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Introduction

Collagen is the most abundant protein in animal tissues. 
The dominant and best described collagen types are type 
I and III. These collagens have a triple-helix structure that 
is highly stable and durable. Collagen type I was described 
in prehistoric samples, such as in the fossilized bones of 
a Tyrannosaurus rex (68 million-year-old) and Mastodon 
(Mammut americanum) (0.16–0.6 million-year-old) [1] 
as well as in a mammoth skull (0.1–0.3 million-year-old). 
However, the possible contamination of million-year-old 
samples has been widely discussed. An excellent preserva-
tion of collagen was also described in mummified human 
tissue. In this case, collagen was found in soft tissues such 
as in the skin of the 5,300-year-old Tyrolean Iceman [2], 
whose body was reported to have undergone a natural pro-
cess of mummification through freeze-drying.

The asparaginyl (Asn) and glutaminyl (Gln) residues in 
protein(s) are uniquely unstable under physiological con-
ditions. The deamidation of these amino acid residues is 
a common post-translational modification. It was shown 
that this deamidation procedure is pervasive. Deamida-
tion of Asn and Gln is described as time dependent change 
in charge and conformation of peptides and proteins. It is 
proposed that deamidation is phenomenon in a remarkably 
large percentage of human proteins. It has been hypothe-
sized that Asn and Gln may serve, through deamidation, as 
so called “molecular clock” [3, 4]. With collagen, deamida-
tion is markedly suppressed by its higher order structure. It 
is questionable whether collagen plays a significant role in 
the aging process of fossil materials [5].

It seems that collagen can be an ideal protein for dat-
ing materials. For this reason discussion intensified about 
the authenticity of the collagen from a T. rex [1] when none 
of the three reported glutamine residues corresponded to  
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T. rex. peptides being deamidated [6]. It was explained 
that these modification events were difficult to detect and 
the new mass spectrometer clearly showed deamidation 
events. However, it is difficult to distinguish between post-
translational modifications and diagenetic deamidation, 
since the T. rex and Mastodon sequences were not analyzed 
before fossilization [7]. The proteome-wide incidence of 
deamidation was estimated relative to protein recovery to 
further assess the molecular state of preservation of ancient 
proteins when Orlando et al. [8] analysed the early Mid-
dle Pleistocene horse (Equus) metapodial. The deamidation 
was comparable to the mammoth bone species (Mammu-
thus primigenius) [9].

Cangrande della Scala was the Lord of Verona (North-
ern Italy) in the fourteenth century (1291–1329). He is well 
known as the leading patron of the poet Dante Alighieri, but 
he was also a successful warrior and autocrat. After death, 
his body was buried in a stone sarcophagus placed on the 
façade of the Church S. Maria della Scala, in the very center 
of Verona. In 2004, the body underwent an archaeo-patho-
logical investigation which found it in an excellent condition 
of natural mummification, probably resulting from a rapid 
drying due to the microenvironment in the stone sarcopha-
gus. The aim of this work was to analyze the mummy’s tis-
sues to study the protein modification(s) over the centuries.

Experimental

Chemicals

Trypsin (TPCK treated from bovine pancreas, 13,500 units 
per mg) and ammonium bicarbonate were obtained from 
Sigma (Sigma-Aldrich, St. Louis, MO, USA); acetoni-
trile LC–MS Ultra Chromasolv and formic acid for mass 
spectrometry were from Fluka (Sigma-Aldrich). 2-mer-
captoethanol, cyanogen bromide (CNBr) were from Merck 
(Darmstadt, Germany). Collagen standards (collagen from 
human placenta—Bornstein and Traub type I and III) were 
purchased from Sigma. All solutions were prepared in Mil-
liQ water (Millipore, Bedford, MA, USA).

Sample Preparation

Small pieces of rib bone and muscle samples, collected 
from the mummy of Cangrande della Scala, were stored at 
room temperature until analysis.

The data obtained from the mummy were compared 
with recent tissues collected from forensic autopsies per-
formed in 2013, as well as with collagen standards (human 
collagen type I and III from Sigma).

Samples from the mummy (cca 2 mg at concentra-
tion 1 mg mL−1) were treated with trypsin solution (1:20 

enzyme:substrate ratio) in a 20 mmol L−1 ammonium 
bicarbonate buffer (pH 7.8) at 37 °C for 3 h. After treat-
ment, the reaction was stopped by adding 2 % formic acid 
and samples were stored at −18 °C.

Samples from recent tissues underwent CNBr/
trypsin procedure. Samples (cca 2 mg) were incubated 
in 0.2 mol L−1 ammonium bicarbonate, pH 7.0, contain-
ing 25 % (v/v) 2-mercaptoethanol to reduce the oxidized 
methionyl residues. After this reduction 2-mercaptoethanol 
was evaporated, and the samples were cleaved with CNBr 
in 70 % (v/v) formic acid under nitrogen for 24 h. The 
samples were lyophilised three times. Next procedure was 
trypsin digestion, the same as described above for samples 
from mummy.

