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Role of side chains in collagen triple helix
stabilization and partner recognition‡
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Collagen is a widespread protein family involved in a variety of biological processes. The complexity of collagen and its fibrous
nature prevent detailed investigations on the full-length protein. Reductionist approaches conducted by dissecting the protein
complexity through the use of model peptides have proved to be quite effective. There are, however, several issues regarding
structure–stability relationships, aggregation in higher-order assemblies, and partner recognition that are still extensively
investigated. In this review, we discuss the role that side chains play in triple helix stabilization and in partner recognition.
On the basis of recent literature data, we show that collagen triple helix stability is the result of the interplay of different
factors. As a general trend, interactions established by amino/imino acid side chains within the triple helix scaffold effectively
modulate the intrinsic residue propensity for this common structural motif. The use of peptide models has also highlighted the
role that side chains play in collagen self-association and in its interactions with receptors. Valuable examples in these fields
are illustrated. Finally, future actions required to obtain more detailed information on the structure and the function of this
complex protein are also delineated. Copyright c© 2008 European Peptide Society and John Wiley & Sons, Ltd.
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Background

Collagen is the most abundant protein in vertebrates as it is an
essential structural component of all connective tissues such as
cartilage, bones, ligaments, and skin. In these species, it accounts
for one-third of the total protein weight. Collagen-like molecules
are also widespread in other organisms. Indeed, they have been
found in lower eukaryotic, prokaryotic, and viral genomes [1,2].

The unique shape and properties of collagen molecules are due
to their peculiar amino acid composition and sequence. Collagen
sequences are characterized by the repetition of triplets of the type
Gly-Xaa-Yaa. Although all types of amino acids may be located
at positions X and Y of the triplets, they are frequently occu-
pied by iminoacids [Pro and its post-translationally modified form
4R-hydroxy-2S-proline (4RHyp)]. In vertebrate collagens, as a con-
sequence of the specificity of the prolyl-hydroxylation process, Pro
and 4RHyp are almost exclusively located at the X and Y positions,
respectively. From the structural point of view, collagen single
molecules are composed of three polypeptide chains in polypro-
line II (PPII) conformation, each containing hundreds of amino acid
triplets, wrapped around a common axis (triple-helix motif).

The complexity of the collagen molecule and its fibrous nature
prevent detailed investigations on the full-length protein. To
overcome this limitation, a number of diversified strategies have
been adopted. Because of the repetitive nature of collagen
sequence/structure, the use of peptide models embedding specific
motifs has been successful [3–8]. Through this approach important
milestones have been achieved. Structural characterizations of
collagen-like peptide models have provided an atomic resolution
picture of collagen triple helix [9–28] (Table 1). Crystallographic
analyses have also shown the relationship between sequence
and global/local triple helix structure. These investigations have
paved the way for subsequent theoretical investigations. In this
framework, X-ray models were used as starting structures in

several MD simulations [29–34]. Furthermore, quantum mechanics
studies have been performed to address specific unsolved issue
related to collagen structure and stability [29,35–38].

In addition, the design and the characterization of host–guest
peptide models embedding naturally encoded amino acids
have led to the generation of a detailed propensity scale
for collagen triple helix [4,39–41]. These data have been of
fundamental importance for unveiling sequence–stability and
structure–stability relationships. Finally, through the use of
the model peptide approach, new compounds with a triple
helical scaffold endowed with special properties (themostability,
inhibition of metalloproteases, and ability to mimic and modulate
collagen interactions with its partners) have been developed
[42–44]. These peptides have shown an important potential
for applications in diversified fields (medicine, biology, and
bioengineering). Although investigations on peptide models have
generated a wealth of information on collagen structure, stability,
and function, there are several aspects of these fundamental issues
that are highly debated.

Over the years, several excellent reviews have been reported on
the use of triple-helical peptides for elucidating collagen structure
and function [3,5,6,8,40,45–49]. Here we illustrate, on the basis of
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available literature data, the role played by collagen side chains

in stabilizing the triple helix, in directing collagen association in

large assemblies, and in modulating collagen interactions with

its biological partners. A particular attention is devoted to the

structural aspects of the topic. Collagen triple-helix symmetry

and its dependence on local sequence have been extensively

discussed in both original and review papers [12,26,50–53], and

hence will not be considered here.
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Collagen Triple-Helix Stability: Role of Imino
Acids

Unveiling sequence–stability and structure–stability relationships
is a major goal of protein chemistry and structural biology. Despite
the enormous efforts devoted, answers to these issues remain
elusive [54]. In principle, if compared with globular proteins,
collagen represents an ideal system for such investigations
because of its simplified sequence and regular structure. However,
the definition of the molecular basis of collagen triple-helix stability
has so far proved to be a difficult task.

