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ABSTRACT: The last two decades have seen a broad diversity of methods
used to identify and/or characterize proteins in the archeological and
paleontological record. Of these, mass spectrometry has opened an
unprecedented window into the proteomes of the past, providing protein
sequence data from long extinct animals as well as historical and prehistorical
artifacts. Thus, application of mass spectrometry to fossil remains has become
an attractive source for ancient molecular sequences with which to conduct
evolutionary studies, particularly in specimens older than the proposed limit of
ampliﬁable DNA detection. However, “mass spectrometry” covers a range of
mass-based proteomic approaches, each of which utilize diﬀerent technology
and physical principles to generate unique types of data, with their own
strengths and challenges. Here, we discuss a variety of mass spectrometry techniques that have or may be used to detect and
characterize archeological and paleontological proteins, with a particular focus on MALDI-MS, LC−MS/MS, TOF-SIMS, and
MSi. The main diﬀerences in their functionality, the types of data they produce, and the potential eﬀects of diagenesis on their
results are considered.
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prior separation with gel electrophoresis or similar,31 precludes
amino acid analysis from determining the following: (1) the
sequence in which the residues were originally ordered in the
source protein; (2) which amino acids (or what relative amount
of them) derive from which of the proteins that comprise a
complex tissue such as bone, as all proteins present in a sample
are essentially combined into one proﬁle; and (3) which amino
acids are derived from common and ubiquitous contaminating
proteins, such as human keratins or fungal and bacterial
proteins common in sediment. As a result of these limitations,
early studies performed on fossils were forced to assume that,
of the entire bone proteome originally present, only collagen I,
the most abundant protein in bone,32 could potentially be
preserved. Thus, as every third amino acid in collagen I is a
glycine,33 these studies established the criterion of an amino
acid proﬁle comprised of ∼30% glycine to accept its persistence
in fossil tissue.34,35 This assumption is problematic, because we
now know that other proteins can persist into deep time,21
skewing the ∼30% glycine ratio of collagen when hydrolyzed
together. Furthermore, amino acid analysis precludes detection
of most post-translational modiﬁcations (PTMs).36,37 PTMs
are alterations to the side chains of the amino acids that occur
after the translation of proteins from their source DNA
sequence.36 When they occur biologically, they help control the
structure and function of proteins36,38 and are therefore an
important source of biological data. Because the complete

INTRODUCTION
From its inception, the ﬁeld of mass spectrometry-based
proteomics has expanded to incorporate diverse techniques to
characterize a broad range of tissue types. As a result,
application of mass spectrometry to archeological artifacts
and fossil remains has become an attractive alternative source
for ancient molecular sequences with which to conduct
evolutionary studies, particularly in specimens older than the
proposed limit of ampliﬁable DNA detection.1−6 Since the ﬁrst
mass spectrometry (MS) detection of osteocalcin from bone up
to 53 ka in 2000,7 the burgeoning ﬁeld of paleoproteomics (i.e.,
the identiﬁcation and characterization of proteins preserved in
archeological and paleontological substrates) has expanded to
include everything from the controversial8−10 Mesozoic avian
and nonavian dinosaur bone proteins,2−5,11−14 to 3.2 Ma egg
shell proteins,6 to a diversity of more recent Pleistocene and
younger bone, textiles, and other human generated substrates.15−23
Historically, early proteomic studies sought to identify fossil
proteins by detecting the presence of their constituent amino
acids after hydrolysis of fossil tissues with strong acids
(e.g.,24−26) (for additional reviews on historical paleoproteomics see27−29). Such analyses can provide information about
total amino acid proﬁle present in a specimen (i.e., which
residues are present and their relative abundances), but are
incapable of determining the exact protein in a protein mixture
from which the detected amino acids derive, or if those proteins
are endogenous to the specimen.30 In particular, the complete
hydrolysis of the proteome present in a given tissue, without
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archeological proteins after the expansion of ancient DNA
studies, and technological limitations to studies of ancient
proteins in the years prior (e.g., amino acid analysis,62,63
immunological techniques,64−66 thin layer and paper chromatography),67,68 which largely did not have the capability to
identify or diﬀerentiate speciﬁc PTMs. Further, because many
PTMs are labile in acidic conditions,69−71 they were historically
lost during protein extraction and/or sample preparation for
MS analyses. Thus, until recently, deamidation of glutamine
and asparagine residues58,59 was the only hypothesized
diagenetic PTM characterized. Recent examination of Holocene and Pleistocene remains has expanded the number and
types of known diagenetic PTMs,49 but the actual diversity of
these modiﬁcations remains heavily uncharacterized. In
addition to diagenetically induced PTMs, in vivo modiﬁcations
beyond hydroxylated proline have been detected, including
labile ones such as glycosylation.49Thus, the possibility that
both biological PTMs and diagenetic alterations may be present
on fossil proteins must be explicitly accounted for during the
bioinformatic processing of any paleoproteomic data; otherwise, peptides that are both preserved and detected by MS may
nevertheless remain unidentiﬁed.
In addition to post-translational modiﬁcations, variation in
the spatial distributions of preserved proteins in fossil tissues
complicates consistent detection in MS testing.72 Diﬀerentiation in preservational conditions at multiple spatial scales
can inﬂuence the types of proteins and/or tissues that preserve
throughout a given specimen (Figure 1). For example, at the

