Chemical and Physical Analysis of Melanin in Complex Biological Matrices
by
Keely E. Glass
Department of Chemistry

Duke University

Date:

Approved:

John D. Simon, Co-Supervisor

Stephen L. Craig, Co-Supervisor

Katherine J. Franz

Richard F. Kay

Dissertation submitted in partial fulfillment of
the requirements for the degree of
Doctor of Philosophy in the Department of Chemistry
in the Graduate School of Duke University

2014



ABSTRACT
Chemical and Physical Analysis of Melanin in Complex Biological Matrices
by
Keely E. Glass

Department of Chemistry
Duke University

Date:

Approved:

John D. Simon, Co-Supervisor

Stephen L. Craig, Co-Supervisor

Katherine J. Franz

Richard F. Kay

An abstract of a dissertation submitted in partial
fulfillment of the requirements for the degree
of Doctor of Philosophy in the Department of

Chemistry in the Graduate School
of Duke University

2014



Copyright by
Keely E. Glass
2014



Abstract

Melanin is a ubiquitous biological pigment found in bacteria, fungi, plants, and
animals. It has a diverse range of ecological and biochemical functions including
display, evasion, photoprotection, detoxification, and metal scavenging. Two forms of
melanin produced from different molecular precursors are present in nature —
eumelanin (dark brown-black in color) and pheomelanin (orange-red in color). Both
eumelanin and pheomelanin are complex highly cross-linked biopolymers that are
found intertwined with proteins, lipids, and metal ions in nature.

Recent reports have used morphological evidence to suggest the presence of
melanin in the fossil record. These studies have been met with criticism due to their lack
of chemical evidence to support melanin identification. This dissertation describes
chemical approaches to unambiguously verify the presence of melanin in the fossil
record and characterize the ancient pigment. It also explores the limitations for the
survival of melanin in the fossil record and the possibility that melanin acts as a
protective matrix to preserve other biomolecules that are embedded in the pigment.

Melanin has unique chemical signatures that are commonly used to characterize
and compare the pigment of modern organisms. We applied these chemical approaches
to the study of fossil pigmentation. Analysis of the black pigmentation of two > 160

million year old (Mya) Jurassic cephalopod ink sacs provided the first conclusive
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evidence for eumelanin in the fossil record. The preserved fossil eumelanin was then
compared to modern cephalopod eumelanin from Sepia officinalis. Using these chemical
approaches we found that fossil eumelanin was chemically and morphologically
identical to S. officinalis eumelanin.

Although there is mounting chemical evidence for the presence and preservation
of melanin in the fossil record, there is very little data constraining its long-term
survival. We applied the analytical approaches designed to study fossil melanins and
techniques used to study fossil sediments to compare the fossil inks from three deposits
of similar age and lithology, but different maturation histories. Specifically, two ~ 180
Mya fossil ink sacs from a site that has entered the oil window in Holzmaden, Germany
were compared to the previously analyzed fossil inks from two less mature sites in
southern England. The chemistry of eumelanin was shown to alter at the onset of the oil
window regardless of the age of the specimen. The decrease in surviving melanin was
accompanied by an increase in the relative abundance of organic macromolecular
material (kerogen), but no consistent change in melanin morphology.

Finally, the role of melanin as a matrix that enhances the preservation of other
biomolecules in the fossil record was considered. Proteins, commonly associated with
melanin in modern organisms, were discovered in the aforementioned fossil ink sacs
during full-scale chemical analysis. The amino acid profile of the protein in each fossil

specimen was determined with an amino acid analyzer and compared to the amino acid

v



profile the protein in modern S. officinalis. Statistical analysis of the amino acid
distributions indicated that there is no significant difference between the amino acid
profile of modern and fossil melanins. In order to verify the ancient origin of the amino
acids in the fossil ink sacs, the ratio of D/L amino acid isomers was determined. While
the proteins of living organisms consist of only L-amino acids, post-mortem the amino
acids slowly convert from L to D form until they reach equilibrium (D/L = 1). This
process is called racemization. The amino acids in the fossil ink sacs were racemized,
which suggests their ancient origin. This marks the oldest determination of protein in a
fossil system and provides evidence that the longevity of proteins may be enhanced

when associated with melanin.
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1. Introduction to the analysis of biomolecules in fossils

1.1 Biomolecule preservation in fossils

The canonical view that labile soft-tissues break down in the fossil record has
been challenged in recent years by the discovery of intact organic constituents in certain
fossils (Butterfield, 1990; Stankiewicz et al., 1997; Stankiewicz et al., 1998; Antonio et al.,
2011; Cody et al., 2011; Wogelius et al., 2011; Glass et al., 2012; Lindgren et al., 2012).
Preservation of these soft-tissues — organismal parts that are not mineralized in life —is
rare because degradation by microbes is highly efficient (Briggs et al., 2000; Briggs, 2003;
Schweitzer, 2011). Microbes use the carbon and nitrogen within tissues, cells, and
proteins for metabolic energy and convert them rapidly to usable forms post-mortem
(Butterfield, 1990; Knicker and Hatcher, 1997; Schweitzer, 2011). Even in the case of the
most exceptionally preserved soft-tissue fossils, many organic constituents are lost
through these processes (Briggs et al., 2000). Tissues that do survive are subject to
diagenetic alteration over time whereby their organic constituents polymerize into long
chains of hydrocarbons that are resistant to further degradation (Butterfield, 1990; Briggs
et al., 2000; Schweitzer, 2011).

Soft-tissues that are preserved have distinctive structural attributes: highly cross-
linked structures, large hydrophobic (water-hating) regions, aliphatic or poly-aromatic

frameworks, and polymeric backbones (Tegelaar et al., 1989; Butterfield, 1990; Briggs,



1999; Briggs et al., 2000; Schweitzer, 2011). The basis of the degradation resistance of
these structural attributes is summarized below. Structures that are highly cross-linked
occlude the reactive regions of potential substrates thus protecting from structural
degradation (Butterfield, 1990). Poly-aromatic and aliphatic frameworks are less
reactive than small, labile organic constituents that contain additional nitrogen and
oxygen centers (Tegelaar et al., 1989; Butterfield, 1990). Polymeric backbones are very
stable because they must be broken down to their monomeric units at an energetic cost
prior to being incorporated by microbes (Butterfield, 1990; Briggs, 1999; Briggs et al.,
2000; Schweitzer, 2011). Moreover, polymers composed of different monomeric units or
monomer linkages often require more than one type of microbe or enzyme for
degradation (Butterfield, 1990). As a result, polymeric structures often survive longer in
the fossil record than organic components that degrade more readily (Butterfield, 1990;
Schweitzer, 2011). Preservation of soft-tissues is also enhanced when their organic
constituents are intimately associated with minerals, incorporated into structural tissues,
or encapsulated by degradation-resistant matrices (Butterfield, 1990; Briggs, 1999; Briggs
et al., 2000; Schweitzer, 2011).

Collagen, a fibrillar structural protein found in the connective tissues of animals,
has many of the structural attributes that confer resilience (Schweitzer et al., 2008).
Collagen’s relative insolubility in water, frequent tight association with the bone mineral

hydroxyapatite, and intermolecular crosslinks lend to its increased survival in the fossil



record (Weiner and Traub, 1986; Traub et al., 1993). Similarly, keratin — a structural
protein found in hair, skin, and nails — is composed of cross-linked polymeric fibrils and
is often preserved in the fossil record (Fraser and Macrae, 1980; Bonser, 1996;
Schweitzer, 2011). Keratin is not biomineralized, but forms abundant inter- and
intramolecular crosslinks with other keratin fibers and is composed of numerous
hydrophobic amino acids that exclude water and confer long-term stability (Fraser and
Macrae, 1980; Schweitzer, 2011). Unlike keratin and collagen, the fossilized
carbonaceous tree-resin amber is of interest for both the structures it encases and its own
composition (Stankiewicz et al., 1998). Animals and plant matter caught in tree-resin as
it is secreted are entombed when the resin hardens to amber (Stankiewicz et al., 1998).
Though the encapsulating resin protects the entombed organisms from microbial decay,
chemical alteration still occurs slowly in this environment (Knicker and Hatcher, 1997;
Stankiewicz et al., 1998; Briggs, 1999).

As scientists have become aware of an increasing number of intact organic
constituents in the fossil record over the last few decades, new analytical techniques
have been applied to allow them to characterize these residues (Schweitzer et al., 2008;
Vinther et al., 2008; Clarke et al., 2010; Li et al., 2010; Wogelius et al., 2011; Glass et al.,
2012; Glass et al., 2013). Part of the challenge of this research is to differentiate an
organism’s original molecules from bacterial degradation products and modern

contaminants (Schweitzer et al., 2008; Schweitzer, 2011).



Melanin — a highly cross-linked, insoluble, aromatic biopolymer — has all of the
structural attributes of a highly degradation-resist biomolecule (Butterfield, 1990; Glass
et al,, 2012). As a result, scientists have recently proposed that it survives fossilization
(Vinther et al., 2008; Clarke et al., 2010; Li et al., 2010; Vinther et al., 2010; Zhang et al.,
2010; Barden et al., 2011; Wogelius et al., 2011; Glass et al., 2012; Lindgren et al., 2012;
McNamara, 2013; Lindgren et al., 2014). The study of structures that appear to represent
fossil melanin is particularly challenging because the morphology of melanosomes
(organelles that contain the pigment melanin) is similar to that of many microbes and
minerals found in fossils (Davis and Briggs, 1995; Vinther et al., 2008; Wogelius et al.,
2011; McNamara, 2013). Due to these physical similarities, scientist must rely on
chemical tools to establish the preservation of melanin in fossils. To develop these tools,
an in-depth understanding of the structure and chemical properties of melanin is

necessary.

1.2 Introduction to melanin and melanogenesis

Melanin was a term coined in 1840 in reference to black animal pigments
(Berzelius, 1840; d'Ischia et al., 2013). Since then the term has been used more broadly to
define a class of phenolic-quinone pigments derived from natural and synthetic sources
(Riley, 1997; Simon and Peles, 2010; d'Ischia et al., 2013). Natural melanins are nearly
ubiquitous; found in some organisms within all kingdoms of life while synthetic

melanins are prepared based on methods summarized recently in a review by d’Ischia



and coworkers (Hill, 1992; Wakamatsu et al., 2009; d'Ischia et al., 2013). Although the
focus of this dissertation is on natural melanin from modern and ancient cephalopod ink
sacs, other notable sources of animal melanin include the feathers of birds and the hair,
skin, eyes, brain and inner ears of mammals. Classification of animal-derived melanin
into two major types — eumelanin, dark brown-black in color, and pheomelanin, yellow-
red in color — occurred in the 1960’s following the study of various natural pigments
(Prota et al., 1966; Minale et al., 1967; Prota and Nicolaus, 1967a;b; Nicolaus, 1968; Ito,
2003).

The first steps of the biosynthetic pathway for the production of melanin known
as “melanogenesis” were established through a series of landmark experiments
spanning nearly 100 years (1895-1985) (Ito, 2003). In 1896 Bertrand established that
tyrosine is converted by fungal tyrosinase (discovered in 1895) to a black pigment
resembling the melanin found in animals (Bourquelot and Bertand, 1895; Bertand, 1896).
Henry Raper followed Bertrand’s work in 1927 with the isolation of dopa, 5,6-
dihydroxyindole (DHI), and 5,6-dihydroxyindole-2-carboxylic acid (DHICA) produced
from the oxidation of tyrosine by tyrosinase (Raper, 1927). Through his detailed
chemical studies Raper established the primary chemical steps for the enzymatic
oxidation of tyrosine to melanin (Raper, 1927). Howard Mason furthered Raper’s model
in 1948 when he proposed a “polymer” model for melanin following his spectroscopic

identification of dopachrome (Mason, 1948). The current understanding of the initial



steps of melanogenesis, called the Raper-Mason scheme in honor of Henry Raper and

Howard Mason, is detailed in Figure 1 (Ito and Wakamatsu, 1998).

Tyrosinase
0,
COOH . (©) COOH
O/\/ Tyrosinase HOK)/\rCO OHp yrosinase mH
HO NH, 0, NH, 0, e} 2
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Figure 1: Abridged depiction of the early steps of melanogenesis.

Dopaquinone is the branch point between the formation of eumelanin and pheomelanin.
The final pigment formed depends on the concentration of cysteine available. This figure
was reproduced with permission (Ito and Wakamatsu, 1998).

As indicated in the Raper-Mason scheme (Figure 1), eumelanin and pheomelanin

are produced from different molecular precursors during melanogenesis. The key rate-
6



determining step for the formation of eumelanin and pheomelanin pigments is the
oxidation of L-tyrosine to dopaquinone by the enzyme tyrosinase (Ito, 2003).
Dopaquinone is a highly reactive intermediate that rapidly undergoes spontaneous
reactions that, in the presence of over 1 uM of cysteine, give rise to sulfurous
cysteinyldopa (Land and Riley, 2001; Ito, 2003). Cysteinyldopa then undergoes a series
of reactions to form benzothiazine units, which ultimately oxidize to give pheomelanin.
In the absence of 1 uM cysteine, dopaquinone is rapidly converted to dopachrome
through the intermediate cyclodopa, which is gradually converted to 5,6-
dihydroxyindole (DHI) by decarboxylative rearrangement and to 5,6-dihydroxyindole-
2-carboxylic acid (DHICA), by tautomerization (Land and Riley, 2001; Ito, 2003). DHI
and DHICA are then further oxidized to produce the eumelanin polymer.

In spite of the chemical differences between the reactions responsible for the
formation of eumelanin and pheomelanin pigments, both can be found within the same
melanocyte (pigment-producing cell) (Ito, 2003; Wakamatsu et al., 2006). In fact, the
majority of melanin in animals is a mixture of these two pigment forms (Ito, 2003; Simon
and Peles, 2010). Sources of mixed melanins include the hair, skin, eyes, and feathers of
animals. Pure eumelanin is also found throughout nature. One notable example of pure
eumelanin that will be mentioned throughout this dissertation is the ink of the common

cuttlefish, S. officinalis. Pheomelanin in contrast, is not found pure in nature.



Melanin is also found naturally in the form of melanin granules. It is important
here to clarify the difference between melanin granules and melanosomes. Although
both are produced during melanogenesis in which a membrane-bound matrix is formed
and melanin is deposited, in vertebrates each melanosome is a single packaged melanin
granule (Liu and Simon, 2003). Invertebrate cuttlefish S. officinalis in contrast, produces
~30 granules which are released into the ink sac lumen during melanogenesis
(Schraermeyer, 1994). To distinguish between the two, ink sac pigment structures are
referred to as ‘melanin granules” while vertebrate pigment structures are called
‘melanosomes’ (Schraermeyer, 1994). Both melanin-packages — melanosomes and
melanin granules — also contain lipids, metals, and proteins (Prota, 1992). The structure

of melanin and the components bound within it contribute to its chemical properties.

1.3 Chemical properties of melanin

Melanin has a diverse range of ecological and biochemical functions: display to
attract partners, camouflage and defense to evade predators, photoprotection, anti-
oxidant and free-radical scavenging, and binding of metal ions (Hill, 1992; Sarna and
Swartz, 2006; Ito et al., 2013b). An excellent summary of the complexity of these various
roles of melanin is depicted in the melanin mock-up of the six blind people (scientists)
that set out to describe an elephant (melanin) below Figure 2 (Hill, 1992). All of these

properties of melanin are important to this thesis and are presented briefly.
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Figure 2: The six scientists examine melanin

Summary of the various roles of melanin reproduced from Hill, 1992. This image details
the scientists that study melanin — each with only partial knowledge of its attributes.

Pigments like melanin contain at least one chromophore — a chemical group that
can absorb a specific wavelength of visible light. Melanin is unusual in that it can absorb
light over a wide spectral range. This absorption is featureless and increases
monotonically as wavelengths decrease in the ultraviolet-visible (UV-Vis) range (Crippa
et al.,, 1978; Nofsinger et al., 2002; Simpson et al., 2014). This is likely the result of many
chromophores within the heterogeneous aromatic pigment absorbing at overlapping
wavelengths through an extended span of the spectra, reflection, and scattering

(Nofsinger et al., 2002; Meng and Kaxiras, 2008; Simpson et al., 2014).
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The eu- and pheomelanin composition of the melanosomes in an organism is
directly related to the coloration observed. Take for example human hair color; all hair
colors from black to blond contain a constant level of pheomelanin (0.85-0.99 ug per mg),
but varying levels of eumelanin (Ito and Wakamatsu, 2011). The eumelanin to
pheomelanin ratio decreases with lighter hair phenotypes and is approximately 26, 17,
12, 10, and 5 for black, dark brown, medium brown, light brown, and blond hair,
respectively (Ito and Wakamatsu, 2011). Red hair differs: its eumelanin and
pheomelanin concentrations are nearly equal and its pheomelanin concentration is 4.7
ug/mg — much higher than the other hair phenotypes (Ito and Wakamatsu, 2011). The
quantity and distribution of pheomelanin and eumelanin is also the predominant
control on the coloration of eyes and bird feathers (Prota, 1992; Ito and Wakamatsu,
2003; McGraw and Wakamatsu, 2004; Peles et al., 2009).

The colors imbued by melanin are important in sexual and social display,
camouflage, and defense against predators. The feather-melanin distribution of male
Mallards for example is effected by the concentration of circulating testosterone (Haase
et al.,, 1995). These elevated testosterone levels are associated with higher pheomelanin
concentrations in certain body regions of the male Mallards and has been proposed to
increase mating success (Haase et al., 1995; McGraw and Wakamatsu, 2004). One
tangible example of defense against predators and camouflage is the black, eumelanin

ink spray of cephalopods. In response to a predator approach, cephalopods expel their
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ink in the direction of their would-be attacker (Derby and Aggio, 2011). The ink
expulsion lends to a rapid escape while the ejected ink cloud obscures the escape route
and acts as an intra-specific alarm cue for nearby cephalopods (Derby and Aggio, 2011).

These roles of melanin are of particular interest in the study of fossilized
organisms. Resolving the color patterns of extinct species may provide key insights into
the natural selection processes at work during crucial evolutionary periods (Wogelius et
al., 2011; McNamara, 2013). It may also help discern the functional evolution of melanin
and its role in sexual selection, camouflage, and defense mechanisms of ancient
organisms (Wogelius et al., 2011; McNamara, 2013).

The broad-band absorption of melanin from the visible range to the UV also
plays a critical role in its photoprotective functions (Kollias et al., 1991). Melanin serves
as a barrier to decrease UV penetration through the epidermis by scattering UV
radiation (Brenner and Hearing, 2008). This UV protection has been linked to the
diminished incidence of skin cancer in dark-skinned populations (Halder and Bang,
1988; Gilchrest et al., 1999). In addition to providing a UV filter, melanin also scavenges
reactive oxygen species formed during exposure to UV light (Meredith and Sarna, 2006;
Sarna and Swartz, 2006; Brenner and Hearing, 2008). As a result, melanin can diminish
the negative downstream effects of these reactive oxygen species on cellular processes

(Meredith and Sarna, 2006; Sarna and Swartz, 2006; Brenner and Hearing, 2008).
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Though its discussion is beyond the scope of this dissertation, it is important to
mention that melanin also has photosensitizing properties. Melanin generation of
reactive oxygen species is related to the aggregation of the oligomeric constituents of the
pigment, unaggregated oligomers are more likely to generate these species upon aerobic
photoexcitation than aggregated oligomers (Chedekel et al., 1980; Sarna and Sealy, 1984;
Nofsinger et al., 2002). This photosensitization is particularly pronounced for
individuals with a high concentration of pheomelanin pigmentation and has been linked
to increased sensitivity to skin cancers for light-skinned and haired individuals
(Chedekel et al., 1978; Wenczl et al., 1998; Wakamatsu et al., 2012). These
photoprotective and photosensitizing roles of melanin thus have interesting
evolutionary implications.