Proline and its derivatives have a prominent role in the
modulation of collagen triple-helix stability. Simple considerations
on the conformation adopted by the individual polypeptide chains
within the triple helix (PPII) and the high propensity exhibited by
proline residues for this specific secondary structure element
provide a straightforward explanation for the major role played by
this residues in collagen [55,56]. Nevertheless, the rationalization

www.interscience.com/journal/psc Copyright c© 2008 European Peptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2009; 15: 131–140



1
3

3

Side chains in collagen triple helix

Biography

Dr Luigi Vitagliano is currently Senior
Scientist at the ‘Istituto di Biostrutture
e Bioimmagini’ Napoli of the National
Research Council (CNR). He received
his degree in Chemistry (1990) and his
Ph.D. in Chemical Sciences (1994) at
the University of Naples ‘Federico II’.
Dr Vitagliano has carried out research
activities in several international
institutions (Mount Sinai School
of Medicine, USA; CNRS Strasburg,
France; Rutgers University, USA; University of Aarhus, Denmark)
as visiting Ph.D. student, Postdoc or scientist. He is (or has been)
the project leader of projects funded by regional, national and
European institutions. Dr Vitagliano is a member of ELETTRA
Synchrotron Review Committee for beam-time allocation.
The research activities of Dr Vitagliano have been focused
in the large area of structural characterization of biological
macromolecules. Indeed, most of his studies have been
conducted on structure-function relationships of proteins and
polypeptides. These analyses have been performed by using
both computational and experimental techniques. In particular,
the expertise are of Dr Vitagliano include X-ray crystallography,
spectroscopy, molecular modeling, molecular dynamics and
data mining in structural databases. Dr Vitagliano is coauthor of
nearly 100 publications on international journals or books (85
in peer-revied journals) and one patent.

of the stabilizing/destabilizing effects produced by proline
derivatives was unexpectedly complicated. Indeed, although
proline and its derivatives share common structural features they
have diversified effects on the triple helix [57,58].

The high abundance of the specific diastereoisomer 4RHyp in
collagen sequences has attracted the attention of the scientific
community since the early 1950s [59]. Collagen sequence analyses
and the use of peptide models (Table 2) have clearly demonstrated
that 4Hyp residues strongly stabilize collagen triple helix when
the residue is located in the Y position of the recurrent Gly-
Xaa-Yaa motif [55,58]. Intriguingly, the same diastereoisomer has
strong destabilizing effect when located at the X position. It is
also worth mentioning that the diastereoisomer 4S-hydroxy-2S-
proline (4SHyp) always destabilizes the triple helix independently
of the position assumed (Table 2) [57]. Although structural
differences between proline and its hydroxylated derivatives
are minimal (a simple OH group), no obvious explanation for
this observation is available. Indeed, any structural mechanism
should simultaneously answer the following questions: (a) why
does proline hydroxylation produce contrasting effect depending
on modification site (X or Y position) and (b) why do similar
diastereoisomers, such as 4RHyp and 4SHyp, exhibit very different
behaviors?

The initially proposed models predicted an essential role
for water molecules. This hypothesis, originally proposed by
Ramachandran [67], suggests that water molecules can mediate
hydrogen bonding interactions between the OH group of Hyp
residues and the rest of the protein. Although high-resolution
structure determinations of collagen models have shown that
these peptides are indeed highly hydrated [9–11], the inability of

Table 1. The presence of amino acids in collagen-like peptides
whose three-dimensional structure has been determined by X-ray
crystallography

Amino acid Peptide sequence PDB code Resolution (Å)

position

Ala

X position (POG)3ITGARGLAG(PPG)4 1BKV 2.00

Y position (POG)3ITGARGLAG(PPG)4 1BKV 2.00

Arg

X position (GPO)4GPRGRT(GPO)4 2F6A 3.29

Y position (GPO)4GPRGRT(GPO)4 2F6A 3.29

Y position (POG)3ITGARGLAG(PPG)4 1BKV 2.00

Glu

X position (GPO)2GFOGER(GPO)3 1Q7D 1.80

X position (POG)4EKG(POG)5 1QSU 1.75

Ile

X position (POG)3ITGARGLAG(PPG)4 1BKV 2.00

Leu

X position (POG)4LOG(POG)5 2DRT 1.60

X position (POG)4(LOG)2(POG)5 2DRX 1.40

X position (POG)3ITGARGLAG(PPG)4 1BKV 2.00

Lys

Y position (POG)4EKG(POG)5 1QSU 1.75

Phe

X position (GPO)2GFOGER(GPO)3 1Q7D 1.80

Thr

Y position (POG)3ITGARGLAG(PPG)4 1BKV 2.00

Y position (GPO)4GPRGAT(GPO)4 2F6A 3.29

Y position (PPG)4OTG(PPG)4 Not available

Glycine, proline, and its derivatives have not been considered. A single
letter code has been used for peptide sequences. The letter O denotes
4RHyp residues.