hydrolysis employed in amino acid analyses results in the loss
of all but the most robust PTMs (e.g., hydroxyproline34,35), the
usefulness of this technique in understanding how these
proteins preserve and their changes in association with
evolution is limited.
The adoption of soft ionization mass spectrometry by
paleoproteomic studies introduced proteomic techniques that
overcome some of the shortfalls of many earlier analyses. “Soft
ionization” techniques are those that ionize peptides or
biomolecules without breaking them apart during the process,
allowing them to be measured by MS detectors intact.39 The
ability to measure intact peptides, as well as subsequently
fragment and measure them in a controlled manner during
tandem mass spectrometry, makes it possible to identify and
validate peptide primary sequences, and thus detect multiple
proteins and PTMs from a complex mixture.36,40 Thus, the
incorporation of soft ionization techniques in paleoproteomics
has made the use of amino acid analyses to detect/identify
residual proteins in historical and fossil remains obsolete, as
well as other early methods that generate data that are
ambiguous and unlocalized compared to our current technological capabilities. For example, although pyrolysis gas
chromatography coupled to mass spectrometry (py-GC−MS)
has, even recently,41,42 been applied in an attempt to detect
preserved proteins in fossil remains, this technique results in
the destruction of most amino acids present into their
constituent chemical compounds because of the extremely
high temperatures employed.43,44 Thus, for the purposes of
unambiguous protein identiﬁcation in complex, heterogeneous
samples such as fossil bone, it suﬀers all the same limitations to
identiﬁcation as amino acid analyses, but to an even broader
level of nonspeciﬁcity. For these reasons, py-GC−MS is poorly
suited for modern paleoproteomic studies (contra41,42), and is
more properly applied to studies analyzing biomolecules that
are insoluble, which prevents their analysis by soft ionization
techniques (e.g., lignin,45 cutin,46 sporopollenin47).
The last two decades have seen a broad diversity of methods
used to identify and/or characterize proteins in the
archeological and paleontological record. These have included
MS techniques (e.g., time of ﬂight secondary ion mass
spectrometry [TOF-SIMS],2,13,48 liquid chromatography mass
spectrometry [LC−MS],4−6,19,21−23,49,50 matrix assisted laser
desorption ionization [MALDI] MS7,17,18,51−55) as well as nonMS methods (e.g., Fourier transform infrared [FT-IR]
spectroscopy,2,12,13 Raman spectroscopy,56 immunological
assays2−4,48). Here, we discuss a variety of mass spectrometry
techniques that have or may be used to detect and characterize
archeological and paleontological proteins, touching on the
main diﬀerences in their functionality, the types of data they
produce, and the potential eﬀects of diagenesis on their results.

