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Abstract: Ancient manuscripts may contain a large amount of additional infor-
mation besides the written words. This information is not readily visible to the
naked eye and is also analytically very challenging to uncover. In the last ten
years, mass spectrometric techniques in particular have emerged in this context
to provide additional information about the history of an ancient manuscript
and the living conditions at that time through proteomics and metaproteomics
analyses. This additional information includes not only the methods of book
production and the raw materials used, but also the historical usages of the
manuscripts. This review is intended to provide insights into the scientific ques-
tions that can be addressed with mass spectrometric proteome analyses, as well
as an overview of the possible methods and procedures. In addition to the cor-
rect handling of the valuable samples, the various possibilities of sampling as
non-invasively as possible as well as technical aspects and data evaluation that
need to be considered will be discussed.

1 Introduction

In the last twenty years, the so-called ‘omics-disciplines’ have increasingly
moved into the focus of many research areas. This includes not only the classi-
cal disciplines of the natural sciences, but increasingly also the humanities to
address archaeometric issues. The suffix ‘-omics’ describes the hypothesis-free,
non-targeted analysis of complete or almost complete cellular levels (genome,
transcriptome, proteome, metabolome), although even these techniques often
fail to detect all substances or sequences. Depending on the cellular level ana-
lysed, the terms genomics, transcriptomics, proteomics and metabolomics have
been introduced, which together describe the flow of information from genotype
to phenotype (Fig. 1).! In addition, many other neologisms have since emerged,
including the research areas paleogenomics and paleoproteomics. According to
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Hendy’s recently published definition, the focus of both disciplines is the study
of ‘archaeological, historical, and paleontological remains and materials’ using
ancient DNA (aDNA) or ancient proteins or ancient peptides.? This is because it
can be assumed that, depending on the history, state of preservation, the age of
a sample or microbial infestation, some of the proteins have since been degrad-
ed into peptides. However, little is currently known about the degree of protein
conservation in ancient samples, as the detection methods that have been pre-
dominantly used to date are based on the detection of short amino acid se-
quences (see Section 3.4 top-down approaches).’ In addition, proteins have a
low solubility in water and are comparatively difficult to extract using standard
methods, especially since proteins agglomerate and show crosslinking reactions
over the time, further complicating their analysis, which is why the analytical
focus is usually on peptides.*

Palaeoproteomics is a relatively young discipline that emerged in the early
2000s and which has become increasingly relevant due to the advancing devel-
opment in mass spectrometry (MS).> Although the discovery that amino acids
can also be detected in fossils that are hundreds of millions of years old is not
new and can be traced back to the 1950s.° Compared to aDNA, it is assumed that
ancient peptide sequences are more stable and can therefore also be used for an
analysis if aDNA can no longer be detected. According to current knowledge,
the oldest DNA residues that could still be sequenced, were found in a tooth
from Homo antecessor, which are estimated to be 800,000 years old, and in a
horse bone, which is approximately 700,000 years old.” In contrast to these
results, large proteome residues could also be detected in the molar tooth of a
rhinoceros (Stephanorhinus), which lived 1.8 million years ago after the attempt
to obtain DNA initially failed.® Furthermore, performing proteome analyses is
quicker and cheaper compared to genome studies.’

Nevertheless, the analysis of the proteome cannot completely replace the
DNA analysis, so that these two techniques complement each other optimally.
For example, a comparatively quick species identification can be made with
proteome analyses, but the sex or relatedness cannot be determined, which in
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turn is possible using DNA studies.”® For this reason, it has recently been pro-
posed to carry out proteome analyses first and then proceed with DNA analyses
based on the results obtained."

2 Which scientific questions can be answered in
the context of manuscript science?

The word ‘manuscript’ is derived from the Latin ‘manu scriptum’ which means
‘written by hand’. With the development of the first scripts and alphabets in
different parts of the world, a wide variety of raw materials were used as writing
surfaces, depending on availability. These included, for example, metal, fired
and unfired clay, wax tablets, palm leaves, wood, bark, bamboo, cloths made of
cotton, linen or silk, bones and ivory, animal skins that haven been converted
into leather, parchment, or vellum as well as papyrus and paper. As diverse as
the writing surfaces are, so are the writing instruments.” Accordingly, a wide
variety of analytical platforms have to be used for the analysis of manuscripts
and numerous of complementary techniques and sampling procedures are often
required in order to obtain correct interpretations and assumptions, as has re-
cently been demonstrated by some forgeries.”? In addition to the genome and
proteome already mentioned, small molecules (<1,000 Da), elements or isotope
ratios are also analysed.”

Using proteomics-based methods, it is possible to more deeply characterise
organic writing materials that still contain protein residues and to identify the
species (Fig. 1). This works especially well with writing materials that are made
from animal skins. In this context, the analysis of parchment is particularly
relevant because a large part of the historically preserved documents were made
on parchment. The identification of the animal species used allows conclusions
to be drawn about the geographical origin, since the parchment was made with
animals (e.g. sheep, cattle, goat) that were available locally. Sometimes the
intended use is related to the type of animal skin. For example, a special animal
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parchment was sometimes used for illustrations.” Toniolo et al. were the first to
obtain a sufficient amount of proteins or peptides from a very thin parchment
(vellum) to perform species identification on a thirteenth-century pocket Bible.