this explanation to account for stabilizing and destabilizing effects
of 4RHyp/4SHyp as function of their position and for the data
collected on fluoroproline derivatives [42,61] (Table 2) has shifted
the interest toward alternative mechanisms. In this scenario,
hypotheses relying on stereoelectronic effects and/or intrinsic
iminoacid propensities have been proposed [16,61,68]. According
to the hypothesis based on inductive effects, electron withdrawing
groups such as F, OH in the 4R diastereoisomer should favor the
trans peptide bond state, that is the one observed in folded triple
helices. Although this suggestion is able to explain the stabilizing
effects produced by 4RHyp and 4R-fluoro-2S-proline (4RFlp) when
located in the Y position, it cannot account for destabilization
effects produced by 4RHyp in the X position when the residue
is inserted in a (Gly-4RHyp-Pro)n or (Pro-Pro-Gly)n environment
[22,57].

The near atomic resolution structure of the collagen-like
peptide (Pro-Pro-Gly)10 has shown a clear correlation between
Pro conformation (puckering) (Figure 1) and the residue position
along the sequence [16]. Indeed, proline residues adopt alternating
conformations in the peptide. In particular, Pro in X and Y
assumes down and up states, respectively. Since down and
up conformers also exhibit differences at backbone level, the
alternating down-up states in Pro-Pro-Gly structure are important
for the correct triple helix assembly. Statistical surveys carried
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Figure 1. Proline and some of its hydroxylated derivatives. Up and down
states of proline residues are shown in panels A and B, respectively. The up
state of 4RHyp and the down state of 4SHyp are shown in panels C and D,
respectively.

out using protein and peptide structure databases along with
quantum mechanics calculations indicate that Pro can assume
both up and down conformations whereas 4RHyp (and 4RFlp) and
4SHyp (4SFlp) adopt preferentially the up state and the down state,
respectively [16,36,68] (Figure 1). Taking into account the specific
conformational preferences of 4RHyp and 4SHyp, these residues
are expected to destabilize the triple helix when located in the
X and Y positions, respectively. On the other hand, the intrinsic
conformational preferences of 4RHyp and 4SHyp should favor
triple-helix formation when these residues are located in the Y and

X positions, respectively. Indeed, their strong intrinsic tendency to
adopt the conformation required in these positions likely reduces
the entropy cost of the folding process. Apparently, a conflict
occurs for 4SHyp in X position. This should be stabilizing according
to the model, but the experimental data demonstrate that it
produces destabilizing effects (Table 2). However, this discrepancy
could be solved by considering that 4SHyp in X position generates
severe steric clashes within the triple-helix scaffold [16].

These tendencies (and the resulting effects) are stronger in
the fluoro-containing derivatives of proline, likely because of the
larger electronegativity of the fluorine atom. Data collected on
these peptides [42,63,69–71] show an almost perfect agreement
with the propensity-based model predictions (Table 2). It is worth
mentioning that, in contrast to (4SHyp-Pro-Gly)10, (4SFlp-Pro-
Gly)10 is able to form a triple helix. In this case, steric clashes
between adjacent chains are likely attenuated by different local
geometries of 4SFlp and 4SHyp. In addition to the differences
between C–F and C–OH bond distances, these residues may also
display differences in the preferred dihedral angles that may have
a significant impact on triple-helix formation. An indirect support
to this idea comes from the observation that a single Gly-Pro-4RFlp
triplet has destabilizing effects if embedded in a Gly-Pro-4RHyp
context [71]. It is also worth noticing that the replacement of
Pro with 4SFlp in X position (Tm 34 to >58 ◦C) [63] has smaller
stabilizing effects when compared with the replacement of Pro
with 4RFlp in Y (Tm 34 to >80–90 ◦C) [61]. This indicates that also
the insertion of 4SFlp in X may generate some steric clashes. A
definitive answer to this puzzling issue will be likely identified
when structural data on Flp-containing triple helical peptides will
become available.