Figure 1. Depiction of diﬀerent levels of variation in geochemical
environments experienced by fossils. At small scales, areas of a bone
can be subjected to diﬀerent microenvironments, leading to intrabone
variation in molecular preservation. Within a locality, these variations
will be unique to each bone, generating intrabone bed variation in
preservation. At the largest scale, diﬀerences in depositional environments, or speciﬁc regional conditions, can lead to interbone bed (or
global) variation in molecular preservation.

microscopic scale, protein content can vary between osteonal
and interstitial bone73 making the biochemistry of these
adjacent tissues diﬀerent. During diagenesis, this in vivo
chemical variation may lead to diﬀering preservational
chemistries, resulting in a motif in which a protein might be
detectable in one area of the bone, but not in another. Further,
as geochemical conditions within a burial environment can vary
within centimeters,74−76 this spatial eﬀect may be ampliﬁed
across more than a meter of sediment required to bury fossils as
large as sauropod femora, leading to “hot spots” of diﬀerential
preservation or levels of degradation within large specimens, or
between bones within a single bone bed.77 Thus, sampling
location and/or specimen choice can potentially have a

Taphonomic Inﬂuences Aﬀecting All MS Techniques

The geochemical interaction of the bone with the burial
environment during entombment/fossilization can produce a
variety of diagenetic alterations to the tissue, many of which are
still poorly understood. Such changes can be expressed at
various levels, from macroscopic osteological deformation,57 to
molecular sequence alterations that result in PTMs that are
diagenetic in origin instead of biological.58,59 To date, only a
few diagenetic PTMs have been identiﬁed despite almost 100
years49,60,61 of protein study on archeological and paleontological remains. This dearth of diagenetic PTM data is primarily
caused by both a major reduction in active research on
B
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signiﬁcant impact on success and consistent replication of
paleoproteomic results. On the regional and continental scales,
diﬀerences in environments of deposition (e.g., sandy vs clay
deposits) or local mineralization conditions will also aﬀect the
quality and types of proteins preserved within bones. Trends in
preservational environments for protein recovery remain an
active area of research, and more samples from a diversity of
depositional environments and ages will elucidate the best
possible samples to test.
Mass Spectrometry Approaches

Mass spectrometry is a technique by which molecules or
molecular fragments from a sample are ionized, then
introduced to a mass detector that precisely measures their
mass as a function of their mass-to-charge ratio (m/z) (for a
detailed introduction to the ion physics at work in MS-based
proteomics, see40). The mass proﬁles of the ions detected in
the sample (or, “mass spectra”) that are output by the machine
are then compared with databases of exact masses for known
compounds, peptides, or intact proteins (depending on the MS
approach being employed) for identiﬁcation.78 MS techniques
used to measure proteins preserved within archeological and
paleontological remains fall into two broad categories:
extraction-based MS and imaging MS (Figure 2). The
dominant approach has been to employ protein extraction
reagents to solubilize proteins from fossil tissue for subsequent
analysis by MALDI-MS, MALDI-MS/MS, or LC-ESI-MS/MS.
However, recent attempts have been made to use TOF-SIMS as
an imaging technique to localize SIMS protein products to the
original tissue.13 To date, the use of modern MALDI imaging
has not been utilized for paleoproteomics studies, but we will
also include a discussion of its potential as an MS imaging
technique for paleoproteomic applications.
Extraction-Based Techniques

