differences are
correlated with the severity of OI from statistical analysis and mechanical properties of the individual
tropocollagen molecules. This simulation result indicates an atomistic-level mechanistic understanding of the
effect of OI mutations in terms of stability of the mutants relative to the wild type, which could eventually
provide a new strategy for diagnosis and treatment of the disease.
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1. Introduction

Collagen is the most abundant protein in mammals and provides
the structural framework for blood vessels and most organs. Collagen
type I is a heterotrimer composed of two α1(I) and one α2(I) chains.
Each chain has a left-handed twist within a right-handed helical triplex
for a monomer and consists of 338 repeating units of (Gly-X-X′), where
Gly is placed at every third position of helical domain and is essential for
close packing of triple helical structure [1–3]. Residues in positions
X and X′ are related to the stabilization of the collagen fibrils. Post-
translational modification of Pro and Lys residues can occur at residues
in position X′ [4]. According to the structure of a collagen-like peptide
determined by 'X-ray crystallography, the triple helical peptide exhibits
supercoiling of polyproline II helices and interchain hydrogen bonding.
The model peptide is a very rigid and robust system because two thirds
of peptide sequence is composed of Pro and hydroxyproline (Hyp).
Computational and experimental work of relative stability with model
peptides indicate thatmutationswithin a very stable local environment
of the collagen result in more significant destabilizing effect on the
structure, which may cause a more severe clinical phenotype of OI
[5,6]. Single point mutations in the Gly position of a collagen helical
triplex cause themajority of osteogenesis imperfecta (OI), a brittle-bone
disease.

The severity of OI has been thought to be related to the structure
and stability of the type I collagen caused by the mutations. But, it is
not clear which factors are responsible for patient symptoms and
the mechanism by which these changes cause patient phenotype. A
change in the melting temperature (Tm) of collagen triple helix has
been used as a measure of the destabilizing effect of mutations on
the triple helix. Although the change of Tm could be expected to have
direct physiological consequences due to decreased thermal stability
of the mutated collagens, there is no simple correlation of clinical
OI symptoms with the change of Tm caused by the mutations.

Single nucleotide replacements within Gly codons are the most
common type of mutation. The nature of the amino acids substituted
for Gly and type of chains and position of the mutation mainly
determine phenotypes of the mutants caused by the single mutations
in the triple helical coding regions of the type I collagen genes [7,8]. In
the proα1(I) chain, substitutions of Val, Glu Arg and Asp produce
moderate and severe phenotypes, respectively, near the carboxy-
terminus of the triple helical peptides owing to the effect of large side
chains [7]. The severity of similar substitutions within the proα2(I)
chain appears to be milder because collagen is composed of two
proα1(I) chains and one proα2(I) chain [7]. Substitutions of
tryptophan for glycine are very rare, probably due to the rarity of
GGG glycine codons in both COL1A1 and COL1A2 genes. The glycine
substitutions change the triple helical structure, lower thermal
stability and produce delay in triple-helix formation [9–11]. The
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effect on collagen structure has been investigated bymodeling studies
and by experimental measurements using peptides with substitu-
tions [9–11]. It was suggested that in the region of the mutation a
bubble was formed, which could cause a different chain order [9,10]
and there could be a change in the pitch of the helix [11].

The effect of OI mutations on the mechanical properties of a single
tropocollagen molecule was investigated under a physiologically
relevant mechanical loading condition [12]. The study showed that
the severity of OI was correlated with the loss of the mechanical
stiffness of individual tropocollagen molecules, which was controlled
by side-chain volume and hydropathy index of the mutated residues
[12]. Mutations exhibiting more severe phenotypes were associated
with softer tropocollagen mechanical properties [12]. This indicated
that the structural changes caused by OI mutations altered the pro-
perties at the single molecule level. Furthermore, mesoscale simula-
tion showed that mutations leading to severe phenotypes exhibited
weakened intermolecular adhesion, increased intermolecular spacing,
and a reduced failure strength of collagen fibrils [13].

