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ABSTRACT: Natural interruptions in the repeating (Gly-X-
Y), amino acid sequence pattern are found normally in triple
helix domains of all nonfibrillar collagens, while any Gly
substitution in fibrillar collagens leads to pathological
conditions. As revealed by our sequence analysis, two peptides,
one modeling a natural GSG interruption (POALO) and the
other one mimicking a pathological Gly-to-Ala substitution
(LOAPO), are designed. Circular dichroism (CD), NMR, and
computational simulation studies have discovered significant

differences in stability, conformation, and folding between the two peptides. Compared with the Gly substitution sequence, the
natural interruption maintains higher stability, higher triple helix content, and a higher folding rate while introducing more
alterations in local triple helical conformation in terms of dihedral angles and hydrogen bonding. The conserved hydrophobic
residues at the specific sites of interruptions may provide functional constraints for higher-order assembly as well as biomolecular
interactions. These results suggest a molecular basis of different biological roles of natural interruptions and Gly substitutions and
may guide the design of collagen mimic peptides containing functional natural interruptions.

Natural interruptions in the repeating (Gly-X-Y), amino
acid sequence pattern are found normally in the triple
helix domain of all nonfibrillar collagens, while any Gly
substitution in fibrillar collagens leads to pathological
conditions."”” Collagens represent a large family of triple helical
extracellular matrix molecules utilized by cells for structural
integrity and other biological functions. Twenty-eight distinct
types of collagens have been thus far identified, including the
most abundant fibril-forming collagens (Type I, II, III, V, and
XI) and all other types designated as nonfibrillar collagens.*
All collagens contain a characteristic repetitive (Gly-X-Y),
sequence pattern, which results in the formation of unique
triple helical structure.”®

The conservation of Gly as every third residue is absolutely
required throughout the ~1000 residue long triple helix domain
in fibrillar collagens. Even the replacement of a single Gly by a
bulkier amino acid in the triple helix results in diseases.””
More than 700 different Gly to X mutations have been reported
in type I collagen to be associated with connective tissue
disorder osteogenesis imperfecta (OI).”'" In contrast, such
strict requirement of Gly is not retained in the triple helix
domain of nonfibrillar collagens, where more than 350
interruptions in the (Gly-X-Y), pattern have been observed.”
These naturally occurring interruptions are considered to play
critical roles in molecular structures as well as collagen binding
and degradation.'~'® Tt is not well understood why Gly
substitutions and natural interruptions, both disrupting the
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(Gly-X-Y), sequence pattern, result in totally contrary
outcomes.

Triple-helical peptides have provided a versatile platform to
investigate the sequence-specific conformational features of
collagen.'”™*' The X-ray structure of peptide (Pro-Hyp-
Gly)o[Glyl5Ala] modeling a Gly-Ala mutation showed a
highly localized angular distortion and hydrogen-bonding
disruption at the Ala mutation site.'®”> NMR studies of
peptides modeling an Ala mutation in the highly charged Lys-
Gly-Asp sequence environment indicated that only one of the
three substituting Ala residues is capable of forming a good
hydrogen bond.” In addition, biophysical studies on peptide
models of natural interruptions have shown loss of helix
registration and localized perturbations in hydrogen bonding
and dihedral angles.”*** These studies have greatly enhanced
our understanding of the structural features of natural
interruptions and Gly substitutions; however, the peptide
models contain quite different amino acid sequences, not
allowing a direct comparison between these two types of
sequential disruptions in collagen.