Matrix Assisted Laser Desorption Ionization−MS
(MALDI-MS) and Zooarcheology by Mass Spectrometry
(ZooMS). MALDI is a soft ionization technique that allows the
detection of intact peptides or proteins as singly charged ions.
The maximum size of intact proteins that can be analyzed is
dependent on the mass spectrometer (e.g., time-of-ﬂight
[TOF] instruments) coupled to the MALDI source.81 In
extraction-based MALDI, peptides or proteins resulting from
chemical extraction are mixed with a matrix (e.g., α-cyano-4hydroxycinnamic acid; sinapic acid; 2,5-dihydroxybenzoic acid)
and spotted onto a MALDI plate (Figure 3A).81 The plate is
then typically placed in the vacuum of the mass spectrometer
where the spotted samples are irradiated with a laser to ablate
and ionize the solid matrix and peptide/protein mixture,
followed with analysis by the mass spectrometer, the choice of
which is dependent on the paleoproteomic questions being
addressed. MALDI sources are typically coupled to either TOF
(e.g.,55) or Fourier transform ion cyclotron resonance (FTICR) instruments (e.g.,82). TOF instruments can detect a large
dynamic range of masses, while FT-ICR have a smaller mass
range, but can provide measurements at higher resolution and
mass accuracy for analyzing the peptides/proteins.
The earliest application of modern mass spectrometry to
fossil proteins utilized MALDI-MS to detect osteocalcin from
various extinct species,7 followed years later by identiﬁcation of
the osteocalcin primary sequence in fossils using MALDI-MS/
MS.54,55 Whereas precursor mass approaches (i.e., MS or MS1;
peptide mass ﬁngerprinting [PMF]) measure the mass of small
intact proteins or peptides, tandem mass spectrometry

Figure 2. Flowchart depicting the basic workﬂow of diﬀerent mass
spectrometry techniques, and the diﬀerent data produced by each.
Tissue sections and spectral maps shown for TOF-SIMS and MALDIIMS were adapted from Hness et al. (CC BY 2.0),79 and Powers et al.
(CC BY 4.0),80 respectively.

Figure 3. Illustration of the diﬀerent ionization methodologies
employed by MS. (A) Matrix assisted laser desorption ionization
(MALDI). Extracted proteins mixed with a matrix are spotted on a
plate, then ablated and ionized by irradiation with a laser. (B)
Electrospray ionization (ESI). Extracted proteins in solution are
sprayed through a high-voltage emitter tip. Through a combination of
coloumbic repulsion and evaporation of the solvent, the hydrogen ions
are transferred to the proteins, producing multiply charged ions. (C)
Time of ﬂight-secondary ion mass spectrometry (TOF-SIMS). Tissue
sections are bombarded with ions or ion clusters, releasing secondarily
ionized peptide fragments. (D) Matrix assisted laser desorption
ionization−mass spectrometry imaging (MALDI-MSi). Tissue sections
are coated with matrix, allowing peptides from the tissue beneath to be
ionized as in (A) above.
C
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Figure 4. Example of an MS2 spectra of collagen I alpha 1 from Castoroides ohioensis (i.e., spectra of fragments produced by the disassociation of a
peptide detected in MS1 during an LC−MS/MS analyses). When a doubly charged peptide is fragmented, it results in two singly charged fragment
ions: a b-fragment representing the N-terminal (labeled in blue) and a y-fragment representing the C-terminal (labeled in red). Fragmenting many
ions of the same peptide at once results in many diﬀerent fragmentation points within the sequence. In tandem mass spectrometry analyses, MS2
spectra such as this one are identiﬁed by matching them against an in silico database of spectra from known peptides, which include all potential band y-fragment ions for each potential match (with and without PTMs). From the Cleland et al.50 data set at http://datadryad.org/resource/doi:10.
5061/dryad.326fv.

information.85 Additionally, though mass-shifts that indicate the
presence of PTMs can be allowed for in PMF bioinformatic
analyses, any observed PTMs cannot be localized to residues
within a peptide sequence, precluding conﬁdent identiﬁcation
and validation.86 Further, without oﬄine separation or
additional sample preparation,66 which is not typically part of
paleoproteomic MALDI-MS workﬂows, only the most
abundant or most easily ionized peptides in the sample will
be detected. Because all peptides in the sample are ionized
together, low abundant peptides or those with low ionization
eﬃciency will remain undetected. For bone, this limits most
identiﬁcation to collagen I, regardless of whether there are
additional preserved proteins in the sample. Most recently,
MALDI-MS has been used as a screening tool for selecting
samples for more rigorous analysis by LC−MS/MS.19 As
MALDI-MS is more rapid and often less costly than LC−MS/
MS, this application of the technique can be eﬀective in
identifying a small, optimal sample set for tandem MS from a
large pool of specimens.
Taphonomic Inﬂuences on MALDI-MS. Because
MALDI-MS relies on the high-resolution detection of either
many intact peptide masses (for protein identiﬁcation)86 or
speciﬁc intact peptide targets (for taxonomic diﬀerentiation),15,83,85 the results are heavily inﬂuenced by diagenetic
loss or alteration of peptides. For example, if a target peptide in
a ZooMS analysis is not retained in a sample, then identiﬁcation
of the supraspeciﬁc taxon is impossible, regardless of whether