The previousMD simulationswere carried outwith a fully solvated
collagen-like peptide composed of [(Pro-Hyp-Gly)10]3 (Hyp: 4-
hydroxyproline) for Gly→Ala mutation at the central position of
the triple helical peptide. The free energy change difference between
the mutant and the wild type was consistent with the experimental
measurement [14]. We also previously performed stochastic bound-
ary MD (SBMD) simulations on the collagen-like peptides to estimate
free energy change differences between the wild type and mutants
containing an X residue (X: Cys, Ser, Glu or Asp) as well as between
the oxidized and reduced forms of the mutants containing two Cys
residues. In that study we found that the calculated folding free
energy differences were correlated with the severity of OI from
statistical analysis [15]. Furthermore, the free energy differences of
the oxidized and reduced form of the mutants containing two Cys
residues showed that the oxidized form of the mutant is more stable
than the reduced form by 0.8 to 2.7 kcal/mol [15], which was similar
to the experimental values of free energy change differences (ΔΔG)
between the oxidized and reduced form of cross-linked T4 lysozymes
by a disulfide bond [16]. These simulation results also show that the
oxidized form is more stable than the mutant containing one Cys
residue but less stable than the wild type, which is in good agreement
with experimental results obtained from three patients bearing
collagen mutants containing Cys residues substituted for Gly.

In our previous simulations, we investigated several OI-related
collagen Gly mutations, selected to represent varying levels of OI
severity: severe (Asp), moderate (Glu) and mild (Ser and Cys). These
preliminary studies showed that our free energy simulation protocol
could correctly reproduce the observed OI severity effects. In this
work we perform calculations for another set of mutations related to
OI, involving mutations from Gly to Val, Arg and Trp in the collagen
triple helix. These studies expand the range of previouslymodeled Gly
substitutions to more observed residue types and extend the range of
predicted changes in collagen stability. Together with the previous
studies, the chosen mutations improve our coverage of the range of
observed OI severities, covering multiple examples of mild, moderate
and severe phenotypes. This provides a more stringent test of our
computational approach and strengthens its predictive power for
mutations not yet considered. Our results include calculations for the
very rare Gly to Trp mutant, aimed at understanding the relation
between its stability and OI severity. The Brodsky group experimen-
tally estimated thermodynamic values to study stability of the
mutants using the model peptides but did not study for the mutant
containing a Trp [17] because Gly to Trp mutation maybe is extremely
rare.

Herein we have carried out free energy simulations on partially
solvated collagen model peptides to estimate stabilities of the
mutants containing X (X=Val, Arg and Trp) residues relative to the
wild type. The 1st and 2nd mutations were carried out in our free
energy simulations to understand stabilities of themutants containing
one or two mutated residues, respectively. Our goal is to investigate
the effect of the OI mutations on the stabilities of the mutants relative
to the wild type and the correlation with the severity of OI and
mechanical properties of the collagen-like molecules. We expect that
these calculated results provide insight into the microscopic under-
standing of collagen's mutations on the thermal stability and a better
understanding of the details of free energy differences of the collagens
caused by a single point mutation.

2. Methods

Weperformed SBMD simulations on homotrimeric collagenmodel
peptides with the simulation program CHARMM [18,19] version 35
and the CHARMM22 all-atom topology and parameters [20]. An atom-
based 12.0 Å nonbonded cutoff distance was used with switching
function between 10.0 and 12.0 Å for van der Waals terms and a
shift function at 12.0 Å for electrostatics in all energy evaluations.
For the folded peptide the initial structure is obtained from a crystal
structure of the collagen-like model peptide (PDB code: 1CGD) [9].
The sequence of the folded peptide is [Ac-(POG)9-NH2]3 (O: 4-
hydroxyproline) and the mutation site of the peptide is at position 15.
The unfolded peptide model consists of an extended five-residue
monomeric peptide (Ac-POGPO-NH2). N-terminus and C-terminus
are acetylated and amidated, respectively, for both folded and
unfolded model peptides. The system is composed of spherical
regions of 16 Å radius centered at Gly Hα. Hydrogen atoms were
built in using the CHARMM program [18].

Each system was minimized by performing 5000 steps of the
adopted basis Newton–Raphson (ABNR) optimization algorithm [18].
All simulations were carried out by using the SBMD simulations [21].
In this method, the system is divided into three regions: dynamics,
buffer and reservoir regions. In the interior 14 Å sphere, called the
dynamics region, all atoms perform normal Newtonian dynamics
under the CHARMM force field [18]. In the 2 Å thick external shell,
surrounding the dynamics region called a buffer region, stochastic
dynamics based upon Langevin equation is used with a friction
coefficient of 200 ps−1 [22]. All atoms except hydrogen atoms within
the buffer region are placed under isotropic harmonic constraints
with a force constant of 15 (kcal/mol Å2). TIP3P water molecules [23]
were restrained to stay within 16 Å of the system center by a spherical
mean-field potential [21]. After deletion of the water molecules
overlapped with the peptide, we carried out equilibration of solvent
for 100 ps with the solute constrained. The reservoir region is the rest
of the system, which is kept fixed all along the simulation.

