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Why collagens best survived in fossils? Clues from amino acid thermal stability
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Explaining why type I collagens are preferentially preserved in the geological time scale remains a chal-
lenge. Several pieces of evidence indicate that its rich content in the bone and its unique, stable structure
played key roles in its preservation. By considering the distinct thermal stability of amino acids, we reveal
that the elevated abundance of thermostable amino acid residues in type I collagens also contribute to its
survival.

� 2012 Elsevier Inc. All rights reserved.
Molecular paleontology is ranked by Science Magazine as one of sites for the survival of the type I collagen. The bone is a composite

the top 10 scientific advances since the dawn of the new millen-
nium [1]. The information contained in ancient molecules not only
make it possible to revisit the prehistoric world and address ques-
tions of historic, evolutionary and taxonomic significance, such
information also provides a new perspective for materials science
[2] and clinical medicine [3].

An unexpected finding from the study of dinosaur fossil protein
residues was that collagens had the potential for preservation for
millions of years. In recent years, Schweitzer and his colleagues ex-
tracted and sequenced some type I collagen peptides (except for
one peptide belonging to type II collagen) from 68-million-years-
old fossils of Tyrannosaurus rex singly [4] and 80-million-years-
old fossils of Brachylophosaurus canadensis with independent repli-
cation in multiple labs [5]. In addition, they provided several lines
of evidence to support the reliability of the results. Even though
osteocalcin, elastin, laminin, and hemoglobin were also detected
using in situ immunohistochemical analyses, none of these pro-
teins could be determined by mass spectrometry in any of the
experiments [5,6]. In addition, collagens were also recovered with
overwhelming abundance and coverage in a recent study about
surviving proteins in Pleistocene mammoth femur fossils [7].
Therefore, the intriguing question to ask is why type I collagens
are preferentially preserved in the geological time scale.

A straightforward explanation to this issue is that rich content
[8] and limited solubility [9,10] both provide excellent prerequi-
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material comprising an intimate association of protein fibers and
mineral crystals. The most abundant proteins within the bone con-
sist of type I collagens (approximately 90% by weight of the pro-
tein) [8]. In addition, collagens can only be brought into the
solution by acid hydrolysis or partial enzymatic digestion [9,10].
Moreover, when a collagen fibril is surrounded by or absorbed in
a mineral matrix, the collagen molecule is resistant to extraction
by neutral salts or mild acid solutions and exempted from degrada-
tion by collagenases [9,10].

Further explanation comes from the fact that the triple-helical
arrangement and intramolecular and intermolecular cross-links
confer stability upon the ubiquitous structural molecule [11,12].
Collagen fibers are tough bundles of type I collagens. Monomeric
type I collagen consists of three intertwined chains that form a tri-
ple helix by numerous hydrogen bonds. Every third amino acid res-
idue in the sequence of a chain is Gly, leading to a repeating triplet.
This repeating triplet is generally Gly-Xaa-Hyp (Hyp, hydroxypro-
line) or Gly-Pro-Xaa, where Xaa may be any other residues. The high
abundance of Gly and Hyp in type I collagen is important in terms
of ensuring the stabilization of the ubiquitous structure; it allows a
very close association between both monomers and chains and
facilitates hydrogen bonding and the formation of intermolecular
cross-links [11,12].

San Antonio et al. provided a deeper insight into the issue by
mapping the dinosaur fossil-derived peptides to the high-resolu-
tion model of type I collagen fibrils of extant taxa. They found that
these peptides localized to regions that are crucial to the structural
stability and function of collagen fibrils [13]. These regions contain
few acidic amino acids, thus resulting in their limited solubility;
furthermore, they are protected from proteolytic degradation by
the close packing of collagen molecules [13].
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Nevertheless, due to the fact that amino acids are basic compo-
nents of proteins, and the temperature is the main decisive factor
for the survival of collagens [8,9], we speculated that, in addition
to the rich content and structural stability, sufficient thermal sta-
bility of amino acids is essential for the survival of type I collagen
peptides in the complex thermal history.

Due to the distinct side chains, the thermal stabilities of 20
canonical amino acids are also much different. Gly and Ala
are the most stable ones [14], whereas others decline in the follow-
ing order: Val � Leu � Phe > Ile > Tyr > Lys > His > Met > Thr > Ser >
Trp > Glu > Asp > Arg � Cys [14–17]. As Gln and Asn undergo
deamidation at high temperature [14], they should be less stable
than Glu and Asp, respectively. Pro is rather stable, and could be
compared with Phe [18].

The consistency between the stability of peptides and their ami-
no acids is well represented in fossil-derived collagens. Fossil-de-
rived collagen peptides are rich in Ala (�30%), Gly (�10%), and
Pro (�20%, including Hyp). Hence, we used the total abundance ra-
tio of Ala, Gly, Val, Leu, Phe and Pro (AGVLFP, the six most stable
residues in our amino acid thermal stability order) as an indicator
for the thermal stability of a protein. The abundance of AGVLFP in
collagen peptides derived from dinosaur fossils ranged from 72% to
88%, which is much higher than that in entire collagen molecules
(approximately 62%, Fig. 1). The distinct thermal stability of 20
canonical amino acids could account for both of the enrichment
Fig. 1. Distributions of AGVLFP abundance in all proteins of G. gallus and the correspon
proteins.