Genome Transcriptorne Proteome Metabolome
| | | Il B
-
RMA Peptides Metabolites
7/ \ 4
Proteomics Metaproteomics
* biological identity (genus, species) = microbial contaminations (stains)
+ age / state of preservation * instructions for restoration
* surface treatments * storage conditions
» proteinaceous binders » information about author / reader

Fig. 1: The cellular cascade and its hidden information that can be obtained with proteomics
and metaproteomics analyses.

While this study is based on destructive sampling, Collins and Buckley used a
less invasive sampling method that came to be known as ‘zooarchaeology by
mass spectrometry’ (ZooMS) and ‘electrostatic zooarchaeology by mass spec-
trometry’ (eZooMS). ZooMS describes the almost non-destructive identification
of animal species on the basis of characteristic peptide sequences (peptide mass
fingerprinting, PMF), which are obtained from collagen I by tryptic digestion
(see Section 3.4, bottom-up approach). eZooMs includes non-invasive sampling
with the help of a commercially available plastic eraser (see Section 3.3.1). In the
research of parchment, this approach is therefore particularly suitable for a
species identification of the animals used, since animal skins consist mainly of
the protein collagen I, so that in the meantime several studies have been pub-
lished in this context.”

While proteomics studies on the analysis of ancient manuscripts made from
animal skins are comparatively advanced, research on other writing surfaces is
still in its infancy. For example, manuscripts made from silk, also an animal
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product that was primarily used in China, could be suitable for proteomics stud-
ies. Even if no studies have yet been published in the context of manuscripts.
Nevertheless, degradation processes of silk have already been successfully in-
vestigated by means of proteomics analyses on cultural relicts made from an-
cient silk, and species identifications have been carried out on silk spinners in
order to be able to trace the origin of ancient artefacts.®

In contrast, when using plant-based raw materials, it can be assumed that
performing proteome analyses will be even more challenging. This is mainly
due to the lower protein content of these materials and possibly the higher de-
gree of processing, such as with paper, which makes it even more difficult to
extract sufficient amounts of proteins and peptides from ancient manuscripts.
Nevertheless, plant raw materials also have a small proportion of proteins and
peptides that potentially still be detected as the sensitivity of MS instruments
increases and depending on degradation processes. However, there is still too
little knowledge in this regard to be able to make a more detailed assessment.
Alternatively, genomics and metabolomics (in particular lipidomics) analyses
should be more appropriate in this context.”

In addition, proteome-based analyses can also be used to estimate the age
or the state of preservation of the manuscripts, whereby exogenous influences
must also be taken into account (see Section 3.2). The age of ancient artefacts is
usually estimated by means of radiocarbon dating, by comparing the decay of
the radioactive carbon isotopes “C to 2C. However, this method is comparatively
laborious and requires a sample volume of 3-10 mg, i.e. it is a destructive sam-
pling, which is why it cannot always be performed.” However, research efforts
are underway to reduce the sample size required for isotope measurements to
less than 50 pg.” In addition, it may also be useful to use several complemen-
tary approaches to verify the results obtained or to expose potential falsifica-
tions.”

Furthermore, proteomics analyses can provide information about surface
treatments and, in the case of illuminated manuscripts, information about the
colour binders and glues used, in order to better place the ancient manuscripts
in their historical and also technical context or, if necessary, to be able to take
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appropriate conservation and restoration steps.”? The protein-containing bind-
ers, which are suitable for the production of colours, include, e.g. eggs (egg
yolk/egg white) from different birds, gelatin or collagen from various animals,
and casein of milk. Using proteomics, it is not only possible to differentiate
between individual protein binders as such, but also to characterise the raw
materials used in more detail. For example, whether whole eggs or only the yolk
or white were used, since the proteome is composed differently depending on
the raw material used. Such sub-differentiation is not possible by means of DNA
analysis.*

While proteomics refers to the analysis of the proteome of an individual or-
ganelle, cells, tissues or an entire organism,” metaproteome analyses include
proteome studies of other organisms. Originally, when the term metaproteomics
was introduced in 2004, it primarily referred to microbial communities.” How-
ever, when analysing ancient artefacts, in addition to microbial proteome resi-
dues, the remains of many other organisms can often be detected, too. These
foreign protein and peptide profiles can be used to obtain information not only
about the manuscript itself, but also, for example, about a possible pest infesta-
tion, biodeterioration, and even about the author or the reader.” For instance,
on the original manuscript of Master and Margarita by Mikhail Bulgakov, pep-
tide biomarkers for the author’s nephrotic syndrome could be found.”® Other
applications include the detection of Mycobacterium tuberculosis in the note-
books of the Russian writer Anton Chekov and the detection of plague patho-
gens (Yersinia pestis) in death registries of Milan from 1630. In the last-
mentioned study, residues of vegetable proteins could also be proved, which
allow conclusions to be drawn about the meals of the secretaries from this
time.” Furthermore, a recent study using a medieval parchment document on
childbirth detected human body fluids in addition to numerous nonhuman
residues of egg, milk, legumes, cereals and honey, presumably used for medical
reasons, suggesting that this manuscript was indeed used in childbirth.*
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3 Basics of proteomics analyses of ancient
manuscripts

3.1 Handling and laboratory work with ancient manuscripts
for proteome analyses

Ancient manuscripts have a high cultural heritage and are unique, rare as well
as irreplaceable. Therefore, they should be handled with care and only by ap-
propriately trained experts. Manuscripts are best stored for longer periods in
special archives that ensure optimal storage parameters and protection against
fire and water damage and take precautions against theft. By monitoring tem-
perature and humidity as well as ensuring adequate ventilation, pest and fungal
infestation can also be avoided, and chemical degradation processes can be
reduced. Ancient objects should also not be exposed to short-wave UV light,
particularly rich in energy, because UV light accelerates the decay of organic
materials, so that they turn yellow and brittle. In addition, inks, and colours
fade. Dust and dirt should also be kept out of the archives, or the manuscripts
should be protected in appropriate acid-free packaging. In the best-case scenar-
io, laboratories that regularly work with manuscripts meet these requirements
mentioned and have appropriately equipped rooms for storing valuable arte-
facts. Further details in this context can be found, among others, in ISO 11799,
which defines the requirements for archive rooms and packaging.