The Gly→Val, Arg and Trp mutations were introduced in the
folded and unfolded systems. The thermodynamic properties were
calculated using the coupling parameter approach [22,24–26] with a
hybrid potential energy function. The potential energy of the peptide
system containing Gly at position 15 is defined as U0 and that of the
mutated system containing Val, Arg or Trp at the same position as U1.
MD simulations were performed for five intermediate systems
with U=(1−λ) U0+U1, and λ values of 0.1, 0.3, 0.5, 0.7 and 0.9.
We carried out equilibration for 200 ps followed by a dynamics run for
1 ns for each window. The free energy between the initial and final
states is evaluated by thermodynamic integration [22]. Each mutation
simulation involved 6.3 ns of molecular dynamics for forward reaction
and 1-ns of SBMD of the system required about 12 h of CPU time on
the dual Quad-core Intel Xeon cluster. The simulation for each
mutation was carried out in forward and reverse direction to estimate
the degree of thermodynamic reversibility.

We have carried out MD simulations on collagen-like peptide for
the mutation of Gly→Xaa (Xaa: Val, Arg, and Trp) at the folded and
unfolded states. The simulation results produced the free-energy
changes for the Gly→Xaamutations at positions 15 of the folded state
and 3 of the unfolded state. The free energy differences of chemical
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mutation at the folded and unfolded states are ΔGfol
mut and ΔGunfol

mut ,
respectively. Experiment can measure the free energies of unfolding,
ΔGu

wt and ΔGu
mut, of the wild type and mutant, respectively. The

simulation results can be related to the experimental measurements
via the thermodynamic cycle shown in Fig. 1.

Δ ΔGð Þ for first Gly→Xaa mutationsð Þ = ΔGmut Ið Þ
fol −ΔGmut

unfol

Δ ΔGð Þ for second Gly→Xaa mutationsð Þ = ΔGmut IIð Þ
fol −ΔGmut

unfol

Δ ΔGð Þ for first and second mutationsð Þ = ΔGwt
u −ΔGmut

u

= ΔGmut Ið Þ
fol + ΔGmut IIð Þ

fol −2ΔGmut
unfol:

2.1. Error analysis and convergence

The errors of the free energy change differences in this simulation
were estimated by the bin-average method [28]. For each simulation
the data were divided into 20 contiguous bins of equal size within
each window. The errors of the overall free energy difference changes
were evaluated by standard error analysis with the reported errors
corresponding 95% confidence intervals of the mean [28]. The
statistical errors of the free energy difference changes for all the
mutations from Gly to Val, Arg and Trp in this study were 0.7, 0.9 and
0.8 kcal/mol, respectively. For each mutation, the free energy changes
from the separate forward and reverse trajectories agreed within
their statistical errors. This indicates that the free energy simulation
results are converged.

2.2. Approximations made in these MD simulations

Our simulations involve a number of simplifications and approx-
imations since we employ a simple molecular model for folded and
unfolded states. To limit the number of simulations we do not carry
out all possible mutation patterns, only single mutations in the center
of chain A and then second mutations in the centers of chains B and C.
In the simulations we use only the solvated portion of the triple helix
to represent the folded and unfolded states. Furthermore, in this
SBMD simulation only part of the peptide model is solvated, allowed
to fluctuate and interact with its surroundings with standard
nonbonded cutoffs and without including counterions. This simula-
tion setup does not allow any large structural changes in the triple
helical peptide due to constraints. The limited solvation and use of
nonbonded cutoffs do not allow for an accurate description of long-
range electrostatic effects, which could introduce a bias in the
calculated free energy changes. This effect could be more significant
in the mutation Gly→Arg where electrostatic contributions are
Fig. 1. Thermodynamic cycle used to calculate free energy differences of the first and
second Gly→Xaa (Val, Arg and Trp) mutations at folded and unfolded states. The
calculation at the unfolded state was determined once and used for each Gly mutation.
dominant. In this setup the simulation results involving a mutant
containing a charged residue could be approximate. The simulation
could be improved by using more water molecules, counterions,
longer nonbonded cutoffs and a more accurate method for estimating
electrostatistics such as multipole expansion [29]. We used five
simulation windows with λ=0.1, 0.3, 0.5, 0.7 and 0.9, with 6.2 ns of
total MD for forward reaction in each energy simulation. In our study
we decompose ΔΔG from alchemical processes in the thermodynamic
cycle with all energy terms simultaneously scaled by the same value
of the coupling parameter λ. Decomposition of the alchemical ΔΔG is
appropriate for obtaining physical insights into the effects of point
mutations on protein thermal stability [30]. In this analysis with our
thermodynamic cycle, decomposing the alchemical ΔΔG for collagen
complex formation is the appropriate approach for analyzing
microscopic effects on triple-helix stability [30,31]. Our decomposi-
tion results exhibit local path dependence due to choice of uniform
scaling. The uniform scaling results have the property of symmetric
distribution of nondiagonal terms [30]. Thus, we employ the de-
compositions to provide helpful qualitative insights into the forces
driving changes in stability caused by mutations. Lastly any pre-
dictions based upon empirical force fields are approximate due to
limits in parameter accuracy.