Fig. 2. Distributions of AGVLFP abundance in all proteins of L. africana and the corre
‘‘Siberian proteins’’ represent the peptides (ruling out repeatedly detected peptides
corresponding entire proteins found in the proteome of L. africana, respectively. ‘‘Tempe
‘‘Siberian proteins,’’ respectively, however, the peptides are derived from fossils of te
distribution, and the ‘‘Temperature proteins’’ have a higher abundance of AGVLFP. In add
of Ala, Gly, and Pro and the lack of acidic residues (Asp and Glu)
in dinosaur fossil-derived collagen peptides. In addition, the
abundance of AGVLFP in mammoth fossil-derived type I collagen
peptides (approximately 72%) is also higher than that in entire col-
lagen molecules (approximately 62%, Fig. 2). Moreover, the abun-
dance of AGVLFP in all mammoth fossil-derived peptides (ruling
out repeatedly detected peptides and type I collagen peptides)
was elevated as well, compared with that in their corresponding
entire proteins (Fig. 2). Taken together, it seems that the peptides
with a higher abundance of thermostable amino acids in the same
protein are more likely to survive compared with the others.

These observations also bring up the question: Is the abundance
of thermostable residues in type I collagens also elevated in com-
parison with other proteins? If so, it becomes clear why type I col-
lagens are predominant in fossils and can be sequenced even from
dinosaur fossils. To verify this, we conducted a survey of amino
acid composition of all proteins in several extant species. Seven
vertebrate proteomes were selected, including the proteomes of
Danio rerio, Xenopus tropicelis, Anolis carolinensis, Gallus gallus,
Mus musculus, Loxodonta africana, and Homo sapiens. Among these,
G. gallus and A. carolinensis are closely related to T. rex and B.
canadensis [4,5] whereas L. africana is closely related to the mam-
moth. Type I collagens are highly conserved in these organisms
[4,5]. As expected, in each species, the abundance of AGVLFP in
type I collagens was around 60%, ranked from the top 0.09% to
ding positions of dinosaur fossil-derived collagen peptides and several homologous

sponding positions of mammoth fossil-derived peptides. ‘‘Siberian peptides’’ and
and type I collagen peptides) derived from a Siberian mammoth fossil and the
rature peptides’’ and ‘‘Temperature proteins’’ are similar to ‘‘Siberian peptides’’ and
mperature mammoths. The ‘‘Siberian proteins’’ are located in the middle of the
ition, the abundance of AGVLFP in fossil-derived peptides in both groups is elevated.



Table 1
AGVLFP abundance for type I collagens of seven vertebrates.

Species AGVLFP abundancea (%) Rank in proteome (%)

Danio rerio 61.02; 61.70; 63.24 0.15; 0.13; 0.10
Xenopus tropicelis 62.26 0.15
Anolis carolinensis 58.70; 62.07 0.25; 0.11
Gallus gallus 64.71 0.31
Mus musculus 62.90; 63.34 0.09; 0.07
Loxodonta africana 63.23; 63.76 0.13; 0.10
Homo sapiens 63.59; 64.42 0.12; 0.09

a For different chains of type I collagens.
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the top 0.31% in their respective proteome (Figs. 1 and 2, Table 1).
Fig. 1 shows the position of dinosaur fossil-derived collagen pep-
tides in the distribution of AGVLFP abundance in all proteins of
G. gallus, and Fig. 2 shows the position of mammoth fossil-derived
collagen peptides in the distribution of AGVLFP abundance in all
proteins of L. africana. In the proteome of G. gallus, the abundance
of AGVLFP in the elastin outweighed that in type I collagens
(Fig. 1). The non-detection of the elastin in dinosaur collagen
sequencing by mass spectrometry may be due to its rarity in the
bone and the loss from the samples. Meanwhile, the abundance
of AGVLFP in all other proteins, also detected using in situ immu-
nohistochemical analyses, were much lower (Fig. 1), including
osteocalcin which was also found to be abundant in the bone (1%
to 2% of the total bone proteins by weight) [8]. Therefore, we spec-
ulated that the lower abundance of thermostable amino acids re-
duced the survival of osteocalcin and other proteins because of
the deterioration of numerous residues, and only the original epi-
topes of these proteins were preserved whereas the molecules
had been degraded. The absence of osteocalcin in the mammoth
fossil-derived peptides [7] is in agreement with this hypothesis.

It is elusive why type I collagens have elevated abundance of
thermostable amino acids. Due to the function of supporting tis-
sues, large energy consumption for synthesizing and difficulties
from degradation, type I collagens need to maintain integrity over
a long period of time. Therefore, they are under powerful selective
pressure, which constrains their sequences. An interesting finding
was that, warm-water fish tended to have a similar abundance of
Pro and Hyp in type I collagens to mammals, but a higher abun-
dance compared with cold-water fish [11]. The elevated abundance
of thermostable residues suggested the enhanced adaptability of
type I collagens in high-temperature environment.

In summary, the present analysis provides new insights into the
preservation of type I collagen, in terms of thermal stability of ami-
no acids. Type I collagens had an extraordinarily elevated abun-
dance of thermostable residues in comparison with other
proteins in several extant species. Given that thermostable resi-
dues contributed to maintaining the integrity of type I collagens,
the abundant thermostable residues in type I collagens is likely a
critical factor responsible for its survival in dinosaur fossils.
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