Concerning the practical implementation of proteome-based studies on an-
cient artefacts, there are currently no generally applicable guidelines, as this is
a very young research discipline. Due to this gap, some helpful information
have recently been published in this context, which should promote the process
of establishing generally recognised standards. In addition, recommendations
for dealing with aDNA can serve as orientation, which also include the construc-
tion and installation of suitable laboratories.”® As when working with aDNA,
contamination of the samples must be avoided. Consequently, practical work
with ancient materials should be carried out spatially separated from other

31 International organization for standardization (ISO) 11799 (2017), Information and docu-
mentation — Document storage requirements for archive and library materials,
<https://www.iso.org/standard/63810.html> (accessed on 24 Jan. 2021).

32 Fiddyment et al. 2019.

33 Fulton and Shapiro 2019; Gilbert et al. 2005.



190 —— Marina Creydt, Markus Fischer

work, especially with modern samples. In the best case, a separate laminar flow
workbench and/or a clean room is available for this purpose.*

To avoid contaminations brought from other laboratories, the work should
be carried out in clean rooms firstly in the morning. Furthermore, appropriate
protective clothing should also be worn (full bodysuit including shoes, hairnet,
safety glasses, face mask and powder-free gloves). Gloves made of nitrile are
suitable, but latex gloves should be avoided as they can contain high levels of
protein. The same applies to clothing or jewellery made of wood, wool, rubber,
silk, or leather. In contrast, synthetic materials are particularly recommended. It
is advisable to wear two pairs of gloves on top of each other, of which only the
upper pair is changed regularly. Chemicals should be used in the highest purity
available. In addition, stock solutions must be portioned, and the aliquots regu-
larly exchanged. The reuse of consumables should also be avoided. Likewise,
only pipette tips with filters should be used. Bleach solution and subsequently
70% ethanol are suitable for regular cleaning of all work surfaces and equip-
ment. As with DNA studies, irradiation of surfaces and materials can help dena-
ture proteins to ensure the cleanest possible work environment.*

3.2 Dealing with contaminations

In addition to proteins and peptides from the material of the writing medium,
signals can also come from bacteria, viruses, fungi, insects, leftovers of the
readers or authors, or manual handling. They do not always have to be contam-
inations in the negative sense but can be used for metaproteomics analyses to
obtain further information about the manuscript (see Section 2). Nevertheless,
dealing with unwanted contaminant is not easy, e. g. if it originates from recent
conservation and restoration measures, was created during the recovery of his-
torical documents, or an incorrect handling, e. g. if gloves were not worn. In the
best case, such manipulations are known and can be taken into account accord-
ingly in order to avoid misinterpretations.

A comparatively reliable method to distinguish ancient from modern age
proteins and peptides allows the degree of the post-translational modifications
(PTMs) e. g. deamidation from glutamine to glutamic acid and asparagine to
aspartic acid with the loss of the ammonium group. Glutamine deamidation is
preferred for age estimation because deamination of asparagine is about 10

34 Fiddyment et al. 2019.
35 Fiddyment et al. 2019; Fulton and Shapiro 2019; Gilbert et al. 2005; Llamas et al. 2017.
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times faster compared to glutamine. Nevertheless, in addition to age, other
exogenous factors such as the storage parameters have an impact on the degree
of deamination, which may have to be taken into account, so direct correlations
are not always possible.** Another way to estimate age and protein degradation
is to study amino acid racemisation (AAR), which is the conversion of the L-
configuration of amino acids commonly found in living organisms to D-
enantiomers. There are a number of ways to detect D-amino acids, for example
by chromatographic separation on chiral stationary phases or by converting the
amino acids into diasteromers, which can then also be separated on achiral
phases. In addition, enzymatic detection methods, for example, are also suita-
ble. Nevertheless, even with these methods, the influences of the environment
during the storage of the documents must be taken into account.” In addition to
the age-dependent modifications explained, other reactions can also provide
information about the age of proteins, such as hydroxylation in collagen-
containing matrices.® Furthermore, additional information can be obtained
from the fragmentation pattern of certain proteins and peptides. For this pur-
pose, the systematic analysis of samples with known ageing grades is suitable,
which can be used as references and in the determination of further molecular
markers for a comparison.” Furthermore, common contaminants, e.g., such as
human creatine or human serum albumin, can be identified with the help of
databases such as the ‘common Repository of Adventitious Proteins’ (cRAP,
https://www.thegpm.org/crap/)* or the MaxQuant database.”

During the laboratory work, extraction blanks should also be processed and
then measured, in order to be able to take into account the purity of the chemi-
cals and contamination if necessary. In addition, samples and protein standards
should also be stored separately from one another in order not to risk cross
contamination.