3. Results

The molecular structures of the homotrimeric collagen model
peptides partially solvated in a water sphere at the folded and
unfolded states are shown in Fig. 2. We have performed SBMD
simulations on the solvated part of the peptides for the mutations
from Gly to Val, Arg and Trp to understand the stability of themutated
collagen model peptides with respect to the wild type. The MD
simulation results for the first and second Gly mutations to estimate
the degree of destabilizing effect for the mutants in collagen type
I are shown in Tables 1 and 2, respectively. The calculated
results (ΔΔGTotal) indicate that the wild type is more stable than
the Val-, Arg- and Trp-containing mutants with two mutated residues
by 7.6±0.7, 10.5±0.9 and 14.7±0.8 kcal/mol respectively. The
ΔΔGTotal values calculated in this work follow the same trends as
the ones obtained using the same peptide system for the mutations
from Gly to Cys, Ser, Glu and Asp, which were found to be closely
related to the severity of OI from statistical analysis [15].

The free energy changes of the folded (ΔΔGTotal
Fold ) states for the first

mutations Gly→Val, Gly→Arg and Gly→Trp are 22.9, −203.6 and
48.6 kcal/mol, respectively. The free energy changes of the unfolded
(ΔΔGTotal

Unfold) states for the corresponding first mutations are 17.5,
−212.3 and 39.1 kcal/mol, respectively. The Gly→Val and Gly→Trp
mutations destabilize both the systems at the folded and unfolded
states, but they destabilize the system at the folded state more than
those at the unfolded state. However, the mutation Gly→Arg
stabilizes the system at the folded and unfolded states but it stabilizes
the system at the unfolded state more than that at the folded state.
Total free energy change difference is decomposed into covalent,
electrostatic and van der Waals terms defined in the CHARMM
potential energy function. The net effects (ΔΔGTotal) for all of the
mutations are to destabilize mutants relative to the wild type. The
electrostatic, van der Waals and covalent terms all provide unfavor-
able contribution to 1st Gly→Val and Gly→Trp mutations. But, for
1st Gly→Arg mutation, electrostatic energy term contributes favor-
ably to the total free energy change. The remarkably different
contribution to the free energy change at the folded and unfolded
states between Gly→Val & Trp and Gly→Arg mutations is from
unfavorable and favorable electrostatic energy terms, respectively.

Due to different chemical and geometrical environment of the 2nd
mutation sites, the 2nd mutations were carried out at two different
positions. The total free energy change differences between the
two chains are less than ~1 kcal/mol for all the mutations. The



Fig. 2. The partially solvated triple helical peptide (wild type) and extended monomeric peptide (wild type) systems used as models for the folded (left) and unfolded (right) states,
respectively in a water sphere (red). (Color: blue: nitrogen, red: oxygen, light blue: carbon, and white: hydrogen) The figures were prepared using the VMD program [27].
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destabilizing effects of 2nd mutations for all of the mutations
Gly→Val, Gly→Arg and Gly→Trp have shown the same trends as
those of the 1st mutations but the magnitudes of the destabilizing
effects for the 2nd mutations are smaller than those of 1st muta-
tions. The Val-, Arg- and Trp-containing mutants from 2nd Gly
mutations are less stable than the wild type by on average 2.0, 2.4 and
5.8 kcal/mol, respectively.

