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The modifications that occur on proteins in natural environments over time are

not well studied, yet characterizing them is vital to correctly interpret sequence

data recovered from fossils. The recently extinct moa (Dinornithidae) is

an excellent candidate for investigating the preservation of proteins, their

post-translational modifications (PTMs) and diagenetic alterations during

degradation. Moa protein extracts were analysed using mass spectrometry,

and peptides from collagen I, collagen II and collagen V were identified. We

also identified biologically derived PTMs (i.e. methylation, di-methylation,

alkylation, hydroxylation, fucosylation) on amino acids at locations consistent

with extant proteins. In addition to these in vivo modifications, we detected

novel modifications that are probably diagenetically derived. These include

loss of hydroxylation/glutamic semialdehyde, carboxymethyllysine and

peptide backbone cleavage, as well as previously noted deamidation. Moa col-

lagen sequences and modifications provide a baseline by which to evaluate

proteomic studies of other fossils, and a framework for defining the molecular

relationship of moa to other closely related taxa.
1. Introduction
The first investigations into biomolecular preservation in fossils focused on pro-

teins [1–5]; however, polymerase chain reaction (PCR) and other technological

advances [6–8] resulted in genomic studies superseding those of proteins.

Now, recent advances in high-resolution mass spectrometry have resulted in a

renewed interest in the utility of proteins preserved in fossils (reviewed in [9]).

Ancient proteomic studies have extended the age for which biomolecules and

phylogenetically informative molecular sequences can be recovered to well

beyond the hypothesized limit for DNA preservation [8,10–17].

Proteomic studies on sequences from fossils directly characterize biologically

and/or diagenetically derived post-translational modifications (PTMs). Because

biologically derived PTMs originate from the organism itself, they inform on

the ultimate protein function, phylogenetic changes or evolutionary adaptations

at the molecular level that cannot be determined from DNA sequences alone [9].

In contrast to phylogenetic or physiological results of in vivo PTMs, diagenetically

derived PTMs are the result of post-mortem decay. These modifications provide

evidence that detected proteins are original to the fossil, and inform how pro-

teins/amino acids degrade over geological time [11]. Historically, few

biologically derived PTMs have been identified for extinct species (e.g. hydroxy-

lation of proline, HYP; carboxylation of glutamic acid [16]) and even fewer

diagenetically derived PTMs have been identified [11,13,14]. Although deamida-

tion is the most common diagenetically derived PTM directly identified on

peptides, non-enzymatic glycation has been hypothesized to be a major factor

affecting preservation of ancient proteins because it results in highly cross-

linked protein structures reducing protein solubility [17]. However, it has not

been directly measured or detected in fossil taxa. Because few PTMs from ancient

remains have been elucidated, information regarding which PTMs persist into the

rock record and what types of modifications can occur diagenetically is limited.

Here, we investigate moa bone (MOR OST-255) for the preservation of

protein and PTMs. Moa remains are of special interest because in addition to
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bone, diverse elements (i.e. feathers, bones, mummified

remains, egg shells) are attributed to them [18–20]. Because of

the availability of exceptionally preserved specimens, DNA

recovered from various moa specimens has been used to differ-

entiate species [20,21] and estimate rates of DNA degradation

[22]. However, few complementary studies of moa proteins

have been attempted [3,23].
blishing.org
Proc.R.Soc.B

282:20150015
2. Material and methods
(a) Moa bone
Cortical bone fragments from an indeterminate moa specimen

(MOR OST-255; 800–1000 years old [24]) were extracted as

described by Cleland et al. [23]. Briefly, approximately 1 g of corti-

cal bone was demineralized in 9 ml 0.6 M HCl for 4 h at room

temperature; the pellet was washed with sterile, deionized water

and fragments were further extracted using 50 mM ammonium

bicarbonate at 658C for 5 h. The HCl fraction was dialyzed against

water (2000 MWCO Slide-A-Lyzer Cassettes; Pierce) for 4 days at

48C, then lyophilized to completion. The ammonium bicarbonate

fraction was dried completely without further dialysis using a

speed vacuum. Resultant powders were stored at 2808C until use.

(b) Protein digestion and mass spectrometry
Each powder (1 mg for HCl, 1.5 mg for ammonium bicarbonate)

was resuspended in 500 ml of 50 mM ammonium bicarbonate.