Finally, melanin is capable of binding a variety of biologically important metal
ions (Potts and Au, 1976; Liu et al., 2004; Liu and Simon, 2005; Hong and Simon, 2006;
Hong and Simon, 2007). Metals coordinate to the carboxyl, phenolic hydroxyl, and
amine groups inherent to melanin’s structure (Hong and Simon, 2006; Hong and Simon,
2007). Eumelanin is an especially efficient metal binder with an affinity for critical metal
ions like Ca(II), Cu(II), Fe(Il), and Fe(Ill) (Prota, 1992; Hong and Simon, 2007). Melanin
is thought to function in part as a metal reservoir — important for the homeostasis of
Ca(Il) and as a tight metal binder for toxic metal ions like Cu(II), Fe(II) and Fe(III) that

lead to the production of reactive oxygen species when unbound (Sarna, 1992; Zareba et
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al.,, 1995; Boulton, 1998). The ability of melanin to bind relatively high concentrations of
these metal ions becomes increasingly important during the search for chemical

signatures to identify melanin in fossil organisms herein.

1.4 Overview of this dissertation

In this dissertation the chemical and physical properties of modern melanins
were probed and compared to the black pigmentation and associated sediment of four
fossilized ink sacs. The pigment and sediment associated with these fossilized ink sacs
was analyzed with a diverse array of chemical techniques. Chapter 2 details the
instrumentation used to analyze this pigmentation. An example of the physical and/or
chemical data derived from each technique and a summary of the properties they
elucidate are described therein.

Chapter 3 presents the analysis of the black pigmentation of two intact > 160
million year old (Mya) Jurassic cephalopod ink sacs from two different sites in the
United Kingdom (UK). The chapter details the discovery that the black pigmentation is
preserved eumelanin (Glass et al., 2012). The chemical and physical similarities of the
fossil ink to modern ink from the common cuttlefish, S. officinalis, are also discussed.
Differences between the cross-linking of fossil and modern melanins are also detailed
and explored (Ito et al., 2013b). The morphology, identity, and quantity of eumelanin in

the fossil ink sacs were established by the techniques that follow.
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(1) Scanning electron microscopy (SEM) was used to examine the size and overall
morphology of the eumelanin from the fossil inks and compare it modern S. officinalis
ink. (2) Alkaline hydrogen peroxide oxidation was used to identify and quantitate the
melanin in the fossil ink and associated sediments by breaking melanin down into
distinct chemical markers associated with its monomeric precursors. (3) These markers
were further confirmed by exact mass measurements using high-performance liquid
chromatography-mass spectrometry (HPLC-MS). (4) The absorbance at 500 nm of
melanin solubilized in Soluene-350 was also provided as a rapid alternative to
quantitation by alkaline hydrogen peroxide oxidation. (5) Electron paramagnetic
resonance spectroscopy (EPR), a technique that probes the electronic properties of a
material, was then used to nondestructively verify the presence of eumelanin and
absence of pheomelanin.

To provide further insights into the chemistry of the fossil material and to
compare it to modern melanin, we performed an additional suite of techniques. (1) To
quantitate the amount of key organic residues in fossil - C, N, O, and H — elemental
analysis was performed. (2) In order to characterize the preserved organic chemical
groups in the fossil melanin, Fourier transform infrared spectroscopy (FTIR) spectra
were recorded. (3) X-ray photoelectron spectroscopy (XPS) survey scans and high-
resolution carbon scans were then taken to establish the percent of a wider-range of

elements on the surface of the fossil material and to identify the binding interactions of
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the carbon within. (4) Finally, Carbon-13 Cross-Polarization Magic Angle Spinning
Solid-State Nuclear Magnetic Resonance Spectroscopy (*C CP-MAS SSNMR) confirmed
that the functional groups established by FTIR and XPS pervaded the bulk of the fossil
inks and were not present in similar quantities in the fossil sediments.

Chapter 4 uses the suite of chemical techniques described in Chapter 2 to
compare the melanin of two fossil ink sacs from the UK analyzed in Chapter 3 to the
melanin of two fossils ink sacs from Germany. In this chapter the effect of diagenesis
and maturation on the physical and chemical preservation of eumelanin are explored
and constraints are proposed for the survival of eumelanin in the fossil record (Glass et
al.,, 2013). To do so, all of the techniques used in Chapter 3 in addition to the techniques
that follow were used to analyze the fossil inks and associated sediments. The
techniques used in Chapter 3 SEM, alkaline hydrogen peroxide oxidation, HPLC-MS,
optical absorption at 500 nm, and EPR were performed to determine the presence and
morphology of eumelanin in the German fossil inks while elemental analysis, FTIR, XPS,
and *C CP-MAS SSNMR were used to ascertain the chemistry of the fossils. In addition,
(1) Pyrolysis-Gas Chromatography-Mass Spectrometry (py-GC-MS) was used to
ascertain the extent to which the fossil inks from the UK and Germany were
diagenetically modified / transformed relative to modern coleoid ink and (2) Rock-Eval
Pyrolysis was used to analyze the sediments associate with each fossil ink and

chemically profile their burial sites.
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Chapter 5 examines proteins preserved in melanin in fossil melanin. The
following techniques are used to analyze the amino acid profile of these proteins. (1)
Amino acid analyzer was first used to establish the presence of protein in the fossil
melanins analyzed in Chapter 3 and Chapter 4. (2) Statistical analysis of the data
indicated that the amino acid composition of fossil ink was not significantly different
from that of modern cephalopod ink. (3) Gas chromatography-mass spectrometry
(GCMS) of the hydrolyzed proteins from the fossil inks after derivatization with a chiral
reagent revealed that the amino acids from the fossil inks have undergone a degree of
racemization, which confirmed the ancient origin of the amino acids. After introducing
this new field of fossil study, the future research directions and conclusions of this

dissertation are presented.
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2. Techniques to characterize eumelanin

2.1 Introduction to the techniques commonly used to study
eumelanin in modern and fossil systems

Despite many decades of work, the complete macromolecular structure of
melanin remains a mystery (Prota, 1992; Meredith and Sarna, 2006; Ito et al., 2011).
Melanins form through seemingly random polymerization of known monomeric
precursors into complex heterogeneous biopolymers. These biopolymers are insoluble in
virtually any solvent, which makes them difficult to analyze using common
characterization techniques. As a result, a myriad of alternative techniques have been
developed / utilized to study melanin as a solid powder or to break melanin down and
study its molecular markers. Many of these techniques are necessary to characterize
eumelanin in fossil and modern systems. In this chapter the techniques that will
reappear throughout this dissertation are introduced, the instrumentation required is
described, and utility of each is detailed. In the materials and methods sections of the
specific studies that follow (Chapter 3 and 4), the particular conditions used for each

technique are detailed.

2.2 Scanning electron microscopy imaging of melanin

Scanning electron microscopy (SEM) is an imaging technique capable of probing
the surface of diverse materials with a resolution down to about 1 nm (Zhang, 2009b).

This image resolution depends on how the electron probe interacts with a given
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specimen (Zhang, 2009b). The high-resolution capability afforded by SEM makes it a
convenient method to probe the nanoscopic surface features and microscopic
morphology of melanin granules and melanosomes.

Figure 3 shows a schematic of a standard scanning electron microscope (Zhou et
al.,, 2007). At the top of the schematic is an electron gun. The electron gun produces a
stream of electrons that are focused by the first condenser lens denoted CL (Zhang,
2009b). A second condenser lens then controls the size of the electron beam and focuses
it on the objective lens (OL). The objective lens focuses the electron beam on the sample
while the objective aperture eliminates any inappropriately angled electrons from the
beam (Zhang, 2009b). Interaction between the electron beam and the sample surface
produces three types of signal: secondary electrons (SE), back scattering electrons (BSE),
and X-rays.

The most relevant signal for imaging the sample surface with SEM comes from
secondary electrons. Secondary electrons are produced when the electron beam hits the
surface of the sample (within the top few nanometers) and causes sample atoms to
ionize (Zhou et al., 2007). These loosely bound electrons are emitted as a result of the
bombardment. The electrons are then collected by the detector and converted into
photons by a scintillator (Zhou et al., 2007). The scintillator is coupled to a

photomultiplier tube (PMT), an electronic light sensor, which absorbs the photons,
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multiplies the resulting current, and gives an output voltage. That voltage is then

amplified and displayed as an SEM image (Zhou et al., 2007).
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Figure 3: A schematic of a scanning electron microscope

The instrument consists of an electron gun, lens column, scan coils, sample chamber,
and detection center. Additional components are labeled on the image above. Reprinted
from: Zhou, W.; Apkarian, P.; Wang, Z. L., and Joy, D. (2007) Fundamentals of scanning
electron microscopy. In: Scanning Microscopy for Nanotechnology: Techniques and
Applications (Zhou, W. and Wang, Z. L., Eds.) pp. 1-40. New York: Springer. The original
image was provided courtesy of JEOL, USA (Zhou et al., 2007).

Analysis of melanin samples by SEM is complicated by the fact that melanins are
relatively nonconductive specimens composed of low atomic number elements (Oliveira
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et al., 2000; Zhou et al., 2007). Charge builds up on the surface of these insulating
samples when an electron beam scans them because the charge cannot dissipate (Zhou
et al., 2007). As a result, the images are blurred and distorted. In order to reduce these
effects and increase image contrast, conductive metals like gold (Au) and palladium (Pd)
are sputter coated — evaporated as a film layer with controlled thickness — onto the
specimen surface in an argon atmosphere (Liu and Simon, 2005; Zhou et al., 2007). The
precise methods used to metal-coat and analyze melanin samples are detailed in

Chapter 3 and 4.

2.3 Introduction to alkaline hydrogen peroxide oxidation

Biopolymers like proteins and polysaccharides are composed of specific
monomers interlinked by C-N and C-O covalent bonds that are broken easily through
chemical methods (Ito, 2003). Characterization of the structure of melanins is more
difficult because melanins are formed by the interlinking of a variety of subunits
through intractable C-C bonds (Ito, 2003). Interest in probing the molecular composition
of melanin pigments led to the development of protocols that oxidize or reduce
melanins to unique degradation markers (Panizzi and Nicolaus, 1952; Prota, 1992; Ito
and Wakamatsu, 2003; Ito et al., 2011; d'Ischia et al., 2013). Once identified and
quantified, these degradation markers can be related back to the composition of the

original pigment.
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Analytical methods to determine the molecular composition of melanin in this
manner were refined by Shosuke Ito and are currently used to characterize melanin in a
wide array of biological samples (Ito and Fujita, 1985; Wakamatsu and Ito, 2002; Ito and
Wakamatsu, 2003; Wakamatsu et al., 2009; Ito et al., 2011). Although many different
degradation methods have been developed, only alkaline hydrogen peroxide oxidation
will be described here. It is important to note that the alkaline hydrogen peroxide
oxidation products of melanin discussed below are unique and have never been
produced by the alkaline hydrogen peroxide oxidation of any other biological material
(Pezzella et al., 1997; Ito et al., 2011).

Alkaline hydrogen peroxide oxidation allows concomitant analysis of the
eumelanin and pheomelanin content of a sample (Ito et al., 2011; d'Ischia et al., 2013).
When exposed to alkaline conditions of either 1M sodium hydroxide (NaOH) or 1M
potassium carbonate (K2COs) with hydrogen peroxide (H202), eumelanins produce the
degradation markers pyrrole-2,3-dicarboyxilic acid (PDCA) and pyrrole-2,3,5-
tricarboxylic acid (PTCA) shown in Figure 4 (Piatelli et al., 1962; Ito and Fujita, 1985;
Wakamatsu and Ito, 2002; Ito et al., 2011). These markers can be used to infer the
distribution of 5,6-dihydroxyindole (DHI) and 5,6-dihydroxyindole-2-carboxylic acid
(DHICA), respectively (Figure 1) (Piatelli et al., 1962; Ito and Fujita, 1985; Wakamatsu
and Ito, 2002; Ito et al., 2011). Additional alkaline hydrogen peroxide oxidation products

of eumelanin, pyrrole-2,3,4-tricarboxylic acid (isoPTCA) and pyrrole-2,3,4,5-
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tetracarboxylic acid (PTeCA), have recently been discovered (Ward et al., 2008; Glass et
al.,, 2012; Ito et al., 2013b). IsoPTCA and PTeCA are likely the product of DHI that is
cross-linked over time at the C2 and C3 positions or the C3 position alone as mentioned

and depicted in Chapter 3, Figure 15 (Ito et al., 2013a; Ito et al., 2013b).
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Figure 4: Alkaline hydrogen peroxide oxidation of eumelanin and pheomelanin

On alkaline hydrogen peroxide oxidation, DHI-units of eumelanin give pyrrole-2,3-
dicarboxylic acid (PDCA) and DHICA-units give pyrrole-2,3,5-tricarboxylic acid
(PTCA). Alkaline hydrogen peroxide oxidation of pheomelanin yields thiazole-2,4,5-
tricarboxylic acid (TTCA) and thiazole-4,5-dicarboxylic acid (TDCA) from the
component benzothiazole-units and 6-alanyl-2-carboxy-4-hydroxybenzothiazole (BTCA-
5) and 7-alanyl-2-carboxy-4-hydroxybenzothiazole (BTCA-2) from the benzothiazine -
units. These structures were reproduced with permission (Ito et al., 2011).
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Under the same oxidation conditions pheomelanin breaks down to: 6-alanyl-2-
carboxy-4-hydroxybenzothiazole (BTCA-5 or BTCA), 7-alanyl-2-carboxy-4-
hydroxybenzothiazole (BTCA-2), thiazole-2,4,5-tricarboxylic acid (TTCA), and thiazole-
4,5-dicarboxylic acid (TDCA) shown in Figure 4 (Prota, 1992; Ito and Wakamatsu, 2003;
Panzella et al., 2007; Greco et al., 2009). While TTCA and TDCA are specific markers for
benzothiazole-units, BTCA-5 and BTCA-2 are related to the quantity of benzothiazine-
units in pheomelanin pigment (Napolitano et al., 2000; Greco et al., 2009; Wakamatsu et
al., 2009; Ito et al., 2011; Wakamatsu et al., 2012).

The concentration of oxidation products of a sample pigment is determined
using a high-performance liquid chromatography (HPLC) system equipped with an
ultraviolet (UV) detector (Wakamatsu and Ito, 2002; Ito et al., 2011). Briefly, sample
degradation mixtures are directly injected onto an HPLC system. To determine the
concentration of each degradation marker in a sample mixture, the UV peak areas of
synthesized degradation markers at various concentrations are determined and
calibration curves are prepared (Ito et al., 2011). Peak areas of the degradation markers
in a sample mixture are then determined and compared to the calibration curves to find
the concentration of each degradation marker (Ito et al., 2011). These degradation
markers can be related back to the molecular composition of the sample pigment.
Detailed step-by-step alkaline hydrogen peroxide oxidation protocols are outlined in

Chapter 3 and 4. Shosuke Ito and Kazumasa Wakamatsu performed all of the alkaline
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hydrogen peroxide oxidation experiments mentioned herein at the Fujita School of
Health Sciences in Japan. Additional analyses of degradation markers were performed

at Duke University (see Chapter 3).

2.4 Electron paramagnetic resonance spectroscopy (EPR)

Electron paramagnetic resonance spectroscopy (EPR), also known as electron
spin resonance spectroscopy (ESR), is useful for probing the electronic properties of a
material. In this form of spectroscopy, molecules that contain unpaired electron spins
absorb electromagnetic radiation of microwave frequency (9.5 GHz for the work herein)
(Drago, 1992). In EPR, two different energy states (ms = + 2) result when the unpaired
electron spin moments of a sample align with an applied magnetic field (Drago, 1992). A
transition between the energy states occurs when microwave radiation is applied (Figure
5) (Drago, 1992). EPR is based on measuring these transitions (Zhang, 2009b). Most
bulk materials are EPR silent — their net electronic spin is zero so no transitions can be
measured (Zhang, 2009b). Melanins are unusual in that they exhibit an EPR signal in the
bulk — a clear indication that free radical centers are present in the material (Sealy et al.,

1982; Meredith and Sarna, 2006).
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Figure 5: Illustration of electron spin transitions under an external magnetic field

The interaction of unpaired electron spin moments with an applied magnetic field
produces two different energy states (ms = + %2). The difference between the two energy
states AE or hv is equal to the product of: (1) the g value, a unique property of each
paramagnetic material, (2) the Bohr magneton (us), which has a value of 9.274096 x 108
Joules (J) per Gauss (G), and (3) the magnetic field applied (Bo) (Drago, 1992; Zhang,
2009b; Brynda, 2010). When no magnetic field is applied the electrons spin states are
degenerate.

The principle of EPR is illustrated and the transition energy equation used to
characterize a material of interest with EPR is shown in Figure 5. As detailed in the
caption of Figure 5, the difference in energy between the electron spin moments when a
magnetic field is applied is equal to the product of Plank’s constant, 6.626 x 10 J sec (h)
and the frequency in Hz (v) (Drago, 1992; Zhang, 2009b; Brynda, 2010). The hv in turn is
equal to the product of the g value, an intrinsic property of a given paramagnetic
material; the Bohr magneton (us), which has a value of 9.274096 x 10 J/G; and the

magnetic field applied (Bo).
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Figure 6: Determination of the linewidth of a S. officinalis eumelanin EPR spectrum

The linewidth of an EPR signal, like that of S. officinalis eumelanin shown, is the width of
the sample’s absorption peak.

The EPR experiments used to determine the characteristic g-values and
linewidths (Figure 6) of solid melanin samples were carried out at X-band frequency (9.5
GHz). To run the EPR experiment discussed in Chapter 3 and 4, small quantities of
melanin (~1 mg) were placed in glass EPR tubes. Each melanin sample was exposed to
microwaves at the fixed 9.5 GHz frequency while the magnetic field was swept (Drago,
1992). To accurately set the field sweep, a standard of diphenylpicrylhydrazide (DPPH)
with a known g-value of 2.0037 + 0.0002 was used (Drago, 1992). Since the field sweep is
assumed to be linear, the g-values of the melanin samples could be calculated relative to
this standard (Drago, 1992). The origin of the EPR signal in the melanin samples
analyzed, the instrumentation used, and the g-values and linewidths determined are
discussed in Chapter 3 and 4. Paul Angiolillo and Jeff Rawson helped acquire all of the

EPR data.
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2.5 Estimation of melanin content with optical absorption

Melanins absorb light throughout the ultraviolet-visible (UV-Vis) range of the
electromagnetic spectrum (Kollias et al., 1991; Ozeki et al., 1996b; Wakamatsu and Ito,
2002). The featureless broad absorption spectrum of melanin is unusual for organic
chromophores, which typically contain absorbance peaks that correspond to distinct
transitions between energy levels of the absorbing species (Wolbarsht et al., 1981;
Meredith and Sarna, 2006). The absorption spectrum of melanin is still worth
considering. When a sample is not known to contain melanin or instrumentation is
limited, a rapid absorption experiment is often performed to estimate the total amount
of eumelanin and pheomelanin present (Ozeki et al., 1996b; Wakamatsu and Ito, 2002).