approaches (i.e., sequential mass spectrometers attached
together; MS/MS or MS2) allow more complex analyses
including peptide fragmentation and analysis. The pattern of
peaks generated during fragmentation is compared to
theoretical mass spectra of peptides from a protein database,
giving conﬁdent identiﬁcation of the sequence and localization
of PTMs to speciﬁc residues (Figure 4).78
Although MALDI has been successfully coupled with MS/
MS to identify osteocalcin sequences in fossils,54,55 the majority
of MALDI usage in paleoproteomics has relied on single MS
and PMF to determine diﬀerences between species.15,16,51,52,83−85 PMF uses the identiﬁcation of multiple
intact peptide masses, or the identiﬁcation of speciﬁc target
peptide masses, to identify proteins within a sample (Figure
2).86 This approach, also called collagen ﬁngerprinting or
zooarcheology by mass spectrometry (ZooMS), is generally
used to identify the taxonomic origin of indeterminate bone
fragments found at archeological excavation localities to the
supraspeciﬁc level.51,52,83−85
Because single MS approaches are incapable of providing
data on the primary sequences of the peptides they detect, PMF
studies have some limitations. For example, they are generally
only able to determine the taxonomy of a given bone to the
supraspeciﬁc level, not the species level (with a few exceptions
such as the red fox and arctic fox87), because closely related
species have not had suﬃcient time for their collagen I
sequences to diverge to a degree that gives species level
D
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Taphonomic Inﬂuences on LC−MS/MS. Because LC−
MS/MS generates and measures fragments across a peptide,
this technique is able to localize diagenetic modiﬁcations (e.g.,
deamidation) that may be missed by MALDI-MS approaches.49,50 Further, recent advances in LC−MS/MS have
led to recognition of diagenetic PTMs that were previously
unknown as a result of harsh extraction methods and/or the use
of amino acid analyses.49,98 Additionally, because of the large
number of MS2 events that occur in an LC−MS/MS analysis,
both the modiﬁed and unmodiﬁed form of the same peptide
can be detected, supporting the idea that the modiﬁcation
observed is a result of diagenesis or loss of biological PTMs.
The large number of MS2 events also provides an opportunity
to detect unknown diagenetic modiﬁcations.
Despite the beneﬁts of using LC−MS/MS for paleoproteomics, this technique also has its own challenges when applied to
fossils. In particular, during ESI, diagenetically induced
compounds present in fossils can interfere with the ionization
of peptides that coelute from the LC column (i.e., ion
suppression), rendering any preserved peptides undetectable in
MS even if they are present.99 Additionally, the speciﬁc reagents
and protocols used for the chemical extraction of protein from
tissues for LC−MS/MS (or any extraction-based MS
technique) can cause variation in the portion of the proteome
that is recovered,100 an eﬀect that might be magniﬁed in
degraded specimens in which much of the original protein
content has already been lost.