It this worth mentioning that the propensity-based model is also
in line with the experimental stabilities of triple-helical peptide

Table 2. Melting temperatures (Tm) of some collagen-like peptides containing a hydroylated and fluorinated proline derivatives

Peptide Tm (◦C) Prediction References

(Pro-Pro-Gly)10 34 Reference peptide 58,60

(Pro-4RHyp-Gly)10 62 Stabilization 58,60

(Pro-4SHyp-Gly)10 No helix Destabilization 58

(4RHyp-Pro-Gly)10 No helix Destabilization 58

(4SHyp-Pro-Gly)10 No helix Stabilizationa 58

(Pro-4RFlp-Gly)10 91 Hyper-stabilization 61

(Pro-4SFlp-Gly)10 No helix Destabilization 62

(4RFlp-Pro-Gly)10 No helix Destabilization 63

(4SFlp-Pro-Gly)10 54.5 Hyper-stabilizationb 63

Host–guest peptides in a (Pro-Pro-Gly) context

(Pro-Pro-Gly)4-Pro-Pro-Gly-(Pro-Pro-Gly)4 17.7 Reference peptide 22

(Pro-Pro-Gly)4-Pro-4RHyp-Gly-(Pro-Pro-Gly)4 21.2 Stabilization 22

(Pro-Pro-Gly)4-4RHyp-Pro-Gly-(Pro-Pro-Gly)4 15.5 Destabilization 22

(Pro-Pro-Gly)4-Pro-4SHyp-Gly-(Pro-Pro-Gly)4 15.7 Destabilization 22

4RHyp in the X position in other contexts

(Gly-Pro-Thr)10 No helix Reference peptide 64

(Gly-4RHyp-Thr)10 18.0 Destabilization 64

(Gly-Pro-4RHyp)10 61 Reference peptide 58,60

(Gly-4RHyp-4RHyp)10 65 Destabilization 60,65,66

The prediction of the propensity-based model is also reported (incorrect predictions are in italics).
a The destabilization of 4SHyp in the X position has been attributed to repulsive effects of its OH group with the atoms of an adjacent polypeptide
chain.
b The reduced stabilization of 4S-fluoro-2S-proline (4SFlp) in X position may be attributed to some repulsive effects of its F substituent with the atoms
of an adjacent polypeptide chain.
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Figure 2. Recurrent dipole–dipole interactions (green) in (Gly-4RHyp-4RHyp)10 triple helix established by 4RHyp side chains. The figure has been
generated by using the coordinates of the Protein Data Bank entry 1YM8.

containing 4-methyl proline residues [72]. Although in this case the
intrinsic preferences of the amino acid are dictated by steric rather
than stereoelectonic effects, 4Rmethyl-2S-proline that exhibits a
strong preference for the down pucker stabilizes the triple helix
when located in the X position. On the other hand, 4S-methyl-2S-
proline that shows a strong preference for the up state stabilizes
the triple helix when it is positioned in Y. Surprisingly, 4S-mercapto-
2S-proline (4S-Mpc) produces destabilizing effects when inserted
in the Y position in a Gly-Pro-Hyp context despite its preference
for the up state [73]. Although steric effects have been invoked
to explain these findings [73], these results could also be ascribed
to differences between the up states of 4S-Mpc and 4R-Hyp. The
analysis of triple helix formation by (Gly-Pro-4S-Mpc)n peptides
could provide insights into this puzzling issue.

The validity of the propensity-based model has been recently
supported by recent thermodynamics and structural investi-
gations on the peptides: (Pro-Pro-Gly)4-Pro-4RHyp-Gly-(Pro-Pro-
Gly)4, (Pro-Pro-Gly)4-4RHyp-Pro-Gly-(Pro-Pro-Gly)4, and (Pro-Pro-
Gly)4-Pro-4SHyp-Gly-(Pro-Pro-Gly)4 [22]. As shown in Table 2, there
is a very good agreement between the predicted and the exper-
imental stabilities of these peptides. Moreover, their crystallo-
graphic characterization shows that triple helix constraints dictate
conformation of the iminoacids, independently of their intrinsic
preferences [22]. Indeed, in the compound (Pro-Pro-Gly)4-4RHyp-
Pro-Gly-(Pro-Pro-Gly)4, the 4RHyp adopts the down conformation,
which intrinsically disfavored for this residue. Along this line, in
(Pro-Pro-Gly)4-Pro-4SHyp-Gly-(Pro-Pro-Gly)4 4SHyp adopts the up
conformation, despite its propensity for the down state [23].