This method is very straightforward. First, the sample of interest is solubilized in
10% water and 90% Soluene-350 — a strong organic base composed of 40-60% toluene,
20-40% N-dodecyl-N,N-dimethyl-1-tetradecanaminium hydroxide, 2.5-10%
trioctylmethylammonium chloride, and 2.5-10% methanol (PerkinElmer, 2013). Next, the
sample mixture is boiled in a water bath for 45 minutes (Ozeki et al., 1996b). Finally, the
absorption spectrum of the solution is recorded from 350 to 800 nm using a UV-Vis
spectrophotometer (Ozeki et al., 1996b). Based on a large body of literature (Ozeki et al.,
1996a; Ozeki et al., 1996b; Ito and Wakamatsu, 1998; Wakamatsu and Ito, 2002), the

absorbance at 500 nm per mg of sample is considered to reflect the total amount of
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eumelanin and pheomelanin. Shosuke Ito and Kazumasa Wakamatsu measured the

optical absorption of all of the samples in this dissertation (Chapter 3 and 4).

2.6 Elemental analysis

Combustion elemental analysis of the carbon (C), nitrogen (N), and hydrogen
(H) of a sample is a useful way to access information about the molecular composition of
organic constituents. To perform combustion elemental analysis, a sample is first
weighed out into a tin capsule and introduced to a furnace at ~1000 °C in the presence of
oxygen (Thompson, 2008). When heated in this manner, the carbon in the sample is
converted to carbon dioxide (COz), nitrogen to nitrogen gas or nitrogen oxides, and
hydrogen to water (Thompson, 2008). Next, the combustion products are pushed by an
inert gas (typically helium) into a chamber with high purity copper that is heated to 600
°C (Thompson, 2008). The copper converts nitrogen oxides to nitrogen gas and removes
any residual / unreacted oxygen from the gaseous sample mixture (Thompson, 2008).
Finally, the carbon dioxide, nitrogen gas, and water are separated by gas
chromatography and detected by thermal conductivity detection (Thompson, 2008). The
resulting peaks are quantified by comparison to calibration curves of high purity
standard compounds. Takayuki Sota and Atsushi Nakamura performed the elemental

analysis experiments described in this dissertation (Chapter 3 and 4).
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2.7 Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) is a versatile chemical technique
that is used in Chapter 3 and 4 to characterize the functional groups in fossil samples,
sediments, and related standards. IR spectroscopy is fairly straightforward: a sample is
placed in the path of an IR beam, various frequencies of IR light are transmitted through
the sample, and the transmitted light is measured (Sherman Hsu, 1997; Zhang, 2009a).
Each sample is composed of molecules that have specific vibration frequencies. If the
frequency of IR light is equal to the specific vibration of a molecule, then that molecule
absorbs the light (Sherman Hsu, 1997).

As a sample absorbs light at different frequencies, the intensity of the transmitted
light is reduced. When the intensity of the transmitted light is plotted as a function of
frequency it results in a spectrum of sample absorbance (Zhang, 2009a). This spectrum
gives information about the specific vibration frequencies of the sample, which can both
help identify the functional groups and provide a fingerprint of an unknown sample.
Additional details for the IR methodology used herein are provided in Chapter 3 and 4.
Takayui Sota and Atsushi Nakamura performed all of the FTIR experiments mentioned

in this dissertation.

2.8 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for

chemical analysis (ESCA), is a useful technique for characterizing the chemical
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composition of a sample. XPS is based on the measurement of the kinetic energy and
quantity of photoelectrons produced when a sample is bombarded with monochromatic
X-rays under ultrahigh vacuum (UHV) (Figure 7) (Schweitzer et al., 2008; Zhang, 2009b).
All electrons on the sample surface (top 5-10 nm) that have a binding energy less than
the energy of the X-ray radiation are ejected (Swartz, 1973). These photoelectrons are
collected by an electron analyzer, which measures their kinetic energies.

Although kinetic energy is measured, the data output of an XPS experiment is
binding energy in electron volts (eV). Kinetic energy (KE) is related to binding energy
(BE) by the following equation: BE = Energy Final (Ef) — Energy Initial (Ei) = hv — KE
(Swartz, 1973; Zhang, 2009b). In this equation, the Ei is the energy of an atom prior to
excitation with an X-ray photon with energy (hv) while the Es is the final energy of the
atom following excitation (Zhang, 2009b). Since the photon energy is known based on
the X-ray radiation source used — in Chapter 3 and 4 Al Ka (1486.6 eV) was used for
excitation — and the kinetic energy is measured during the course of an experiment, the
binding energy can be determined (Zhang, 2009b). By convention, the XPS data is

reported in terms of binding energy to facilitate lab-to-lab data comparison.
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Figure 7: Schematic diagram of an XPS experiment

An X-ray source illuminates a sample and excites atoms within. Following illumination,
excited atoms near the surface of the sample (top 5-10 nm) emit photoelectrons, which
are analyzed. A high-resolution photoelectron spectrum of carbon in a melanin

specimen is shown. Figure was altered and reproduced with permission (Zemlyanov,
2011).

The binding energies of the electron orbitals of an element are specific and
characteristic thus the peaks of a photoelectron spectrum correlate with identifiable
atoms on the surface of a sample (Zhang, 2009b). Two different types of photoelectron
spectra that can be acquired during an XPS experiment were used in the studies outlined

in Chapter 3 and 4. The first is a survey scan, which identifies the atomic percentage of
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all of the elements present on the surface of a sample (Clark et al., 1990). The second is a
high-resolution scan of a particular element in a sample. The binding energies of core
electrons (i.e. carbon 1s electrons) are affected by the valence electrons and thereby the
bonding environment of an atom (Swartz, 1973). The resulting binding energy shifts in
the photoelectron spectrum can be used to extract information about the chemical
bonding of molecules and the oxidation state of an atom (Figure 8) (Swartz, 1973;

Schweitzer et al., 2008; Abbas et al., 2009; Zhang, 2009b).
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Figure 8: High-resolution C1s scan of synthetic melanin

Deconvolution of an example high-resolution C1s scan of synthetic melanin. The
chemical shift and photoemission intensity of the component bonding environments of
melanin are shown. Altered and reproduced with permission (Abbas et al., 2009).
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2.9 Rock-Eval pyrolysis

Rock-Eval pyrolysis experiments characterize the type and origin of sedimentary
organic matter and the thermal maturity of organic rich rocks (Espitalie et al., 1977;
Delvaux et al., 1990; Yalgin Erik et al., 2006; McCarthy et al., 2011). Thermal maturity
measurements indicate the maximum temperature a rock has experienced and the
degree to which organic matter has transformed (McCarthy et al., 2011). Transformation
of organic matter occurs in the following order over time under conditions
(heat/pressure) that depend on burial site and depth: (1) original organic material, (2)
insoluble organic material (kerogen), (3) petroleum and bitumen (thermally degraded
kerogen), and (4) simplification of petroleum to oil, wet o0il, and finally dry gas
(McCarthy et al., 2011). Rock-Eval measurements can indicate the original source of
organic material (i.e. lake algae, deep sea plankton, terrestrial plant debris) and screen
the petroleum generation and fossil preservation potential of sediments (McCarthy et al.,
2011). For fossil preservation, burial sites that have undergone limited maturation are
preferred while for petroleum generation, a moderate degree of maturation is optimal.

The first step of a Rock-Eval pyrolysis experiment is pyrolysis — a chemical
degradation reaction initiated by thermal energy — of pulverized sediment samples in an
inert atmosphere like N2 (Hiibschmann, 2009; McCarthy et al., 2011). The samples
analyzed herein were carefully weighed and heated in stages (Glass et al., 2012; Glass et

al., 2013). First, they were heated to 300 °C and the temperature was held constant for a
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few minutes (Glass et al., 2012). Isothermal heating at 300 °C releases free oil and gas
(hydrocarbons) from sample sediments (McCarthy et al., 2011). This produces a peak —
S1 - that represents the milligrams of free hydrocarbon generated from one gram of
sample (Espitalie et al., 1977; Delvaux et al., 1990; McCarthy et al., 2011).

Then, the samples were heated further to 850 °C at 25 °C/min (Glass et al., 2012).
During this heating stage, kerogen and complex organic molecules are broken down to
simpler hydrocarbons that are released from the sediment. This produces a peak — 52 —
that represents the milligrams of hydrocarbons evolved following thermal breakdown of
kerogen / organic constituents per gram of sediment (Espitalie et al., 1977; Delvaux et al.,
1990; McCarthy et al., 2011). The temperature at which the maximum amount of
hydrocarbon is released (Tmax) at S2 depends on the level of maturation the organic
material in the sediment has undergone. As the heating program temperature
approaches 850 °C, a third peak — S3 — that corresponds to the CO:released from the
kerogen / organic mater is also recorded in mg/g of sediment (McCarthy et al., 2011).
The total organic content of the sediments (TOC) was also analyzed to rapidly screen the
sediments for their organic richness and fossil preservation potential (McCarthy et al.,
2011; Glass et al., 2012). All hydrocarbons were detected with a flame ionization detector
(FID) while infrared detectors measured the released CO: (Glass et al., 2012).

Each value derived from Rock-Eval pyrolysis gives important information about

the sediments. The two measurements that are used in Chapter 4 to compare fossil
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burial sites are the hydrogen index (HI) and the temperature of maximum pyrolysis
yield (Tmax). The HI, defined as 100 x S2 / TOC, is directly related to the amount of
hydrogen within sediment kerogen. HI values > 400 mg HC/g TOC indicate the
preservation of organic rich matter (Prauss et al., 1991; Glass et al., 2013). For Tma,
temperatures between 400 °C and 430 °C indicate immature sediments that have not
undergone substantial maturation (Espitalie et al., 1977). This is ideal for the
preservation of organic material in fossils. A Tmaxbetween 435 °C - 445 °C represents a
mature or oil zone that will generate petroleum, while a Tmax > 450 °C is indicative of an
overmature zone that will neither produce petroleum nor preserve fossils (Espitalie,
1986; Prauss et al., 1991). Other values derived from Rock-Eval pyrolysis are beyond the
scope of this dissertation. It is important to note that Suryendu Dutta and Roger E.
Summons acquired and analyzed all of the Rock-Eval pyrolysis data discussed herein

(Chapter 4).

2.10 Pyrolysis gas chromatography—mass spectrometry (Py-
GC-MS)

Pyrolysis (Py) is often coupled with gas chromatography-mass spectrometry
(GC-MS) to analyze difficult samples (Hiibschmann, 2009). As with other varieties of
mass-spectrometry, Py-GC-MS exploits the fact that every molecule fragments into a
unique chemical fingerprint that can be identified with high-resolution mass analysis
(Schweitzer et al., 2008; Hiibschmann, 2009). One benefit of Py-GC-MS is that samples

do not need to be extracted from their matrix (Schweitzer et al., 2008). However, since
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Py-GC-MS only gives information about the bulk sample, signals derived from the
matrix cannot be confidently identified without either analyzing the matrix alone or
knowledge of related matrices (Schweitzer et al., 2008; Hiibschmann, 2009).

In Py-GC-MS, samples are rapidly heated to ~600 °C in order to cleave and
volatize their molecular components while minimizing thermally induced side reactions
(Schweitzer et al., 2008; Hiibschmann, 2009). The sample fragments are then separated
by mass using gas chromatography and identified by mass spectrometry (Schweitzer et
al., 2008). The components of a sample can either be characterized by individually
identifying each pyrolysis product or by comparing sample traces (spectrograms /
pyrograms) containing all of the fragment peaks to known standards (Schweitzer et al.,
2008; Hiibschmann, 2009). Roger E. Summons, Kristen E. Miller, and Suryendu Dutta

acquired and analyzed all of the Py-GC-MS data (Chapter 4).

36



3. Chemical evidence for Jurassic eumelanin pigment

3.1 The current state of melanin analysis in the fossil field

Until the last decade, melanin was studied primarily in the feathers, melanoma
lesions, and pigmented regions of modern organisms. Melanin was not known to persist
in the fossil record — it was presumed lost with other primary organic components
(proteins, lipids, DNA etc.) of ancient life (McNamara, 2013). Since scientists learned of
melanin’s presence in the fossil record, new analytical techniques have been applied to
study melanin in ancient life (Vinther et al., 2008; Clarke et al., 2010; Li et al., 2010;
Vinther et al., 2010; Zhang et al., 2010; Barden et al., 2011; Wogelius et al., 2011; Glass et
al., 2012; Lindgren et al., 2012; Glass et al., 2013; Lindgren et al., 2014).

SEM, an imaging technique that enables morphological analysis of sub-micron
structures, has enabled the detection of structures that are morphologically similar to
melanin (Vinther et al., 2008; Clarke et al., 2010; Li et al., 2010; Vinther et al., 2010; Zhang
et al., 2010; Glass et al., 2012). In 2008, SEM imaging of fossil feathers revealed rod-
shaped and spherical microstructures that were interpreted as fossilized melanosomes
(Vinther et al., 2008). Since then, structures of approximately the same size and shape as
melanosomes and melanin granules have been found in an array of fossils. Using the

dimensions of these structures to extrapolate color with discriminant analysis where
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rod-shaped structures indicate black-brown eumelanosomes, while spheroidal
structures indicate reddish-brown pheomelanosomes the studies appear to offer
powerful insights into ancient coloration (Vinther et al., 2008; Clarke et al., 2010; Vinther
et al.,, 2010; Zhang et al., 2010). However, none of these early studies provided definitive
chemical evidence to support the claims, leaving the possibility that some of the
structures may actually represent the remains of bacteria, remnants of feather-keratin, or
other similarly sized microstructures (Davis and Briggs, 1995; Schweitzer, 2011;
McNamara, 2013).

In order to meet the demand for chemical evidence to prove the presence of
melanosomes and melanin granules in the fossil record, analytical techniques that
capitalize on chemical signals associated with melanin have been developed (Wogelius
et al, 2011; Lindgren et al., 2012; Manning et al., 2013; Lindgren et al., 2014). Two
techniques in particular have received considerable attention: (1) trace-metal analysis of
bound ions and (2) time-of-flight secondary ion mass spectrometry (Wogelius et al.,
2011; Lindgren et al., 2012; Manning et al., 2013; Lindgren et al., 2014).

Trace-metal analysis involves the spatial detection of metal ions such as calcium,
copper, iron, and zinc that are known to bind to melanin (Wogelius et al., 2011).
Analysis of modern melanins has shown that melanin tightly binds these metal ions and

prevents their circulation through the body (Potts and Au, 1976; Larsson and Tjalve,
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1978; Sarzanini et al., 1992; Riley, 1997; Liu et al., 2004; Liu and Simon, 2005; Hong and
Simon, 2006; Hong and Simon, 2007). Trace-metal analysis may involve a variety of non-
destructive chemical-imaging techniques: synchrotron rapid-scanning x-ray fluorescence
(SRS-XRF) gives full sample metal identification whilst x-ray absorption near-edge
structure (XANES) and extended x-ray absorption fine structure (EXAFS) provide
localized metal-mapping (Wogelius et al., 2011; Manning et al., 2013; McNamara, 2013).
The techniques have been successfully applied to the study of melanin in fossil feathers
(Wogelius et al., 2011; Manning et al., 2013). By taking advantage of long-lived metal
ions that may continue to bind melanin post-mortem, trace-metal analysis provides a
new tool for verifying the melanic nature of microstructures identified by SEM. The
disadvantage of trace-metal analysis is that microorganisms of similar size and shape to
melanosomes are also able to absorb trace metal ions and may be misinterpreted as
melanin (Schweitzer, 2011; McNamara, 2013).

In ToF-SIMS, a beam of ions is pulsed over the surface of a sample. Ions from the
sample surface (secondary ions) are released and funneled into a mass spectrometer
where their masses are analyzed (Lindgren et al., 2012). This technique provides a non-
destructive chemical fingerprint of the sample surface. By comparing the chemical
fingerprint of a specimen of interest to a related melanin standard, it is possible to

determine whether or not a signature consistent with melanin is present (Lindgren et al.,
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2012; McNamara, 2013; Lindgren et al., 2014). ToF-SIMS has been successfully applied to
the study of melanin in fossilized reptile skin and fish eyes (Lindgren et al., 2012;
Lindgren et al., 2014). The only detriment to this technique is that the chemical
signatures of melanin in these systems may not differ substantially from melanin
derived from other sources including bacteria (Schweitzer, 2011; Glass et al., 2012).
Melanin-containing bacteria introduced during decay could replace original melanin
components, resulting in false positives.

In this chapter, we analyze cephalopod ink sacs from the Peterborough Member
of the Oxford Clay Formation (Middle Jurassic, 162 Ma) at Christian Malford, Wiltshire
(UK) and the Blue Lias Formation (Lower Jurassic, 195 Ma) at Lyme Regis, Dorset (UK).
SEM images of a specimen from each of these deposits GSM 122841 and GSM 120386
(Figure 9A and B) reveal that the ink is composed of globular granules similar in size
and shape to that of modern coleoid S. officinalis (Figure 9C-E) (Liu and Simon, 2003). As
previously mentioned, the presence of such structures alone is insufficient to prove that
melanin pigment is preserved because many microbes and minerals adopt similar
morphology (Davis and Briggs, 1995; Schweitzer, 2011).

Fortunately, melanin has a wide range of unique chemical signatures that can be
used to identify and characterize its different forms in nature (Riley, 1997; Meredith and

Sarna, 2006; Ito et al., 2011). Here we adapt these chemical approaches to verify melanin
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in GSM 122841 and GSM 120386 and to compare the preserved pigment to that of
melanin from the modern cephalopod S. officinalis. These fossils exceed the age beyond
which significant diagenetic alteration of organic compounds normally occurs and

therefore provide a test for the wider viability of melanin biomarkers in the fossil record

(Briggs, 1999).

Figure 9: Photographs and SEM images of UK specimens and S. officinalis

Photographs of intact Jurassic coleoid ink sac specimens GSM 122841 (A) and GSM
120386 (B). SEM images of S. officinalis melanin (C), GSM 122841 (D), and GSM 120386
(E). All SEM images were taken at the same magnification. The average size of the
spherical structures shown in C-E is 140 + 20 nm, 168 + 30 nm and 156 + 30 nm,
respectively, where + indicates the standard deviation. All images and data were
published previously (Glass et al., 2012).
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3.2 Materials and methods
3.2.1 Introduction to the fossil ink sacs from the United Kingdom

GSM 122841 (Figure 9A), c. 162 million years old, collected from Peterborough
Member of the Oxford Clay Formation (middle Jurassic, Upper Callovian) at Christian
Malford, Wiltshire (UK). The Peterborough Member is dominated by fossiliferous
organic-rich mudstones (Cox et al., 1992). Based on molecular analysis of the organic
matter, Hudson and Martill (1994) suggest that peak palaeotemperature may never have
exceeded 40 °C in this area (Hudson and Martill, 1994). Penn and coworkers (1986)
suggest that maximum burial in this area was only 200-300m (Penn et al., 1986).