All samples were done in triplicate.

Analysis of Peptide Digests with LC–MS/MS

Analyses were performed on nanoLC (Proxeon) coupled 
with high-resolution Q-TOF MS (MaXis, Bruker) using a 
Biosphere C18 column (150 mm × 75 µm i.d., NanoSep-
arations) and on HPLC coupled with ion-trap MS (HCT 
Ultra ETD II, Bruker) with CID and ETD fragmenta-
tion using a Jupiter Proteo 90 A column (250 × 2 mm, 
Phenomenex).

Using nanoLC/MS, separation of the peptides was 
achieved via a linear gradient between mobile phase A 
(water) and B (acetonitrile), both containing 0.1 % (v/v) 
formic acid. Separation was started by running the system 
with 5 % mobile phase B, followed by a gradient elution 
to 30 % B at 70 min. The next step was gradient elution to 
50 % B in 10 min, and then a gradient to 100 % B in 8 min. 
Finally, the column was eluted with 100 % B for 2 min. 
Equilibration before the next run was achieved by washing 
the column with 5 % mobile phase B for 10 min. The flow 
rate was 0.25 µL min−1, and the column was held at ambi-
ent temperature (25 °C).

On-line nano-electrospray ionization (nESI) was used 
in positive mode. The ESI voltage was set to +4.5 kV, 
scan time 1.3 Hz. Operating conditions: drying gas (N2), 
1 L min−1; drying gas temperature, 160 °C; nebulizer pres-
sure, 0.4 bar. Experiments were performed by scanning 
from 100 to 2,200 m/z. The reference ion used (internal 
mass lock) was a monocharged ion of C24H19F36N3O6P3 
(m/z 1,221.9906). Mass spectra corresponding to each sig-
nal from the total ion current chromatogram were averaged, 
enabling an accurate molecular mass determination. All 
nLC-MS/MS analyses were done in duplicate.

For the LC/MS, the chromatographic separations were 
carried out in RP-HPLC mode using a Jupiter 4 μm Pro-
teo 90A column (250 × 2 mm I.D., Phenomenex, Torrance, 
USA). A 20 μL sample was injected. Elution was achieved 
using a linear gradient (A = water with 0.1 % formic acid, 
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and B = acetonitrile with 0.085 % formic acid). Separation 
was initiated by running the system isocratically for 2 min 
with 2 % mobile phase B, followed by a gradient elution 
to 35 % B at 40 min. Finally, the column was eluted with 
100 % B for 10 min. Equilibration before the next run was 
achieved by washing with buffer A for 10 min. The flow 
rate was 0.25 mL min−1, the column temperature was held 
at 25 °C and UV absorbance detection was done at 214 nm.

Atmospheric pressure ionization-electrospray ioniza-
tion (API-ESI) ion-trap mass spectrometry was used. The 
conditions used with the CID and ETD fragmentation 
were: drying gas (N2), 10 L min−1; drying gas tempera-
ture, 350 °C; nebulizator pressure, 25 psi (172.4 kPa); ions 
were observed over the mass range m/z 300–1,400 (MS—
standard mode, MS/MS—enhanced mode 100–2,300 m/z). 
Analysis was done in auto MS/MS mode (10 precursor 
ions, excluded after two spectra for 0.5 min).

Database Searching

Data were processed using ProteinScape software (ve rsion 
3.0.0.446). Proteins were identified by correlating ta ndem 
mass spectra to the IPI (v. 3.87) and SwissProt (v. 8/2013) 
databases, using the MASCOT search engine (v. 2.3.0) 
(http://www.matrixscience.com). The taxonomy was 
restricted to Homo sapiens to remove protein identifica-
tion redundancy. Trypsin (or CNBr/trypsin) was chosen as 
the enzyme parameter. One missed cleavage was allowed, 
and an initial peptide mass tolerance of ±10.0 ppm was 
used for MS and ±0.05 Da for MS/MS analysis in the 
case of Q-TOF MS (settings for ion-trap were: an initial 
peptide mass tolerance of ±1.2 Da was used for MS and 
±0.6 Da for MS/MS analysis). Lysines and prolines were 
assumed to be hydroxylated, methionine was allowed to 
be oxidated whereas asparagine and glutamine deami-
dated. All these possible modifications were set to be vari-
able. The monoisotopic peptide charge was set to 1+, 2+ 
and 3+. The Peptide Decoy option was selected during 
the data search process to remove false-positive results. 
Only significant hits were accepted (MASCOT score 
≥60 for proteins and MASCOT score ≥20 for peptides), 
http://www.matrixscience.com).