50 ul of each fraction were reduced using 10 mM dithiothreitol for

1 h at 378C followed by alkylation with 20 mM iodoacetamide for

1 h in the dark at room temperature. After reduction and alkylation,

the proteins were digested overnight at 378C with 0.2 mg Promega

modified trypsin. Digestion was subsequently stopped with 1 ul

of 100% formic acid and stored at 2808C until mass spectrometry.

Without further sample processing, 10 ul of each extraction

were injected onto a Waters nanoAcquity UPLC trap column

(180 mm � 20 mm) with Symmetry C18 and washed for 5 min at

5 ml min21. Peptides were transferred to a Waters nanoAcquity

UPLC (75 mm � 250 mm) BEH130C18 (1.7 mm particle size)

analytical column and eluted at 300 nl min21 on a Waters nanoAc-

quity with the following gradient: 2% B (99.9% acetonitrile, 0.1%

formic acid) to 60% B at 30 min, 90% B at 32 min, 90% B at

35 min, 2% B at 37 min, 2% B at 60 min. Buffer A was 0.1%

formic acid. Eluted peptides were analysed on a ThermoScientific

Orbitrap XL with a scan range of 375–2000 m/z. The top five peaks

for each precursor were fragmented using collision-induced dis-

sociation, and dynamic exclusion was enabled with a repeat

count of 1, exclusion duration of 10 s and repeat duration of 30 s.

(c) Data analysis
The resulting spectra were analysed using three different search

engines: Mascot 2.3 [25] in Proteome Discoverer 1.2 (ThermoScien-

tific), Sequest HT [26] in Proteome Discoverer 1.4 and PEAKS7

[27,28]. Each Mascot file was sequentially searched against several

databases, namely Uniprot chicken, the common repository of

adventitious proteins (The Global Proteome Machine), Uniprot

osteocalcin, Uniprot bone, Uniprot collagen and Uniprot haemo-

globin; all results were compiled and overall peptide and protein

statistics calculated. The following parameters were used for

searching on all databases unless noted in brackets: 10 ppm precur-

sor tolerance; 0.5 Da fragment tolerance; static modification:

carbamidomethyl cysteine (C); dynamic modifications: deami-

dated asparagine and glutamine (NQ), oxidation methionine (M),

oxidation arginine and lysine (KP) for Uniprot chicken, Uniprot

bone and Uniprot collagen, carboxy glutamic acid (E) for Uniprot

osteocalcin. All peptides were filtered with a 5% FDR based on a

decoy database.
Spectra were searched using Sequest HT against a Uniprot

Archosauria þ Testudinidae database and a Uniprot collagen

database with the following parameters: 10 ppm precursor toler-

ance, 0.5 Da fragment tolerance, fixed modifications: none,

variable modifications: carbamidomethyl (C), deamidated (NQ),

oxidation (M), carboxymethyl (K). For the collagen database, oxi-

dation (KP) was also added to variable modifications. This mass

shift represents HYP and lysine but is limited only to collagen

sequences. All peptides were filtered with a 5% FDR based on a

decoy database.

Spectra were searched using PEAKS7 against a Uniprot

Vertebrates database using: 10 ppm precursor tolerance, 0.5 Da

fragment tolerance, fixed modifications: none, variable modifi-

cations: carbamidomethylation (C), deamidated (NQ), oxidation

(M), oxidation or hydroxylation (RYFPNKD) or (G) at C-terminal,

and Carboxymethyl (KW) or (X) at N-terminal. A maximum of

five PTMs were allowed per peptide. Non-specific cleavage was

allowed at both ends of the peptide, as well as a maximum of

three missed cleavages. To find additional, unspecified PTMs and

mutations, PEAKS PTM [28] and SPIDER searches were enabled.

Results were filtered with the following parameters: peptides 210

lgP � 15 (FDR 0.6%) and proteins 210 lgP � 20 (FDR 0.0%).