GSM 120386 (Figure 9B), c. 195 million years old, collected from Bed 32 of the
Blue Lias Formation (early Jurassic, Lower Sinemurian) at Lyme Regis, Dorset (UK),
(Lang, 1924). The Blue Lias Formation consists of decimeter-scale cyclical alternations of
fossiliferous mudstone and tabular or nodular argillaceous limestones (Lang, 1924).
Lyme Regis is located within the Wessex Basin, a Mesozoic fault-bounded depocentre.

Both ink sacs are intact and preserved three-dimensionally. They were each
collected in situ and exposed by splitting the rock with a knife. Portions of the ink sacs
and sediments were removed by etching the surface of the fossils with the tip of a
screwdriver. These portions were then ground to a fine powder using a mortar and

pestle. S. officinalis melanin, isolated from ink sacs of S. officinalis, was obtained from
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Sigma-Aldrich (St. Louis, MO, USA). DHI and DHICA were prepared as described by
Wakamatsu and Ito with minor modifications (Wakamatsu and Ito, 1988). DHI-melanin
and DHICA-melanin were prepared by tyrosine oxidation as described by Ozeki and

coworkers with minor modifications (Ozeki et al., 1996b).

3.2.2 Scanning electron microscopy

SEM was used to characterize the morphology of fossil and contemporary ink.
0.5 mg samples were suspended in 0.500 mL of ultrapure deionized water and vortexed
for 30 s. Prior to dark storage at 4°C, 2 uL of each sample was dropped on a silicon wafer
chip (5 mm x 5 mm) and dried in the dark under N2. Samples were then mounted on a
stainless steel peg. To increase resolutions, samples were coated with a 10 nm layer of
Au/Pd by applying argon plasma for 3 min at 10 mA using a Hummer V sputter coater.
Representative images were captured on an XL-SEG/SFEG SEM operated at 5 - 10 kV in
ultra high-resolution mode with a spot size of 1.0 and working distance of 5.0 - 7.5 mm.
Dimensions of the structures captured were measured using analySIS XL DOCU
software. Images and dimensions of the fossil and S. officinalis structures are shown in

Figure 9C-E.

3.2.3 Alkaline hydrogen peroxide oxidation

To quantify the production of various pyrrole acids (PDCA, PTCA, isoPTCA,

and PTeCA) from melanin samples, alkaline hydrogen peroxide degradation was
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performed as described previously (Ito et al., 2011). In brief, ca. 1-4 mg of specimen was
taken in a 10 ml screw-capped conical test tube, to which 100 uL water, 375 uL 1 mol/L
K2COs and 25 uL 30% H20:2 (final concentration: 1.5%) were added. The mixture was
mixed vigorously at 25°C for 20 hr. The residual H20O2 was decomposed by adding 50 uL
10% Na250s and the mixture was then acidified with 140 uL of 6 mol/L HCI. The
reaction mixture was centrifuged at 4,000 g for 1 min, and an aliquot (80 puL) of the
supernatant was directly injected into the HPLC system. H20:2 oxidation products were
analyzed with the HPLC system consisting of a JASCO 880-PU liquid chromatograph
(JASCO Co., Tokyo, Japan), a Shiseido Cis column (Capcell Pak, Type MG; 4.6 x 250 mm;
5 um particle size; Shiseido, Tokyo, Japan) and a JASCO UV detector monitored at 269
nm. The mobile phase was 0.1 mol/L potassium phosphate buffer (pH 2.1): methanol,
85:15 (v/v). Analyses were performed at 45°C at a flow rate of 0.7 mL/min. Examples of
the resulting HPLC chromatograms for prepared markers of eumelanin and GSM
120386 are shown in Figure 10B and C. The concentration of the degradation markers
present in GSM 122841, GSM 120386, the background sediments of each fossil specimen,

and S. officinalis are tabulated in Table 1.

3.2.4 High-performance liquid chromatography-mass spectrometry

To confirm the identity of the degradation products PDCA, PTCA, isoPTCA, and

PTeCA by mass spectrometry, we oxidized 20 mg of fossil ink sac powder (GSM 120386)
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in 4.0 mL of 1 mol/L K2COs with 0.5 mL 30% H20:for 20 hr., extracted degradation
products with ethyl acetate after decomposition of H202 and acidification to pH 1, and
subjected the products to preparative HPLC using a Shiseido Cis column (Capcell Pak,
Type MG; 20 x 250 mm plus 3.5 mm pre-column; 5 um particle size; from Shiseido,
Tokyo, Japan) at 25°C and at a flow rate of 7.0 mL/min. The mobile phase was 0.4 mol/L
formic acid: methanol, 80:20 (v/v). The pyrrole acids were individually collected as
described above and then mass spectrometry measurements of each product was
performed with high performance liquid chromatography — time of flight mass
spectrometry (LC-MS-TOF) as described below.

A 10 pL injection of each degradation product at a concentration of 60 — 80 uM in
a 75:25 mixture of LC grade methanol and water solution, was injected onto an Agilent
1200 Series HPLC (Agilent Technologies Inc., Santa Clara, CA, USA) and separated
using a Ascents Express 5 cm x 2.1 mm x 2.7 pm Cis column (Supelco Analytical,
Bellefonte, PA, USA). The HPLC was connected with a standard ESI interface to an
Agilent Technologies 6224 time of flight mass spectrometer (MS-TOF) to obtain high-
resolution exact mass measurements.

The LC-MS-TOF was operated at a flow rate of 0.3 mL/min using a linear
gradient of 0.3% formic acid, 98% water, and 2% acetonitrile (A) and 0.3% formic acid,

98% acetonitrile, and 2% water (B) as the mobile phase. The gradient program started
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with 0% B at 0 minutes and increased to 55% B during the 13 minute program. The MS
used an electrospray ionization (ESI) source in the negative mode. The desolvation
temperature was set to 300 °C using nitrogen as the desolvation gas at 11 L/minat a
nebulizer pressure of 227.5 kPa.

Total ion chromatographs and the associated MS spectrum for the isolated
PDCA, PTCA, isoPTCA, and PTeCA markers of GSM 120386 are shown in Figure 11,
Figure 12, Figure 13, and Figure 14. The quantitative MS data for the parent ion for
each degradation product are given in Table 2. These data confirm unambiguously that
the degradation products from the fossil melanins are the pyrrole acids characteristic of
melanins.

Standards PTCA and PDCA were prepared as described in Ito and Wakamatsu
(1998) with minor modifications (Ito and Wakamatsu, 1998). Standard of PTeCA was
prepared as described by Ward and coworkers (Ward et al., 2008). The newly identified
degradation marker was prepared according to the protocol in Chapter 3.2.5.

3.2.5 Preparation of isoPTCA

A standard of isoPTCA was prepared by a chemically straightforward method as
follows. A mixture of Cu20 (104 umol, 15 mg) and 1,10-phenanthroline (200 pmol, 36
mg) in 4 mL of 1,4-dioxane was prepared and placed under an argon atmosphere. Ethyl

isocyanoacetate (2.0 mmol, 220 pL) and diethyl acetylenedicarboxylate (2.4 mmol, 382
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uL) were added by syringe to form the reaction mixture. The mixture was heated to
100°C and stirred for 4.5 h. Once the starting material, ethyl isocyanoacetate, was fully
consumed, the reaction mixture was cooled to room temperature. The catalyst (Cu20)
was removed by filtration and the filtrate was concentrated under reduced pressure to
give a yellowish-brown oil. Flash column chromatography on silica gel (ethyl
acetate/hexane, 1:7 to 1:1) afforded triethyl pyrrole-2,3,4-tricarboxylate as a yellow oil
(489 mg, 86% yield). 'TH NMR (500 MHz, CDCls): 6 10.32 (br s, 1H), 7.49 (d, 1H), 4.41 (q,
2H), 4.32 (q, 2H), 4.28 (q, 2H), 1.40 (t, 3H), 1.33 (t, 3H), 1.31 (t, 3H). GCMS (EI): m/z 283
[M*].

A solution of triethyl 2,3,4-pyrrole tricarboxylate (0.373 mmol, 106 mg) in ethanol
(3.2 mL) was refluxed for 20 h following the addition of powdered KOH (3.73 mmol, 209
mg). The reaction was cooled to room temperature, ethanol was removed under
vacuum, and the residual product was dissolved in water (2.1 mL). A small amount of
ice was added directly to the reaction flask, and the solution was acidified to pH 0.0 - 1.0
by dropwise addition of 12 M HCl. The precipitate was then removed by filtration,
washed with water (1 ml) and dried under vacuum overnight. The resulting solid was
then purified by HPLC and characterized by mass spectrometry (MS) (10 mg, 14%
yield), MS (ESI): m/z 200 [M + H]*, 198 [M — H*] (Figure 13). This procedure is similar to

that used by Ward and coworkers (Ward et al., 2008). The yield was not optimized.
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3.2.6 Electron paramagnetic resonance spectroscopy

Eumelanin exhibits a characteristic asymmetric, 4-6 G wide single line EPR
spectra with a g value of ~2.004 at X-band (~9.5 GHz), (Meredith and Sarna, 2006). We
used a Varian Centuryline E-109 X-band EPR spectrometer interfaced with a PC using a
Platform-Independent Data Acquisition Module model 401-012 made by Scientific
Software Services (EWWIN 4.21, Plymouth, MI) with frequency measured using an EIP
Autohet frequency counter (Model 351D) to acquire the EPR spectra for fossil melanin,
fossil sediment and modern melanin samples. The EPR spectra for fossil melanins
(Figure 16A and B) are identical to that of S. officinalis melanin, and characteristic of the
free radical signal associated with melanins. The line widths and g-factors for GSM
122841 and GSM 120386 are 5.6G and 5.7G, and 2.0028 and 2.0026, respectively. The
concentration of melanin preserved in the two samples is not known and so the relative
intensity of the fossil EPR spectra does not provide information about the relative free
radical concentrations. The background sediment however was analyzed on the same
quantity of sample and plotted on the same scale as the fossil melanin to provide a
qualitative comparison of the melanin present in the pigment and sediment of each

sample.
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3.2.7 Optical absorption

Optical absorption spectra of melanin are broad and monotonic. The absorbance
of fossilized melanin, sediments and S. officinalis melanin taken at 500 nm, are compared
in Table 4. To prepare the solutions, 0.1 to 5 mg of each specimen was placed in a 10 ml
screw-capped conical test tube and 100 puL water and 900 uL Soluene-350 (from Perkin-
Elmer, Waltham, MA, USA) were added. The tubes were vortex-mixed and heated at
100°C (boiling water bath) for 15 min. This was subsequently repeated. The mixtures
were then centrifuged at 4,000 g for 3 min, and the absorption spectrum of each
supernatant was analyzed. The fossil melanins, fossil sediments, and S. officinalis
melanin all exhibit absorbance at 500 nm. The absorbance at 500 nm (Aso) provides an

estimate of the total amount of melanin in a sample (Ozeki et al., 1996b).

3.2.8 Elemental analysis

The elemental analysis — C, H, and N - of the fossil melanin, fossil sediment,
background standards for hydroxyapatite and calcium carbonate, and modern melanin
specimens was performed at The Center for Organic Elemental Microanalysis at Kyoto
University using combustion. From these data, the C, H and N ratio of the fossil melanin
and organic content of the sediment could be determined (Liu et al., 2005). The results

are given in Table 5.
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3.2.9 Fourier transform infrared spectroscopy

In preparation for IR, a portion of each sample - fossil and modern — was
compressed into a KBr pellet. IR absorption spectra of the pellet were measured using a
Fourier transform infrared (IR) spectrometer attached to a microscope (Nicolet
6700/Nicolet Continum; Thermo Scientific Inc., Waltham, MA, US). IR spectra were
measured in the wavenumber region from 700 cm™ to 4000 cm™ with resolution of 4 cm™.
The viewing area was 100 x 100 mm. Figure 17A shows the IR absorption spectra of,
GSM 122841, GSM 122841 sediment, S. officinalis melanin, hydroxyapatite and calcium

carbonate with the spectra for GSM 120386 are shown in Figure 17B.

3.2.10 X-ray photoelectron spectroscopy

The surface composition (top 5-10 nm) of fossil sediment, fossil melanin, and
contemporary melanin specimens were analyzed and compared using an x-ray
photoelectron spectrometer from Kratos Analytical Axis Ultra (Manchester, UK). A
circle of each sample (~1 cm diameter) was coated onto copper tape using a plastic
spatula. A survey scan of all of the elements available on the surface except for hydrogen
(Figure 18A shows the survey scan for the GSM 122841 sample) and a high-resolution
spectra of the 1s orbitals of C was obtained at two points on each sample. The relative
amounts of C, N, and O were determined using the peak areas and the relative

sensitivity factors of the instrumentation to C, N, and O species. The binding energy
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charge was corrected by setting the peak corresponding to C bound only to H to 285 eV.
The resulting spectra were analyzed using CasaXPS. The deconvolution of the high-
resolution scan of the C peak for the GSM 122841 sample and sediment are shown in
Figure 18B and C. The percentages of different functional groups bound to carbon,
determined by fitting the high-resolution 1s spectra of C with mixed Gaussian (30%)-

Lorentzian peaks, is presented for the fossils and S. officinalis melanin in Table 6.

3.2.11 *C cross-polarization magic angle spinning solid state NMR

BCP-MAS SSNMR spectra were acquired on a 600 MHz spectrometer available at
the NHMFL AMRIS facility at the University of Florida at Gainesville. Spectra were
acquired at a spin rate of 10 kHz using a CP contact time of 2.5 ms and a recycle delay of
0.5 s. Three characteristic spectral regions were identified as follows: 10-90ppm,
aliphatic carbons, most likely due to proteinaceous material; 90-160ppm, aromatic
carbons, including indole or pyrrole type carbons within the polymer; and 160-225ppm,
carbonyl carbon atoms from amides, carboxylates, and quinones which may be
associated with the melanin polymer as well as the proteinaceous material. We also ran
CP contact time experiments where contact time was shortened to 0.05 ms to further
differentiate protonated aliphatic carbon atoms at 90-130 ppm from non-protonated
aliphatic carbon atoms at 130 — 160 ppm. The spectrum for the GSM 122841 sample is

shown in Figure 19A; that for GSM 120386 is shown in Figure 19C. The sediment spectra
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for GSM 122841 and GSM 120386, shown in Figure 19B and D, lack the aromatic carbon

and carbonyl carbon peaks found in melanin.

3.3 Results and Discussion

The single unique assay commonly used to identify modern melanins is alkaline
hydrogen peroxide oxidation. Under the oxidation conditions described by Ito and
collaborators, melanin breaks down into distinct chemical markers associated with its
monomeric precursors (Wakamatsu et al., 2009; Ito et al., 2011). A second fundamental
method and the most used signature for melanin in physical chemistry EPR, can verify
the results of alkaline hydrogen peroxide oxidation. EPR probes the electronic properties
of a material nondestructively (Sarna et al., 1976; Sealy et al., 1982).

Alkaline hydrogen peroxide degradation was developed with an understanding
of how melanin is naturally synthesized and was refined to identify eumelanin through
the presence of specific chemical markers -DHI and DHICA (Figure 4) (Pezzella et al.,
1997; Ito and Wakamatsu, 1998). Eumelanin is generated from these chemical building
blocks which are derived from the amino acid tyrosine (Figure 1) (Simon et al., 2009).
The biologically controlled copolymerization of DHI and DHICA produce eumelanin
pigment with an unknown absolute structure (Figure 1) (Palumbo, 2003; Meredith and
Sarna, 2006). Alkaline hydrogen peroxide degradation breaks this copolymer into

unique markers (Figure 10A), PDCA, PTCA, isoPTCA, and PTeCA (Pezzella et al., 1997;
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Ward et al., 2008). These products are common only to eumelanin and have never been
produced by the alkaline hydrogen peroxide oxidation of any other biological material
(Pezzella et al., 1997; Ito et al., 2011). The chemical degradation of the fossil pigments
produces the expected markers for eumelanin (Table 1) and no evidence of the
characteristic markers for pheomelanin mentioned in Chapter 2. This is consistent with
pigment from the ink of S. officinalis, which is pure eumelanin. The sediment adjacent to
each fossil specimen was also analyzed and yielded small quantities of the degradation
markers for eumelanin ranging from 0-4.7% of the eumelanin markers found in each
fossil specimen (Table 1). This eumelanin in the background sediment is attributed to a

small leak of pigment from the ink sacs.
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Figure 10: Degradation marker structures and HPLC chromatograms

Chemical structures of the degradation products of eumelanin — PDCA, PTCA, isoPTCA
and PTeCA are shown (A). The HPLC chromatograms of prepared standards of these

markers (B) and the alkaline hydrogen peroxide oxidation products of GSM 120386(C)
are also shown.
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Table 1: Quantity of the alkaline hydrogen peroxide oxidation produces from S.
officinalis, GSM 122841, GSM 120386 and the fossil sediments

Quantity of melanin markers PDCA, PTCA, isoPTCA, and PTeCA produced by
oxidation of S. officinalis, GSM 122841, GSM 120386, GSM 122841 sediment, and GSM
120386 in ng/mg. All data was published previously (Glass et al., 2012).

Specimen PDCA PTCA isoPTCA PTeCA
S. officinalis 704 15710 390 2090
GSM 122841 58 342 47 438
GSM 120386 173 1710 245 2220
GSM 122841 sediment 1.7 2.2 <22 <13
GSM 120386 sediment 24 3.2 <39 <15

The identity of each degradation marker from fossil specimen GSM 120386 was
confirmed using high-resolution mass spectrometry to obtain exact mass measurements
(Figure 11, Figure 12, Figure 13, Figure 14, Table 2). The ratio of PTeCA/PTCA for both
GSM 122841 and GSM 120386 is greater than that of modern S. officinalis (Table 1). These
findings suggest that the PTeCA/PTCA ratio may serve as a good indicator of aging

(cross-linking) of eumelanin.
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Figure 11: Mass spectrum of the degradation marker PDCA

230 240

Mass spectrum for the alkaline hydrogen peroxide oxidation marker PDCA derived

from the fossil specimen GSM 120386. The structures associated with the parent ion and

the fragment ion of PDCA are shown on the spectrum. Exact mass data is presented in

Table 2. This spectrum was published previously (Glass et al., 2012).