Peptides herein are designed to model natural interruptions
and pathological Gly substitutions in a quite similar sequence
environment to facilitate the comparison. The interruptions can
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be classified by the length of amino acids between the repeating
Gly-X-Y tripeptides. For instance, interruptions in the form of
Gly-X-Y-Gly-(AA),-Gly-X-Y can be categorized as GnG type
interruptions.” The G3G interruptions (Gly-AA,-AA,-AA;-AA,-
AA-Gly) are particularly interesting, as they resemble the
sequence of a Gly mutation in the collagen triple helix domain,
where AA, represents the mutant residue (Gly-AA;-AA,-Mut-
AA,-AA;-Gly). With the assistance of sequence analysis, two
peptides, one modeling a natural GSG interruption (G-
POALO-G) and the other one mimicking a pathological Gly-
to-Ala substitution (G-LOAPO-G), are designed. Circular
dichroism (CD), NMR, and computational simulation studies
have discovered significant differences in stability, conforma-
tion, and folding between the two peptides. Compared with the
Gly substitution sequence, the natural interruption may provide
higher stability, higher composition of trimer species, and
stronger folding capability while introducing more alterations in
local triple helical conformation for collagen mimic peptides.
These results suggest a molecular basis of different biological
roles of natural interruptions and Gly substitutions and may
guide the design of collagen mimic peptides containing
functional natural interruptions.

B MATERIALS AND METHODS

Sequence Analyses. All Gly-to-Ala mutations in the a1(1)
chain of Type I collagen were collected from the Database of
Collagen Mutations (www.le.ac.uk/ genetics/ collagen) at the
University of Leicester.”® Sequences of all nonfibrillar collagens
were obtained from Genbank.”” The amino acids were grouped
into hydrophobic (Val, Ile, Leu, Met, Phe, Tyr, and Trp),
charged (His, Lys, Arg, Glu, and Asp), small (Gly, Ala, Cys, Ser,
and Thr), polar (Asn and Gln), and pro (Pro and Hyp).
Fisher’s exact test was used to test whether the types of residues
(using the above groupings) at each position (AA;, AA,, AA,,
AA;) in the sequence of Gly-AA-AA,-Ala-AA,-AA-Gly of
GSG[Ala] interruptions (GSG type interruptions with a central
Ala at the AA; site) were different from those found adjacent to
Gly-to-Ala mutations of the a1(I) chain of Type I collagen. The
test was also used to decide whether the types of residues were
different at each position (AA;, AA,, AA,, AA;) in the sequence
of Gly-AA-AA,-Ala-AA,-AA;-Gly for GSG[Ala] interruptions.
Fisher’s exact test was utilized to test the statistical significance
considering the small sample size. All the tests were two-tailed,
and a p-value of <0.05 was considered significant. All the
analyses were performed by the software SPSS (Statistical
Product and Service Solutions, IBM).

Sample Preparation. Peptides LOAPO and POALO were
synthesized by Chinese Peptide Company (Hangzhou, China).
Both peptides were selectively '*N labeled at position A19 and
G28. NMR samples of both peptides were prepared in 10%
D,0/90% PBS (10 mM, pH 7.0) with a concentration of 5.3
mM.

Circular Dichroism Spectroscopy. CD spectra were
recorded on a Chirascan CD spectrometer (Applied Photo-
physics, UK). Cells with a path length of 10 mm were used, and
the temperature of the cells was controlled using a Peltier
temperature controller. The CD samples were prepared at a
concentration of 1 mg/mL in 10 mM PBS at PH 7. Wavelength
scans were conducted from 195 to 260 nm with a 0.5 nm
increment per step and a 5 s averaging time at 4 °C, and each
scan was repeated three times. CD was applied to determine
the thermal stability by monitoring the amplitude of the peak at
225 nm as a function of increasing temperature with an average
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heating rate of 0.1 °C/min.”® The peptides were equilibrated
for at least 24 h at 4 °C prior to the melting experiments. The
melting temperature (T,,) is defined as the temperature at
which the fraction folded is equal to 0.5 in the curve fitted to
the trimer to monomer transition.