large portions of the protein are otherwise well-preserved.
Nontandem MALDI-MS has also been used to detect
deamidation on multiple peptides to evaluate rates of
deamidation across the collagen I molecule.88,89 However,
beyond detection of evidence for asparagine and glutamine
deamidation, single MS of peptides is unable to directly
evaluate the nature and position of diagenetic post-translational
modiﬁcations, or detect peptides that are broken down through
backbone cleavage/truncation.49,50 Thus, MALDI MS, ZooMS,
or PMF are not suitable for detailed characterizations or
comparisons of diagenetic and/or preservational motifs.
Liquid Chromatography Tandem Mass Spectrometry
(LC−MS/MS). LC−MS/MS ﬁrst separates peptides within an
extract using liquid chromatography, and then applies these
separated peptides to a coupled MS system for robust and
rigorous analyses using tandem mass spectrometry (i.e., MS/
MS, or MS2; Figure 4). Peptides in solution are separated by
their hydrophobicity on a reverse-phase (i.e., from hydrophilic
to hydrophobic) column, and are then sequentially introduced
to the mass spectrometer via electrospray ionization (ESI, or
nanoESI at very low ﬂow rates). This eﬀectively reduces the
complexity of peptide mixtures and allows the detection of
lower-abundance peptides that are masked during analyses by
more abundant ones. While this approach is still concentration
dependent (i.e., the most abundant peptides are still more likely
to be fragmented than less abundant ones), the separation of
the peptides allows for detection of a wider concentration range
of proteins than MALDI-MS. Additionally, diﬀerent types of
stationary phase media (i.e., the solid substrate that peptides
interact with during separation) can be used to enhance
separation or preferentially separate certain types of peptides
from others.90,91
ESI is the softest ionization technique, allowing the best
retention of PTMs and the least chance of peptide breakdown
during ionization.81 In ESI, high voltage is applied to the LC
solvent containing the sample, generating a spray through a ﬁne
emitter tip. Through Coulombic repulsion, droplets become
smaller and smaller, transferring protons to the peptides
generating multiply charged ions92 (Figure 3B). The ability to
produce multiply charged peptide ions is a beneﬁt of ESI over
MALDI; because mass spectrometers measure ions by the ratio
of their mass to their charge, multiple charges allow mass
spectrometers with limited mass ranges to detect a broader
range of peptide sizes.92 ESI has been coupled to many types of
tandem mass spectrometers, including ion traps, Orbitraps,
quadrupole-TOF instruments, triple quadrupole instruments,
and FT-ICR instruments, showing its utility in peptide analyses.
At a similar time as the ﬁrst applications of MALDI-MS to
fossils, the ﬁrst ESI-LC−MS/MS analysis was applied to
mammoth remains.93 As a result of LC separation prior to mass
analyses and continued improvements to extraction and mass
spectrometry, the detection of as many as 126 proteins from a
single fossil protein extraction has been achieved in LC−MS/
MS paleoproteomic experiments,21 but eﬀorts continue to
characterize proteins beyond collagen I in bone, as well as the
types of diagenetic PTMs that occur or which in vivo PTMs can
persist on fossil proteins.49,50,94 Additionally, although it has
not yet been utilized in paleoproteomics, exploration of
methods to concentrate phosphorylated peptides (e.g., from
osteopontin) or glycosylated peptides (e.g., from collagen
I)95−97 utilized in modern proteomics will help future MS
analyses concentrate and detect more in vivo modiﬁcations that
may preserve on fossil proteins.