3.3 Sampling strategies

Sampling should be as gentle and minimally invasive as possible, at best non-
destructive, without contaminating the manuscript. In addition, it must be

36 Leo etal. 2011; Ramsge et al. 2020; Schroeter and Cleland 2015.
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40 Mellacheruvu et al. 2013.

41 Cox and Mann 2008.
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ensured that the analytes are not subject to changes that could, in the worst
case, lead to false conclusions. The location of the sampling on the manuscript
is also crucial, as various factors can have an influence on the preservation of
proteins and peptides.

Starting from destructive micro-sampling strategies, in which a few milli- or
micrograms of materials are taken from the analysis object using tools such as
scalpels and tweezers, the focus in the last five years has been on the develop-
ment of non-invasive or almost non-invasive methods. The criticism that non-
destructive methods are relatively insensitive is increasingly being eclipsed by
new mass spectrometric developments with ever-improving sensitivity.

3.3.1 On-Site Sampling Strategies

On-site sampling strategies have the advantage that the historical documents do
not have to be transported to a laboratory, i.e. sampling can also be done direct-
ly in libraries, museums, archives or private collections, which greatly facili-
tates access to the samples. In addition, these methods are relatively easy to
perform and require only a minimal labour. Furthermore, the documents can be
of any size and do not need to be cut up (Fig. 2).

Eraser method EVA film Hydrophobin Hydrophilic gel LESA

pipette
_______ 5 K iy i
q;?.i : sample

= sampl?' i
sample ' '
N T A hydrophabin gel == -:_‘_

=
sample EVA film cellulose acetate analytés

Fig. 2: Overview of different on-site sampling strategies that are suitable for manuscripts.

The first almost non-invasive on-site sampling method was described by the
group of Matthew Collins, in which analytes are detached from the surface of
different materials by means of a simple plastic eraser made of polyvinyl chlo-
ride (PVC) using the triboelectric effect. In this procedure, the analytes are
picked up by the eraser through careful rubbing. The resulting polymer resi-
dues, with the adhering peptides, can presumably be stored at room tempera-
ture for any length of time without changes occurring. At an appropriate time,
eraser crumb samples are mixed with a trypsin-containing solution for enzymatic



Proteomics Analysis of Ancient Manuscripts =—— 193

digestion (see Section 3.4) so that the peptides obtained pass into solution and
can be analysed.*”

Another non-destructive alternative is the use of a special ethyl-vinyl ace-
tate (EVA) film made from C8 and/or C18 resins as well as cations/anion ex-
changers to which the molecules are bound. The film is produced using an
extruder, in a thickness of 150-200 pm. Before use, the film is moistened and
then placed on the document for several minutes. In addition to macromole-
cules such as proteins and DNA, peptides as well as metabolites are also ab-
sorbed. Superficially, non-covalent bonds such as polar ion-ion interactions and
hydrogen bonds as well as hydrophobic van der Waals forces are effective. Non-
covalent bonds such as polar ion-ion interactions and hydrogen bonds as well
as hydrophobic van der Waals forces are the primary agents. Depending on the
material and preferred analyte class, the EVA technology offers different modi-
fications by adding various chemical additives to the starting material so that an
optimal result can be achieved. Compared to an invasive method on wall paint-
ings and canvases for the detection of binders, qualitatively fewer proteins were
detected, but the binders used could be identified on the basis of the remaining
signals. In addition, studies on the surface of parchment, for example, have
shown that no damage occurs, or residues remain.”

An alternative option for sampling is the use of a class I hydrophobin
(Vmh2) of the fungus Pleurotus ostreatus. With hydrophobin Vmh2 as mediator,
in situ digestion with trypsin can also be performed. Hydrophobin Vmh2, which
is initially in an ethanolic solution, is spotted onto small plates made of
cellulose acetate. After the alcohol has evaporated, trypsin is added, which is
immobilised on hydrophobin Vmh2. Shortly before use, the plates are
moistened with an aqueous buffer solution so that the optimal ambient
conditions for the activation of trypsin are present. The cellulose acetate plates
are placed on the sample material for approx. 10 min and after drying, the
peptides can simply be washed off and analysed. This method was originally
developed for the detection of binders in paintings. In the meantime, however,
several metaproteomics analyses have been carried out on paper and on
parchment documents.*

Another method, also suitable for in situ digestion with trypsin, is based on
the use of a hydrophilic gel of poly(2-hydroxyethyl methacrylate)/poly(vinyl-

42 Fiddyment et al. 2015.

43 D’Amato et al. 2018a; D’Amato et al. 2018b; Manfredi et al. 2017; Righetti et al. 2019,
Righetti et al. 2020; Zilberstein et al. 2016; Zilberstein et al. 2020.

44 Cicatiello et al. 2018; Ntasi et al. 2021.
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pyrrolidone) (pHEMA/PVP) loaded with trypsin before use. So far, this recently
introduced method has not been applied to manuscripts. The analyses carried
out concentrated primarily on work of arts and statues, but a transfer to other
materials is quite conceivable.”

A very simple procedure that can be carried out with standard chemicals,
has recently been proposed for the authentication of historical manuscripts.
Based on a liquid extraction surface analysis (LESA) approach, 2 pL of a mixture
of methanol, water and a small amount of formic acid are added to the manu-
script using a pipette. After pulling up and emptying the pipette several times,
the solvent is analysed by MS. The focus of this procedure was primarily the
analysis of small molecules, but it can be assumed that this approach could also
potentially be suitable for the detection of peptides for metaproteomics interpre-
tations.“

Compared to the method with the eraser, the other methods require some-
what more time, as the absorbent material must be in contact with the objects
for longer. However, a comparison of which of the presented methods is best
suited for different materials and issues is still pending.