56



x10 ,_
110.0238

0.954
0.94

0.85-
o.81 pyrrole-2-carboxylic acid
154 0131
0.754 HOOC

0.74 \
0 AR

uooc*”\N/
H

J
\

0.6 HOOC~ N
0.554 H

0.5+ pyrrole-2 3-dicarboxylic acid
0.454 (PDCA)

0.44 198.0027
0.354

HOOC

nng
0.254 . “‘ii N

0.24 HOOC SN’ COOH
0.154 H

0.1 pyrrole-2,3,5-tricarboxylic acid

0.054 | (PTCA)
o PP IR [ o 1 e "

" . A
20 100 0 120 130 140_ 150 160 170 180 190 200 210 220 230 240 250
Counts (%) vs. Mass-to-Charge (mvz)

Figure 12: Mass spectrum of the degradation marker PTCA

Mass spectrum for the alkaline hydrogen peroxide oxidation marker PTCA derived
from the fossil specimen GSM 120386. The structures associated with the peaks of the
parent ion and the fragment ions of PTCA are shown on the spectrum. Exact mass data
is presented in Table 2. The spectrum was published previously (Glass et al., 2012).
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Figure 13: Mass spectrum of the degradation marker isoPTCA

Mass spectrum for the alkaline hydrogen peroxide oxidation marker isoPTCA derived
from the fossil specimen GSM 120386. The structures associated with the peaks of the
parent ion and the fragment ions of isoPTCA are shown on the spectrum. Exact mass
data is presented in Table 2. The spectrum was published previously (Glass et al., 2012).
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240

Mass spectrum for the alkaline hydrogen peroxide oxidation marker PTeCA derived

from the fossil specimen GSM 120386. The structures associated with the peaks of the

parent ion and the fragment ions of PTeCA are shown on the spectrum. Exact mass data

is presented in Table 2. The spectrum was published previously (Glass et al., 2012).
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Table 2: Mass spectral data for the degradation products derived from GSM 120386

Data confirms the presence of PDCA, PTCA, isoPTCA, and PTeCA in fossil specimen
GSM 120386. Each decarboxylation results in a decrease in the mass to charge ratio of 44
m/z. Mass spectra are shown in Figure 11, Figure 12, Figure 13, and Figure 14,
respectively. All values were published previously (Glass et al., 2012).

Peak Formula Calculated m/z  Difference in ppm
PDCA 154.0137 CeHs5NO4 154.0146 5.92
110.0242 CsHsNO2 110.0248 4.95
PTCA 198.0031 C7HsNOe 198.0044 6.73
154.0135 CsHsNOs 154.0146 7.26
110.0241 CsHsNO2 110.0248 6.02
isoPTCA 198.0030 C7HsNOe 198.0044 6.88
154.0136 CsHsNOs 154.0146 6.53
110.0241 CsHsNO2 110.0248 6.19
PTeCA 241.9942 CsH5NOs 241.9942 742
198.0044 C7H5NOs 198.0044 7.71
154.0146 CeHs5NO4 154.0146 8.17
110.0248 CsHsNO2 110.0248 7.06

Increase in this PTeCA/PTCA ratio also occurs when 1:1 DHI:DHICA synthetic
eumelanin is exposed to elevated temperatures for prolonged periods, and so we
attribute the increased concentrations of the PTeCA marker in the fossil samples to
cross-linking in the eumelanin subunits as a consequence of diagenesis and thermal
maturation during sedimentary burial Table 3. A proposed mechanism for this cross-

linking developed by Ito and coworkers is summarized in Figure 15 (Ito et al., 2013b).
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Table 3: Chemical analysis of synthetic 1:1 DHI:DHICA eumelanin before and after
exposure to 100 °C and 40 °C

Analysis of the alkaline hydrogen peroxide oxidation markers for synthetic 1:1
DHI:DHICA eumelanin before and after exposure to 100 °C for 18 days before and after
exposure to 40 °C for 70 days. All data was published previously (Glass et al., 2012).

Specimen PDCA PTCA PTeCA  PTeCA/PTCA
Before heating at 100 °C 1690 27710 3180 0.11
After heating at 100 °C 960 8720 9220 1.06
Before heating at 40 °C 1010 27500 2510 0.09
After heating at 40 °C 970 18800 4280 0.23
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Figure 15: Structural modification of eumelanin during aging (heating) and

degradation by alkaline hydrogen peroxide oxidation

On alkaline hydrogen peroxide oxidation [denoted as (O)], the DHICA moiety in
eumelanin gives PTCA in a high yield whereas the DHI moiety gives PTCA and PDCA
in relatively low yields (Ito et al., 2011). During aging (mimicked by heating), the DHI
moiety undergoes cross-linking at either the C2 or C3 position, whereas the DHICA
moiety undergoes decarboxylation followed by cross-linking at either the C2 or C3
position. Additional cross-linking affords aged melanin with connections at both the C2
and C3 positions as the final product. These decarboxylated and aged melanins give rise
to PDCA, PTCA, isoPTCA and PTeCA. This figure and caption were published

previously (Ito et al., 2013b).
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Eumelanin also possesses a unique free radical signature that originates from
semiquinone species present in the pigment and can be detected by EPR (Sealy et al.,
1982). This characteristic signature is an asymmetric 4-6 G wide single line spectra
(Figure 6) with a g value of ~2.004 at X-band (~9.5 GHz) (Meredith and Sarna, 2006). X-
band EPR spectra of GSM 122841 and GSM 120386 (Figure 16A and B) reveal single
band line widths of 5.6 and 5.7G and g-factors of 2.0028 and 2.0026, respectively. This
result also confirms the absence of pheomelanin, as the EPR signal of that pigment
reveals hyperfine splitting in this frequency range. The diminished EPR signals of the
background sediments also confirmed the presence of minimal eumelanin in the

sediment of each specimen (Figure 16A and B).

A GSM 122841 B ==GSM 120386
===GSM 122841 Sediment ===GSM 120386 Sediment

322 323 324 323" 326 327 328

Magnetic Field (mT) Magnetic Field (mT)

Figure 16: EPR spectra of GSM 122841, GSM 120386, and associated sediments

The EPR spectra of GSM 122841 and GSM 122841 sediment (A) as well as GSM 120386
and GSM 120386 sediment (B) are shown. Both the fossil and their associated sediments
exhibited a linewidth and g-factor indicative of eumelanin. The same quantity of the
sample pigment and sediment were used to provide a qualitative comparison of the
amount of eumelanin present. All data was previously published (Glass et al., 2012).
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In addition to the two assays discussed above, melanin solubilization in aqueous
Soluene-350 is characterized by a broad, structureless absorption spectrum extending
from the UV throughout the visible region (Ozeki et al., 1996b). The absorbance at 500
nm (Asw) of the resulting Soluene-350 solution can be used to rapidly estimate the total
amount of melanin in a sample (Ozeki et al., 1996b). The Asw of the dissolved fossil
specimens, background sediments, and S. officinalis are shown in Table 4 and further
establish the presence of the pigment in the fossil specimens.

Table 4: Absorbance at 500 nm of Soluene-350 solubilized S. officinalis, GSM 122841,
GSM 120386, GSM 122841 sediment, and GSM 120386 sediment

Values are reported as absorbance at 500 nm per mg of specimen. All values were
published previously (Glass et al., 2012).

Specimen A500/ mg
S. officinalis 5.99
GSM 122841 1.45
GSM 120386 8.13

GSM 122841 sediment 0.135
GSM 120386 sediment 0.100

To gain further insights into the chemistry of the fossilized material, we used:
elemental analysis, Fourier transform infrared spectroscopy (FTIR), and x-ray
photoelectron spectroscopy (XPS). This is a powerful combination of techniques for

identifying structural properties of complex organic constituents.
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Elemental analysis can provide a quantitative measure of critical organic
residues like carbon (C), hydrogen (H), and nitrogen (N) in each sample (Table 5). GSM
120386 yielded quantities of C, N, and H close to those of DHICA-melanin while the
elemental analysis of GSM 122841 provided limited information about its chemical
nature. The background sediments showed substantially lower nitrogen content than the
fossil pigments (Table 5).

Table 5: Elemental analysis of the C, H, N in synthetic, modern and UK melanins

Percent of C, H, and N in synthetic DHI melanin, synthetic DHICA melanin, S. officinalis,
GSM 122841, GSM 120386, GSM 122841 sediment, GSM 120386 sediment, and standards
of hydroxyapatite and calcium carbonate. Values represent the average of two

determinations. All values were published previously (Liu et al., 2005; Glass et al., 2012).

Elemental Analysis (%)

Specimen C H N
DHI-melanin 51.52 3.45 7.80
DHICA-melanin 47.43 3.57 6.42
S. officinalis 42.87 2.72 6.57
GSM 122841 16.87 1.69 1.37
GSM 120386 49.40 3.73 5.07
GSM 122841 sediment 14.75 2.27 0.37
GSM 120386 sediment 8.64 0.92 0.18
Calcium carbonate 11.94 0.17 0.00
Hydroxyapatite 1.02 0.50 0.00
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To gain insight into the preserved organic chemical groups in the fossil pigment,
FTIR spectra were recorded. The FTIR spectrum of S. officinalis melanin consists of three
major bands centered at 3400 cm!, 1605 cm™, and 1371 cm! (Bardani et al., 1982; Hong
and Simon, 2006; Centeno and Shamir, 2008). The band at 3400 cm™ is dominated by
absorption due to the stretching mode of the OH bond, while the band at 1605 cm™ is
attributed to the carbonyl stretch in indole quinone. The band at 1371 cm! may consist of
absorption bands due to in-plane bending modes of OH and NH bonds combined with
various modes of aromatic rings.

The overall FTIR spectral features of S. officinalis melanin are also observed in
both GSM 122841 and GSM 120386 (Figure 17A and B). The fossil spectra show
absorption bands derived from the CH stretching vibration in CHx functional groups,
~2856 and 2926 cm!. The absorption bands due to these functional groups are also found
in the background sediment spectra where there is no fingerprint of eumelanin. This is
consistent with the presence of lipids, which are exceptionally recalcitrant, in both the
fossil samples and background sediments. Second, the shoulder at 1711 cm™ becomes
more apparent and distinct from the band at 1622 cm™, suggesting that the content of
indole quinone units is lower in fossil eumelanin than in modern melanin. Third, a
broad absorption band at less than 1500 cm™ appears, but is accounted for by the

background sediment.
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Figure 17: Deconvolution of the FTIR spectra of GSM 122841 and GSM 120386

FTIR absorption spectra for GSM 122841, S. officinalis, GSM 122841 sediment, and
standards of hydroxyapatite and calcium carbonate (A) and corresponding spectra of
GSM 120386 (B). The absorption bands marked by red and black asterisks in (A) are
attributed to the phosphate and carbonate group, respectively. This data was published

previously (Glass et al., 2012).

The absorption bands indicated by the red and black asterices in the background

sediment FTIR spectra of GSM 122841 are due to the phosphate and carbonate groups

respectively. It is clear that hydroxyapatite,

a common diagenetic mineral, is associated

with these fossils, and calcium carbonate, abundant in shell material, is present in the
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fossil sediments (Wilby et al., 2004). The carbon and hydrogen in the background
sediments is due in part to the calcium carbonate and hydroxyapatite in the sediments
(Table 5).

The x-ray photoelectron spectroscopy (XPS) scan shown in Figure 18A
corroborates the existence of the organic and mineral residues revealed by FTIR. XPS is
not limited to identifying all of the elements present in the top 5-10 nm of a sample, it
can also provide information about the binding interactions of a particular element in
that sample (Clark et al., 1990). From high-resolution XPS data of the carbon peaks of
GSM 122841 and GSM 120386, we determined that carbon participates in CHx, CNH2; C-
O, C2NH; C=0; and COO binding interactions (Figure 18B, Table 6). The surface binding
interactions of S. officinalis melanin and both fossil specimens are identical in type and
relative amount. The background fossil sediment participates in many of the same
surface binding interactions as the fossil pigment, but the sediment contains carbonate
and lacks a carbonyl peak (Figure 18C). It is important to note that calcium carbonate
only exhibits two signals, a carbonate (COs) signal at ~289.3 eV and a hydrocarbon

impurity (CHx) signal calibrated to 285 eV (Ni and Ratner, 2008).
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Figure 18: XPS analysis of fossil specimen GSM 122841

XPS survey scan of GSM 122841 (A) revealing the major elements present in the top 5-10
nm of the fossil specimen. Additional elements present in greater than 0.1 atomic% (the
detection limit of the instrument) are silicon 2.70, aluminum 2.04, and fluorine 0.18.
High-resolution carbon scan of GSM 122841 (B) and GSM 122841 sediment (C) are also
shown. The average percent and standard deviation of the functional groups present in
the top 5-10 nm of GSM 122841 (B) follow: 54 +1,32 + 3,13 +4, and 1 + 1% for CH,
CNHz, C-O, C:NH, C=0, and COOQO based on fitting with mixed Gaussian (30%)
Lorentzian peaks. The functional groups present in GSM 122841 sediment (C): 65 + 3, 26
+2,6+1, and 3 + 1% for CHx, CNH:, C-O, COO, and COs. No C=0 peak was present in
the GSM 122841 sediment. All data was published previously (Glass et al., 2012).
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Table 6: Percent of the different binding interactions of C in S. officinalis, GSM
122841, and GSM 120386 determined by XPS

Data is derived from multiple high-resolution carbon scans of each sample calibrated to
285.0 eV for the CHx, CNH: peak. Error indicated is standard deviation. All data was
published previously (Glass et al., 2012).

Binding energy (eV) S. officinalis GSM 122841 GSM 120386

285.0 (CHx, CHNH?) 52+1 54+1 54+1

286.5 (C-O, C:NH) 29+1 32+3 27 +1
288.2 (C=0) 15+3 13+4 1722
289.1 (COO) 4+3 1+1 2+1

To verify that the organic functional groups present in the surface of the sample
also pervade the bulk of the pigmented fossil, cross-polarization magic angle spinning
solid-state nuclear magnetic resonance spectroscopy (CP-MAS SSNMR) was employed.
The spectra of GSM122841 (Figure 19A) and GSM120386 (Figure 19C) confirm the
presence of aliphatic groups 0-90 ppm (CHx, CNH2), aromatic groups 90-160 ppm (CHx,
C-O, C2NH) and carboxylic acid groups and ketones 160 — 200 ppm (C=0O, COO),
consistent with those previously reported for S. officinalis (Adhyaru et al., 2003). The
spectra of the background sediments of GSM 122841 and GSM 120386 lack the aromatic,
carboxylic acid and ketone signals present in the fossil pigment (Figure 19B and D). This
bulk technique confirms that melanin is not present in the fossil sediments at a level

detectable by CP-MAS SSNMR.
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Figure 19: ®C CP-MAS SSNMR spectra of GSM 122841, GSM 120386, and sediments

13C CP-MAS SSNMR spectra of GSM 122841 (A), GSM 122841 sediment (B), GSM 120386
(C), and GSM 120386 sediment (D). All spectra have been published previously (Glass et
al,, 2012).

3.4 Conclusions

Our results demonstrate that eumelanin persists in the fossil record for at least

160 million years; the oldest determination in the fossil record. Strikingly, within the
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limits of the techniques used, the preserved pigment exhibits properties that are
chemically similar to modern phylogenetically related S. officinalis. The methods
discussed here can serve to recognize and understand the distribution of melanin in
ancient organisms, but also has important implications for the study of modern life.

For example, preservation of melanin over > 160 million years has implications
for the study of stored histological samples associated with benign and cancerous skin
tissue. Since concerns related to the decomposition of melanin during storage of these
samples are diminished, they may now be analyzed with confidence. The analysis of
these histological samples may provide critical information necessary for the early
diagnosis of melanoma. Recent studies on historical and modern melanins using pump-
probe microcopy provide insights into melanin signatures — this may be a powerful
method to study these histological samples (Simpson et al., 2013; Simpson et al., 2014).

For the study of fossil melanins however, there are still many questions to
consider. The controls and limitations for the preservation of melanin in the fossil record
are unknown. In Chapter 4 the effect of environmental conditions on the preservation of
melanin will be explored through the analysis of four fossil ink sacs from three burial

sites.
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4. Impact of burial site conditions on the preservation of
eumelanin in fossils

4.1 Introduction to factors that may limit eumelanin preservation

The polymeric cross-linked structure and biological ubiquity of melanins
mentioned in Chapter 1 makes them comparable to biomolecules like chitin that are
somewhat resistant to microbial degradation and diagenetic alteration (Stankiewicz et
al,, 1997; Cody et al., 2011). Eumelanins may maintain their integrity for at least ~200
million years in the fossil record (Chapter 3) while most other biomolecules lose their
original character and polymerize into long chains of hydrocarbons over considerably
shorter periods (Briggs et al., 2000).

Recent studies, detailed in Chapter 3, have demonstrated the presence of
melanin in in ancient organisms (Vinther et al., 2008; Clarke et al., 2010; Li et al., 2010;
Vinther et al.,, 2010; Zhang et al., 2010; Barden et al., 2011; Wogelius et al., 2011; Carney
et al.,, 2012; Glass et al., 2012; Lindgren et al., 2012; Lindgren et al., 2014). A subset of
these studies have proposed that the shape of fossil melanosomes correlates with the
composition of the pigment (eumelanin and pheomelanin) and this, along with the
arrangement of the melanosomes, has been used to infer fossil color (Vinther et al., 2008;
Clarke et al., 2010; Li et al., 2010; Vinther et al., 2010; Zhang et al., 2010; Carney et al.,

2012). However, little remains known of the physical (temperature, pressure) or
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temporal constraints on the long-term survival of melanin and their effects on the
morphology and packing of pigment structures.

In this study we explore the effects of diagenesis and maturation on the physical
and chemical preservation of eumelanin. For those unfamiliar with the terminology
used to describe the chemical and environmental factors that can alter fossil material
over time, diagenesis and maturation are described briefly. Diagenesis includes a wide
array of molecular alterations that can occur between death to discovery of organic
remains: intra- and intermolecular cross-linking, polymerization, deamidation,
methylation, decarboxylation, racemization of amino acids, and denaturation of three-
dimensional molecular structure (Briggs, 2003; Schweitzer et al., 2008). It is also used in
reference to the incorporation of minerals (diagenetic mineralization) from the
surrounding environment (Schweitzer et al., 2008).

The depositional / chemical environment (burial site conditions) of a fossil play a
role in controlling the rate of diagenesis (Briggs et al., 2000; Schweitzer et al., 2008).
Elevated temperatures and pressures accelerate the rate at which organic materials that
survived decay (i.e. keratin, collagen, and chitin) are transformed through diagenetic
polymerization to a more stable composition (Briggs, 2003). The resulting polymer
structures are long-chains of hydrocarbons, similar to some high molecular weight

kerogens (Briggs, 2003). Over time these materials can be completely converted to
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kerogens with compositions that minimally relate to their organic origin (Briggs et al.,
2000; Briggs, 2003). These alterations and the degree to which they have occurred
indicate the maturation of the burial site and can be measured and experimentally
mimicked (Kenig et al., 1994; Deconinck et al., 2003; Gupta et al., 2006; Ito et al., 2013b;
McNamara et al., 2013). It is important to note that sediments that are deemed more
mature have undergone a greater degree of alteration than those that are less mature.

In this chapter we report the composition of the coleoid ink from the Posidonia
Shale (Early Jurassic, ~ 178-182 million years old) near Holzmaden, Germany - a site that
has entered the oil window — and compare it to the ink from two less mature Jurassic

mudrock units in southern England discussed in Chapter 3.