Mapping Techniques

Time of Flight-Secondary Ion Mass Spectrometry
(TOF-SIMS). TOF-SIMS is a mass spectrometry technique that
analyzes the surface of a sample and is capable of producing
ultraﬁne spatial resolution of organic components found on
that surface.101 A cut section, or a small sample of a specimen,
is introduced to a vacuum where its surface is ablated with ions
(e.g., Ga+) or ion clusters (e.g., Bi3+), releasing secondarily
ionized protein components from the bombarded sample101−103 (Figure 3C). SIMS is not a soft ionization technique,
and it generally results in fragments of proteins as small as
individual amino acids or amino acid components,104,105
although recent innovations to TOF-SIMS methodology have
allowed for the ionization of peptides, similar to those found in
MALDI imaging, and even subsequent tandem MS analyses.
These include coating the surface of samples with silver or gold
(metal-assisted SIMS, or MetA SIMS)101,106 or a matrix
(matrix-enhanced SIMS, or ME-SIMS),104 or using extra-large
ion cluster beams (e.g., Ar2000+).105 Despite the total loss of
sequence data associated with conventional TOF-SIMS
approaches, this technique can provide spatial distributions of
the molecular information it does retain after ionization at
ultraﬁne (submicron) scales.101,107 Thus, TOF-SIMS analyses
can provide high resolution distribution maps of numerous
amino acids or compounds within a tissue section that can then
be compared within samples or across specimens.
The ﬁrst application of TOF-SIMS to fossil material was on
Shuvuuia deserti (Alvaresauridae; Late Cretaceous108) beta
keratin ﬁbers in 1999.109 Since then, TOF-SIMS has been
used to detect the protein breakdown products in a variety of
fossil specimens, including claw sheath from Rahonavis
(Paraves;110 Upper Cretaceous111),112 collagen and blood in
dinosaur bone2,14 and Cretaceous bird cartilage,13 and melanin
in ﬁsh eye,113 feathers, squid ink, and amphibian skin.114 To
date, TOF-SIMS analyses applied to fossils have not yet utilized
E
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the metal-assisted,106 matrix-enhanced,104 or ion cluster105
innovations that may allow the detection of intact peptides/
proteins by this method; as a result, the largest protein
fragment assigned to a fossil using TOF-SIMS is an amino acid
trimer,13 and single amino acid results dominate most
paleoproteomic studies. Like amino acid analyses, this approach
only retains the most robust post-translational modiﬁcations
(e.g., hydroxylation of proline2) on their constituent amino
acids.
It is important to note that although TOF-SIMS is often
presented as a nondestructive technique (e.g., “minimally
destructive”,114 “quasi-non-destructive”115) which is an attractive feature for paleoproteomic studies, as well-preserved fossils
can be extremely scientiﬁcally valuable and irreplaceable, this
can be easily misunderstood to suggest that fossil specimens
may be evaluated by TOF-SIMS intact, without sectioning or
removal of material. In fact, destructive sampling/sectioning is
still required to obtain a small piece of the specimen that can be
placed within a vacuum for analyses. Rather, the nondestructive
nature of TOF-SIMS lies in that the surface of the sections are
themselves are only minimally altered by ablation with ions, in
proportion to the intensity of the process (i.e., “sputtering
intensity”),115,116 unlike extraction-based methods that physically and chemically destroy the bone samples to retrieve
preserved protein. Nevertheless, the ability to repeatedly
analyze small sections of tissue is a very attractive feature of
this technique for analyzing specimens for which a suﬃcient
amount of tissue cannot be sacriﬁced for extract-based
methodology.
Taphonomic Inﬂuences on TOF-SIMS. Because the harsh
ionization of TOF-SIMS breaks peptides apart,106,107 any
modiﬁcations to proteins caused by diagenesis at the peptide
level (e.g., backbone breakage, deamidation, preferential loss of
speciﬁc regions of the protein molecule)49 cannot be observed
using this technique. However, the excellent spatial resolution
capabilities of TOF-SIMS can document areas of protein loss in
fossil remains by mapping areas in which no compounds
consistent with proteins are detected. This spatial distribution
information will expand our knowledge of “hot spots” and
variation in protein loss and preservation, even if we are unable
to directly evaluate the changes to the proteins themselves.
One additional diﬃculty of TOF-SIMS is its inability to
diﬀerentiate surface contamination from endogenous signal. As
a result, extra care must be taken to compensate for possible
surface contamination by utilizing controls to identify the
contaminating molecules (e.g., adjacent sediments or additional
negative controls).
MALDI Imaging Mass Spectrometry (MALDI-IMS;
MSi). MALDI-IMS, or simply MSi, combines the mapping
capabilities of TOF-SIMS with MALDI ionization methodology. Unlike extraction-based MALDI-MS, MSi analyzes a
matrix-coated tissue section, which is placed inside a vacuum
and irradiated with a laser to generate ions that can be
measured by a coupled MS103,107 (Figure 3D). After collecting
a rasterized distribution of spectra across the tissue
corresponding to intact peptide masses, peptide ion distributions can be mapped on the surface, similar to TOF-SIMS. To
identify peptides corresponding to the ion masses detected in
MS, tandem MS can be applied to the MSi;117 however, the
most common approach is to correlate peptide masses
generated in MSi against high resolution LC−MS/MS data of
proteins extracted from identical/adjacent tissue (e.g.,117−119).
Thus, combining MSi with LC−MS/MS data has the potential