3.3.2 Sampling in the laboratory: Ambient ionisation and laser ablation
techniques

Ambient ionisation techniques, which can be coupled using different mass
analysers, are usually carried out in appropriately equipped laboratories,
i.e. the artefact must first be transported there. In ambient ionisation sources,
the ions are formed outside the MS device. The main advantage is that no sam-
ple preparation is required, and sampling is practically non-destructive. Fur-
thermore, these developments usually can also be used to generate spatially
resolved chemical images, which is why they are also referred to as mass spec-
trometry imaging (MSI). For some techniques, however, it should be noted that
the object to be analysed must not be too large. In addition, the analysis of larg-
er peptides and proteins with ambient ionisation methods is not that simple,
due to their molecular weight, the poor desorption efficiency and the surround-
ing matrix.”

45 Calvano et al. 2020a; Calvano et al. 2020b.
46 Newton et al. 2018.
47 Douglass and Venter 2013.
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Using relatively established desorption electrospray ionisation mass spec-
trometry (DESI-MS), the surface of an artefact is exposed to an electrospray
cloud (see Section 3.5) so that the analytes are directly desorbed and ionised.
The optimisation of various parameters such as the distance or the angle of the
electrospray and the MS inlet is decisive in determining which analyte classes
are detected.” So far, this method has been used, for example, to detect proteins
(app. 20 kDa) and peptides after in situ digestion on flint flakes and potsherd
samples, but the analysis of historical manuscripts has also been possible.” By
means of a nanospray DESI (nano-DESI) source, the spatial resolution can also
be reduced from approx. 40 pm to 10 pm and splashing effects can be avoided,
so that destructive processes are minimised.>

Another modification of an electrospray ionisation (ESI) source is the laser
ablation electrospray ionisation (LAESI) procedure, in which the sample first
has to be slightly moistened. Subsequently, the analytes are ablated from the
surface by means of an infrared (IR) laser, in which initially mainly the water
molecules evaporate abruptly. During this process, the analytes are carried
along into the resulting ablation plume and can then be ionised using an elec-
trospray, consequently, this is a two-stage process.” It is also conceivable to
replace the usual nanosecond IR laser with a more efficient picosecond IR laser
(PIRL) in order to be able to detect larger proteins efficiently while damaging the
surrounding analysis material as little as possible, since the lateral resolution
(~100um) is 3-fold smaller than by means of a nanosecond laser.” It is also
possible to decouple the laser from the ionisation and ablate the samples on
site. The collected ablation plume can later be analysed by MS in the laboratory.
Such technologies are already used in proteome analysis for medical questions,
e.g. for the identification of different tissue types, but have hardly been validat-
ed in studies on ancient artefacts. However, these approaches could become
increasingly relevant in the near future and as technology develops.

In addition to the techniques described above, there are numerous other re-
search efforts and ambient ionisation techniques e.g. LESA, Matrix-assisted
laser desorption electrospray ionisation (MALDESI) or time-of-flight-secondary
ion mass spectrometry (SIMS-ToF) that could have the potential to become more

48 Takats et al. 2005.

49 Heaton et al. 2009; Newton et al. 2018; Schedl et al. 2015; Stephens et al. 2010.
50 Roach et al. 2010.

51 Nemes and Vertes 2007; Stephens et al. 2010.

52 Zouetal. 2015.
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relevant for the MS analysis of peptides and proteins of historical documents in
the future.”

3.4 Mass spectrometric strategies for proteomics analysis

The primary goal of proteome and metaproteome analyses of ancient artefacts is
to identify proteins and peptides. This is mainly achieved by clarifying the pri-
mary structure, i.e. the amino acid sequence or fragments thereof, and the sub-
sequent comparison and assignment using databases (see Section 3.6).
Sequencing of amino acid sequences was traditionally carried out using
Edman’s method.** However, this procedure is both very complex and requires
the presence of isolated analytes. Therefore, this procedure is not suitable for
the analysis of more complex extracts and, moreover, is not capable of high
throughput. Other approaches are based on immunoassays to bind certain se-
quences, but these are very limiting for qualitative approaches and also not very
sensitive.” For this reason, MS methods have primarily become established.
There are mainly two different approaches:

In the bottom-up approach, proteins and peptides are first digested enzy-
matically. Usually, the enzyme trypsin is used as the gold standard, which hy-
drolytically cleaves the amino acids arginine and lysine at the C-terminus. The
peptides obtained have a length of 7-20 amino acids and molecular masses of
0.7 kDa—3 kDa. However, the disadvantage of using trypsin is that this enzyme
is sometimes too efficient and about 56% of the peptide fragments obtained are
too small for further data evaluation. Hence, it may be helpful to try other endo-
peptidases as well.*

The peptide fragments are then separated one-dimensionally or two-
dimensionally by liquid chromatography (LC).”” In contrast to a direct infusion
mass spectrometry (DIMS) approach, not all analytes reach the ion source at the
same time, but rather with a time delay. In addition to gaining information
about the retention time, ion suppression effects are reduced so that a greater
number of molecules can be detected overall. This advantage is of particular