NMR Spectroscopy. All NMR experiments were per-
formed on a Varian INOVA 600 MHz spectrometer equipped
with High-Filed Indirect Detection NMR Probe Installation
(Varian). 'H—"N heteronuclear single-quantum coherence
(HSQC) spectra® and three-dimensional (3D) N edited
NOESY-HSQC experiments”’>* with a mixing time of 50 ms
were carried out for assignments of NMR resonances at 25 °C.
3D HNHA experiments were performed with an H-H
coupling period of 25 ms at 27 °C to measure *Jj;\, coupling
constants.”> The correction factor for the Jyxp, coupling
constants was obtained as described.”* Relaxation R;, R,, and
heteronuclear NOE measurements®* > were done at 25 °C.
For measurements of amide proton temperature gradients, a
series of "H—"N HSQC spectra were recorded from 0 to 40
°C. The samples were equilibrated at each temperature for at
least 2 h. Amide proton temperature gradients were obtained
by linear regression analysis of the amide proton chemical shift
versus temperature. All data were processed using NMRPipe®’
and analyzed with NMRView.**

The NMR folding experiments were performed as previously
described.””*” The samples were denatured by heating to 90 °C
for 15 min and quickly transferred to the spectrometer that was
equilibrated at 25 °C. A series of HSQC spectra were acquired
every 5.6 min immediately after the sample was placed in the
probe. The kinetics of folding was monitored by measuring
cross-peak intensities as a function of time. The intensities of
the monomer peaks were normalized following this equation:
I(t) = (I, — Iy) /(I — L), where I,, I, and I; are the intensities at
time ¢, at time 0 and at final time point when momomer:trimer
equilibrium has been reached. The rate constant k is obtained
by exponential fitting as described.’”*

Molecular Simulation. The initial coordinates of peptides
LOAPO and POALO were derived from RCSB pdb protein
data bank (PDB ID: 1CAG) by mutating the 13th and 16th Pro
to Leu of the peptide (1CAG), respectively.'® The Tleap
module of Amber 10.0 package was first used for the
preliminary treatment of peptides. Amberff99SB force field
was used for the peptides and water molecules. The parameters
of 4-hydroxyproline were used as previously described.*' An
appropriate number of CI- was added to maintain the
electroneutrality of the simulation systems. Each system was
immersed into a cubic periodic box of TIP3P waters with at
least 10 A distance around the solute. All the molecular
dynamics (MD) simulations were performed using Amber 10.0
package. Prior to MD simulation, energy minimization was
carried out by steepest descent and conjugated gradient
methods to remove the bad contacts between the solute and
solvent. The systems were heated from 0 to 310.0 K over a
period of 50 ps in the NVT ensemble. One nanosecond
equilibration was followed by 100 ns MD simulations without
any restraint in the NPT ensemble at a temperature of 310.0 K
and a pressure of 1 atm.

B RESULTS

Comparison of Sequence Environments of Gly-to-Ala
Substitutions and G5G[Ala] Interruptions. Sequence
environments of Gly-to-Ala substitutions and GSG[Ala]
interruptions (GSG type interruptions with a central Ala at
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the AA, site) were compared to understand the totally different
functional outcomes of substitutions versus interruptions. Gly-
to-Ala substitutions and GSG[Ala] interruptions shared the
same sequence pattern (Gly-AA;-AA,-Ala-AA,-AA;-Gly), thus
easing the comparison. A total of 33 Gly-to-Ala OI mutations in
the a(l) chain of Type I collagen and 19 GSG[Ala]
interruptions were collected from the current database. The
distribution of amino acid types was compared between Gly-to-
Ala mutations and GSG[Ala] interruptions at each position
(AA;, AA,, AA,, AA;) (Figure 1). The difference at positions
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Figure 1. Distribution of amino acid types in the sequence of Gly-AA,-
AA,-Ala-AA,-AA-Gly. The frequency of amino acid types in the
positions (AA;, AA,, AA,, AA;) of GSG[Ala] interruptions (GSG type
interruptions with a central Ala at the AA; site) in nonfibrillar
collagens (A) and Gly-to-Ala mutations in the a1(I) chain of Type I
collagen (B). The amino acids are counted in five types: Pro (light
gray), small (gray), charged (white), hydrophobic (dark gray), and
polar (sparse white). For GSG[Ala] interruptions, it has a high
percentage of hydrophobic residues at the position AA, (63%), though
Gly-to-Ala mutations at the same position only have 12% hydrophobic
amino acids. The distribution of amino acid types at the position AA,
is significantly different between GSG[Ala] interruptions and Gly-Ala
mutations (p < 0.001).