Statistical errors of ΔΔGTotal for the 1st and 2nd mutations
Gly→Val, Arg and Trp are within 0.7, 0.9 and 0.8 kcal/mol,
respectively.

The root mean square deviations (RMSDs) of solvated backbone
atoms of average structures from the MD trajectories (λ=0.9) for the
mutations Gly→Val, Gly→Arg and Gly→Trp with respect to the
minimized initial structures are shown in Table 3. The RMSD of the
solvated backbone atoms for 1st mutation Gly→Trp is 1.6 Å, which is
larger than those of the 1st mutations Gly→Val and Gly→Arg. Larger
structural deviation of the mutants containing a Trp residue may be
from its larger side chain. This larger RMSD of the peptide backbone
of the Trp-containing mutant is also shown in Fig. 3. Structural
deviations of the average structures with respect to the initial
structures from the trajectories (λ=0.9) for the 1st and 2nd
Gly→Arg and Gly→Val mutations are identical.

We calculated average backbone dihedral angles from the MD
trajectories (λ=0.9) for the 1st mutations of Gly→Val, Gly→Arg and
Table 1
Contributions to free energy differences (ΔΔG) for 1st Gly→Xaa mutations at position
15 of the collagen-like peptides (Xaa: Val, Arg and Trp) (Unit: kcal/mol).

1st mutations Gly→Val Gly→Arg Gly→Trp

ΔΔGTotal 5.7 8.0 9.5
ΔΔGElec 0.8 −1.3 0.3
ΔΔGvdW 3.4 4.6 0.2
ΔΔGCov 2.0 4.7 8.9

Folded state
ΔGTotal

Fold 22.9 −203.6 48.6
ΔGElec

Fold −2.8 −257.2 −1.1
ΔGvdW

Fold 1.5 −0.8 −0.7
ΔGCov

Fold 24.7 54.4 50.3

Unfolded state
ΔGTotal

Unfold 17.2 −211.6 39.1
ΔGElec

Unfold −3.6 −255.9 −1.4
ΔGvdW

Unfold −1.9 −5.4 −0.9
ΔGCov

Unfold 22.7 49.7 41.4

Average values of forward and reverse calculations are reported.
Statistical errors of ΔΔGTotal for the 1st and 2nd mutations Gly→Val, Arg and Trp are
within 0.7, 0.9 and 0.8 kcal/mol, respectively.
Gly→Trp. The means and standard deviations of the (φ and ψ)
dihedral angle values near the mutation sites (residues 14, 15 and 16)
are shown in Table 3. The average dihedral angle φ values near the
mutation sites for the mutations from Gly to Val and Arg are −86° to
−53° and −88°to −56°, respectively, and are similar to the typical
value of φ=−78° observed in polypropine II helices. The average
dihedral angle ψ values near the mutation sites for the mutation
from Gly to Trp are −63° to −37° with the dihedral angles at posi-
tion 15 deviating the most from typical polyproline II values. The
dihedral angle ψ values at positions 14, 15 and 16 for the muta-
tions Gly→Val, Gly→Arg and Gly→Trp are 138°–155°, 143°–155°
and 136°–151°, respectively, and are similar to the typical ψ value
(149°) of polyproline II. The ψ value at position 15 for the mutation
Gly→Trp is 135°, which deviates more from the ideal values than
results for the mutations Gly→Val and Gly→Arg. The deviations of
the dihedral angles for the mutations indicate introduction of
structural deformations from the minimized initial structure during
the MD simulations. The structural deformation observed in the value
of RMSD of backbone atoms for the 1st mutation Gly→Trp may be
related to more distorted backbone dihedral angle values at the
mutation site of the Trp-containing mutant from the typical values of
polyproline II, which may be also associated with more significant
Contributions to free energy differences (ΔΔG) for 2nd Gly→Xaamutations (A and B) on
two different chains in the collagen-like peptides (Xaa: Val, Arg and Trp) (unit: kcal/mol).