The concomitant presence of multiple functional groups in
side chains, which may potentially interact, highly complicates
this scenario. In these cases, stabilizing/destabilizing effects are
often non-cumulative. As an example, the concomitant presence
of 4SFlp and 4RHyp in the X and Y positions, respectively, of
the Gly-Xaa-Yaa triplet produces strong destabilizing effects [70].
Similarly, strands with 4SFlp in the X position and 4RFlp in the Y
position are unable to form stable triple helices [74]. Particularly
puzzling is the discovery that, in particular contexts, 4RHyp may
have stabilizing effects on the triple helix when located in the
X position (Table 2). Indeed, in contrast to the propensity-based
model prediction, the replacement of the X Pro with a Hyp
residues in (Gly-Pro-Hyp) [60,65,66,71] and (Gly-Pro-Thr) [64] triplet
has slight, but significant, stabilizing effects. To explain these
data, hydrogen-bonding interactions, direct or water-mediated,
established by the side chains of the residues located at the X
and Y positions have been proposed [27,60,64,75]. According to
molecular dynamics (MD) simulations the presence of 4RHyp in
the X position is important in the modulation of the strength of
triple-helix interchain H-bonds [31]. It is interesting to note that
the stabilizing role of the triplet Gly-4RHyp-4RHyp is controversial,
despite the three independent high-resolution characterizations
of model peptides embedding this motif reported in the last years
[27,28](see also G. Wu, K. Noguchi, K. Okuyama, K. Mizuno, H.-P.

Bächinger, Protein Data Bank (PDB) code 2D3H). Very recently,
starting from available X-ray data, we carried out an extensive
quantum chemistry analysis of the mutual interactions established
by 4RHyp residues located at the X and Y positions of the Gly-
Xaa-Yaa motif [35]. Our data clearly indicate that Cγ –Oδ groups
of opposing 4RHyp rings establish significant dipole–dipole
interactions that play an important role in triple-helix stabilization
(Figure 2). This study has also demonstrated that Hyp Cγ –Oδ

groups also establish relevant interactions with dipoles present
on the main chain. Further investigations are required to check
whether dipole–dipole interactions between side chains play also
a role in the stabilizing effects exerted by Gly-4RHyp-Thr triplets.

One of the most striking examples of the role played by
iminoacid side chain–side chain interactions in the stabiliza-
tion/destabilization of the triple helix motif is the possibility to
obtain heterotrimeric triple helical association from peptides that
are individually unable to form stable helices. Although (Pro-Pro-
Gly)7 and (4SFlp-4RFlp-Gly)7 do not form stable homotrimeric
species, mixtures of these two peptides form stable heterotrimeric
helices containing one (Pro-Pro-Gly)7 strand and two (4SFlp-4RFlp-
Gly)7 strands [74].

In conclusion, data on peptides containing a single proline
derivative may be essentially explained on the basis of residue
conformational propensities, which are dictated by the presence
of specific substituents on the side chain. On the other hand,
repulsive or attractive interactions between side chains must be
considered to explain data on peptides containing more than
one functional group [70]. Although the precise nature of these
interactions has been identified in several cases, in many instances
further structural studies are required.

Collagen Triple Helix and Amino Acids

Extensive studies carried out by the group of Brodsky and
coworkers on host–guest peptide models have provided clear
evidence of the sequence dependence of triple helix stability
[4,40,41]. On analogy with studies conducted for the secondary
structure elements found in globular proteins (α-helix, β-sheet,
and PPII), these investigations have provided an accurate amino
acid propensity scale for collagen triple helix (see [5] for further
details). These analyses have unveiled that there is a significant
correlation between the Tm values of host–guest peptides
embedding a specific amino acid and its propensities for PPII motifs
[4,76,77]. This indicates that the PPII propensity represents the
basic contribution to the triple-helix stabilization by amino acids.
The collagen propensity scale also correlates with the frequency
of amino acids in collagens sequences. These analyses have also
highlighted that the two positions X and Y of the Gly-Xaa-Yaa
triplet motif are not equivalent. Indeed, several amino acids show
clear preferences for one specific position. The correlation of triple
helix propensity with PPII frequency is better for the X position
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than the Y, likely because of its greater exposure to solvent. In
more specific terms, the most stable residues in the Y position
are Hyp and Arg, followed by Met. In the X position, the most
stabilizing Pro residue is followed by charged residues, and then
Ala and Gln. As most of the peptides investigated present an
elevated content of iminoacids, crystallographic structural data
on amino acid conformational preferences within the collagen
triple-helix framework are rather limited (Table 1). Nevertheless,
the combination of experimental and theoretical analyses has
provided some interesting indications on the structural basis
of amino acid propensities for collagen triple helix. Even in
the absence of high-resolution collagen triple-helix structures,
molecular mechanics analyses indicated the high stability of the
Arg side chain conferred to the triple helix when located in the Y
position is likely to be attributed to its hydrogen bonding to a C O
in a neighboring strand as well as to van der Waals interactions
with the backbone [77]. These findings have been corroborated
by later X-ray diffraction studies [14]. Computational modeling
also showed similar favorable non-bonded interactions between
the Met side chain and the triple-helix backbone [77]. Modeling
also shows that residues with side chain branching at the Cδ