AA| and AA, was tested as insignificant, while position AAg
showed statistically significant difference (p = 0.03). At position
AA, both Gly-to-Ala mutations and GSG[Ala] interruptions
had most Pro, while GSG[Ala] interruptions had much more
hydrophobic and less polar amino acids than Gly-to-Ala
mutations (Figure 1). The biggest difference was observed for
position AA, with a p-value <0.001. For GSG[Ala]
interruptions, the most distinct feature was that it had a very
high percentage of hydrophobic residues (63%) and 0% Pro at
the position AA,. In contrast, at the same position, Gly-to-Ala
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substitutions have most Pro (39%), but very few hydrophobic
amino acids (12%) (Figure 1).

Motif Selection. Interruption and mutation motifs were
extracted from natural collagen sequences and inserted into a
host model peptide (GPO),. Peptide POALO (with amino acid
sequence: (GPO);-GPOALO-(GPO),), interruption site
underlined) was used to model a GSG[Ala] interruption at
site 386—390 in the (1) chain of Type XIX collagen, a fibril-
associated collagen with interrupted helices. Peptide POALO
modeled the most distinct feature of GSG[Ala] interruptions,
which contained most hydrophobic amino acids (58% of which
is Leu) at position AA,. LO-A-PO was a sequence environment
for Gly-to-Ala OI mutations that occurred more than once,
specifically, at site 13 and 304 in the a(1) chain of Type I
collagen. Peptide LOAPO (with amino acid sequence: (GPO);-
GLOAPO-(GPO),, mutation site underlined) was therefore
designed to model these two Gly-to-Ala substitutions. Peptides
POALO and LOAPO shared very similar amino acid content,
in which PO and LO at each side of the central Ala simply
exchanged their positions with each other.

Thermal Stability. Although POALO and LOAPO were
similar in their sequences, the triple helices composed of
POALO were much more stable than those of LOAPO.
Peptide POALO displayed a high molecular residue ellipticity
signal at 225 nm (MRE,,s = 4588 deg-cm®dmol™") (Figure
2A). Monitoring the ellipticity at 225 nm with increasing
temperature showed a sharp thermal transition with T, = 55
°C (Figure 2B). In contrast, Peptide LOAPO displayed a
significantly reduced MRE value (MRE,,; = 2370
deg.cm?.dmol™, and it even did not display a well-resolved
melting curve. This suggests that changing the relative position
of PO and LO around the Ala led to loss of a substantial
amount of triple-helix structure.

HSQC Spectra. Consistent with the observation of cirucular
dichroism, NMR HSQC showed peptide POALO tended to
form more triple helices than peptide LOAPO. In the HSQC
spectrum of peptide POALO, only one trimer resonance for
Gly28 was observed due to the repetitive GPO environment.
Three trimer resonances were assigned for Alal9, since the
three different chains had nonequivalent environments
resulting from the one-residue staggering within the triple-
helix (Figure 3A). Trimer and monomer resonances could be
distinguished from each other by the 'H—'°N heteronuclear
NOE measurements. Other minor resonances in the HSQC
spectrum aroused due to cis—trans isomerization of Gly—Pro
and Pro—Hyp bonds in the peptide in the unfolded states.*>*
For peptide LOAPO, the HSQC spectrum showed trimer
resonances as well as monomer resonances for Alal9 and
Gly28. The unique trimer resonance of Gly28 indicated that it
adopted a typical (Gly-Pro-Hyp), triple-helix. The three weak
trimer resonances of Alal9 indicated some ordered triple helix
structure at the Ala mutation site (Figure 3B). In contrast to
peptide POALO, the much weaker trimer resonances of
peptide LOAPO indicated that the peptide formed a much less
amount of triple helix species at the Ala mutation site.