2nd
mutations

Gly→Val Gly→Arg Gly→Trp

A B A B A B

ΔΔGTotal 1.8 2.1 1.5 3.2 5.4 6.1
ΔΔGElec 0.7 1.2 1.1 0.1 0.2 0.6
ΔΔGvdW 0.1 −0.7 −0.2 1.5 −1.6 −1.1
ΔΔGCov 1.0 1.6 0.6 1.7 6.9 6.6

Folded state
ΔGTotal

Fold 19.0 19.3 −210.2 −208.5 43.9 44.6
ΔGElec

Fold −2.9 −2.4 −254.9 −255.9 −1.4 −0.9
ΔGvdW

Fold −1.9 −2.6 −5.6 −4.0 −3.0 −2.5
ΔGCov

Fold 23.7 24.3 50.3 51.4 48.3 48.1

Unfolded state
ΔGTotal

Unfold 17.2 −211.6 38.5
ΔGElec

Unfold −3.6 −255.9 −1.5
ΔGvdW

Unfold −1.9 −5.4 −1.4
ΔGCov

Unfold 22.7 49.7 41.5

Average values of forward and reverse calculations are reported.
2nd mutations are the average values at two different mutation sites.
Statistical errors of ΔΔGTotal for the 1st and 2nd mutations Gly→Val, Arg and Trp are
within 0.7, 0.9 and 0.8 kcal/mol, respectively.

image of Fig.�2


Table 3
RMSDs (root mean square deviations) of all of the solvated backbone atoms with
respect to the minimized initial structures in each mutation from the MD trajectories
with λ=0.9. (Unit: Å).

1st mutations 2nd mutations

Gly→Val 1.2 1.5
Gly→Arg 1.1 1.5
Gly→Trp 1.6 1.4

Fluctuations of the RMSDs for all the 1st and 2nd Gly mutations are 0.1 kcal/mol. The
average values of 2nd Gly mutations on two chains are reported.

Table 4
Average dihedral angles (ψ, φ) near the mutation site of the folded peptide system in
each mutation from the MD trajectories with λ=0.9. (Unit: degree).

1st mutations Gly→Val Gly→Arg Gly→Trp

Residue 14 φ 138±24 146±42 151±64
ψ −67±10 −66±9 −62±11

Residue 15 φ 147±36 143±9 135±10
ψ −86±17 −88±17 −37±15

Residue 16 φ 155±20 155±41 136±20
ψ −53±12 −56±12 −63±14
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decreasing effect on the stability of the Trp-containingmutant relative
to the wild type (Table 4).
4. Discussion

The most common mutations found in type I collagen leading to
OI are caused by single point mutations. The resulting phenotypes
range from mild to prenatally lethal ones. The single point muta-
tions of Gly by another amino acid break repeating sequence pattern
of Gly-X-X′ in collagen triple helix. Statistical analysis of clinical
phenotypes of OI has demonstrated that all Gly→Asp mutations
observed in the α1(I) chain are lethal; Gly→Trp mutation is also
severe but extremely rare; Gly→Arg, Val and Glu are lethal if the
mutation sites are not found near the N-terminus; Phenotypes of
Gly→Ala, Cys and Ser mutations are not dependent on the position
of mutations. These mutations are lethal or unlethal all along the
chains [32]. The gradient model emphasizes that mutations near
the C-terminus are more severe than those near the N-terminus
and that the folding process of the triple helical chains occurs from C-
to N-terminus. This model supports lethality of single point mutations
of Gly by Arg, Val and Glu in the α1(I) chain. However, the regional
model suggests that local environment of the amino acids at the
mutation site and stability and binding sites are crucial in the severity
of OI. This regional model is proposed to explain the severity of
single point mutations of Gly by Ala, Cys and Ser [10,33].

The free energy change differences of mutants with Xaa residues
(Xaa: Val, Arg and Trp) relative to the wild type are in the trend of the
correlations of the severity of OI from statistical analysis with the
relative free energy change differences. This result is also consistent
with our previous free energy change differences for the mutations
from Gly to Xaa residues using the same simulation method but
different mutants (Xaa: Cys, Ser, Glu and Asp) (Fig. 4) [15]. The free
energy change differences of Gly→Xaa (Xaa: Ser, Cys, Glu and Asp)
mutations between the wild type and the mutants containing one
mutated residue at position 15 were 3.8, 4.2, 5.6 and 8.8 kcal/mol,
respectively [15]. The corresponding free energy change differences
between the wild type and themutants bearing twomutated residues
were 5.1, 5.7, 8.5 and 14.2 kcal/mol, respectively. The order of
Fig. 3. Overlay of the backbone atoms of average structures from the trajectories
(λ=0.9) of each mutant containing one mutated residue. (Blue: wild type; red, gray
and orange: mutants containing an Arg, a Val and a Trp residue, respectively)
The figures were prepared using the VMD program [27].
destabilizing effect of the residue replaced for Gly follows the order
of severity of OI from statistical analysis. The relationship of the free
energy change differences with the severity of OI provides insights
into microscopic understanding of important factors determining the
clinical severity of OI phenotypes.