Results and Discussion

The mummy was well preserved. It must be emphasized 
that the sarcophagus was placed on the façade of the 
church, and so was influenced by a higher temperature 
compared to the mummified Tyrolean Iceman [2] or Sibe-
rian mammoth [9]. The tissue could be simply treated with 
trypsin to obtain peptide fragments. This is mostly impor-
tant for collagen. This protein in tissues normally forms a 

stable triple-helix structure that is relatively stable against 
proteolytic enzymes. Treatment of the control (recent) tis-
sues with trypsin did not lead to a significant yield of col-
lagenous peptides. For this reason these recent tissues 
were subsequently treated with CNBr followed by trypsin 
cleavage. This is a normal procedure in connective tissue 
research.

Three collagenous chains of two types were observed 
in the mummy: collagen type 1 (2 chains) and type III (1 
chain) with good protein sequence coverage (see Tables 1, 
2; Figs. 1, 2) when at least one-half of protein sequence 
was described.

This coverage was similar for both the analysed tis-
sues (rib bone and muscle)––above 80 % for collagen type 
I (chain 1), above 50 % for collagen type I (chain 2) and 
almost 50 for collagen type III.

The deamidation was very high. Despite obtaining high 
sequence coverage, not all sequences containing Asn and 
Gln were determined. In terms of the deamidated Asn and 
Gln in the determined sequences, the deamidation rate 
was very high––above 90 % for collagen type I (chain 1) 
and above 80 % for collagen type III. In terms of the Asn 
and Gln overall, the deamidation was lower, but still high 
(around 80 % and almost 40 %, respectively). Compared 
to the control samples (tissues as well as standards) deami-
dation is significantly very higher, i.e. the deamidation of 
control samples was really low. These experiments verified 
that deamidation was not an artifact from the sample prepa-
ration procedure. Higher sequence coverage for archeologi-
cal vs. modern materials can be caused by long aging of 
tissues, their natural “treatment” and so good acceptability 
for enzyme cleavage. However, due to its rigid structure 
collagen survive in fossils when proteome degradation is 
high [11]. On the opposite collagen from modern material 
is a relatively rigid protein resistant to enzymatic cleavage 
(before trypsin cleavage it was necessary to disrupt struc-
ture by CNBr). Discrepancy between sequence coverage of 
chains α1 and α2 can be caused by slightly different degra-
dation procedure.

These results can be compared to published results on 
an early Middle Pleistocene horse (Equus) bone (560–780 
1,000 years before present) [8] as well as a pleistocene 
Mammoth femur (M. primigenius) [9]. The mammoth bone 
specimens preserved in temperate environments had a high 
amount of deamidated sites (approx. 80 %) while the mam-
moth bone specimens preserved in the Siberian perma-
frost had only 53 %. Older early Middle Pleistocene horse 
bone from the Yukon had 53 % deamidated sites. This is in 
agreement with the findings that the extent of deamidation 
is more influenced by the burial conditions and thermal age 
than by chronological age [10]. The mummy of Cangrande 
was purely influenced by temperature, so a high content of 
deamidated sites was observed. There were also different 
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Fig. 1  Sequence of human col-
lagen type I, chain alpha 1—rib 
bone from mummy Cangrande. 
Matched peptides are in yellow; 
propeptides are highlighted as 
lower-case letters; asparaginyl 
and glutaminyl residues are in 
bold while deamidated ones are 
in red

Fig. 2  Sequence of human col-
lagen type I, chain alpha 2—rib 
bone from mummy Cangrande. 
Matched peptides are in yellow; 
propeptides are highlighted as 
lower-case letters; asparaginyl 
and glutaminyl residues are in 
bold while deamidated ones are 
in red
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deamidation rates of asparaginyl and glutaminyl observed 
(see Table 1) when deamidation of asparaginyl was signifi-
cantly higher. This is in agreement to previously published 
results on early Middle Pleistocene horse bone and Mam-
mouth femur [8-Supplementary information].

The deamidation of collagen from a mummy 675 years 
old was comparable to the deamidation of the Siberian 
mammoth and was higher than in the mammoth preserved 
in temperate environments as well as a pleistocene horse 
from the Yukon. For these reasons and in agreement with 
other literature ([10]) we can propose that the deamidation 
of really old samples (at least a 100-years-old) is mainly 
dependent on the burial conditions and/or thermal age, and 
cannot serve as a precise “molecular clock”.

Collagen was analysed by two mass spectrometry 
instruments: high-resolution Q-TOF and ion-trap. Results 
obtained by these methods were the same as it is demon-
strated at Fig. 3 on the spectra of peptide GPSGPQGPG-
GPPGPK from collagen type I, chain alpha 1 (peptide with 
deamidated glutamine—G*).
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