Backbone Local Conformation. The backbone con-
formation was characterized with *Jyny, coupling constants
derived from the trimer resonances by HNHA experiments
(Figure 4). Residues in the triple helix structure typically
contained phi angles from —S5 to —75 deg, giving a
corresponding ] coupling value of 4—6 Hz.”*>** The labeled
residue Gly28 in both peptides showed ] coupling values
between 4 and 6 Hz, supporting a standard triple-helix

DOI: 10.1021/acs.biochem.5b00747
Biochemistry 2015, 54, 6106—6113


http://dx.doi.org/10.1021/acs.biochem.5b00747

Biochemistry

) ®B)
50004
50004 '. —
. 4000
. .
o 04 .° 3 o
S . : 5 3000
£ L& £
L]
NE -5000 . ° = 20004
g . . &
g ’ : >
S -10000- 3 =2 S 1000
B U =
-15000- \". 0]
T T T T T T T -1000 T T T T T T T
200 210 220 230 240 250 260 0 10 20 30 40 50 60 70 80
Wavelength (nm) T(°0)

Figure 2. CD wavelength scans (A) and thermal transition (B) of peptides POALO (black) and LOAPO (gray). Both peptides were prepared at a
concentration of 1 mg/mL in 10 mM PBS at PH 7. Wavelength scans were conducted at 4 °C. Melting transitions were monitored by CD

spectroscopy at 225 nm.
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conformation at the C-terminal end for both peptides (Figure
4). For both peptides, two out of three Ala’s (*TA19 and
*TA19) showed ] coupling values between 4 and 6 Hz.
However, a single Ala ("TA19) had the ] coupling value larger
than 6 Hz for both peptides, especially for peptide POALO.
This higher value may be indicative of a local distorted triple
helix conformation of Ala.

Hydrogen Bonding. The amide proton temperature
gradients are indicative of hydrogen bonding, with a value
higher than —4.6 ppb/°C indicating the existence of a hydrogen
bond.”>** The monomer resonances of Alal9 and Gly28 in
both peptides showed much more negative values than this
cutoff value, confirming the absence of any hydrogen bonding
(Figure S). For both peptides, the NH gradient values for
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Figure S. Amide proton NH temperature gradients of peptide
POALO (left) and LOAPO (right). The black dashed horizontal line
corresponds to a cutoff value for hydrogen bonding, with less negative
values than —4.6 ppb/°C indicative of hydrogen bonding.

Gly28 in the trimer state were much less than —4.6 ppb/°C,
supporting the presence of typical hydrogen bonds for the
triple helix structure. However, the amino gradient values for
the three trimer resonances of Alal9 were very heterogeneous
for the two peptides. For peptide POALQ, all the three Alal9
in the trimer states showed NH gradient values more negative
than —4.6 ppb/°C, which indicated that the Ala’s may not
participate in any hydrogen bonds. In contrast, for peptide
LOAPO, two out three Ala’s, *TA19 and TA19, showed NH
gradient values less negative than —4.6 ppb/°C, supporting the
formation of hydrogen bonds. It suggested that peptide

POALO may contain no hydrogen bonds at the interruption
site, but peptide LOAPO likely forms two hydrogen bonds at
the mutation site.

Real-Time NMR Folding. The folding dynamics of these
two motifs were compared by residue-specific real-time NMR
folding experiments (Figure 6). The intensities of monomer
resonances of Alal9 and Gly28 in both peptides were
monitored under the same conditions for ~250 min (Figure
6). For Alal9, it refolded comparatively much faster in peptide
POALO (black, k = 0.083 min~") than that in peptide LOAPO
(red, k = 0.052 min™"), while Gly28 refolded at similar rates
(~0.053 min~') in both peptides. It suggested that the
interruption sequence POALO may have less disturbing effects
on the triple helix folding than the mutation sequence LOAPO.