Combining the results of this work and our previous study [15], the
mutants containing one or two mutated Ala, Cys or Ser residue,
exhibiting a mild observed phenotype, are less stable than the wild
type by ~4 or ~6 kcal/mol, respectively. The mutants bearing one or
two mutated Val, Arg or Glu residue, exhibiting a moderate observed
phenotype, are less stable than the wild type by 6–8 or 8–11 kcal/mol,
respectively. The mutants containing one or two mutated Asp or Trp
residue, exhibiting a severe phenotype, are less stable than the wild
type by 9–10 kcal/mol or 14–15 kcal/mol, respectively. Thus, these
relative free energy changes for all of the mutants would help to
predict the clinical severity of OI of unknownmutants from calculated
estimates of free energy change differences.

Free energy simulations on the collagen-like peptides using SBMD
method were previously employed to estimate free energy change
differences of human collagen for the Gly→Sermutations at positions
901 and 913 showing nonlethal and lethal phenotypes, respectively
[34]. The free energy change differences of the two mutations in close
proximity are in the trend of correlation of the simulated free energy
change differences of single point Gly mutations with the severity of
OI from statistical analysis. The relationship of our calculated free
energy change differences with the clinical severity of OI could be
used to determine the clinical phenotype of mutated collagen by
calculating free energy change differences of the collagen mutants
relative to the wild type using the SBMD method.
Fig. 4. Relationship of free energy change differences of the mutations and the severity
of OI. (Color; gray: 1st mutations, white: 2nd mutations) (G15S, G15C, G15E and G15D
mutations from Ref. [15]) The mutant containing two Cys residues is a reduced form.
(S: Ser, C: Cys, V:Val, E:Glu, R: Arg,D:Asp, andW: Trp) The severity of OI is based upon the
statistical occurrences and observations of OI. The statistical data are published [32] and
collected in the collagen mutation database (http://www.le.ac.uk/genetics/collagen/).

image of Fig.�3
image of Fig.�4
http://www.le.ac.uk/genetics/collagen/
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The relative stability of host–guest collagen-like peptide mutants
relative to the wild type was investigated to understand the influence
of Gly mutations on the helix disruption in a constant and homo-
geneous environment [17]. In this experimental study the peptide
mutants were prepared by substitutions of Gly by Xaa (Xaa: Ala,
Cys, Ser, Val, Arg, Glu and Asp) residues in the peptide sequence
of [(Gly-Hyp-Pro)5-(Xaa-Hyp-Pro)-(Gly-Hyp-Pro)4]3. Their experi-
mental results showed that the order of disruption of the peptide
correlated with the identity of the residues replacing Gly in the OI
[17]. The thermodynamic analysis suggested that the decrease of
stability of the peptides was due to entropic destabilization [17]. The
relative clinical severity was consistent with the order of disruption of
different residues in their collagen-like peptide. These experimental
relative stabilities between the wild type andmutants of the collagen-
like peptide were in approximate agreement with our calculated free
energy change differences of the collagen model peptides.

The destabilization of the mutants is dependent upon side-chain
size and charge; however, as both experimental data [17] and our
simulations demonstrate, the correlation does not simply follow a
side-chain volume series, even for residues of identical charge. The
exception to the side-chain volume trend is aspartic acid for which
the mutant is more unstable than the mutant having a glutamic acid
even though the Glu side chain is larger than that of Asp. According
to the simulation results, the total free energy change from elec-
trostatic term in the glutamic acid-containing mutant contributes
more favorably than that in the aspartic acid-containing mutant by
6 kcal/mol [15]. We expect this is because the glutamic acid side chain
is more exposed to solvent than the aspartic acid side chain, providing
the glutamic acid-containing mutant with more favorable electro-
static contribution to the total free energy change [15].