4.2 Materials and methods
4.2.1 Fossil ink sacs from Germany and the United Kingdom

YPM 221212 and YPM 221210 (Figure 20A and B) were collected from the
Koblenzer Bed of the Posidonia Shale Formation (Lower Jurassic, early Toarcian,
tenuicostatum Zone) near Holzmaden, Baden-Wiirttemberg (Glass et al., 2013). The ink
sacs are held in the YPM collections of the Yale Peabody Museum (USA). Melanin has
previously been reported in a specimen of Geotheutis bollensis from the Posidonia Shale,
based on infrared spectroscopy (Beyerman and Hasenmai, 1973). YPM 221212 and YPM

221210 are incomplete specimens, but each is associated with portions of an
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undetermined coleoid gladius and/or phosphatized musculature. The Koblenzer Bed
consists of calcareous shale with regular alterations of light carbonate-rich laminae and
dark organic- and pyrite-rich laminae (Littke et al., 1991; Rohl et al., 2001). Sediment
from this region is dominated by Type II (marine) kerogen with a minor contribution
from Type III (terrestrial) kerogen (Littke et al., 1991; Prauss et al., 1991).

As stated in Chapter 3, GSM 122841 and GSM 120386 (Figure 20C and D) were
collected from the Peterborough Member of the Oxford Clay Formation (Middle
Jurassic, late Callovian) at Christian Malford, Wiltshire (UK) and from Bed 32 of the Blue
Lias Formation (Lower Jurassic, early Sinemurian) at Lyme Regis, Dorset (UK),
respectively (Glass et al., 2012). Both ink sacs are held in the GSM collections of the
British Geological Survey, Keyworth (UK). The Peterborough Member consists of
organic-rich mudstones alternating on a decimeter scale between blocky shelly facies
and dark fissile shale (Cox et al., 1992; Wilby et al., 2004). Sediment from this region is
dominated by Type II (marine) and Type III (terrestrial) organic matter (Kenig et al.,
1994). Based on molecular analysis of the organic matter, Hudson and Martill (1994)
suggest that peak palaeotemperature may never have exceeded 40 °C in this area
(Hudson and Martill, 1994). Penn et al. suggest that maximum burial in this area was
only 200-300m (Penn et al., 1986). The Blue Lias Formation consists of interbedded

fossiliferous mudstone and argillaceous limestones (Lang, 1924; Deconinck et al., 2003).
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Sediments from the Blue Lias Formation contain primarily Type II (marine) and Type IV
(altered) organic material (Deconinck et al., 2003). Both units have experienced a mild
thermal history and have not entered the oil window (Kenig et al., 1994; Glass et al.,
2012).

Samples of the ink and host sediment associated with each ink sac were removed
mechanically and ground to a fine powder using a mortar and pestle. Tyrosinase
oxidation was used to prepare synthetic standards of DHI-melanin and DHICA-melanin
(Ozeki et al., 1996b; Ito et al., 2013b). Melanin extracted from the ink sacs of the living

cuttlefish Sepia officinalis was obtained from Sigma-Aldrich.

4.2.2 Scanning electron microscopy

SEM was used to characterize the ultrastructure of the fossil inks as in Chapter 3,
but with slight variations. A 0.1 mg portion of each sample was suspended in 250 puL of
acetone and vortexed for 10 s. 2 uL of each sample was dropped on a silicon wafer chip
(6 mm x 5 mm) and dried in the dark under N2. Samples were then mounted on a
stainless steel peg and sputter coated with a 10 nm layer of gold / palladium (Au/Pd) by
applying argon plasma for 3 min at 10 mA using a Hummer V sputter coater.
Representative images were captured on an XL-SEG/SFEG SEM operated at 5 kV in ultra
high-resolution mode with a spot size of 3.0 and working distance of 5.0 mm (YPM

221212 and YPM 221210) and 6.5 mm (GSM 122841 and GSM 120386). Dimensions of the
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imaged structures were measured using analySIS XL DOCU software. SEM images of

each specimen are shown in Figure 20E-H.

4.2.3 Alkaline hydrogen peroxide oxidation

Alkaline hydrogen peroxide oxidation was performed using the sample
protocols mentioned in Chapter 3. Briefly, approximately 1-4 mg of each specimen was
placed in a 10 mL screw-capped conical test tube, to which 100 uL water, 375 uL 1 mol/L
K2COs and 25 uL 30% H20:2 (final concentration: 1.5%) were added. Following vigorous
mixing at 25°C for 20 hr., the residual H20O2 was decomposed by adding 50 uL 10%
Na2SOs and the mixture was then acidified with 140 uL of 6 mol/L HCI. The reaction
mixture was centrifuged at 4,000 g for 1 min and an aliquot (80 pL) of the supernatant
was injected directly into a high performance liquid chromatography (HPLC) system
consisting of a JASCO 880-PU liquid chromatograph (JASCO Co., Tokyo, Japan), a
Shiseido Cis column (Capcell Pak, Type MG; 4.6 x 250 mm; 5 um particle size; Shiseido,
Tokyo, Japan) and a JASCO UV detector monitored at 269 nm. The mobile phase was 0.1
mol/L potassium phosphate buffer (pH 2.1): methanol, 85:15 (v/v). Analyses were
performed at 45°C at a flow rate of 0.7 mL/min.

The chemical markers of melanin in the oxidation mixtures were identified and

quantified by comparison to standards of PTCA, PDCA, isoPTCA and PTeCA prepared
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as described previously (Figure 21A and B, Table 7) (Ito and Wakamatsu, 1998; Ward et

al., 2008; Ito et al., 2013b).

4.2.4 Optical absorption

The absorbance at 500 nm (Asw) of melanins performed as aforementioned
(Chapter 3). To prepare the solutions, 0.1 to 5 mg of each sample were placed in a 10 mL
screw-capped conical test tube and 100 puL water and 900 uL Soluene-350 (from Perkin-
Elmer, Waltham, MA, USA) were added. The tubes were vortex-mixed and heated at
100°C (boiling water bath) for 15 min. This was then repeated and the mixtures were
centrifuged at 4,000 g for 3 min. The absorption spectrum of each supernatant was

analyzed (Table 8). All of the samples exhibited some level of absorbance at 500 nm.

4.2.5 Elemental analysis

Elemental analysis of the fossil ink sacs, their associated host sediments,
background standards for hydroxyapatite and calcium carbonate, and modern S.
officinalis melanin was performed at the Center for Organic Elemental Microanalysis at
Kyoto University using combustion. The C, H and N ratio of the samples and organic

content of the host sediments were determined (Table 9) (Liu et al., 2005).

4.2.6 Fourier transform infrared spectroscopy

In preparation for IR, a portion of each sample was compressed into a KBr pellet.

IR absorption spectra of the pellets were measured using a Fourier transform infrared
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spectrometer attached to a microscope (Nicolet 6700/Nicolet Continum; Thermo
Scientific Inc., Waltham, MA, US). IR spectra were measured in the wavenumber region
from 700 cm to 4000 cm* with resolution of 4 cm™ and were compared against
hydroxyapatite and calcium carbonate standards (Figure 22A and B). The viewing area

was 100 x 100 pm.

4.2.7 X-ray photoelectron spectroscopy

The surface compositions (top 5-10 nm) of the fossil ink specimens were
analyzed using an X-ray photoelectron spectrometer from Kratos Analytical Axis Ultra
(Manchester, UK) (Chapter 3). A circle of each sample (~1 cm diameter) was coated onto
copper tape using a plastic spatula. A survey scan of all of the elements heavier than
boron was obtained at three points on two circles of each sample. The resulting spectra

were analyzed using CasaXPS. Results are tabulated in Table 10.

4.2.8 *C cross-polarization magic angle spinning solid state NMR

BC CP-MAS SSNMR spectra were acquired on a Bruker Advance 600 MHz
spectrometer located in the National High Magnetic Field Laboratory for Advanced
Magnetic Resonance Imaging and Spectroscopy (AMRIS) facility at the University of
Florida, Gainesville. Spectra were acquired at a spin rate of 10 kHz using a CP contact
time of 2.5 ms with a ramped Hartmann-Hahn matching condition and a recycle delay

of 0.5 s (Figure 23A-D).
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4.2.9 Pyrolysis-gas chromatography-mass spectrometry

Py-GC-MS serves as a powerful technique for the chemical characterization of
melanin without any pretreatment of the sample (Stepien et al., 2009). Pyrolysis
experiments were performed using a CDS Analytical 5250 pyroprobe equipped with an
autosampler. CDS quartz sample tubes were packed with a quartz filler rod, followed by
a plug of quartz wool, ~300 to 700 pg of sample and a second quartz wool plug. The
samples were then loaded in the autosampler which sequentially dropped them into the
pyrolysis chamber where they were held at 50 °C for 5 s and then heated at 10 °CmS to
600 °C and held for 20 s. The valve oven and transfer line were held at 300 °C
throughout the analyses. Released volatiles were transferred directly to a GC column
held at 40 °C.

GCMS analysis of the volatiles released during pyrolysis was conducted using an
Agilent 6890N gas chromatograph coupled to a Micromass Autospec-Ultima mass
spectrometer. The GC was equipped with a DB-5MS column (60m x 0.25mm x 0.25um)
and was operated in split mode with a 10:1 split and 1 mL/min He flow rate. The GC
was held at 40 °C for 2 min and then heated to 310 °C at 6 °C min where it was held for
20 min. The MS was operated in electron impact mode at 70 eV and scanned m/z 50-600
once per second. Py-GC-MS data for S. officinalis, GSM 120386, YPM 221210, and YPM

221212 are shown in Figure 24A-D.
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4.2.10 Rock-Eval pyrolysis

Rock-Eval pyrolysis experiments were conducted using a Rock-Eval-6 standard
pyrolyzer manufactured Vinci Technologies. Fossil samples were first pyrolyzed under
inert N2 atmosphere. The residual carbon was subsequently burnt in an oxidation oven.
A flame ionization detector (FID) was used to detect the amount of hydrocarbons
released during pyrolysis, while online infrared detectors continuously measured the
released CO and COz2. The samples were first pyrolyzed from 300 °C to 650 °C at a rate
of 25 °C/min. The oxidation phase starts with an isothermal stage at 300 °C, followed by

an increase to 850 °C at a rate of 25 °C/min to oxidize all of the residual carbon.

4.3 Results and Discussion

The presence and preservation of eumelanin in the fossil record was
demonstrated in Chapter 3 using a wide range of chemical techniques on fossil ink from
the Oxford Clay (GSM 122841) and Blue Lias formations (GSM 120386). Eumelanin
identified in these specimens by its unique chemical markers (alkaline hydrogen
peroxide oxidation), was compared morphologically with modern melanin from S.
officinalis (SEM) and was differentiated from other components in the sample matrices
(elemental analysis, FTIR, XPS, and *C CP-MAS SSNMR). These fossil inks are
compared below to the inks of two coleoids from the Posidonia Shale formation (YPM

221212 and YPM 221210) (Figure 20A-D).
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The constituent granules of the inks exhibit considerable variation in size: those
in YPM 221212 and YPM 221210 (Figure 20E and F) from the Posidonia Shale have
diameters of 542 + 49 nm and 213 + 30 nm, respectively, whilst those in GSM 122841 and
GSM 120386 (Figure 20G and H) from the Oxford Clay and Blue Lias formations are 168
+ 30 nm and 156 + 30 nm, respectively (Glass et al., 2012). These dimensions are broadly
comparable to the range of granule sizes recorded in living S. officinalis (~100 — 250 nm)
(Liu and Simon, 2003). The size of modern melanin granules is known to be pH
dependent: lower pH promotes aggregation, which is reversible as pH rises (Bridelli,
1998). Actualistic decay experiments indicate that subtly different conditions (including
pH) may be generated in and around individual carcasses during decomposition (Kear
et al., 1995). This provides a plausible explanation for the significantly larger granules
observed in specimen YPM 221212 from the Posidonia Shale in comparison to those in
YPM 221210 from the same unit. Differences in granule size may also have been
facilitated by variations in the extent of diagenetic mineralization (Briggs, 2003), an
explanation supported by XPS data for the samples from each of the deposits (see

below).
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Figure 20: Photographs and SEM images of German and UK specimens

Photographs of YPM 221212 (A), YPM 221210 (B), GSM 122841 (C) and GSM 120386 (D).
SEM images of YPM 221212 (E), YPM 221210 (F), GSM 122841 (G), and GSM 120386 (H).
All SEM images were taken at the same magnification. The average size of the spherical
granules shown in E-H are 542 + 49 nm, 213 + 30 nm, 168 + 30 nm, and 156 + 30 nm
respectively, where + indicated the standard deviation. All photographs and SEM
images were published previously (Glass et al., 2012; Glass et al., 2013).

Alkaline hydrogen peroxide oxidation of YPM 221212 and YPM 221210 yielded

only markers for eumelanin (Figure 21A): no markers for pheomelanin were detected.

This is consistent with the ink from GSM 122841 and GSM 120386 (Figure 21B), and with
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pigment from the ink sac of S. officinalis (Glass et al., 2012). Overall, the quantity of
eumelanin present in the Posidonia Shale specimens is ca 1% of the quantity present in
the fossil specimens from the Oxford Clay and Blue Lias formations, and 0.1% of that in
modern S. officinalis based on a comparison of the amount of PTCA yielded from each
specimen (Table 7). Host sediment adjacent to each Posidonia Shale ink sac revealed
minuscule quantities of the eumelanin markers, consistent with previous findings for the

host sediments of the Oxford Clay and Blue Lias formations (Table 7) (Glass et al., 2012).
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Figure 21: Alkaline hydrogen peroxide oxidation of fossil ink

Quantification of eumelanin markers produced following alkaline hydrogen peroxide
oxidation of fossil specimens YPM 221212 and YPM 221210 (A) and GSM 122841 and
GSM 120386 (B). The quantity of each eumelanin marker derived from GSM 120386 was
multiplied by 0.2. Note the difference in the between the Y-axes. All alkaline hydrogen
peroxide oxidation data was published previously (Glass et al., 2012; Glass et al., 2013).
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Table 7: Degradation products from S. officinalis, fossil melanin, and fossil sediment

Quantity of melanin alkaline hydrogen peroxide oxidation products PDCA, PTCA,
isoPTCA, and PTeCA produced by oxidation of S. officinalis, YPM 221212, YPM 221210,
YPM 221212 sediment, YPM 221210 sediment, GSM 122841, GSM 120386, GSM 122841
sediment, and GSM 120386 sediment in ng/mg. All data was published previously
(Glass et al., 2012; Glass et al., 2013).

Specimen PDCA PTCA isoPTCA PTeCA
S. officinalis 704 15710 390 2090
YPM 221212 0.9 2.7 1.3 3.0
YPM 221210 0.5 52 1.2 1.0
YPM 221212 sediment <0.1 0.3 <0.5 <04
YPM 221210 sediment <0.1 0.4 <0.5 <05
GSM 122841 58 342 47 438
GSM 120386 173 1710 245 2220
GSM 122841 sediment 1.7 2.2 <22 <13
GSM 120386 sediment 24 3.2 <39 <15

The Asoo of all of the fossil ink sacs, their host sediments, and of modern S.
officinalis are shown in Table 8. These values confirm that the host sediment adjacent to
each fossil ink sac contains significantly less melanin than the ink itself, demonstrating

again that the source of melanin is endogenous.
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Table 8: Absorbance at 500 nm of Soluene-350 solubilized S. officinalis, UK fossils,
German fossils, and fossil sediments

Values are reported as absorbance at 500 nm per mg of specimen. All absorbance data
was published previously (Glass et al., 2012; Glass et al., 2013).

Specimen A500/ mg
S. officinalis 5.99
YPM 221212 0.73
YPM 221210 2.06
YPM 221212 sediment 0.065
YPM 221210 sediment 0.068
GSM 122841 1.45
GSM 120386 8.13

GSM 122841 sediment 0.135
GSM 120386 sediment 0.100

Elemental analyses reveal that YPM 221212 and YPM 221210 have very similar C,
N, and H ratios, despite differences in the dimensions of their granules (Table 9). The
fossil specimens from the Oxford Clay and Blue Lias formations have substantially
different C, N, and H ratios from these specimens and from each other. The
stoichiometric ratios of C and H in all of the fossil specimens were higher than modern
S. officinalis and synthetic DHI and DHICA-melanin. The comparatively elevated levels
of carbon and hydrogen in the Posidonia specimens appear to be derived, in part, from

calcium carbonate and hydroxyapatite replacement of the fossils (as revealed by FTIR
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and XPS analyses). Nitrogen abundance therefore provides a better proxy for the
quantity of organic material preserved.

Table 9: Elemental analysis of the C, H, N in synthetic, modern, and fossil melanins

Percent of C, H, N in synthetic DHI-melanin, synthetic DHICA melanin, S. officinalis
melanin, YPM 221212, YPM 221210, GSM 122841, GSM 120386, and standards of
hydroxyapatite and calcium carbonate. Values represent the average of two
determinations. All values were published previously (Glass et al., 2012; Glass et al.,
2013).

Elemental Analysis (%)

Specimen C H N
DHI-melanin 51.52 3.45 7.80
DHICA-melanin 47.43 3.57 6.42
S. officinalis 42.87 2.72 6.57
YPM 221212 37.58 3.24 2.24
YPM 221210 36.59 3.14 2.29
GSM 122841 16.87 1.69 1.37
GSM 120386 49.40 3.73 5.07
Calcium carbonate 11.94 0.17 0.00
Hydroxyapatite 1.02 0.50 0.00

FTIR spectra for YPM 221212 and YPM 221210 (Figure 22A and B) exhibit
diminished absorption bands at 3400 cm, 1605 cm, and 1371 cm™ compared to S.
officinalis and to the specimens from the Oxford Clay and Blue Lias formations (Figure

22A and B), consistent with them preserving lower quantities of melanin (Bardani et al.,
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1982; Hong and Simon, 2006; Centeno and Shamir, 2008; Glass et al., 2012). These
absorption bands are attributed to the stretching mode of the OH bond at 3400 cm, the
carbonyl stretch of indole quinone at 1605 cm™, and the various aromatic rings and in-
plane bending modes of OH and NH bonds. The most pronounced absorption band at
3400 cmis clearly above the host sediment, but is less pronounced than the absorption
bands derived from the CH stretching vibration in the CHx functional groups ~ 2840 and
2912 cm, which are attributed to lipids. The absorption bands at ~2840 and 2912 cm!
are also found, at lower levels, in the host sediment. By contrast, in the inks from the
Oxford Clay and Blue Lias formations (Glass et al., 2012) the absorption band at 3400 cm-
lis approximately three times more pronounced than the CH stretching vibration of the
CHxfunctional groups, indicating lower lipid content.