53 Cleland and Schroeter 2018; Feider et al. 2019; Spraker et al. 2020.

54 Edman 1949.

55 Cartechini et al. 2010; Hendy 2021; Manfredi et al. 2017; Palmieri et al. 2013; Sciutto et al.
2016.

56 Cristobal et al. 2017; Pandeswari and Sabareesh 2019; Swaney et al. 2010; Tsiatsiani and
Heck 2015.

57 Delmotte et al. 2007.
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relevance for the detection of minor compounds and not only abundant ana-
lytes. In most studies, L.C separation is performed by reverse phase (RP) chroma-
tography utilising hydrophobic interactions. In this context, water and
acetonitrile are the most suitable eluents. A small addition of formic acid to the
eluent can be helpful in order to achieve a positive net charge of the peptides,
which in turn has a positive effect on the ionisation. In addition, hydrophilic
interactions with potential silanol residues of the stationary phase are sup-
pressed, which in turn leads to greater retention and better peak shapes. How-
ever, the use of formic acid carries the risk of causing undesired formylation
reactions on the peptides. Therefore, the amount of formic acid should not be
too high.’® In addition to the use of stationary RP, other LC separation principles
are also suitable for the analysis of peptides. These include the use of hydro-
philic interaction liquid chromatography (HILIC), ion exchange chromatog-
raphy, or size exclusion chromatography, although with the latter two it must
be taken into account that high salt concentrations must be used which are not
compatible with the MS instruments, which is why they are of subordinate rele-
vance.”

High performance liquid chromatography (HPLC), ultra-high performance
liquid chromatography (UHPLC) as well as nano-LC devices are suitable for
chromatographic separation. Compared to HPLC systems, significantly higher
back pressures can be generated using HPLC systems (up to approx. 1,300 bar).
Therefore, by means of UHPLC, stationary phases with smaller particle sizes <3
pm can be used, which results in improved resolution, sensitivity and shorter
analysis times. In addition, nano-LC devices are increasingly being used for
proteomics studies. The main advantage is improved sensitivity, as more in-
tense, albeit narrower, peaks are produced. This means that low-abundant pep-
tides can still be recorded. Therefore, nano-LC devices are particularly
recommended for studies on ancient artefacts, when often only sample material
and proteome residues are available. With particularly sensitive methods, de-
tection limits in the low femtomol and sometimes even attomol range can be
achieved, whereby the selected mass analyser also has a major influence.*

Nano-columns typically have an inner diameter of 50-100 pm and patrticle
size of 1.4-5 pm. They are operated at flow rates of about 100—500 nL/min. The
comparatively low flow rates imply lower ion suppression in the subsequent
ionisation step, which in turn is also reflected in an increased sensitivity. De-
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pending on the manufacturer, nano-LC systems can withstand back pressures of
up to 1,000 bar. Unlike UHPLC or HPLC systems, it is not possible to apply the
sample extract directly to the nano-column, since the low flow rates would re-
quire a large amount of time for the extract to reach the analytical column.
Therefore, the extract is first added to a trap column using a microcharge pump,
which allows higher flow rates. This step also allows sample enrichment and
purification. Water with little amount of trifluoroacetic acid (TFA) is suitable for
loading the trap column in order to bind the peptides to the trap column first,
while the salts are rinsed away. TFA is a better ion pair reagent than, for exam-
ple, formic acid, which is why the analytes bind more strongly to the stationary
phase. Subsequently, the trap column is switched into the nano-LC system,
using water and acetonitrile together with formic acid as additive as described
above, since TFA can lead to strong suppression effects during ionisation. By
increasing the acetonitrile content, the peptides then elute gradually from the
analytical nano-column. As an alternative to trap columns, injection loops with
fixed volumes can also be used, but these are only suitable for small sample
volumes and can lead to wide peak shapes. In addition, the loops do not allow
an online desalting step.® In addition to the ‘classic’ columns described, chip-
based systems are also suitable for achieving purification and separation of the
smallest amounts of analytes. Such chips can be replaced very easily using a
‘plug and play’ procedure and require almost no manual effort. Chip systems
can now be purchased commercially from various suppliers. In addition, a
number of developments can be expected in this area over the next few years.®

The procedure described is also known as shotgun approach, which has be-
come well established in recent years. The shotgun approach differs from pro-
cedures in which proteins are first separated using two-dimensional
polyacrylamide gel electrophoresis (2D page) before tryptic digestion takes
place. The main advantage of the shotgun strategy is that many proteins and
peptides can be identified simultaneously with relatively little effort. A disad-
vantage, however, is that due to the fragmentation PTMs, protein truncations
and alternative splicing events of eukaryotic organisms cannot always be taken
into account, which on the one hand leads to a limited sequence coverage and
on the other hand to a significant loss of information. Despite this drawback,
most scientists prefer the bottom-up approach rather than the top-down ap-
proach presented below.®
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In contrast to the bottom-up approach, the top-down approach aims to ana-
lyse intact proteins. Accordingly, there is no enzymatic digestion. After isolating
the proteins, which can already be challenging because proteins have lower
solubilities than peptides, a chromatographic separation is also carried out
either by electrophoresis and/or by LC. However, the separation and
purification of proteins is significantly more complex than the separation of
peptides and a comparatively large part of the analytes is already lost in this
process. In addition, the comparatively low utilisation of top-down strategies is
due to the limited size of proteins that can be detected by MS detectors with
sufficient sensitivity and resolution.* Usually, only proteins <30 kDa are
detected.”® However, a lot of research is currently being carried out on both
disadvantages in order to overcome these drawbacks in the future.®