Molecular Simulation. Atomic-level structural details of
peptides POALO and LOAPO were obtained with molecular
dynamics simulation (Figure 7). The effects of the breaks in the
sequence on the conformation were very local. Both peptides
maintained the overall triple helix structure, while the hydrogen
bonding pattern around the breaks were altered differently
between the two peptides (Figure 7A,B). For peptide POALO,
only one hydrogen bond was observed for Alal9 at the
mutation site; and one Gly22, the Gly just one triplet following
the mutation site, got seriously affected in the middle chain and
could not form hydrogen bonds (Figure 7C). In contrast, for
peptide LOAPO, two of the three Ala’s at the mutation site
form hydrogen bonds, which were consistent with the amide
temperature gradient results (Figure 7D). For Glyl6 and
Gly22, which were just nearby the Alal9, all maintained the
expected hydrogen bonds for the reserved Gly in the triple helix
structure (Figure 7D). Besides hydrogen bonding, the dihedral
angles were also measured for both peptides (data not shown).
Most amino acids contained proper dihedral angles for
polyproline II conformation, while major perturbation was
observed for the residues near the breaks. For peptide POALO,
five residues at the interruption site were affected, while peptide
LOAPO only contained three residues out of polyproline II
conformation at the mutation site. These results suggested that
peptide LOAPO may have a less perturbation effect on the
local conformation at the breaks than peptide POALO.

B DISCUSSION

Although the repetitive (Gly-X-Y), sequence pattern and
uniform triple helix structure may be considered as well-
defined characteristics of collagen, interruptions and mutations
in collagen amino acid sequences present a seemingly

@A) 09 ®) 09
08 08]s
07]° 07]°
£ 06° £ 064a
E 054" g 05 o
5 04l ° 5 04 %
N " §
5 037 ° E 034{ %
E, 021 -_'-. £ 02 “r,
0.1 ‘"*:, 0.1 '\'% o
00] o 00 - aﬁ'.’-\- W
3 u [] -y
-0.1 -0.1 . : : . .
0 0 50 100 150 200 250
Time(min)

Figure 6. Residue-specific real-time NMR folding of A19 (A) and G28 (B) by monomer decay as a function of time. The intensities of monomer
resonances of A19 and G28 in the peptides POALO (black) and LOAPO (red) were monitored for ~250 min.
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Figure 7. Average structures of peptides POALO (A and C) and
LOAPO (B and D) by molecular simulation. The overall ribbon and
zoomed-in structure of the breaks of peptides POALO (A) and
LOAPO (B). Hydrogen bonding patterns near the breaks in peptides
POALO (C) and LOAPO (D) were calculated based on their model
structures.

conflicting challenge. Natural interruptions in nonfibrillar
collagens play normal functional roles, while Gly substitutions
in fibrillar collagens always result in diseases.” Our sequence
analysis has identified two exemplified motifs for GS5G
interruptions and Gly-to-Ala substitutions with similar amino
acid sequence but different biological roles, which provides a
good opportunity to ease the comparison for elucidating their
underlying molecular mechanisms.

The triple helix stability of peptides POALO and LOAPO are
well correlated with their biological roles. Peptide POALO
shows much higher thermal stability and stronger trimer
resonances than peptide LOAPO. Stability bias has been
correlated with the severities of osteogenesis imperfecta,
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suggesting that the Gly substitutions leading to larger
destabilization cause more severe OI phenotypes.” The large
reduction of stability and triple helix content of peptide
LOAPO indicates that Gly substitutions may have a much
larger destabilizing effects than natural interruptions, therefore
resulting in pathological conditions. Folding has also been
considered as a key factor for osteogenesis imperfecta
phenotypes.”® Peptide POALO has a significantly higher
folding rate at the Ala site than peptide LOAPO, suggesting
that the natural interruptions may cause less interference in
folding than mutations, therefore not leading to diseases. The
high stability, high triple helix content, and strong folding
capability may ensure the triple helices with interruptions to
play normal functions.