For all searches, peptides were exported and those with over-

lapping sequences were culled. All peptides for all identified

collagens were aligned against collagen I and II exemplars

from Uniprot in Seaview 4. Consensus sequences were generated

for each search algorithm using a basic majority rule method

in Seaview.
3. Results and discussion
We report the first partial collagen I sequence (figures 1 and 2;

electronic supplementary material, tables S1, S2, S5–S7), the

first partial collagen II sequence (electronic supplementary

material, figure S1 and tables S3, S5–S7; for coverage see elec-

tronic supplementary material, table S8) and several peptides

from collagen V (electronic supplementary material, tables

S4–S7; for coverage see electronic supplementary material,

table S8) for moa. Because the collagen V sequences exhibited

limited coverage, we did not align them; however, future

analyses from this specimen and others will provide additio-

nal sequence information for each of the collagen V chains.

Database searching using three algorithms resulted in

some variation in sequence coverage in collagen Ia1 and a2

(figures 1 and 2) when compared with the mature sequence

of chicken (Col1a1: PEAKS 73.7%, Mascot 77.8%, Sequest

70.9%, all combined 84.1%; Col1a2: PEAKS 63.3%, Mascot

47.0%, Sequest 50.7%, all combined 69.3%). This multi-

algorithm approach facilitates identification of more complete

sequences of other fossil taxa that may be missed when only

one algorithm is applied.