In some cases, well-preserved and larger proteins can be detected in ancient
fossils, as the surrounding biominerals of bones or teeth have good preservation
properties. For example, in 2,000-year-old ancient bone, approx. 30 kDa pro-
teins could be detected and proteins that were still in good condition could also
be recorded in the brain tissue of the Tyrolean Iceman ‘Otzi’.5” For such samples,
the use of a top-down approach may be useful. However, the extent to which a
top-down approach can provide additional information for proteome and meta-
proteome analysis of ancient manuscripts has not yet been investigated. Nev-
ertheless, a use of top-down approaches would be conceivable to analyse the
chemical composition of comparatively stable proteins such as collagen in
leather or parchment in more detail. Further possible applications include stud-
ies on protein survival and degradation.®® Also, whether enzymatic digestion
can be dispensed with and whether it is sufficient to analyse only the undigest-
ed fragments that arise solely due to the ageing process has not been adequately
researched and certainly offers potential for further investigations. However, it
must be noted that the last option mentioned is not a top-down approach in the
classic sense.

To overcome the disadvantages of bottom-up approaches, which are mainly
based on a low sequence coverage, and of top-down approaches, which are
more associated with technical limitations, new considerations deal with mid-
dle-down approaches as a further strategy. This middle way, although not yet
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widely used, involves enzymatic digestion with special proteases that are less
efficient than trypsin, yielding longer peptide fragments of about 20-100 amino
acids that have a molecular mass of 2.5 kDa-10 kDa. Because larger fragments
are obtained overall, both the number of peptides and the complexity of the
sample extracts decrease. As a result, the requirements for chromatographic
separation are reduced, too. At the same time, more unique fragments are
formed so that the sequence coverage increases and PTMs as well as pro-
teoforms can be analysed more easily.” So far, the middle-down strategy has
been used to a very limited extent. Nevertheless, there could also be great po-
tential here for the proteomics analysis of ancient documents.

3.5 Technology requirements for proteomics analyses using
mass spectrometry

Since the development of the first MS instruments by Aston and Thomson at the
beginning of the twentieth century, a wide variety of techniques and designs
have been developed for various scientific issues and applications, and yet they
are all based on a similar principle: (i) The desorption of the analytes into the
gas phase including their ionisation, (ii) the separation of the ions according to
their mass-to-charge ratio (m/z) and (iii) the detection.”® Nevertheless, the dif-
ferent types are more or less suitable for the analysis of proteins and peptides;
in the following sections we will briefly discuss the most important ones.

Some potential ion sources for the desorption and ionisation of the analytes
have already been explained in Section 3.3.2. However, the most commonly
used ion sources for the detection of proteins and peptides are ESI and matrix-
assisted laser desorption/ionisation (MALDI). Both techniques are soft ionisa-
tion sources in which the analytes fragment only weakly, if at all. MALDI is
based on the use of UV-absorbing substances, the so-called matrix, which are
mixed with the analytes. The matrix must be present in a large excess so that a
solid matrix crystal is formed by co-crystallisation. Subsequently, the matrix is
then ablated using a pulsed UV laser, and the analytes are entrained and ion-
ised, although the exact ionisation process is not yet fully understood. However,
different theories exist. MALDI predominantly leads to the formation of singly
charged adducts such as, for example, [M+H]*, [M+Na]* or [M+K]*.”*
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Compared to MALDI, online couplings with LC principles are possible using
ESL The eluate of the LC is sprayed under atmospheric pressure by means of
nitrogen within an electric field. As the solvent evaporates, the charged analytes
accumulate on the surface of the individual droplets. Due to the high charge
density, the individual droplets disintegrate like an explosion (Coulomb explo-
sion) until only the charged analytes are present and passed into the MS.”
Characteristic of the ESI process is the formation of pseudo ((M+H]*, [M+H]) and
adduct molecules ([M+Na]*, [M+NH.]* etc.) as well as the induction of multiple
charges ([M+H]*, [M+3H]**etc.), especially with higher mass molecules like
proteins. With certain additives such as weak acids or salts to the eluents, the
ionisation processes can be influenced and thus possibly higher signal intensi-
ties can be achieved.” Nanospray-ESI sources enable the formation of a stable
spray and maximum sensitivity even at low flow rates, which is particularly
relevant when only small amounts of the analytes are available.” Since MALDI
and ESI are based on different ionisation processes and are complementary to
each other, it is recommended to use both techniques in order to record the
maximum information content from the proteome of a sample.”