In contrast to the global stability profile, peptide POALO
shows more local alterations in the triple helix structure at the
sites of breaks than peptide LOAPO. Compared with peptide
LOAPO, peptide POALO displays a larger J coupling value for
'TA19, suggesting that it may cause a larger deviation from
canonical triple helix structure at the interruption site than that
at the mutation site. In addition, peptide POALO contains
more local residues out of polyproline II conformation than
peptide LOAPO based on model structures obtained from
dynamics simulations. Furthermore, peptide POALO maintains
less hydrogen bonds at the interruption site than peptide
LOAPO at the mutation site as revealed by NMR as well as
molecular simulation studies. To conclude, peptide POALO
with a GSG interruption displays a locally more altered triple
helical conformation in terms of dihedral angles and hydrogen
bonding compared with peptide LOAPO with a Ala mutation.
A number of interruptions have been observed to be close to
the binding sites of collagen with other biomolecules,>'*'¢ and
these structural deviations may provide recognition signal. In
contrast, Gly mutations near the binding sites of collagen tend
to result in severe OI phenotypes.”*” The global triple helix
stability and local conformational flexibility may be complexed
with higher-order interactions, and play a balanced role in
collagen function.

Although the appearance of more hydrogen bonds but much
less stability for peptide LOAPO is striking, there may well be
contributions from other factors such as hydration networks
and hydrophobic interactions in stabilizing the triple helix
structure. A number of factors such as the presence of Gly as
every third residue, a high content of imino acids, hydrogen
bonding, hydration networks, hydrophobic interactions, and
salt bridges have been proposed to contribute to the triple helix
stability.”'*****7>% The backbone amine of the conserved Gly
and the backbone carbonyl oxygen of an Xaa residue on the
subsequent chain forms direct interchain hydrogen bonds,
strongly stabilizing the triple helix structure.”> When a Gly-Ala
mutation is introduced in triple helical peptide (Pro-Hyp-
Gly)0[Gly15Ala], the direct hydrogen bonding at the mutation
site is disrupted, while water-mediated indirect hydrogen
bonding can be formed.'® More importantly, the peptide
displays an extensive hydration network with an abundance of
hydrogen bonding between water molecules and peptide
acceptor groups, thus stabilizing the triple helix structure.'®
X-ray structures of different peptides have shown that the
hydration pattern is sequence dependent.”’ In addition,
favorable hydrophobic interactions are also considered
important, and peptide studies of a G4G interruption show
the presence of hydrophobic packing at the interruption
site.”**>* Interestingly, recent studies of a heterotrimer
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peptide show more hydrogen bonds but slightly less stability
than a similar homotrimer peptide.54 To conclude, triple helix
stability is complicated with multiple factors, and favorable
hydrophobic interactions, hydration networks as well as water-
mediated hydrogen bonds may compensate for the loss of
direct hydrogen bonds, and stabilize the triple helix structure.

Our studies here may serve as a prototype G5G interruption
in nonfibrillar homotrimer collagen such as type X collagen in
hypertrophic cartilage. The most distinct feature of GSG[Ala]
interruptions is the critical hydrophobic residue at the AA,
position. Changing the hydrophobic Leu to Pro in the model
peptides at the AA, position significantly alters the global
stability and local conformation. It is not well understood how
hydrophobicity is correlated with triple helix stability, while
imino acids nearby a mutation have been shown to destabilize
the triple helix structure.””*" It is likely that the Pro leads to a
significant loss of stability, while the Leu, as a non-imino acid,
displays much weaker disruptive effects. Furthermore, previous
studies of GIG and G4G interruptions have identified the
dominance of hydrophobic residues at the AA; and the AA,
site, repectively.”* The studies suggested that the hydrophobic
residues in G1G and G4G interruptions may play a physical
basis of their different susceptibility to matrix metalloprotei-
nase.””* Recent studies on collagen peptide models have
suggested that hydrophobic residues can mediate peptide self-
assembly into various higher order structures.” The dominance
of hydrophobic groups at the interruption sites may provide
functional constraints for higher-order assembly as well as
biomolecular interactions.”>> Our studies shed light on the
molecular basis of the biological role of interruptions as well as
the design of collagen mimic peptides containing functional
natural interruptions.
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