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Abstract

We report the first complete amino acid sequence and evidence of secondary structure for osteocalcin from a temperate fossil. The
osteocalcin derives from a 42 ka equid bone excavated from Juniper Cave, Wyoming. Results were determined by matrix-assisted laser
desorption ionization time-of-flight mass spectrometry (MALDI-MS) and Edman sequencing with independent confirmation of the
sequence in two laboratories. The ancient sequence was compared to that of three modern taxa: horse (Equus caballus), zebra (Equus

grevyi), and donkey (Equus asinus). Although there was no difference in sequence among modern taxa, MALDI-MS and Edman sequenc-
ing show that residues 48 and 49 of our modern horse are Thr, Ala rather than Pro, Val as previously reported (Carstanjen B., Wattiez,
R., Armory, H., Lepage, O.M., Remy, B., 2002. Isolation and characterization of equine osteocalcin. Ann. Med. Vet. 146(1), 31–38).
MALDI-MS and Edman sequencing data indicate that the osteocalcin sequence of the 42 ka fossil is similar to that of modern horse.
Previously inaccessible structural attributes for ancient osteocalcin were observed. Glu39 rather than Gln39 is consistent with deamida-
tion, a process known to occur during fossilization and aging. Two post-translational modifications were documented: Hyp9 and a disul-
fide bridge. The latter suggests at least partial retention of secondary structure. As has been done for ancient DNA research, we
recommend standards for preparation and criteria for authenticating results of ancient protein sequencing.
� 2006 Elsevier Inc. All rights reserved.

1. Introduction

Studies of ancient DNA have advanced our understand-
ing of phylogenetic relationships among extinct taxa and
genetic diversity through space and time (Leonard et al.,
2000; Paxinos et al., 2002; Hadley et al., 2004; Weinstock
et al., 2005). However, the majority of the samples ana-

lyzed are young (<50 ka) and/or from permafrost. Because
some proteins have a greater likelihood of survival than
DNA (Collins et al., 2000) they may provide genetic infor-
mation that is not accessible via DNA analysis. We puta-
tively identified the bone protein osteocalcin in fossils via
matrix-assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-MS) and later demonstrated
that it could be sequenced from >53,000 ka permafrost
bones (Ostrom et al., 2000; Nielsen-Marsh et al., 2002).
Partial amino acid sequences of osteocalcin from ca.
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75 ka Neandertal specimens from Iraq (Nielsen-Marsh
et al., 2005) and radioimmunoassay data in 300 ka bones
from warm environments (Ostrom et al., 2000) document
this protein’s survivability.

The recent emergence of proteomics as a molecular tool
for evolutionary biology is an exciting prospect. However,
efforts to extend ancient biomolecular records in time and
space must be increasingly aware of technological limita-
tions and pitfalls. Our challenges are to (1) expand mass
spectral databases for proteins from previously uncharac-
terized taxa, (2) define temporal and spatial limits of sur-
vival of osteocalcin, and (3) develop strict criteria for
sample handling and analysis and interpretation of mass

spectra. Relative to ancient DNA, the science and technol-
ogy associated with ancient protein sequencing is in its
infancy. We should avoid mishaps that befell early ancient
DNA research (Wayne et al., 1999). Our efforts to provide
the first complete osteocalcin sequence from a non-perma-
frost fossil speak to the challenges noted above. The se-
quence was obtained from a ca. 42 ka horse bone from
Juniper Cave, Wyoming and compared to that of three
phylogenetically related taxa (horse, zebra, and donkey).
The ancient osteocalcin sequence was derived by multiple
MALDI-MS techniques, confirmed in two laboratories
and substantiated by Edman sequencing. The results iden-
tify post-translational modifications in the fossil and diage-
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Fig. 1. Peptide mass fingerprint for osteocalcin tryptic digest from: (A) extant horse; (B) zebra; (C) donkey; and (D) partially purified osteocalcin from the
42 ka horse produced from an ABI-4700 (confirmed on an ABI-STR). Peptide 1–19a, 43 Da greater than 1–19, is from a modified form of osteocalcin.
*Self-digest products of trypsin.
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