This is an indeterminate specimen (i.e. species was unable to

be determined, so only identified to a supraspecific level), but

the collagen I sequences, and to a lesser extent the collagen II

sequence, represent an important baseline for expected collagen

sequences in closely related extinct and extant species, and

provide critical data applicable to other undersampled palaeog-

nath taxa. Additionally, these sequences can be used to refine

phylogenetic hypotheses of other archosaurs (e.g. electronic

supplementary material, figure S7), including extant and extinct

crocodylians and extinct non-avian dinosaurs. The phylogeny

resulting from collagen I sequences places moa in a clade

with other palaeognath taxa as well as Galloansarae taxa

(electronic supplementary material, figure S7). Unfortunately,

http://rspb.royalsocietypublishing.org/


Moa_Mascot   -------------------GPXGPPGKNGDDGEAGKPGRPGERGPSGPQGARGLPGTAGLPGMK---GFSGLDGAKGQPGPAGPKGEPGSPGENGAPGQM
Moa_Sequest  -------------------GPXGPPGKNGDDGEAGKPGRPGER---------GLPGTAGLPGMK---GFSGLDGAK---------GEPGSPGENGAPGQM
Moa_PEAKS    -------------------GPAGPPGKNGDDGEAGKPGRPGXRGPXGPQGARGLPGTAGLPGMK---GFSGLDGAKGDTGPAGPKGEPGSPGENGAPGQM
Moa_Mascot   GPR------GAPGINGPAGARGNDGAVGAAGPPGPTGPTGPPGFPGAAGAKGEAGPQGARGSEGPQGARGEPGPPGPAGAAGPAGNPGADGQPGAKGATG
Moa_Sequest  GPR------GRPGAPGPAGARGNDGATGAAGPPGPTGPAGPPGFPGAAGAK---------GSEGPQGARGEPGPPGPAGXAGPSGNPGXDGQPGAKGATG
Moa_PEAKS    GPR------GXPGPSGPAGAR------------------------------GETGPQGARGSEGPQGARGEPGPPGPAGAAGPAGNPGADGQPGAKGATG
Moa_Mascot   APGIAGAPGFPGARGXXGPQGPXGAPGPKGNSGEPGAPGNKGDTGAKGEPGPAGVQGPPGPXGEEGKR---GEPGPAGLPGPAGER------GFPGADGI
Moa_Sequest  APGIAGAPGFPGARGPXGPQGPSGAPGPKGNSGEPGAPGNKGDTGAKGEPGPAGVQGPPGPAGEEGKR---GEPGPXGLPGPAGER------GFPGXDGI
Moa_PEAKS    APGIAGAPGFPGARGAXGPQGPSGAPGPKGNSGEPGAPGNKGDTGAKGEPGPAGVQGPPGPAGEEGKR---GEPGPAGLPGPAGER------GFPGADGX
Moa_Mascot   AGPK---------------------------------GLTGSPGSPGPDGKTGPPGPAGQDGRPGPPGPPGARGQXGVMGFPGPKGAAGEPGKPGERGAP
Moa_Sequest  AGPK---------------GSPGESGRPGEPGLPGAKGLTGSPGSPGPDGK----------------------GQAGVMGFPGPKGAAGEPGKPGERGAP
Moa_PEAKS    AGPK---------------GSPGEAGRPGEAGLPGAKGLTGSPGSPGPDGKTGPPGPAGQDGRPGPPGPPGARGQAGVMGFPGPKGAAGEPGKPGERGAP
Moa_Mascot   GPPGAVGAAGKDGEAGAQGPPGPTGPAGERGEQGPAGAPGFQGLPGPAGPPGEAGKPGEQGVPGNAGAPGPAGAR---------GVQGPPGPQGPRGANG
Moa_Sequest  GPPGAVGAAGKDGEAGAQGPPGPTGPAGERGEQGPSGAPGFQGLPGPAGAPGESGKPGEQGVPGDIGAPGPSGAR---------GVQGPPGPQGPRGANG
Moa_PEAKS    GPPGAVGAAGKDGEAGAQGPPGPTGPAGER------------------------------------------------------GVQGPPGPQGPRGANG
Moa_Mascot   APGNDGAK------------------------GAAGLPGAKGDRGDPGPKGADGAPGKDGLRGLTGPIGPPGPAGAPGDKGEAGPSGPAGPTGARGAPGD
Moa_Sequest  APGNDGAK------------------------------------------------------GLTGPIGPPGPAGAPGDKGEAGPSGPAGPTGARGAPGD
Moa_PEAKS    APGNDGAKGDAGAPGAPGSQGAPGL-------GAAGLPGAKGDRGDXGPKGADGAPGKDGLRGLTGPIGPPGPAGAPGDKGEAGPSGPAGPTGARGAPGD
Moa_Mascot   RGEPGPPGPAGFAGPPGADGQPGAKGETGDAGAK------------------------------GXAGPPGATGFPGAAGRVGPPGPSGNIGLPGPPGPA
Moa_Sequest  RGEPGPPGPAGFAGPPGSDGQPGAKGETGDXGAKGDAGPPGPAGPTGAPGPSGAVGAPGPK---GAAGPPGATGFPGAAGRVGPPGPSGNIGLPGPPGPS
Moa_PEAKS    RGEPGPPGPAGFAGPPGADGQPGAKGETGDAGAK------------------------------GSAGPPGATGFPGAAGRVGPPGPSGNIGLPGPPGPA
Moa_Mascot   GK-------GETGPAGRPGEPGPAGPPGPPGEKGSPGADGPIGAPGTPGPQGIAGQRGVVGLPGQRGERGFPGLPGPSGEPGKQGPSGPSGERGPPGPVG
Moa_Sequest  GK-------------------------------GSPGADGPIGAPGTPGPQGIAGQRGVVGLPGQR---GFPGLPGPSGEPGKQGPSGPSGERGXPGXVG
Moa_PEAKS    GK-------GETGPAGRPGEPGPAGPPGPPGEKGSPGADGPIGAPGTPGPQGIAGQRGVVGLPGQR---GFPGLPGPSGEPGKQGPSGXXGER----PAG
Moa_Mascot   PPGLAGPPGESGREGXPGAEGAPGRDGAXGXKGDRGETGPAGPPGAPGAPGAPGPVGPAGKNGDRGETGPAGPAGPXGPAGARGPAGPQGPRGDKGETGE
Moa_Sequest  XPGLXGXPGESGREGAPGAEGAPGRDGAAGPKGDRGETGPXGPPGAPGAPGAPGPVGPAGKNGDRGETGPAGPAGPXGPAGARGPAGPQGPR--------
Moa_PEAKS    PPGLAGPPGESGREGAPGAEGAPGRDGAAGPKGDRGETGPAGPPGAPGAPGAPGPVGPAGKNGDRGETGPAGPAGPPGPAGARGPAGPQGPRGDKGETGE
Moa_Mascot   QGDR------GFSGLQGPPGPPGAPGEQGPSGASGPAGPRGPPGSAGAAGKDGLNGLPGPIGPPGPR---------------------------------
Moa_Sequest  ----------GFSGLQGPPGPPGAPGEQGPSGASGPAGPRGPPGSAGXAGKDGLNGLPGPIGPPGPR---------------------------------
Moa_PEAKS    QGDRGMK---GFSGLQGPPGPPGSPGEQGPSGASGPAGPRGPPGSAGAAGKDGLNGLPGPIGPPGPR---------------------------------

Figure 1. Collagen Ia1 sequence alignments for PEAKS, Mascot and Sequest peptides.