to provide complementary information on preservational motifs
of proteins within fossils, MSi elucidating spatial distributions
that are lost during tissue homogenization for LC−MS/MS,
and LC−MS/MS eﬀectuating peptide sequencing and PTM
localization not obtainable during a single MS event.
MALDI mass spectrometry imaging (MSi) has not yet been
applied to fossil remains; however, MSi can provide extensive
spatial distribution information that to date has only been
detected by antibodies from fossil remains (e.g.,120). Further, as
application of MSi expands within the ﬁeld of modern
biology,103 it will become a more ideal technique for
paleoproteomic investigations than the harsh ionization of
TOF-SIMS. Coupling the soft ionization of MALDI to spatial
mapping has already allowed for ﬁne spatial detection of
peptides and proteins from a diversity of extant tissues,
including highly mineralized tissues such as antler118 and
bone.121 It may in the future provide information on the
optimal areas of fossil tissue to conduct selective microsampling
(through laser microdissection73) to maximize target proteins
and PTMs detection from fossil samples. The ability of this
technique to localize peptides, sequence information, and posttranslational modiﬁcations within tissues, as well as detect
variation in patterns of preservation and of these features across
fossil tissue microstructure, will open new avenues of research
into the process of diagenesis and preservation that we have
been unable to explore using past methods.
Taphonomic Inﬂuences on MSi. Like TOF-SIMS, spatial
variation in areas of protein loss and/or preservation will have a
major inﬂuence on MSi analyses, potentially resulting in
diﬀerential success depending on where specimens are
sectioned. However, when sectioning is successful, hot spots
of preservation within the tissue microstructure that would
otherwise remain unknown may become evident. Because MSi
retains intact molecular ions that are lost with TOFSIMS,106,107 this technique may also be able to show
distributional changes of diagenetic PTMs (e.g., deamidation,
protein backbone cleavage) that are inaccessible by any other
MS method currently applied to fossils, as well as more
deﬁnitively diﬀerentiate surface contamination (e.g., keratin)
from endogenous signal. As with LC−MS/MS and MALDIMS, additional external controls (e.g., adjacent sediments or
additional negative controls) should be employed to allow for a
direct way to detect contamination added as a result of
taphonomy, sample handling, or storage conditions.
Future investigations of fossil remains by MSi will likely
reveal additional technical diﬃculties like the previously
described methods; however, it is a method that has
extraordinary potential for understanding protein diagenesis
in deep time.

■

CONCLUSIONS
Paleoproteomics is a nascent ﬁeld that is continuing to expand
in scope and type of questions it addresses. Continued
application of extraction based methods will expand our
knowledge of what types of PTMs can preserve within the
fossil record, as well as what alterations may be caused by
diagenetic processes. The continued application of TOF-SIMS
and novel usage of MSi on fossil tissues will help us fully
develop and robustly test models of protein preservation at
unmatched spatial scales.
However, application of correct mass spectrometry techniques for the hypothesis being tested is critical to the utility of
the data produced for evolutionary and taphonomic studies.
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Archeologists and paleontologists who want to pursue
paleoproteomic questions must remain vigilant in following
emerging trends in biological mass spectrometry and move
away from antiquated approaches for analyzing fossil proteins,
always being mindful that the destruction of irreplaceable
samples should be balanced by the long-term value of the data
produced. We argue that because all MS analyses are, to some
extent, destructive, but fossils are nonrenewable, techniques
that provide data that is both ambiguous and unlocalized
compared to our current capabilities, such as amino acid
analyses and py-GC−MS, should be rendered obsolete, or
relegated to the status of secondary conﬁrmation when there is
suﬃcient sample available. Additionally, beyond the need to
move past obsolete techniques, the ﬁeld of paleoproteomics
should continually re-examine its hypotheses as new
technologies become availablefor as our ability and capacity
to detect evolves, the challenges to our assumptions and the
questions we ask should evolve with them.
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