A shoulder at 1710 cm! is present in all of the fossil ink sac spectra, suggesting a
decrease in the preservation of indole quinone units relative to eumelanin from modern
S. officinalis ink (Glass et al., 2012). Apatite and calcite, both minerals commonly
associated with fossil ink sacs (Kear et al., 1995), are also associated with these fossils.
Hence some of the carbon and hydrogen present in the elemental analysis can be

accounted for by the presence of these diagenetic phases (Table 9).
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Figure 22: Deconvolution of the FTIR spectra of fossil inks and sediments

FTIR absorption spectra for YPM 221212, GSM 122841, S. officinalis, YPM 221212
sediment, GSM 122841 sediment, and standards of hydroxyapatite and calcium
carbonate (A) and YPM 221210, GSM 120386, S. officinalis, YPM 221210 sediment, GSM
120386 sediment, and standards of hydroxyapatite and calcium carbonate (B). Lines on

the spectra denote bands that appear to correspond melanin. All spectra were published
previously (Glass et al., 2012; Glass et al., 2013).
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XPS survey scans of the fossil inks (Table 10) provide the information required to
compare their respective degrees of diagenetic mineralization. Although the atomic
percent of carbon in YPM 221212 and YPM 221210 (70.59 + 4.63 and 64.56 + 0.29) is
similar to that of GSM 122841 (70.88 + 0.51) and GSM 120386 (69.51 + 0.82), calcium
carbonate (CaCQOs) accounts for a portion of the carbon scanned (Glass et al., 2012). The
atomic percent of calcium, which is also a component of hydroxyapatite Cai(POu)s(OH):,
is much greater in the specimens from the Posidonia Shale (5.59 +2.40 and 6.28 + 0.11)
than the Oxford Clay (2.54 + 0.27) or Blue Lias (1.16 + 0.04) formations. Phosphorus is
also higher in the former (3.43 + 1.65 and 3.62 + 0.06) than in the Oxford Clay (1.22 + 0.11)
and Blue Lias (not detected) formations. These differences indicate a greater degree of

diagenetic mineralization in the Posidonia Shale specimens.
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Table 10: XPS survey of the elements present in the German and UK fossil specimens

XPS survey scan data of the major elements present in the top 5-10 nm of the ink in fossil
specimens YPM 221212, YPM 221210, GSM 122841, and GSM 120386. Atomic
percentages are accurate to 0.1%. Data represents the average of four measurements; the
standard deviation () is indicated. All survey scan data was published previously
(Glass et al., 2012; Glass et al., 2013).

Atomic (%)

Elements YPM 221212 YPM 221210 GSM 122841 GSM 120386
Carbon 70.59 £4.63  64.56 +0.29 70.88 + 0.51 69.51 +0.82
Nitrogen 0.89 +0.16 227 +0.27 2.54+0.27 3.32+0.04
Oxygen 17.70£1.72 21.60 £ 0.46 17.37 +0.31 18.32 £+ 0.25
Calcium 5.59 +2.40 6.28 +0.11 2.19+£0.21 1.16 £ 0.04
Phosphorus 3.43+1.65 3.62 +0.06 1.22 +£0.11 N/A
Silicon 1.11£0.54 0.63 +0.06 2.82 +0.06 4.08 £0.49
Fluorine 0.69 £0.33 1.04 +0.27 0.08 £ 0.09 N/A
Aluminum N/A N/A 0.97+1.13 1.86 £ 0.50
Sulfur N/A N/A 1.93 £0.18 1.75+0.12

BBC CP-MAS SSNMR spectra of ink from YPM 221212 and YPM 221210 (Figure
23A and B) clearly show aliphatic groups 0-90 ppm, aromatic groups 90-160 ppm and
carbonyl groups 160 — 200 ppm consistent with those for S. officinalis and the fossil inks
from the Oxford Clay and Blue Lias (Figure 23C and D) formations (Glass et al., 2012).
Acquisition of *C CP-MAS SSNMR spectra involves cross-polarization transfer of 'H

nuclear spin magnetization to *C nuclei, which enhances the signal of the lower
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abundance C nuclei. Minerals like calcite and apatite that lack either hydrogen or

carbon cannot undergo cross-polarization and are thus not detected. This simplifies

interpretation of signals in the 160-200 ppm range.
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Figure 23: ®C CP-MAS SSNMR spectra of German and UK fossil specimens

3C CP-MAS SSNMR spectra of YPM 221212 (A), YPM 221210 (B), GSM 122841 (C), and
GSM 120386 (D). All spectra have been published previously (Glass et al., 2012; Glass et

al., 2013).

Aromatic and carbonyl groups are present at similar levels in both of the

Posidonia inks, but the proportion of aliphatic groups is greater in YPM 221212 than

YPM 221210. This reflects a higher content of hydrocarbons and a lower content of
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pigment, corroborating the lower PTCA and Asw values for this specimen (Table 7 and
Table 8). The ratio of aliphatic to aromatic constituents is greater in both Posidonia
specimens than for the inks from the Oxford Clay and Blue Lias formations.

Pyrolysis spectra of the fossil inks (Figure 24B-D) serve as an indication of the
extent to which they have been diagenetically modified/transformed relative to modern
coleoid ink (Figure 24A). The pyrolysis products of both the modern and fossil inks
show no trace of the Cis and Cis fatty acids noted as possible non-melanin contaminants.
Thiophene and its alkylated derivatives, which are abundantly present in the
pyrolysates of the fossil inks, are absent or occur below detection limit in S. officinalis ink
(Glass et al., 2012). The presence of thiophenes in the fossil inks is consistent with the
incorporation of sulfur into the geomacromolecule as a result of sulfide generation in the
sediments. High-sulfur geopolymers are formed in low iron marine paleoenvironments
where the sulfide produced by sulfate-reducing bacteria can react preferentially with

organic matter (Damste and Leeuw, 1990).
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Figure 24: Py-GC-MS chromatograms of modern and fossil melanins

Total ion chromatograms following pyrolysis of S. officinalis (A), GSM 120386 (B), YPM
221210 (C), and YPM 221212 (D). The numbers indicate the major pyrolysis products of
melanin while the letters indicate their diagenetic products: 1 pyridine, 2 pyrrole, 3
toluene, 4 Ci-pyridine, 5 Ci-pyrrole, 6 Ci-pyrrole, 7 styrene, 8 phenol, 9 Ci-phenol, 10 Ci-
phenol, 11 2-phenylacetonitrile, 12 C2-phenol, 13 3-phenylpropanenitrile, 14 indole, 15
Ci-indole, a thiophene, b Ci-thiophene, ¢ C>-benzene, d Cz-thiophene, e Cs-thiophene,
and f Cs-benzene. The melanin also contained cholestadiene isomers. Other diagenetic
products in the fossil samples include Cis-30 n-alkanes, acyclic isoprenoids pristine (Pr),
phytane (Ph), and C27-29 styrene isomers. These chromatograms were published
previously (Glass et al., 2012; Glass et al., 2013).
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Py-GC-MS reveals that the composition of ink from the Posidonia Shale differs
considerably from that from the Blue Lias. GSM 120386 contains comparatively few
diagenetic products while YPM 221210 and YPM 221212 have abundant n-alkyl residues
indicative of significant transformation of original organic constituents from the fossil
material. The enhanced aliphatic component of the Posidonia Shale specimens indicated
by ¥C CP-MAS SSNMR and py-GC-MS is likely a consequence of polymerization of free
fatty acids (Stankiewicz et al., 2000; Gupta et al., 2006). This can occur over time, as
evidenced by the progressive transformation of macromolecules in natural resins, such
as amber (Stankiewicz et al., 1998) or collagenous and chitinous fossils (Gupta and
Briggs, 2011). Significantly, however, all of the ink samples are from the Jurassic (they
span a maximum period of ca 17 million years), indicating that age is not the dominant
control on eumelanin preservation.

Rock-Eval pyrolysis analyses of bulk sediment samples from the Posidonia Shale
near where the two ink sacs were collected indicate that the sedimentary organics are
approaching early maturation (Prauss et al., 1991). Analysis of the Posidonia Shale from
the Bisingen / Zimmern 1002 borehole sited near Holzmaden gave a total organic
content (TOC) of 6-8% and a temperature of maximum pyrolysis yield (Tmax) of 435 °C
(Prauss et al., 1991; Rohl et al., 2001). This Tmaxis within the 435 °C-445 °C range that

indicates the onset of the oil window. The samples had a hydrogen index (HI) of
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approximately 540 mg HC/g TOC, where HI values > 400 mg indicate the preservation
of hydrogen-rich organic matter (Prauss et al., 1991). In comparison, the fossil ink sacs
from the Oxford Clay and Blue Lias formations, which preserve substantially greater
quantities of pigment, are associated with immature sedimentary organic material with
TOC values of 11.9% and 4.5%, Tmax 411 °C and 424 °C, and HI 694 mg HC/g TOC and

330 mg HC/g TOC (Glass et al., 2012).

4.4 Conclusions

The structure of eumelanin renders it unusually resilient. Comparison of its
chemistry in coleoid ink sacs from Jurassic mudrocks with differing burial histories
indicate that maturation is the dominant control on its survival in the fossil record.
Sediments that have undergone significant maturation are unlikely to yield biomarkers
for eumelanin within current detection limits. This is broadly consistent with the results
of short-term maturation experiments, which have shown temperature to be the primary
determinant on the physical preservation of melanosomes (McNamara et al., 2013).

It is important to note that chemical preservation of fossil eumelanin does not
correlate with its macroscopic- or microscopic- morphological preservation (Dutta et al.,
2010): all of the ink sacs are three-dimensional and retain evidence of pigment granules.
Chemical preservation is also independent of the visible color, which is black in all

specimens. Early diagenetic apatite and/or calcite is associated with each of the
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examined ink sacs, and may plausibly enhance the size of the pigment granules, but

based on our current data has no impact on eumelanin preservation.

5. Preservation of proteins in ancient ink sacs

5.1 Introduction to the analysis of proteins in the fossil record

Under geochemical conditions biomolecules of evolutionary value degrade as
described in Chapter 1.1. As a result, the recent discovery of chemically and
morphologically preserved eumelanin in ~ 200 Mya cephalopod ink sacs was
unexpected (Chapter 3). Although the pigment has many attributes indicative of high
degradation resistance, its shape, size, and distribution originally led researchers to
misidentify it as a microbial biofilm in the fossil record (Davis and Briggs, 1995; Moyer
et al., 2014). Studies following the identification of intact melanin in fossils demonstrated
that melanin is preserved in a wide-range of ancient specimens (Barden et al., 2011;
Wogelius et al., 2011; Lindgren et al., 2012; Lindgren et al., 2014) and set limits on the
environments likely to yield melanin-containing fossils (Chapter 4).

In addition to expanding the range of biomolecules known to survive in the fossil
record, these studies have called into question previous estimates of the longevity of
biomolecule preservation. Specifically, the temporal limits proposed (Lindahl, 1993;

Qian et al., 1993; Collins et al., 1995; Bada et al., 1999; Hoss, 2000; Nielsen-Marsh, 2002)
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for the survival of other biomolecules with particular evolutionary value were
reexamined (Collins et al., 2000; Salamon et al., 2005; Asara et al., 2007; Schweitzer et al.,
2007a; Schweitzer et al., 2007b; Schweitzer et al., 2009; Lindqvist et al., 2010).

Previously, theoretical kinetics and laboratory experiments designed to emulate
the degradation of proteins and DNA over time predicted that proteins would not
survive in the fossil record beyond a few million years and that DNA would degrade
within approximately 100,000 years in optimal conditions (Qian et al., 1993; Bada et al.,
1999; Collins et al., 2000; Hoss, 2000). These predictions did not account for the
association or cross-linking of DNA and proteins with degradation resistant matrices
like amber, some mineral phases, and bone (Antonio et al., 2011). In recent studies of
fossil specimens, these proposed limitations for protein and DNA survival have been
surpassed (Collins et al., 2000; Salamon et al., 2005; Schweitzer et al., 2007a; Schweitzer
et al., 2007b; Schweitzer et al., 2009; Lindqvist et al., 2010; Antonio et al., 2011). The time
range over which critical biomolecules are retained are now known to depend in part on
the matrix in which they are contained (Butterfield, 1990; Briggs, 1999; Briggs et al., 2000;
Schweitzer, 2011).

Although melanin’s role in coloration is often cited, the role of melanin as a
matrix for the preservation of other biomolecules has not been considered. Melanin in

modern organisms contains intact proteins (5-10% by weight) thought to be tightly

99



associated with the polymer matrix (Hong and Simon, 2007; d'Ischia et al., 2013). In this
Chapter we demonstrate that the preserved melanin in four fossil cephalopod ink sacs
(Chapter 3 and 4) contain endogenous proteins with an amino acid composition that is
not significantly different from modern cephalopod ink. We also prove that the amino
acids in two of the fossil ink sacs have undergone a degree of racemization (see Chapter

5.2.3) consistent with their ancient history and unusual melanin-matrix.

5.2 Techniques and methods to analyze fossil amino acids

5.2.1 Fossil and Modern Specimens

All fossil specimens analyzed were introduced in Chapter 3 and/or 4. As stated,
GSM 122841 and GSM 120386 (shown in Figure 9A and B as well as Figure 20C and D)
were collected from the Peterborough Member of the Oxford Clay Formation (Middle
Jurassic, late Callovian) at Christian Malford, Wiltshire (UK) and from Bed 32 of the Blue
Lias Formation (Lower Jurassic, early Sinemurian) at Lyme Regis, Dorset (UK),
respectively (Glass et al., 2012). Both ink sacs are held in the GSM collections of the
British Geological Survey, Keyworth (UK). YPM 221212 and YPM 221210 (Figure 20A
and B) were collected from the Koblenzer Bed of the Posidonia Shale Formation (Lower
Jurassic, early Toarcian, tenuicostatum Zone) near Holzmaden, Baden-Wiirttemberg
(Glass et al., 2013). The ink sacs are held in the YPM collections of the Yale Peabody

Museum (USA).
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Samples of the ink and host sediment associated with each ink sac were removed
mechanically and ground to a fine powder using a mortar and pestle. S. officinalis
melanin, isolated from ink sacs of S. officinalis, was obtained from Sigma-Aldrich (St.

Louis, MO, USA).

5.2.2 Amino acid analyzer

An amino acid analyzer is an instrument designed to separate, identify, and
quantify the amino acid composition of proteinaceous specimens that have been
hydrolyzed. Many different hydrolysis methods are used to break apart the amide
bonds that connect the amino acids within a protein chain (Schweitzer et al., 2008). In the
first portion of this study, vapor-phase hydrolysis was used prior to amino acid analysis.

Vapor-phase hydrolysis is the hydrolysis of a sample with a strong hydrolyzing
acid in a sealed, evacuated vessel (Rutherfurd and Gilani, 2001; Higbee et al., 2003).
Unlike many liquid hydrolysis methods, sample in vapor-phase hydrolysis is not placed
directly in the hydrolyzing acid (Rutherfurd and Gilani, 2001). Instead, multiple samples
are placed in small open tubes that fit within a hydrolysis vessel (i.e. the PicoTag
reaction vial in Figure 25). A small quantity of the hydrolyzing acid, typically 6 M
hydrochloric acid (HCl), is then added to the bottom of the vessel (Rutherfurd and
Gilani, 2001). When the hydrolysis vessel is sealed under vacuum, the vapor pressure of

HCl is reduced (Rutherfurd and Gilani, 2001; Higbee et al., 2003). When the reaction
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vessel is heated, the HCI vapor interacts with each sample. Over time at the appropriate
temperature, the proteinaceous component of each sample is hydrolyzed. There are
multiple benefits of vapor-phase hydrolysis: first, multiple samples can be hydrolyzed
concurrently; second, impurities including metals in the hydrolyzing acid do not
interfere with hydrolysis; and third, the inert atmosphere prevents the oxidative loss of
some amino acids (Rutherfurd and Gilani, 2001; Higbee et al., 2003). All of these benefits
are particularly important when analyzing samples with minute quantities of

proteinaceous material.

Figure 25: Vapor hydrolysis reaction chamber

The PicoTag reaction vial shown was used for the vapor phase hydrolysis of the protein
fraction of melanin samples and fossil sediments. This photograph was provided by
Shosuke Ito.

Vapor-phase hydrolysis was used to hydrolyze melanin from S. officinalis, GSM
122841, GSM 120386, YPM 221212, and YPM 221210 inks thought to contain protein. It

was also used to hydrolyze the sediments associated with GSM 122841, GSM 120386,
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YPM 221212, and YPM 221210 fossils. 1 mg of each modern / fossil ink and 2-3 mg of
each fossil sediment were weighed into hydrolysis tubes, which were then placed inside
a Waters PicoTag reaction vial (Figure 25). A small amount of 6M HCl was then placed
into the PicoTag reaction vial surrounding the hydrolysis tubes. The reaction vial was
then filled with nitrogen and evacuated under vacuum. The vial was heated on a
heating block at 110 °C for 24 hours. After cooling, the hydrolysis tubes were dried
under vacuum. The residuals of the specimens were dissolved in 120 uL of pH 2.2
lithium loading buffer for amino acid analysis (Mitsubishi, Japan). For analysis, 80 uL
each solution was injected into the amino acid analyzer.

The amino acid analyzer used in this study was a Hitachi High Speed Amino
Acid Analyzer L-8500, Hitachi Ltd., Japan. Injected amino acids were first separated by
ion exchange chromatography (Higbee et al., 2003). After the amino acids were
separated, they were automatically derivatized with ninhydrin and identified with
visible detection (440 nm / 570 nm) (Boucher et al., 1997; Higbee et al., 2003). The areas
under the detected peaks were determined and compared to calibration curves of amino
acid standards to establish the concentrations of the amino acids. This method of
quantitation is similar to that used in Chapter 2.3 to quantify alkaline hydrogen
peroxide oxidation markers. Shosuke Ito and Kazumasa Wakamatsu performed all

vapor-phase hydrolysis and amino acid analyzer experiments.
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Following amino acid determination, the glutamic acid concentration of each
specimen was set to one to enable specimen-to-specimen comparison of the remaining
amino acids. Both parametric (ANOVA test) and nonparametric (Kruskai-Wallis rank
sum test) statistical analyses were performed to examine whether or not the amino acid
profile of modern cephalopod melanin differed significantly from that of preserved

fossil melanins. Jae Lee performed all of the statistical tests at the University of Virginia.

5.2.3 Vacuum hydrolysis of melanin samples

The second form of hydrolysis used in this study was vacuum hydrolysis.
Vacuum hydrolysis is a liquid hydrolysis method in which the sample is placed directly
into hydrolyzing acid (amino acid analysis grade 6 M HCI from Sigma Aldrich) in
special hydrolysis tubes that can connect to a vacuum line (Rutherfurd and Gilani, 2001).
In this study, the specialized hydrolysis tubes were made by flame-fusing glass adapters
to empty pre-scored glass ampules. The air in S. officinalis, GSM 122841, GSM 120386,
GSM 122841 sediment, and GSM 120386 sediment samples (0.5 — 1.5 mg) suspended in
HCI (0.5 - 1.5 mL) was carefully bubbled out under vacuum. Once samples were fully
degassed, the tubes were flame-sealed / melted shut under vacuum to seal them from
air. The samples were then heated for 24 hours at 110 °C.