Gautieri et al. investigated the effect of Gly mutations in collagen
leading to OI on the molecular, intermolecular and fibril mechanical
properties [12,13]. The Gly mutations in OI were known to affect the
mechanical properties of collagenous tissues [12,13]. The authors
used atomistic steered MD simulations in explicit solvent to show
that the severity of OI was correlated with the loss of the mechan-
ical stiffness of individual tropocollagen molecules [12]. The values
of Young's modulus were estimated to understand the peptides'
stiffness as two functions of the hydropathy and the residue
volume. The Young's modulus of the reference peptide was deter-
mined as 3.96±0.21 GPa, which was consistent with the experimen-
tal measurement [35,36] and the values of mutated peptides for Gly
were estimated to be 3.37±0.32–3.78±0.29 GPa [12]. This suggests
an atomistic-level mechanistic understanding of OI mutations, which
could lead to new strategies for diagnosis and treatment of the disease
[12]. They also performed MD simulations to understand the effect
of locally softened domains on the structural behavior of the tropo-
collagen models [13]. They found that mutations showing more
severe phenotypes were related to softer tropocollagen mechanical
properties [13]. They also found that at the intermolecular level, OI
mutations caused a weakening of intermolecular adhesion, increase
of intermolecular equilibrium spacing and reduction of likelihood
of cross-link formation [13]. Through the mesoscale MD simulations,
they suggested that the OI mutations caused reduction in strength
of more than 50% and 35% in a cross-linked and a cross-linked free
fibril, respectively, compared to a wild type [13].

The stability of the collagen model peptides tends to be reduced
by single point mutations of Gly by other residues especially
having charged and large side chains. The decrease of hydrophobic
stabilization of the triple helix caused by Gly mutations affects the
kinetics of the folding. This leads to slower folding rate of the mutants
compared to the wild type [37]. This reduced folding rate of the
mutants is associated with the severity of OI. The extent of the
defective folding or altered folding mechanism related to decreased
folding rate of the mutants may determine the degree of clinical
severity of OI. Our results demonstrated that mutated collagen
peptides exhibited a small decrease in stability or showed local
conformational perturbation at an atomistic level. The small energetic
and structural changes could be associated with local mechanical
properties of single tropocollagen molecules [12].

5. Conclusion

Free energy simulations of collagen model peptides for the
mutations from Gly to Val, Arg and Trp have been performed to
investigate the effect of the single point mutations on the structure
and stability of the collagen mutants related to OI. The free energy
change differences of mutants containing a Val, an Arg and a Trp
residues relative to the wild type are 5.7, 8.1 and 9.5 kcal/mol,
respectively. The corresponding free energy change differences on the
collagenmutants containing twomutated residueswith respect to the
wild type are 7.6, 10.5 and 14.7 kcal/mol, respectively. These free
energy change differences for the mutations Gly→Val, Gly→Arg and
Gly→Trp are caused by introduction of larger and/or charged side
chains in place of small and neutral Gly. The Val-, Arg- and Trp-
containing collagen mutants show relatively severe clinical pheno-
types of OI. These free energy change differences of the mutants
relative to the wild type are consistent with correlation of the free
energy change differences with the severity of the other mutations
obtained in our previous study using the SBMD simulation method.
The larger structural deformation observed in the RMSD value of
backbone atoms for 1st mutation Gly→Trp and more distorted
backbone dihedral angles at the mutation site of the Trp-containing
mutant may be associated with more significant destabilizing effect
on the Trp-containing mutant.

The mutants bearing one or two residues (Asp or Trp) showing
severe phenotypes are less stable than the wild type by 9–10 or 14–
15 kcal/mol, respectively, and the mutants containing one or two
residues (Val, Arg or Glu) showing moderate phenotypes are less
stable than the wild type by 6–8 or 8–11 kcal/mol, respectively.
According to our previous simulation study, the mutants containing
one or two residues (Ala, Cys or Ser) showing mild phenotypes are
less stable than the wild type by ~4 or ~6 kcal/mol, respectively.
When the free energy change difference of unknown collagen
mutants relative to the wild type is estimated to be greater than
13–14 kcal/mol through SBMD simulation, the mutant should show a
severe phenotype. On the other hand, when the free energy difference
of the unknown mutant is lower than 4–5 kcal/mol using the same
simulation protocol, the phenotype of the mutant is predicted to be
mild. These calculated relative energy differences are in agreement
with the trend in the clinical severity of OI from statistical analysis in
collagen type I and mechanical properties of tropocollagen molecules.
This relationship of the free energy changes of the mutants and
the clinical severity of OI would be helpful to predict the severity of
unknown mutations. This work will improve our ability to predict
the destabilizing effect on the stability of mutated collagens with
respect to a wild type and to understand the clinical severity of OI and
collagen-related diseases due to a single point mutation.
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