can be more easily accommodated in the X position than in the
Y position; as a consequence, all Cδ-branched residues show a
greater propensity for the X position. Finally, the stabilizing role of
Asp residues has been recently ascribed to solvation effects [78].

On analogy with iminoacids, interactions between amino acid
side chains may strongly affect the stability of triple-helix model
peptides. In this context, particularly evident is the role played
by charged amino acids. Extensive thermodynamic and structural
studies have highlighted that oppositely charged amino acid
may strongly stabilize triple-helical structures. The role of these
interactions has been recently corroborated by the analysis of the
collagen-like domain of the Streptococcus pyogenes cell-surface
protein Scl2 [79]. This protein forms a stable triple helix with a
thermal stability close to that seen for mammalian collagens,
despite the absence of hydroxylated proline residues in its
sequence. The thermodynamic characterization of model peptides
containing fragments of the sequence of this protein indicates that
ion pairs play a major role in stabilizing the Scl2 triple helix [80].
This study has also suggested that the enthalpic stabilization
of the triple helix likely involves interactions of polar groups
with an ordered hydration network. This latter observation is in
line with recent MD simulations that revealed a solvent-mediated
stabilization of the triple helix in amino acid-rich regions [33,81] and
that polar/charged side chains may modulate these effects [33].

The development of stable non-covalent heterotrimeric
collagen-like helices by Gauba and Hartgerink represents one of
the most brilliant applications of triple-helix stabilization through
electrostatic interactions [82,83]. Such interstrand electrostatic in-
teractions were also responsible for the quantitative oxidative
disulfide-linked homotrimerization of a model peptide containing
the C-terminal Cys–Cys sequence of collagen type III [84,85].

As many members of collagen family are formed by the
assembly of distinct polypeptide chains, the search for stable
heterotrimeric peptide models has been quite extensive over
the last decade. Several intriguing approaches have been
developed to efficiently link together different chains by covalent
interactions [48,86–88]. The detection of stable non-covalent
assemblies obtained by simply mixing different chains has recently
received much attention. This approach, initially developed to
characterize intermediate species [89,90], has been later used
to generate stable heterotrimeric collagen-like assemblies from

chains unable to form homotrimeric helices. Gauba and Hartgerink
have shown, by means of appropriate modulations of the
charges, that even residues or fragments with low/moderate
propensities for the triple helix could be ‘rescued’ in heterotrimeric
species. This approach was successfully used to synthesize
collagen heterotrimers endowed with a very high stability (65 ◦C).
Subsequent applications have been extended to the analysis of
the alterations related to the disease Osteogenesis Imperfecta that
are induced by replacements of Gly residues in the Gly-Xaa-
Yaa repeat with a bulky aminoacid [91]. In contrast to previous
studies employing peptide models, the authors could, for the
first time [46], characterize collagen models with structures more
relevant to native forms of this disease containing only one or
two glycine substitutions by alanine. The general validity of this
appealing approach paves the way for future applications aimed
at elucidating unsolved aspects of collagen function.

Collagen Triple-Helix Self-Association

The function of many members of the collagen family is
essentially structural. Lateral and axial association of collagen triple
helices generates higher-order assemblies that are a fundamental
constituent of the connective tissue. It has been shown that
triple helix-tripe helix association is also important for conferring
collagen additional stability [92].