After the samples were hydrolyzed, the tubes were cooled and opened along the

score-line. Samples suspended in HCI were then mixed, removed using sterile long-
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stemmed glass pipettes, and placed in 4 mL amber vials. The vials were uncapped,
covered with three layers of parafilm that were then perforated 6 times with a syringe
tip, and frozen in liquid nitrogen. After freezing, the vials were placed in a lyophilizer
chamber and the remnant HCl was removed using a lyophilizer (freeze-dryer). The

samples were then derivatized and analyzed by GCMS as described in the next section.

5.2.4 Analysis of D and L amino acids by GCMS

Amino acids are the monomeric units of proteins. Of the twenty amino acids that
commonly occur in living organisms, nineteen are chiral; the four groups surrounding
their central carbon are distinct and can arrange into either a levorotary (L) or
dextrorotary (D) formation (Figure 26) (Schweitzer et al., 2008). The proteins of living
organisms are composed of L- amino acids, but post-mortem the L-amino acids are
converted to D-amino acids. This conversion or racemization of amino acids proceeds

until equilibrium, which occurs when the D/L amino acid ratio is one.

L-Amino Acid D-Amino Acid

Figure 26: Schematic of chiral amino acids

Generic left (L) and right (D) chiral amino acid isomers are shown. Images of the L and
D isomers were reproduced with permission (Schweitzer et al., 2008).
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Chiral amino acid analysis is a useful way to gauge whether or not the amino
acids from fossil specimens are endogenous or from a more recent contamination
(Schweitzer et al., 2008). One main assumption of this technique is that the amino acids
derived from original fossil material are older and have undergone more racemization
than modern contaminants (Bada and Schroeder, 1975). Although many techniques are
available to determine the ratio of D to L amino acids, in this study we derivatized D
and L amino acid enantiomers to their diastereomers (LD and LL), separated them by
achiral gas chromatography, and identified them with mass spectrometry using the
methods that follow.

Samples of S. officinalis, GSM 122841, GSM 120386, GSM 122841 sediment, and
GSM 120386 were first vacuum hydrolyzed and dried in 4 mL amber vials using the
methods presented in Chapter 5.2.2. The hydrosylates were then derivatized using
published methods with a few modifications (Kvenvolden et al., 1971; Bada et al., 1979).
A mixture of 4M HCl in 2-(+)-butanol, prepared by bubbling a known mass of HCI gas
into 2-(+)-butanol purchased from Sigma Aldrich, was then added to each hydrosylate
based on the mass prior to hydrolysis (1 mL per 1 mg). Following chiral acid addition,
the vials were capped and heated at 100 °C in an oil bath for 3 hours and then cooled.
The unreacted 2-(+)-butanol / HCI was removed under vacuum (ice/water). The

resulting esters were then acylated with pentafluoropropionic anhydride. 0.3 mL of
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pentafluoropropionic anhydride in 0.5 mL of dichloromethane (DCM) per 0.5 mg of
specimen was added to the reaction vials. The reaction vials were then capped and
placed on a shake plate at room temperature to react for 2 hours. Residual
pentafluoropropionic anhydride / DCM was then removed under N:flow.

To determine the retention time of the diastereomeric derivatives of the amino
acids of interest, derivatized amino acid standards were resolved on an HP-5 column
using the 50.28 min run program detailed in Table 11. A list of the additional system
parameters follows: solvent cut time 6.30 min, ion source temperature 200 °C, detector
voltage 0.3kV, interface temperature 250 °C, and threshold 250. These conditions
provided full separation of all of the amino acid derivatives analyzed.

To prevent interference from background and matrix ions during the analysis of
fossil, sediment, and modern specimens, selected ion monitoring (SIM) was used. In
SIM, the retention time and fragment ions of interest can be selectively monitored while
interfering ions are left undetected. SIM allows unambiguous determination of multiple
peaks at different time segments. The time segments and monitored mass fragments
selected for this study are detailed in Table 12. The rest of the program was identical to
the one used to analyze derivatized amino acid standards above. Quantitation of the
amino acid enantiomers was achieved by measuring peak heights on the resulting gas

chromatograms.
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Table 11: Gas chromatography-mass spectrometry run program

The gas chromatograph-mass spectrometry program details the conditions necessary to
elute and resolve all of the amino acid peaks. Notice that though the hold time is zero
between the first and final segment, the rate of temperature change varies.

Rate (°C/min) Final Temperature (°C) Hold Time

- 70 2.3
15 130 0
2 132 0
0.5 138 0
2 147 0
1 151 0
2 159 0
0.5 163 0
25 325 4
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Table 12: Selected ion monitoring program

In select ion monitoring, multiple mass fragments can be monitored during a given
timeframe. The following program was used to identify peaks associated with amino
acids and to determine their peak areas. The monitored fragments were determined by
analysis of amino acid standards.

Time Segment (min) Monitored Fragments
6.40-7.15 119, 147, 176, 190, 191, 204, 218
7.15-7.95 119, 188, 202, 203, 248
7.95-8.50 119, 160, 164, 188, 189, 202, 218, 219,
8.50 - 10.50 119, 164, 190, 218, 232, 233, 260
10.50 - 11.90 103, 119, 190, 220, 266
11.90 - 14.20 119, 189, 216, 217, 244, 261
14.20 - 16.50 119, 189, 202, 203, 221, 230, 231, 277
16.50 — 19.50 119, 189, 234, 262, 318
19.50 - 21.50 103, 119, 148, 204, 266
21.50 - 24.00 119, 202, 230, 248, 276
24.00 — 26.50 119, 176, 190, 230, 231, 253, 310
26.50 — 38.20 119, 131, 170, 187, 243, 305, 333
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5.3 Results and Discussion

The presence of intact eumelanin in the fossil record was established in Chapter
3 using a wide range of chemical techniques. Limitations for the preservation of
eumelanin in fossils were then determined using site-specific chemical data in Chapter
4. These studies have been validated by the discovery of intact eumelanins in fossils
throughout the world (Barden et al., 2011; Wogelius et al., 2011; Lindgren et al., 2012;
Lindgren et al., 2013; Lindgren et al., 2014). Although the presence and preservation of
eumelanin in fossils is well established, implications for the survival proteins associated
with the pigment have not been considered. In this study we determine whether the
fossil inks from the Oxford Clay (GSM 122841), Blue Lias (GSM 120386), and Posidonia
Shale Formations (YPM 221212 and YPM 221210) analyzed in Chapter 3 and 4 contain
preserved protein material. We also compare amino acid profile of the fossil inks to that
of modern S. officinalis ink.

Amino acid analysis with an amino acid analyzer is an efficient way to determine
the distribution of amino acids in modern and fossil inks. For this type of amino acid
analysis, samples of S. officinalis, GSM 122841, GSM 120386, YPM 221212, and YPM
221210 melanins were hydrolyzed with vapor phase hydrolysis as described in Chapter
5.2.2 (Rutherfurd and Gilani, 2001; Higbee et al., 2003). The hydrolyzed material was

then injected onto the amino acid analyzer where the amino acids were separated by ion
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exchange chromatography, derivatized with ninhydrin, and detected and quantified
with a UV-Vis detector as outlined in Chapter 5.2.2 (Boucher et al., 1997; Higbee et al.,
2003). The amino acid data from the modern and fossil inks was normalized to glutamic
acid for comparison (Figure 27). The background sediments of the fossil specimens are
not shown because they did not contain appreciable amounts of amino acids. The

percent of amino acids in each specimen are tabulated in Table 13.
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Figure 27: Profile of the amino acids in modern and fossil melanins

Determination of the concentration of amino acids in S. officinalis, GSM 122841, GSM
120386, YPM 221212, and YPM 221210 inks with an amino acid analyzer. All of the
amino acid data was normalized to glutamic acid to enable cross-specimen comparison.
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Table 13: Total percentage of amino acids in each specimen

The total percentage of amino acids per one mg of specimen was determined based on
the amino acid analysis data. Shosuke Ito and Kazumasa Wakamatsu performed this
experiment and data analysis.

Specimen Percent of Amino Acids
S. officinalis 6.46
GSM 122841 0.086
GSM 120386 0.224
YPM 221212 0.048
YPM 221210 0.113

The amino acid data was compared statistically using parametric (ANOVA) and
nonparametric (Kruskal-Wallis rank sum) tests. The ANOVA test was used to compare
the mean concentrations of the amino acids in modern and fossil inks (McDonald, 2008).
The ANOVA test relies on a few critical assumptions about a data set: (1) the samples
are independent, (2) there is a normal distribution of the error in the sample
measurements, and (3) the populations tested have the same variance (McDonald, 2008;
Tiemann, 2010). The result of the ANOVA test is an F-value that gives a measure of how
spread out the sample data is (variance) (McDonald, 2008). If the variance of the samples
is close to equal then the F-value is close to one (Tiemann, 2010). An F-value close to one

indicates that the mean of the amino acid concentrations from the samples do not vary
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significantly (McDonald, 2008; Tiemann, 2010). The F-value of the amino acid analyzer
data was 0.859. Although this F-value suggests similarities between the amino acid
distributions of the speciments, it is not conclusive.

In order to account for any oversimplification of the dataset due to assumptions
required for the ANOVA test, the Kruskal-Wallis rank sum test was performed. The
major advantage of the Kruskal-Wallis rank sum test is that it does not assume that the
data is normally distributed (McDonald, 2008). For this test there must be a nominal
variable (ink sac source) and a measurement variable (amino acid concentrations)
(McDonald, 2008). The test began by ranking each measurement value, the smallest
value was ranked one while the next largest was ranked two and so on (McDonald,
2008). Consider for example the alanine concentration of each specimen (Figure 27),
YPM 221210 has the smallest alanine concentration and was ranked 1. The other
specimens received the following ranks: YPM 221212 (rank 2), GSM 122841 (rank 3),
GSM 120386 (rank 4), and S. officinalis (rank 5). The sum of the ranks for all of the amino
acid concentrations of each specimen were then calculated and the test statistic H — the
variance of the ranks among specimens — was determined (McDonald, 2008). For the
Kruskal-Wallis rank sum test, a significant result indicates that the amino acid
distribution of specimens are significantly different (McDonald, 2008). The results of the

Kruskal-Wallis rank sum test were not significant (H: 2.3897, 4 d.f., P=0.6645), which
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clearly demonstrates that the amino acid distributions of the modern and fossil melanins
are not significantly different. Additional equivalence tests are necessary to determine
whether or not the amino acid distributions are identical.

Although this amino acid data is very useful for comparison of the amino acid
profile of modern to fossil inks, it does not give information about the origin of the
amino acids. It is unlikely due to the similarity between the amino acid profiles of the
fossil and modern melanins, but the fossil amino acids could be derived from a modern
contamination rather than an ancient melanin proteins (Bada and Schroeder, 1975). One
method to determine whether or not the amino acids are due to a modern contamination
is to determine their D/L isomer ratio (Schweitzer et al., 2008). In living organisms, it is
rare to find D-amino acids. Once an organism dies however, amino acids in the
constituent proteins of the organism begin to convert from L to D isomers until the ratio
of L to D isomers is equal (Schweitzer et al., 2008). This process is known as
racemization.

In the absence of contaminating amino acids, full racemization is thought to
occur in < 5-10 million years in cold environments and < 1 million years at
approximately room temperature (Schroeder and Bada, 1976; Bada et al., 1999). It is
important to note that these rates represent the minimum timeframe for amino acid

racemization and do not take into account either the environment fossil, matrix of the
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protein, or the protein’s amino acid composition (Eglinton and Logan, 1991; Schweitzer
et al., 2008). To determined degree of racemization of fossil specimens GSM 122841 and
GSM 120386 and modern S. officinalis eumelanin, the specimens were first hydrolyzed
using vacuum hydrolysis (Chapter 5.2.3). The resulting hydroslyate was then esterified
in acidified chiral 2-(+)-butanol and acylated with pentafluoropropionic anhydride in
DCM using established methods (Kvenvolden et al.,, 1971; Bada et al., 1979). The
diastereomeric derivatives of the amino acids were resolved on an HP-5 column using
the GC run program outlined in Table 11 and identified using selected ion monitoring of
the ion sets shown in Table 12 and Table 14. These ion sets are identical to those used in
other GCMS studies of the same amino acid derivatives (Briickner, 2000).

Table 14: Selected ion monitoring of amino acid mass fragments (m/z)

The diastereomers LD and LL of the amino acids standards were separated by gas
chromatography and eluted at the peak retention times below. In the SIM program
(outlined in Table 12), ions sets were chosen based on the fragmentation patterns of
derivatized amino acid standards. Ions characteristic of specific amino acids are noted
below. The parent ion of each amino acid derivative (M*") is also indicated.

Retention Time (min)

Amino Acid LD LL M+ Characteristic Ions
Alanine 6.495 6.612 292 190, 218
Valine 8.052 8.178 319 218

Aspartic Acid 17.620 17.763 392 234,262

Quantitation of the amino acid enantiomers was obtained by measuring the gas

chromatogram peak areas. The D to L ratio of the alanine, valine, and aspartic acid in L-
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amino acid standards, GSM 122841, GSM 120386, and S. officinalis are listed in Table 15.
These amino acids were chosen because they have the slowest, median, and fastest
racemization rates of the nineteen chiral amino acids common to proteins and they are
frequently used to analyze the degree of racemization of fossil systems (Bada and
Schroeder, 1975; Schroeder and Bada, 1976; Bada et al., 1979; Bada, 1985; Bada et al.,
1999). Before considering the racemization data, it is critical to take into account the
racemization caused by sample processing (Bada, 1985). For example, the D/L ratios of
the L-amino acids provide information about the optical impurity of the chiral
derivatizing agent, 2-(+)-butanol. Based on the L-amino acid data, the optical impurity of
2-(+)-butanol leads to an artificial derivatization-induced D/L ratio of ~ 0.05. Since the
standard L-amino acids do not undergo hydrolysis, their D/L ratios do not account for
hydrolysis-induced racemization. Based on previous studies, hydrolysis of proteins
induces a small amount of racemization that results in a D/L ratio of ~ 0.15 (Bada and
Schroeder, 1975; Schroeder and Bada, 1976; Bada, 1985). Together the protein hydrolysis

and derivatization with 2-(+)-butanol result in a baseline D/L ratio of ~ 0.20.
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Table 15: Comparison of the racemization of modern and fossil melanins

The D/L ratios shown are based on the peak areas of each specimen’s derivatized amino
acids. The peaks were identified by their retention time and ion profile (Table 14).

Enantiomer Ratios (D/L)

Amino Acid L-Standards S. officinalis = GSM 122841  GSM 120386

Alanine 0.05 0.12 1.33 1.41
Valine 0.05 0.20 1.99 3.08
Aspartic Acid 0.04 0.42 0.90 1.05

First, consider the racemization of S. officinalis while keeping the ~ 0.20 baseline
racemization in mind (Table 15). While aspartic acid of S. officinalis exhibits a degree of
racemization, alanine and valine show no racemization. Due to the modern origin of the
S. officinalis melanin, this result was unexpected. Consider however, that S. officinalis
melanin was purchased from Sigma Aldrich. Since Sigma’s S. officinalis melanin is from
a bulk batch that was extracted from S. officinalis over 15 years ago, the aspartic acid may
have begun to convert from the L to D form. Sigma S. officinalis melanin was stored in a
plastic container exposed to surface conditions; without a protective biological or
sediment matrix, a degree of racemization could occur. Aspartic acid is known to have
the fastest racemization rate of the three amino acids analyzed, thus the fact that valine
and alanine are not racemized does not detract from the possibility that racemization

has begun (Bada, 1985).
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Since Sigma S. officinalis melanin is chemically and morphologically identical to
the melanin of fossils GSM 122841 and GSM 120386 (Chapter 3) and the amino acid
profile of S. officinalis is not significantly different from that of the fossil melanins, the
racemization rate of its proteins provides an excellent standard for comparison to fossil
proteins. It is clear from comparison of the racemization rates of the amino acids from
fossil melanin to those of S. officinalis melanin that the fossil amino acids have D/L ratios
that are significantly higher (Table 15). Hence, the fossil amino acids are more fully
racemized and is not due to a modern contamination, which would have a D/L ratio of ~
0.2. In addition, since all of the fossil amino acids have a D/L ratio significantly higher
than 0.2, the racemization is not due to the sample processing.

One concern when considering the fossil data is that the L-valine to D-valine has
exceeded equilibrium D > L for both fossil specimens. Since the distribution of the
protein bound to melanin in modern and fossil organisms is unknown, it is difficult to
surmise the reason for the D/L ratio of valine. If the valine residues of the protein are
exposed to the surface of the melanin granules — known to bind metal ions — then their
racemization rates may be affected by chelation by metal ions (Bada, 1985; Hong et al.,
2004; Liu et al., 2004; Liu and Simon, 2005; Hong and Simon, 2006; Hong and Simon,
2007). To understand how chelation by metal ions could effect the conversion of L to D

amino acids, it is important to know the mechanism of amino acid racemization.
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Amino acid racemization occurs when the hydrogen on the alpha carbon of an
amino acid is removed, resulting in the formation of a planar carbanion (Neuberger,
1948; Cram, 1964; Bada and Schroeder, 1975; Bada, 1985). The stability of the carbanion,
as determined by resonance stabilizing capacity and the electron withdrawing groups of
an amino acid, controls the rate of racemization (Neuberger, 1948; Bada, 1985). A more
stable carbanion racemizes more rapidly than a less stable one (Bada, 1985). Chelation by
positively charged metal ions is known to greatly stabilize the carbanion intermediate
(Bada, 1985).

Based on pump-probe analysis of GSM 120386 and S. officinalis by Simpson and
collaborators, the fossil specimen contains a high proportion of bound iron similar to
that of S. officinalis artificially loaded with melanin (Simpson et al., 2013). X-ray
photoelectron spectroscopy data (Table 10) also indicates that a substantial amount of
calcium is associated with the melanin in GSM 122841 and GSM 120386. If valine is on
the surface of the melanin granules, then these metal ions could stabilize the carbanion,
speed up racemization, and potentially shift the D/L ratio towards the D isomer (Bada,
1985). Another possibility is that vacuum hydrolysis for 24 hours does not release all of
the amino acids or hydrolyze all of the protein bound within melanin granules. If that is

the case, than the D/L ratio of valine may be an artificial reflection of surface bound or
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surface associated amino acid. Additional studies are needed to elucidate the source of

these high valine ratios.

5.4 Conclusion of the analysis of fossil specimens

This study demonstrates that the amino acid profile of fossil melanin ink is not
significantly different from that of modern S. officinalis melanin. It also shows that the
amino acids derived from the fossil melanins are not due to a modern contamination.
This preservation of protein in fossil melanins 160 Mya marks the oldest determination
of amino acids in a fossil specimen. The fact that these proteins are found associated
with melanin suggests that the melanin may provide a protective matrix for the protein.
Since melanin is found in every kingdom of life, the survival of proteins in melanin has
promising implications for biologic investigations of extinct animals.

Overall this dissertation establishes the presence and preservation of eumelanin
in the fossil record, sets limits on the environments likely to yield intact eumelanin, and
demonstrates the preservation of ancient amino acids associated with the eumelanin in
fossils. The persistence of these endogenous materials over geological time is
unprecedented and indicates that there are many organic moieties still hidden in the

fossils.
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