To determine the m/z ratios of proteins and peptides, high-resolution ana-
lysers such as time-of-flight (ToF), orbitrap or fourier-transform ion-cyclotron-
resonance (FT-ICR) analysers are primarily used. The various mass analysers
differ mainly in resolution, accuracy, measuring range, scan rate and price.”
ToF analysers are combined with both ESI and MALDI ion sources. They are
characterised by fast scan rates and are therefore suitable for fast LC separa-
tions. In addition, very large m/z-ratios can still be analysed with them. Com-
pared to ToF analysers, orbitraps are comparatively compact, but do not allow
as fast scan rates. In addition, the mass range is limited to about m/z 6,000.
However, they have a significantly better resolution and MS" spectra can be
recorded. The highest mass resolution is achieved with FT-ICR devices. They are
also the most expensive both to purchase and to maintain, as they are operated
with superconducting magnets that are cooled with liquid nitrogen and helium.
However, scan rates are the lowest compared to the other two analysers. Usual-
ly, different analysers are coupled with each other so that MS/MS or MS" exper-
iments are possible.
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In recent years, the market leaders have also equipped some of their LC-ESI-
QToF devices with ion mobility spectroscopy (IMS) cells. Depending on the
device manufacturer (Agilent, Bruker or Waters), different designs are available,
all with the aim of introducing an additional orthogonal separation in order to
be able to distinguish compounds that have the same (isobars) or a very similar
m/z ratios. The ion mobility of a molecule is influenced by the mass and the
charge but also by its size and shape (collision cross section, CCS). Especially in
proteomics studies, this technology offers a high added value, both at the pro-
tein level, to distinguish structural conformers and especially at the peptide
level in shotgun approaches to increase the sequence coverage, as isobar frag-
ments can be separated better and background noise is reduced, which leads to
an improved signal-to-noise ratio. Furthermore, this technique can also be very
helpful in identifying PTMs.” Even if, to our knowledge, no comprehensive
studies using IMS devices have yet been carried out on ancient artefacts, it can
be assumed that this technology will have a high added value in future studies.

3.6 Data evaluation

The identification of peptides and their associated proteins in proteomics and
metaproteomics experiments is often challenging and can be very time-
consuming. In the simplest case, with PMF approaches, which are usually car-
ried out with MALDI-ToF devices, a bottom-up experiment is carried out and,
after enzymatic digestion, the peptides obtained are measured by MS in full-
scan mode (Fig. 3A). In this way, no sequence data are obtained, but a finger-
print that is dependent on both the peptide or protein and the enzyme. The
protein can then be identified on the basis of a comparison of the peak list ob-
tained with the corresponding sequence databases. The ZooMS method already
presented is based on this procedure (see Section 2). The prerequisite for this
simple and quick procedure is, on the one hand, that there are as few impurities
or PTMs as possible and, on the other hand, that the corresponding sequences
are available in the protein or genome databases used, such as Swiss-Prot or
NCBI. Suitable search programs are, for example Mascot,”® MS-FiT,”” ProFound®
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or Peptldent.® Sometimes it can be helpful to use different programs and data-
bases, as the tools rely on different algorithms and quality parameters for the
calculations.®

If PMF is not sufficient for reliable identification, e. g. because the extract is
not pure enough, or if the peptide sequence is to be determined more precisely,
peptide fragment fingerprinting (PFF) approaches are particularly suitable
(Fig. 3B).

A) Peptide mass fingerprinting B) Peptide fragment fingerprinting
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Fig. 3: Workflow of A) PMF and B) PFF. While only MS spectra are recorded for PMF experiments,
PFF studies enable additional structural information by generating MS? or MS" spectra.

For this purpose, the peptides are subjected to mass spectrometric frag-
mentation after enzymatic digestion, so that even smaller fragment ions are
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obtained. In this way, structural information for a database comparison is ob-
tained. The Mascot software can also be used for this step. In addition to many
other programs, SEQUEST® is a helpful tool in this context, especially when
spectra with low signal-to-noise ratios are available. PFF experiments are also
suitable for de novo sequencing, which is relevant if peptides are not registered
in databases, and PTMs can be more easily traced.®

In addition to the procedures explained, as in many other research areas,
bioinformatic methods for pattern recognition are becoming increasingly rele-
vant.® These have the advantage, on the one hand, that the data can be evalu-
ated automatically and, on the other hand, that more signals and multivariate
relationships can be taken into account so that sub-differentiations can be made
between the various sample groups. Overall, more signals can be used in this
way than with a pure database comparison, which assumes that the signals are
already known. At the same time, relevant marker signals can be extracted, the
structure of which can be particularly relevant for further interpretations. While
such approaches have so far hardly been pursued in manuscript research using
proteomics, the work on other ancient artefacts or with other technological
platforms is already more advanced.* This procedure assumes that reference
samples are measured using the same method, but the larger such a database
becomes, the more information can be made available. It can be assumed that
some developments in this area can be expected in the next few years.

4 Conclusions

Although paleoprotomics is a comparatively young discipline, numerous break-
throughs have already been made in manuscript research. Above all, the pro-
gress from destructive sampling to non-invasive procedures is of great value
and enables research in this area to be progressed increasingly, as the acquisi-
tion of samples as a whole is made significantly easier. Further future develop-
ments on the part of MS and also chromatographic methods will make it
possible to measure with ever greater sensitivity, so that details of the proteome
can be recorded better and better. In this regard, we see great potential in the
establishment of IMS technologies. Some successes could already be recorded
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on the data evaluation side. Nevertheless, there are still some challenges to be
mastered in this area in order to achieve a greater coverage of the sequences
and improve the database research. Furthermore, with the implementation of
bioinformatic methods it should be possible to obtain a large amount of addi-
tional information via a manuscript, since signals that have not yet been inter-
preted can be explained better. There is further potential in expanding the
currently predominantly applied bottom-up approaches to middle-down and
top-down strategies, since in this way less information could be lost.

Overall, the proteomics and metaproteomics analysis of ancient manu-
scripts offers a great deal of added information, also in connection with other,
comparatively more established methods. Based on the successes already
achieved, further progress can be expected in the next few years, even if there is
still much to be done.
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