The analysis of the crystal packing of collagen-like peptides
represents a valuable source of information on triple-helix self-
association modes. Although collagen-like peptides represent
highly simplified models for collagen, packing of their triple
helices in the crystal state often resembles the one adopted by
real collagen molecules. Therefore, the analysis of the contacts
between crystallographically related molecules in the crystal
state provides clues on the interactions that potentially favor
collagen self-assembly. A survey of the crystal packing of various
peptides has evidenced that triple helix–triple helix association
may be driven by different types of interactions. Since the early
characterization of collagen-like peptides, it was demonstrated
that exposed Hyp side chains located on adjacent molecules
could establish rather strong H-bonds [13,15,93]. Interestingly,
turbidity experiments indicate that the triple helical form of (Pro-
Hyp-Gly)10 self-associate, with a nucleation-growth mechanism
[93]. A number of characteristics of these triple-helical assemblies
resemble those obtained in collagen fibril formation. It is likely that
the H-bonding interactions formed by Hyp side chains identified
in the crystal state may contribute to the formation of the fibers.
Electrostatic interactions formed by lysine and glutamic acid
residues and by the charged termini of the peptides also play
an important role in directing triple-helix association [13]. Finally,
the recent structure determination of peptides containing Leu
residues have also highlighted that triple-helix self-association may
also be driven by hydrophobic interactions [24]. In this structure,
Leu residues adopt rotameric states that allow the side chain to
protrude along the radial direction of the rod-like molecule. The
relevance of these findings for real collagen is demonstrated by
the observation that Leu-Hyp-Gly sequence is one of the most
frequently occurring triplets in type I collagen.

In recent years, the use of peptide models to generate large
collagen-like fibers has been quite successful. In this field, the
ability of short collagen fragments, in which the three strands are
held in a staggered array by disulfide bonds, to generate fiber-
like aggregates has been tested [94]. A combination of different
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techniques indicates that these ‘sticky-ended’ fragments self-
assemble via intermolecular triple helix formation. The resulting
fibrils resemble natural collagen, and some are longer (>400 nm)
than any known collagen [94]. More recently, model peptides’
activity was self-assembled into supramolecular fibrils exhibiting
collagen-like biological properties by placing aromatic groups
on the ends of a representative 30-mer (Gly-Pro-Hyp)10, as with
L-phenylalanine and L-pentafluorophenylalanine [95].

Collagen Triple-helix Recognition

Collagen is a promiscuous protein that interacts with a plethora
of biomolecules, despite its limited sequence variability and
the rigid rod-like shaped structure [96]. Collagen-interacting
proteins are expressed by both eukaryotes and prokaryotes.
Since collagen is involved in a variety of biological processes
(survival signals, morphogenic processes, cell migration, and
diseases), mammalian cells have developed several mechanisms to
target this protein. Indeed, a number of transmembrane proteins,
collectively designed as mammalian collagen–receptors, are able
to interact with triple helical motifs. Collagen is also the target of
adhesive proteins from Gram-positive bacteria, which do not share
any sequence similarity with the mammalian receptors [97]. It has
been shown that the ability to interact with collagen provides a
general advantage to bacteria in pathogenesis.

From the structural point of view the interaction of collagen
with receptors and adhesive proteins is still poorly understood.
The analysis of structural features of the collagen-interacting
proteins indicates that they can adopt a variety of different
folds. In general collagen–receptor recognition occurs through
two distinct mechanisms [96]. In the first one, the collagen
partner complex recognizes a specific collagen sequence. In
other cases, the receptor simply recognizes and binds the
basic triple helix motif. Examples of the first class include the
interaction with integrins and discoidin domain receptors and
possibly the chaperone FKBP65, whereas the second class includes
glycoprotein VI, CNA, YadA, saratin, and LAIR-1 [and references
therein, [96,98–100].

So far, only two structures of a collagen-interacting proteins
in complex with triple-helical models have been reported: (a) the
structure of the integrin α1β1 bound to a peptide containing the
critical -Gly-Phe-Hyp-Gly-Glu-Arg- motif [25] and the structure of
Staphylococcus aureus CNA complexed with the peptide (Gly-Pro-
Hyp)4-Gly-Pro-Arg-Gly-Arg-Thr-(Gly-Pro-Hyp)4 peptide [97]. These
two complexes have provided indications on sequence-specific
and on triple-helix-based collagen recognition.

The binding of the peptide (Gly-Pro-Hyp)2-Gly-Phe-Hyp-Gly-
Glu-Arg-(Gly-Pro-Hyp)3 to the integrin α1β1 relies on different
types of interactions (Figure 3). The most important one is
represented by the participation of a Glu side chain of the peptide
to the coordination of a metal ion of the receptor. The recognition
is completed by the hydrophobic interaction involving a Phe
residue of the peptide and an ion pair. The role of these residues in
the binding affinities has been confirmed by mutagenesis analyses
[25]. Modeling allowed also the understanding of the structural
basis for the binding of a homotrimeric collagen peptide mimicking
the integrin binding site of collagen type IV [86].

As for the integrin, the S. aureus CNA binds the triple helix
in a trench present on the adhesin surface [97]. Each of the
two (Gly-Pro-Hyp)4 motifs present in the peptide binds a CNA
molecule (Figure 4). The interactions that stabilize the complex
are essentially hydrophobic along with few H-bonds. The limited

Figure 3. Three-dimensional structure of the complex between the inte-
grin α1β1 (green) and the triple helical peptide (Gly-Pro-4RHyp)2-Gly-Phe-
4RHyp-Gly-Glu-Arg-(Gly-Pro-4RHyp)3 (PDB entry 1DZI). The coordination
of the integrin metal is also shown.