Figure 2. Collagen Ia2 sequence alignments for PEAKS, Mascot and Sequest peptides.
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few collagen I sequences are known from palaeognath taxa,

requiring additional sampling of bone from moa and other

extant palaeognaths (e.g. emu, kiwi) to better elucidate

relationships and lend support to hypothesized DNA-based

phylogenies [29].

(a) In vivo post-translational modifications
We detected various biologically derived PTMs: methylation

(figure 3a), di-methylation (electronic supplementary material,

figure S2), alkylation (figure 3a; electronic supplementary

material, figure S3), fucosylation (figure 3b; electronic sup-

plementary material, figure S5) and hydroxylation; listed in

table 2 and electronic supplementary material, tables S1–S4.

With the exception of hydroxylated proline, few other in vivo
PTMs have been identified from fossil remains. PEAKS PTM

detected more PTMs than have been previously observed on

ancient peptides without a priori knowledge of what may or

may not preserve. This search strategy allowed us to detect enzy-

matic glycosylation for the first time in ancient bone proteins

(figure 3; electronic supplementary material, figure S5).
Determining the endogeneity of fossil proteins and bio-

logical PTMs is critical for evaluating their biological function.

To support PTM endogeneity, we compared the positions of

fossil PTMs with those on proteins from extant eukaryotic

taxa. We detected well-known methylation not only on lysine

[30] but also on aspartic acid and glutamic acid (figure 3a;

electronic supplementary material, tables S1–S3), only recently

shown to occur in eukaryotic proteins [30]. These modifications

support endogeneity. Additionally, we identified two peptides

containing fucose on serine residues. Serine is one of several resi-

dues that is fucosylated in extant taxa [31]. Lastly, we identified

one of the most common and potentially important positions of

acetylation in extant proteins [32] on the moa lysine residues

(figure 3a; electronic supplementary material, figure S3).
(b) Advanced-glycation end products and diagenetically
modified peptides

In addition to in vivo PTMs, we were able to detect diageneti-

cally derived protein modifications. Consistent with previous

http://rspb.royalsocietypublishing.org/
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Figure 3. (a) Collagen IIa1 peptide (GDRGDVGEKGPEGAPGK) showing methylation and alkylation. (b) Collagen IIa1 peptide (GERGLPGESGAVGPAGPIGS) showing
fucosylation. (Online version in colour.)
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analyses of ancient bone [8,14,15], we observe deamida-

tion for both glutamine and asparagine (figure 4; electronic

supplementary material, figure S4) that is incomplete

(e.g. electronic supplementary material, figure S4) and may

be, in part, derived from sample preparation. We observed

additional modifications we ascribe to diagenesis, including

advanced glycation end-products (AGEs), backbone cleavage

and variable HYP. It has been hypothesized that AGEs lead

to preservation of proteins [17]; however, direct observation

of AGEs on intact peptides has not been previously made

from any ancient source. We observe carboxymethyllysine

(CML) on several peptides, which leads to missed cleavages

by trypsin (figure 4), and a potential backbone cleavage

where CML is present at the C-terminus of the peptide (elec-

tronic supplementary material, figure S6). CML modification

in the C-terminal position may not lead to enhanced preser-

vation because it does not form cross-links [33] but instead

modifies the side chain of lysine, resulting in the potential dis-

ruption of collagen tertiary structure and subsequent loss of

fossil collagen. This may explain the selectivity of peptide pres-

ervation noted by San Antonio et al. [34]. Additionally, we

observe heterogeneity in the presence or absence of CML on

the same peptide (electronic supplementary material, table S1).

Further research is necessary to detect and measure the types,

amounts and effects of AGEs in ancient and fossil bones.
Cleavage of the protein backbone has been suggested as

one of the major causes for loss of protein from bone [35].