Figure 4. Three-dimensional structure of the complex between S. aureus
CNA and the peptide (Gly-Pro-4RHyp)4-Gly-Pro-Arg-Gly-Arg-Thr-(Gly-Pro-
4RHyp)4. The coordinates of the PDB entry 2F6A have been used to
generate the picture.

resolution of the study (3.29 Å) does not provide any information
on the solvent structure, which may play a relevant role in the
binding of this intrinsically highly hydrated peptide.

Collagen interactions with other proteins may also generate
potentially deleterious effects. Indeed, collagen plays an active role
in the aggregation of β2-microglobulin under physiopathological
conditions (dialysis-related amyloidosis) [101]. The authors provide
evidence that collagen positively charged side chains play a
major role in inducing aggregation. Experiments carried out with
standard peptides such as (Gly-Pro-Hyp)n and (Gly-Pro-Pro)n could
provide information on whether the simple triple helix motif is
also important in favoring the aggregation.

J. Pept. Sci. 2009; 15: 131–140 Copyright c© 2008 European Peptide Society and John Wiley & Sons, Ltd. www.interscience.com/journal/psc
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Conclusion and Perspectives

Complexity is one of the intrinsic features of the collagen
molecule, despite some evident regularities in its sequence and
structure. Not only the collagen characterization is important for
understanding and modulating its many biological functions, but
it also holds implications for the design and development of
new biomaterials. Although, in principle, the collagen molecule
size and its involvement in various biological processes require
detailed characterizations of the entire molecule, some intrinsic
features of this complex molecule have hitherto limited these
investigations.

Reductionistic approaches, through the use of peptide models,
have been widely applied to obtain information on the structure
of this complex system (see papers of G. Fields and L. Moroder).
The success of this approach has been illustrated in the previous
sections. However, the necessity to mimic the collagen triple helix
with smaller compounds has been often met by enriching these
models with imino acids which are endowed with a high propensity
for this secondary structure element. It should be noticed that the
great majority of thermodynamic and structural studies and the
ensuing stabilization models have been obtained using peptides
with over-represented iminoacid content, if compared with the
real imino acid/amino acid distribution in collagen. Indeed, the
percentage of triplets with iminoacids in both X and Y is only
13% in real collagen. Furthermore, these triplets are infrequently
consecutive in the collagen sequence, which, on the other hand,
presents a large abundance of triplets with amino acids in both
X and Y (41%) positions or with an imino acid in single (46%)
either X or Y position. These simple considerations indicate that
the currently available data and hypotheses, essentially derived
using iminoacid-rich sequences, may be heavily biased. As a
consequence, the extension of these results to real collagen
may be somewhat limited by the specific composition of these
models. In this context, it has been proposed that important
general properties of collagen may be sequence dependent
[12,33]. Focused investigations aimed at collecting information on
models with low/moderate content of imino acids are particularly
needed. In line with recent findings [44,48,102,103], it is likely that
these models will be characterized by an enhanced triple-helix
plasticity.

Available structural data on collagen peptide models are still
rather limited. As shown in Table 1, there are several amino acids
that have never been characterized within a triple helix context.
It is not surprising that very few structures with biologically
relevant sequences have been reported. This is likely because of
the difficulties related to the growth of well-diffracting crystals
of these peptides. More extensive applications of computational
techniques may compensate for the lack of structural information.
Indeed, as triple-helix scaffold limits the number of accessible
states for the protein backbone, accurate conformational sampling
of these systems may be achieved through MD simulations.
These techniques can provide reliable descriptions of side chain
mobility and peptide hydration. In addition, the repetitive nature
of some structural features of collagen gives the opportunity to
ad hoc design small-sized systems that could be investigated
by quantum mechanics. Computational methods could be very
useful to investigate the role played by long-range dipole–dipole
and/or electrostatic interactions in modulating the triple-helix
stability in a deeper detail. The characterization of non-local
cooperative interactions, caused by the presence within the triple
helix of repeating sequences of aligned dipoles, may also provide

insightful information on the structural determinants of triple-
helix stability. The continuous increase of available computational
resources will favor the application of these methodologies to
systems with a progressively augmented complexity. Finally,
the definition of collagen–receptors recognition mechanism will
benefit from the use of integrated molecular docking and MD
techniques.
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