Because trypsin is specific for digestion at arginine and lysine

residues, we hypothesize that peptides that do not terminate

with arginine, lysine or the end of the protein sequence rep-

resent backbone cleavages. We observe several peptides that

may represent backbone cleavage on the collagen Ia1 chain

(table 1). Two of the peptides (i.e. TGPPGPAGQDGRjGj
PPGPPGAR and VGPPGPSGNIGLjPGPPGPAGK, where

j represents potential backbone cleavage positions) show

breakages at proline residues consistent with backbone

cleavage by oxidation [36].

Finally, we hypothesize that variable HYP represents

diagenetic change. In extant collagen, there is little variation

in HYP percentage [37], but 49% (35 of 71) of moa collagen

Ia1 peptides that contain HYP show variability (i.e. peptides

with the same sequence have different numbers of HYP

independent of hydroxylation position). On collagen Ia2 pep-

tides, we observe 30% variability (12 of 39), and on collagen

IIa1 peptides, we observe 56% variability (5 of 9 peptides).

These variations are much higher than would be expected

from a sample preparation artefact because HYP has been

shown to persist in completely hydrolyzed samples and

used to approximate collagen content [38]. Alternatively,

this variation could represent oxidation of proline to glutamic

http://rspb.royalsocietypublishing.org/
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Figure 4. Collagen Ia1 peptide (GPAGPPGKNGDDGEAGKPGRPGQR) showing hydroxylation, carboxymethyllysine and deamidation. (Online version in colour.)

Table 1. Examples of hypothesized protein backbone cleavage detected for
collagen I alpha 1 peptides.

EGAPGAEGAPGR TGPPGPAGQDGR

EGAPGAEGAPGRD TGPPGPAGQDGRPG

EGAPGAEGAPGRDG TGPPGPAGQDGRPGPPGPPGAR

EGAPGAEGAPGRDGAAGPK GAPGDRGEPGPPGPAGFAGPPGADGQPGAK

EGAPGAEGAPGRDGAAGPKGDR GAPGDRGEPGPPGPAGFAGPPGADGQPGAKG

VGPPGPSGNIGL

VGPPGPSGNIGLPGPPGPAGK

Table 2. Protein and peptide modifications detected.

biologically derived diagenetically derived

alkylation backbone cleavage

dimethylation carboxymethylation (advanced glycation

end-product)

fucosylation deamidationa

hydroxylationa dehydroxylation/glutamic semialdehyde

methylation
aPreviously detected.

rspb.royalsocietypublishing.org
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semialdehyde (i.e. an isobaric mass shift as hydroxyproline

[11]). In either case, we observe large variations in modi-

fied proline residues that may be the result of diagenesis.

The loss of hydroxylation may also explain the detection of

serine/alanine substitutions in multiple peptides (i.e. loss of

oxygen from the side chain of serine results in a transition

of that residue to alanine) detected by database searching in

multiple peptides (e.g. GP[S/A]GPPGKNGDDGEAGKPGR

PG[Q/E]R). This sample peptide also shows a glutamine/

glutamic acid residue difference that may only reflect deami-

dation but not an amino acid substitution. Alternatively, the

serine/alanine transition is potentially an effect of algorithm

differences in detection that need to be further resolved for all

palaeoproteomic studies. These diagenetic changes to amino

acid side groups, consistent with previously observed modi-

fications to ancient DNA (e.g. deamination of cytosine [39]),

may lead to incorrect assignments in phylogenetic analyses,

and need to be considered when protein sequences are

used to evaluate evolutionary relationships.
4. Conclusion
Protein sequences obtained from this moa provide a baseline

against which peptides recovered from other fossils may

be searched, and identify modifications that may occur in

other fossils, allowing differentiation between inherent genetic
change and diagenetic change of the original proteins. While

others have reported several biologically and diagenetically

derived PTMs [11,13], we identified four biological PTMs

(table 2) out of five total modifications for the first time from

fossil remains. We also detected three or potentially four novel

diagenetic PTMs (table 2) that have not been previously detected

from fossils. Delineating both in vivo and diagenetically derived

PTMs in these extinct taxa will provide more robust hypotheses

regarding the physiology [40] and/or phylogenies of these

organisms, as well as the mechanisms leading to preservation

or loss of proteins from bones of different ages or localities.
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